
RESULTS AND DISCUSSION
CHAPTER IV

There are many various examples presented here to express the 
optimal heat exchanger network structure with minimum total cost. The 
problems from previous study, Barbaro A. and M. Bagajewicz, are also 
illustrated in this chapter. The MILP model was constructed in GAMS and run 
in a PC with a 2.4 GHz processor and 1 Gb of RAM memory.

4.1 Grass-roots Design for HEN

4.1.1 Problem 4.1 (Problem 4SI, Barbaro’s work)
This problem consisting of two hot and two cold process 

streams, one cooling and one heating utility was reported in Shenoy (1995). 
The table below shows the details of hot (I) and cold (J) streams of problem 
4.1.

Table 4.1 Properties of stream for Problem 4.1

Stream F

Ton/hr
Cp

KJ/kg-C
Tin
c

Tout
c

h
MJ/h-m2-C

Q
MJ/hr

11 10 1 175 45 0.2 1300
12 40 1 125 65 0.2 2400
13 1 180 179 0.2
J1 20 1 20 155 0.2 2700
J2' 15 1 40 112 0.2 1080
J3 1 15 25 0.2

Table 4.2 Cost data for Problem 4.1

Utilities Cost ร/(MJ/hr-yr)
13 19.75
J3 1.861

Heat Exchanger Cost 5291.9+77.788A  $/yr
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Following model testing condition is the minimum approach 
temperature of 20 ๐c  and the temperature intervals of 26 with two heat 
transfer zones, the result of heat exchanger network shown in Figure 4.1 and 
model statistics report that zero gap solution was found in 0.453 second. The 
new design of heat exchanger netv/ork also shows the energy usage consumed 
in process that totally equal to 605 MJ/hr for hot utility and 525 MJ/hr for 
cooling utility with $156,886 as the total cost.

Table 4.3 Model statistics for Problem 4.1 at 26 temperature intervals

Model Statistics
Single Variables 396
Discrete Variables 71
Single Equations 1079
Non Zero Elements 3175
Time to reach global optimal solution (sec) 0.453
Optimality Gap 0.00%

10 175-C o 45 c

I2
40

13 - = - ( » >  180 c  v i z

J1 isTrO - o -

65 c

20 c

Is 112  c 40 c

J 3
25 'C  ๐ 15 c

No. o f heat exchanger 1 2 3 4 5 6 7
Heat Load (MJ/hr) 
Area (Prog.), (m2) 

Area (Actual), (m2)

395
112.794
99.86

105
42.828
48.38

605
158.865
160.24

800
357.03
357.03

900
254.753
254.75

975
346.927
342.12

525
101.273
113.19

Figure 4.1 H e a t e x c h a n g e r  n e tw o rk  fo r  P ro b le m  4 .1  a t  2 6  te m p e r a tu r e
in te r v a ls .
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Additionally, effect of number of temperature intervals in each 
process streams also need to be studied. Following the process streams 
properties in the problem 4.1, increasing the number of temperature intervals 
is simulated and the result is shown in Table 4.4.

Table 4.4 Result of increasing number of temperature intervals for Problem 
4.1 (Two heat transfer zones)

No. o f Interval Total Cost 
$/yr

Total Area 
m2

Hot Utility 
MJ/hr

Cold Utility 
MJ/hr

Total Utility 
MJ/hr

Fixed cost 
s/yr

Area Cost 
ร/}T

Utility Cost 
ร/}T

26 156,886.31 1,374.47 605 525 1,130.00 37,043.30 106,917.27 12,925.78
56 157,305.17 1,379.85 605 525 1,130.00 37,043.30 107.336.08 12,925.78
112 156,069.54 1,363.97 605 525 1,130.00 37,043.30 106 100.42 12,925.78
224 155,765.24 1,360.06 605 525 1,130.00 37,043.30 105,796.19 12,925.78
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Figure 4.2 Trend of varying the number of temperature intervals for Problem
4.1 (Two heat transfer zones).

The result of the objective function including the utility and 
fixed and area costs, heat exchanger area, and the total energy usage. Figure
4.2 illustrates the trend of all these values with various number of temperature
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intervais. All of the number of intervals give the same heat exchanger 
network structure except the number of interval of 26. Total area given by the 
model is fairly declined by increasing the number of temperature intervals and 
each network also consumes constant amount of utility. Moreover, all 
networks consist of the same number of heat exchanger unit corresponding to 
the remaining fixed cost when the number of interval changes.

There is a very small variation in the objective function 
resulting from fluctuation in exchanger area. This variation is decreased by 
increasing the number of interval. Because, the programming model 
calculated the area of exchanger by using the amount of heat transfer in each 
interval, higher interval number gives the accurate area. The exchanger area 
calculated by programming and the actual area are closer when increasing 
number of temperature intervals. However, following the Figure 4.2, the 
objective value eventually seems to be not far from each other, which can be 
imposed that it gives the stable optimal solution. All network structures are 
shown in Figure 4.3. Model statistics show that the model also consumes 
more time to achieve the zero gap solution where the interval number 
increases. Additionally, the optimal network structures generated from an 
automatic MILP model correspond to the network structure presented in 
Barbaro’s work.

Table 4.5 Model statistics for Problem 4.1 (Two heat transfer zones)

No. of Interval 26 56 112 224
Single Variables 396 994 2650 8001
Discrete Variables 71 139 268 526
Single Equations 1079 2479 5112 10399
Non Zero Elements 3175 8359 20719 55711
Time to reach global optimal solution (sec) 0.453 8.125 165.718 1291.41
Optimality Gap 0.00% 0.00% 0.00% 0.00%
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No. o f heat exchanger 1 2 3 4 5 6 7
Heat Load (MJ/hr) 
Area (Prog.), (m2) 

Area (Actual), (m2)

395
101.357
99.86

105
47.549
48.38

605
160.033
160.24

275
79.193
77.44

525
109.217

109

1700
562.141
551.43

700
320.364

312.4

(a) 56 intervals

-----  4*-C

No. o f  heat exchanger 1 2 3 4 5 6 7
Heal Load (M J/hr) 
Area (Prog.), (m 2) 

Area (Actual), (m2)

395
100.062
99.86

105
48.394
48.38

605
160.229
160.24

275
77.935
77.44

525
109.05

109

1700
554.032
551.43

700
314.267

312.4

(b) 112 intervals

Figure 4.3 H e a t  e x c h a n g e r  n e tw o rk  fo r  P ro b le m  4 .1  w ith  tw o  z o n e s  o f  h e a t
t r a n s f e r  a t  d i f f e r e n t  n u m b e r  o f  in te rv a ls .
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N o  o f  h e a l  e x c h a n g e r 1 2 3 4 5 6 7
H e a t  L o a d  ( M  J / h r )  
A  r c a  ( P r o g  ) ,  ( m  : ) 

A r e a  ( A c t u a l ) .  ( เ ท 2 )

3 9 5
9  9 . 9 2 2  

9  9  8 6

1 (15
4 8 3 7 2 

4 8 . 3 8

6 0  5
1 6 0 2 3 5  
1 6  0 . 2 4

2 7 5  
7 7 . 5  7 7 

7 7 . 4  4

5 2 5
1 0  9 . 0 1 2  

1 0  9

1 7  0  0 
5 5 2 . 0 8 
5 5 1 . 4 3

7 0  0 
3 1 2  8 6 

3 1 2  4

(c) 224 intervals

Figure 4.3 (Cont.) Heat exchanger network for Problem 4.1 with two zones 
of heat transfer at different number of intervals.

To completely study the optimal heat exchanger network for the 
problem 4.1, operating at one heat transfer zone need to be considered. Table
4.6 explains the result given by simulating the model at any intervals. 
According to these results, at the same number of temperature interval, the 
total cost of the model operated only one heat transfer zone is less than the 
model operated with two heat transfer zones. However, utility usage for the 
one zone operating is larger than one for two zones because one zone network 
has smaller exchanger area and number of units. The fixed and area costs for 
the model operated with one heat transfer zone are smaller, causing the total 
annualized cost go down.

The heat exchanger network structures for one heat transfer 
zone with different the number of intervals are shown in Figure 4.5. The 
structures are not quite much different even increasing the number of 
intervals, if the 26 intervals case is neglected. The network consisted of five 
exchanger units. The objective function decreases when the number of 
intervals enhances from 26 to 56 but remains closer to each other, very small
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reduction, for the case where number of interval higher than 56. It results 
from reducing in the exchanger area and number of units that lower charge in 
area cost and fixed cost. Precisely, utility cost climbs up in order to satisfy 
the temperature target of hot and cold stream because of a tiny area of 
exchanger. Decreasing in heat exchanger area calculated by the program 
certainly comes from different flow rate splitting of the cold utility. However, 
there is a small variation of area calculation from programming model. This 
variation can be diminished by enhancing the number of temperature intervals. 
Although the objective value is not constant, it finally goes to the similarly 
value or insignificant difference.

Table 4.6 Result of increasing number of temperature intervals for Problem 
4.1 (One heat transfer zone)

No. of Interval Total Cost 
$/yr

Total Area 
m2

Hot Utility 
MJ/lir

Cold Utility 
MJ/hr

Total Utility 
MJ/hr

Fixed Cost 
$/yr

Area Cost 
$/yr

Utility Cost 
$/yr

26 151,917.23 1,123.93 1,032.00 952.00 1,984.00 42,335.20 87,428.42 22,153.67
56 134,099.68 1,057.50 1,181.25 1,101.25 2,282.50 26,459.50 82,261.12 25,379.11
112 133,805.89 1053.73 1,181.25 1,101.25 2,282.50 26,459.50 81,967.55 25,379.11
160 133,774.74 1,052.98 1,182.50 1,102.50 2,285.00 26,459.50 81,909.05 25,406.13
180 133,748.68 1,057.21 1,166.06 1,086.06 2,252.12 26,459.50 82,238.33 25,050.90
192 133,734.31 1,055.46 1,171.70 1,091.70 2,263.40 26,459.50 82,102.04 25,172.69

J
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F ig u re  4.4 Trend of varying the number of temperature intervals for Problem
4.1 (One heat transfer zone).
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Table 4.7 Model statistics for Problem 4.1 (One heat transfer zone)

No. o f Interval 26 56 112 160 180 192
Single Variables 502 1366 3870 7002 8451 9462
Discrete Variables 82 166 324 451 516 548
Single Equations 1388 3125 6378 8956 10346 11005
Non Zero Elements 4317 11400 29065 48726 58278 64376
Time to reach global optimal solution (sec) 1.531 11.828 95.234 233.281 364.156 247.562
Optimality Gap 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

No. of heat exchanger 1 2 3 4 5 6 7 8
Heat Load (MJ/hr) 552,143 320.85 427 1542.857 332.143 525 605 427
Area (Prog), (m2) 174.233 81.114 97.453 379.039 80.856 101.273 157,24 52.72
Area (Actual), (m2) 159.421 77.266 91.788 379.039 78.589 106 659 159.563 52.959

(a) 26 intervals

Figure 4.5 Heat exchanger network for Problem 4.1 with one zone of heat 
transfer at different number of intervals.
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No. o f  heat exchanger 1 2 3 4 5
H eat Load (M J/hr) 1080 220 1518.75 881.25 1 181.25
A rea (P rog.), (m 2) 256.931 61.421 336.991 157.781 244.38

A rea (A ctual), (m 2) 254.189 61.687 334.29 157.933 244.28

(b) 56 intervals

N o. o f  heat exchanger 1 2 3 4 5
H eat Load (M J/hr) 1080 220 15 7 8.75 881.25 1 181.25
A rea (Prog ), (m 2) 254.909 61.629 335.01 6 1 57.865 244.307

A rea (A ctual), (m 2) 254.1 89 61.687 334.29 157.933 244.28
(c) 112 intervals

Figure 4.5 (Cont.) Heat exchanger network for Problem 4.1 with one zone of 
heat transfer at different number of intervals.
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V

45'C

65'C

179’C

40'C

15'C

N o. o f  heat ex chan g er 1 2 3 4 5
H eat Load (M J/h r) 1080 220 1517.5 882.5 1 182.5
A rea  (P rog .), (m 2) 254 .556 61.66 334 .285 158.085 244 .39 2

A rea  (A ctu a l), (m 2) 254 .189 61 .687 333 .618 158.1 17 244 .42 8

(d) 160 intervals

45 c

65'C

179 C

20 C

40 C

15 C

No. o f  heat exchanger 1 2 3 4 5
Heat Load (M J/hr) 1080 220 1533.937 866.063 1166.063
A rea (Prog.), (m 2) 254.469 61.664 342.947 155.658 242.473

A rea (Actual), (m 2) 254.189 61.687 342.623 155.706 242.471

(e) 180 intervals

Figure 4.5 (Cont.) H e a t e x c h a n g e r  n e tw o rk  fo r  P r o b le m  4 .1  w ith  o n e  z o n e  o f
h e a t  t r a n s f e r  a t d i f f e r e n t  n u m b e r  o f  in te rv a ls .
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45 c

65 C

179 C

20 C

40 C

15 C

N o . o f  h e a t e x c h a n g e r 1 2 3 4 5
H eat L oad  (M J/h r) 1080 220 1528 .302 8 7 1 .69 8 117 1 .6 98
A rea  (P ro g .), (m 2) 2 54 .3 5 7 6 1 .6 9 9 3 3 9 .74 2 156 .514 2 4 3 .1 4 7

A rea  (A c tu a l) , (ill2) 254 .18 9 6 1 .6 8 7 339 .5  17 156 .535 2 4 3 .1 4 9

(f) 192 intervals

Figure 4.5 (Cont.) Heat exchanger network for Problem 4.1 with one zone of 
heat transfer at different number of intervals.

In conclusion, each solution given from each number of interval 
is also be optimum even they generate different network and better optimum 
solution is constructed by the model that generated with one heat transfer zone 
as indicated in lower total cost.

4.1.2 Problem 4.2 (Problem 7S4, Barbaro’s work!
This problem is taken from Papoulias and Grojsmann (1983). 

There are six hot process streams (11-16), one cold stream (Jl), one heating 
utility (17) and one cooling utility (J2).
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Table 4.8 Properties of stream for Problem 4.2

Stream F
Ton/hr

Cp
KJ/kg-C

Tin
c

Tout
c

h
MJ/h-m2-C

Q
MJ/hr

11 15 1 675 150 0.2 7875
12 11 1 590 450 0.2 1540
13 4.5 1 540 115 0.2 1912.5
14 60 1 430 345 0.2 5100
15 12 1 400 100 0.2 3600
16 125 1 300 230 0.2 8750
17 1 801 800 0.2
J1 47 1 60 710 0.2 30550
J2 1 80 140 0.2

The result structures simulated by MILP model with two heat
transfer zones operating are drawn in Figure 4.7. Similarly with the previous
example, the exchanger area calculation from programming is closed to the
actual value when increasing number of temperature interval. All of the
network configurations are consisted of eleven exchanger units with the same
amount of hot and cold utility consumption. In contrast, heat exchanger
network solutions of Barbaro’s work consisted of ten exchangers with the
same amount of hot and cold utility. Total cost of Barbaro’s solution is lower
than cost of the result structures presented in this work because it has lower
amount of exchanger unit. However, it has less accuracy of exchanger area
calculation for Barbaro’s work. Barbaro’s solution shown the total exchanger
area is 4,711 m2 whereas the actual exchanger area is required about 5,087 ทไ2,*
this is a very big difference. In this work, the solution presents higher 
accuracy in area calculation. For example, the structure at 144 intervals, area 
generated by programming is 5,250 m2 while the actual area is around 5,148
m2.
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Table 4.9 R e s u l t  o f  in c re a s in g  n u m b e r  o f  t e m p e r a tu r e  in te r v a ls  fo r  P ro b le m
4 .2  (T w o  h e a t  t r a n s f e r  z o n e s )

No. oflntervals Total Cost 
$/yr

Total Area 
m2

Hot Utility 
MJ/hr

Cold Utility 
MJ/hr

Total Utility 
MJ/hr

Fixed Cost 
$/yr

Area Cost 
s/yr

Utility Cost 
$/yr

72 674.551 66 5.634.84 8.390.00 6,617.50 15,007.50 58,210.90 438,323.09 178,017.67
99 667 583.04 5,545.26 8 390.00 6,617.50 i 5,007.50 58,210.90 431,354.45 178,017.67
116 653.621.19 5.365.77 8.390.00 6,617.50 15 007.50 58,210.90 417,392.67 178,017.67
125 651.130.23 5333.75 8 390.00 6,617.50 15,007.50 58,210.90 414,901.75 178,017.67
144 644,576.24 5249.494 8,390.00 6,617.50 15,007.50 58,210.90 408,347.64 178,017.67

800,000
700.000
600.000 

5  500,000 
~  400,000 
3  3๓ ,000

200,000
100,000

0 I -----------------
0 20 40

---------*---- e----------- O
—e— Total cost

°-----------B---------------ท n  e1 —s— Area cost

—à —  Fixed cost 

— Utility cost
) X  X  X  X

A-----------------A----------Ô----A------------A

60 80 100 120 140 160
no. of intervals

Figure 4.6 Trend of varying the number of temperature intervals for Problem 
4.2 (Two heat transfer zones).

Table 4.10 Model statistics for Problem 4.2 (Two heat transfer zones)

No. of Interval 72 99 116 125 144
Single Variables 1074 1645 2083 2318 2897
Discrete Variables 166 225 262 283 328
Single Equations 2865 4091 4859 5303 6225
Non Zero Elements 9114 13909 17313 19208 23541
Time to reach global optimal solution (sec) 31.671 482.078 2617.86 22409.9 9810.89
Optimality Gap 0.00% 0.00% 0.00% 0.00% 0.00%
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(a) 72 intervals

No. of heat exchanger ! 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 3675 1540 495 8390 4200 1417.5 5100 1200 2400 4532.5 4217.5
Area (Prog.), (m2) 780.759 388.495 114.944 511.312 412.112 178.541 1935.17 158.284 323.024 409.575 333.043

Area (Actual), (m2) 761.819 334.698 88.9444 511.409 402.755 170.135 1686.1 153.842 308.854 398.387 334.786

(b) 99 intervals

Figure 4.7 H e a t  e x c h a n g e r  n e tw o rk  fo r  P ro b le m  4 .2  w ith  tw o  z o n e s  o f  h e a t
t r a n s f e r  a t d i f f e r e n t  n u m b e r  o f  in te rv a ls .
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No. of heat exchanger 1 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 3675 1540 495 8390 2100 2100 1417.5 5100 3600 4232.5 4517.5
Area (Prog.), (m2) 660.073 424.656 102.279 511.263 279.131 176.649 181.187 1838.05 467.47 374.722 350.295

Area (Actual), (m2) 580.318 602.873 99.969 511.418 275.861 174.231 167.077 1685.88 445.025 368.391 328.007

(c) 116 in tervals

11
15
12
11
I3

No. of heat exchanger 1 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 3675 1540 495 8390 4200 1417.5 5100 1200 2400 4532.5 4217.5
Area (Prog.), (m2) 674.492 416.05 99.67 511.383 411.533 173.192 1819.59 164.391 323.024 407.358 333.071

Area (Actual), (m2) 762.672 333.577 88.944 511.409 397.67 167.838 1686.1 158.599 308.854 404.334 334.786

(d) 125 in tervals

Figure 4.7 (Cent.) Heat exchanger network for Problem 4.2 with two zones
of heat transfer at different number of intervals.
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No. of heat exchanger 1 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 3675 1540 495 8390 4200 1417.5 5100 1350 2250 4382.5 4367.5
Area (Prog.), (m2) 669.105 405.566 97.791 511.353 417.956 173.242 1769.96 182.128 308.699 370.417 343.28

Area (Actual), (m2) 776.496 318.16 88.944 511.42 407.73 165.261 1686.1 181.915 301.065 367.475 343.206

(e) 144 intervals

Figure 4.7 (Cont.) H eat exchanger netw ork for P roblem  4.2 w ith  two zones 
o f  heat transfer at d ifferent num ber o f  intervals.

Table 4.11 depicts the results sim ulated at one heat transfer zone 
operating . There is quite a few fluctuation  o f  total cost by changing the 
num ber o f  tem perature  interval. H ow ever, HEN structu res at 58, 72, 116, 
125 and 169 in tervals are alm ost sim ilar. They have som e d ifferen t flow  rate 
o f  cold stream , including HEN at 99 intervals, but the m atches o f  hot and cold 
stream s are the sam e. Fixed charges for all structures are constant. Area and 
u tility  costs are the m ajor reasons for total cost variation . In* general, heat 
exchanger area is conflicted  w ith the am ount o f  u tility  consum ption. Tiny 
u tility  usage will cause larger exchanger area, because h igher am ount o f heat 
exchange is required  w hen less u tility  usage.
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Table 4.11 R esult o f  increasing num ber o f  tem perature intervals for Problem
4.2 (O ne heat transfer zone)

N o. o f  Intervals T otal C ost 
$/yr

Total A rea 
กใ2

H ot U tility 
M J/hr

C old  U tility  
M J/hr

Total U tility 
M J/hr

Fixed C ost 
$/yr

A rea C ost 
$/yr

Utility C ost 
s /y r

58 531.437.89 3,040.31 11.596.40 9,823 .90 21.420.29 47.627.10 236.499.71 247,311.11
ใา 529 816.04 3.018.21 11.600.89 9.828 .39 21.429.29 47 627.10 234.780.83 247,408.28
99 5 2 8 3 9 6 .0 6 3 120.80 11.165.91 9 393.41 20,559.33 47,627.10 242,761.02 238.007.93
116 527.813.26 3,051.27 1 1.389.23 9 616.73 21,005.97 47.627.10 237,352.1 1 242 834.11
125 527.914.03 3.115.75 11.161.8! 9.389.31 20.551.11 47.627.10 242,367.65 237.919.19
144 527,505.22 3,078.95 11,275.36 9,502.86 20,778.21 47,627.10 239,505.05 240,373.12
169 527,647.77 3,054.64 11 369.46 9 596.96 20,966.42 47,627.10 237,613.95 242,406.76

6 0 0 ,0 0 0

5 0 0 ,0 0 0

4 0 0 .0 0 0  

^  3 0 0 ,0 0 0

200.000 

100,000

0 4—

— «— พ » «------พ

-®—  Total cost 
-0—  Area cost 
- A — Fixed cost 

■**— Utility cost

A ----A -----------A ----- A —A -------A -----------A

50  100 150 2 0 0

n o . o f  in te r v a l

Figure 4.8 Trend o f  varying the num ber o f  tem perature in tervals for Problem  
4 2 (O ne heat transfer zone).

Table 4.12 M odel sta tistics for Problem  4.2 (One heat transfer zones)

N o. o f  In terval 58 72 99 116 125 144 169
S in g le  V ariab les 1257 1703 2579 3350 3747 4725 5166
D isc re te  V ariab les 180 223 296 352 380 4 3 9 470
S in g le  E q u a tio n s 3170 4043 5511 6682 7250 8435 9124
N on  Z e ro  E lem en ts 10584 14173 2 07 96 26551 2 94 19 361 28 39476
T im e to  reach  g lobal o p tim a l so lu tio n  (sec) 3 42 .187 3 15 .015 750 .89 9 05 3 .84 4 333 15 .3 9 115509 15442.6
O p tim a lity  G ap 0 .00% 0 .0 0% 0.00% 0 .0 0% 0 .0 0% 0 .0 0 % 0.00%
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N o. o f  h ea t exchang er 1 2 3 4 5 6 7 8 9
H eat L oad  (M J/h r) 4 16 9 .11 8 3 705 .882 1540 1912.5 5100 3600 2 631 .985 6 118 .015 11596.4
A rea  (P rog .), (m b 3 56 .315 2 71 .618 128.785 2 06 .47 4 76 .122 323 .333 2 43 .5 89 417 .2 616 .879

A rea  (A ctual), (m b 3 79 .6 10 2 57 .707 116.320 185.035 4 60 .416 3 12 .827 2 45 .1 59 4 23 .6 87 6 17 .477

(a) 58 intervals

N o. o f  h ea t exchang er 1 2 3 4 5 6 7 8 9
H eat L oad  (M J/hr) 4 50 0 3375 1540 1912.5 5100 3600 229 6 .60 7 6 453 .393 11600.89
A rea  (P rog.), (m 2) 4 06 .7 04 2 50 .719 137.566 2 00 .454 4 32 .517 3 21 .862 2 08 .1 62 4 42 .514 617 .716

A rea (A ctual), (m b 4 45 .6 35 247 .723 118.743 187.356 4 26 .888 3 12 .698 2 02 .4 47 4 42 .6 96 617 .605

(b) 72 intervals

Figure 4.9 Heat exchanger network for Problem 4.2 with one zone of heat
transfer at different number of intervals.
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(c) 99 in tervals

N o. o f  h ea t exchang er 1 2 3 4 5 6 7 8 9
H eat L oad  (M J/h r) 440 0 .73 5 3474 .265 1540 1912.5 5100 3600 2607.531 6 142 .469 11389.23
A rea  (P rog .), (m 2) 4 1 2 .7 3 2 252 .873 138.868 189.171 4 61 .9 99 3 1 7 .3 8 2 2 41 .565 425 .515 611.164

A rea (A ctual), (m 2) 4 4 3 .4 3 9 6 250 .7963 123.4483 185.035 4 57 .9 08 9 3 1 2 .8 2 6 6 2 41 .9 06 9 4 25 .0785 611.2953

(d) 116 in tervals

Figure 4.9 (Cont.) Heat exchanger network for Problem 4.2 with one zone of
heat transfer at different number of intervals.
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N o. o f  h ea t ex chang er 1 2 3 4 5 6 7 8 9
H eat Load (M J/h r) 4 2 5 6 .7 5 7 3618.243 1540 1912.5 5100 3600 297 8 .93 6 5 771 .064 11161.81
A rea  (P rog .), (m 2) 3 99 .56 257.33 148.171 195.645 496 .715 3 15 .728 2 94 .4 57 4 03 .843 604 .297

A rea (A ctual), (m 2) 4 33 .7 06 9 255 .1326 127.9775 191.8462 493.5911 312.4741 2 92 .4674 4 03 .6 45 6 604 .4174

(e) 125 in tervals

N o. o f  h ea t ex chang er 1 2 3 4 5 6 7 8 9
H eat L oad  (M J/h r) 4 312 .5 3562.5 1540 1912.5 5100 3600 2 809 .643 5 94 0 .35 7 11275.36
A rea (P rog  ), (m 2) 4 0 4 .0 6 2 254 .388 143.208 190.171 479 .62 3 16 .3 62 2 69 .812 413.541 607 .782

A rea (A ctual), (m 2) 4 34 .1 18 4 253 .4724 125.7772 187.353 477 .6 52 8 312 .6 98 3 269 413 .4 73 3 607.8651

(f) 144 intervals

Figure 4.9 (Cont.) Heat exchanger network for Problem 4.2 with one zone of
heat transfer at different number of intervals.
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N o. o f  h ea t exchang er 1 2 3 4 5 6 7 8 9
H eat L oad  (M J/h r) 4 39 5 .34 9 3479.651 1540 1912.5 5100 3600 2 63 2 .69 2 6 11 7 .30 8 11369.46
A rea (P rog .), (m 2) 4 15 .093 2 52 .314 137.302 187.047 4 62 .113 3 18 .9 46 2 47 .4 97 4 2 3 .7 6 2 610.561

A rea (A ctual), (m 2) 4 48 .9 15 4 2 50 .9624 121.5403 185.69 4 60 .0 11 6 312 .7881 2 45 .0 98 2 4 2 3 .6 3 8 610.701

(g) 169 in tervals

Figure 4.9 (Cont.) Heat exchanger netw ork for P roblem  4.2 w ith  one zone o f 
heat transfer at d ifferen t num ber o f intervals.

All o ther problem s will be presented  as follow s in the same way 
as previous one. The heat exchanger netw orks constructed  by sim ulating  the 
M ILP m odel are also illustrated  in term  o f  d ifference in num ber o f  interval.
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4.1.3 Problem  4.3 (Problem  iO S Pl. B arb aro ’s w ork)

Table 4.13 P roperties o f stream  for Problem  4.3

Stream F
Ton/hr

Cp
KJ/kg-C

Tin
c

Tout
c

h
M J/h-m2-C

Q
MJ/hr

11 8.79 1 160 93 0 . 2 588.93
1 2 10.54 1 249 138 0 . 2 1169.94
13 14.77 1 227 6 6 0 . 2 2377.97
14 12.56 1 271 149 0 . 2 1532.32
15 17.73 1 199 6 6 0 . 2 2358.09
J1 7.62 1 60 160 0 . 2 762
J2 6.08 1 116 2 2 2 0 . 2 644.48
J3 8.44 1 38 2 2 1 0 . 2 1544.52
J4 17.28 1 82 177 0 . 2 1641.6
J5 13.9 1 93 205 0 . 2 1556.8
J6 1 38 82 0 . 2

Table 4.14 R esult o f  increasing num ber o f tem perature in tervals for Problem 
4.3 (O ne heat transfer zone)

N o. o f ln te r v a ls T o ta l C o s t 
s /y r

T o ta l A rea
m 2

H ot U tility  
M J/h r

C o ld  U tility  
M J /h r

T o ta l U tility  
M J /h r

F ix ed  C o s t 
$ /y r

A re a  C o s t 
$ /y r

U tility  C o s t 
S/yr

42 2 3 4 .5 6 3 .2 7 7 .2 2 2 .1 7 0 1 ,877 .85 1,877 .85 5 8 ,2 1 0 .9 0 1 7 2 ,8 5 7 .7 7 3 ,494 .68
55 2 24  8 6 2 .2 9 2 ,0 9 7 .4 5 0 1 ,877 .85 1 ,877 .85 5 8 ,2 1 0 .9 0 1 63 ,1 56 .7 5 3 ,494 .68
65 2 2 2 ,2 2 7 .8 6 2 ,0 6 3 .5 0 0 1 ,877 .85 1,877 .85 5 8 ,2 1 0 .9 0 160 ,522 .31 3 ,494 .68
85 2 1 9  2 4 2 .0 5 2 ,0 9 3 .2 3 0 1 ,877 .85 1,877 .85 5 2 ,9 1 9 .0 0 162 ,828 .41 3 ,494 .68
105 2 1 7 ,9 9 5 .7 0 2 ,077 .21 0 1,877 85 1 ,877 .85 5 2 ,9 1 9 .0 0 1 6 1 ,5 8 2 .0 9 3 ,494 .68

Table 4.15 M odel sta tistics for Problem  4.3

No. o f Interval 41 55 65 85 105
Single Variables 1447 2029 2504 3568 4740
Discrete Variables 260 332 387 502 613
Single Equations 3973 5447 6586 8950 11235
Non Zero Elements 11886 17032 21255 30378 39916
Time to reach global optimal solution (sec) 161.906 480.171 4172.94 35983 117958
Optimality Gap 0.00% 0.00% 0.00% 0.00% 0.00%
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Figure 4.10 Trend o f varying the num ber o f  tem perature intervals for 
P roblem  4.3.
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No. of heat exchanger l 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 588.93 644.48 525.46 1585.31 792.657 500.98 1031.34 762 454.61 56.287 1085.19
Area (Prog.), (m2) 132.54 263.972 118.086 414.411 257.812 83.843 265.512 177.268 135.222 18.876 354.623

Area (Actual), (ทา2) 109.879 263.972 118.086 364.068 243.174 84.6216 263.281 147.014 165.765 17.4675 302.11

(a) 42 in tervals

Figure 4.11 Heat exchanger network for Problem 4.3.
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38
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No. of heat exchanger 1 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 588.93 1169.94 762 67.75 320.85 386.86 840.51 644.48 887.84 1320.75 1037.34
Area (Prog.), (m2) 141.142 262.919 176.606 21.223 74.507 125.799 242.646 159.232 239.657 342.777 310.946

Area (Actual), (m2) 129.248 262.919 167.280 13.534 74.923 109.136 233.213 159.232 216.427 318.004 298.501

(b) 55 intervals

No. of heat exchanger 1 2 3 4 5 6 7 8 9 10 11
Heat Load (MJ/hr) 588.93 1169.94 762 67.75 330.729 386.86 830.631 644.48 887.84 1310.87 1047.22
Area (Prog.), (ทา2) 138.47 262.919 178.473 21.615 81.247 118 75 232.526 159.232 233.174 332.809 304.372

Area (Actual), (ทา2) 129.248 262.919 171.075 13.5989 77.655 109.136 232.311 159.232 216.427 311.407 299.259

(c) 65 in tervals

Figure 4.11 (Cont.) Heat exchanger network for Problem 4.3
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93

138

66
149

66

60

116

38

82"

93

38

No. o f  heat exchanger ! 2 3 4 5 6 7 8 9 10
Heat Load (M J/hr) 588.93 762 407,94 67.75 1641.6 668.62 644.48 887.84 1148.86 1209.23
Area (P ro g ), (m 2) 133.973 121.225 107.496 25,469 415.066 210.02 159.232 221.335 387.791 311,626

Area (A ctual), (m 2) 129.248 120.683 104.231 25.817 396.454 201.265 159.232 216.427 365.488 311.241

(d) 85 in tervals

93

138

66

149

66

60

116

38

82

93

38

No. o f  heat exchanger 1 2 3 4 5 6 7 8 9 10
Heat Load (M J/hr) 588.93 762 407.94 67.75 1641 6 668,62 644.48 887.84 1148.86 1209.23
Area (Prog ), (m 2) 131.897 120.762 105.584 25.2 405 15 209.028 159.232 220.157 384.439 315.762

Area (Actual), (m2) 129.248 120.683 104.231 25.817 396.454 201265 159.232 216.427 365,488 311.241

(e) 105 in tervals

Figure 4.11 (Cont.) Heat exchanger network for Problem 4.3.
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4.1.4 Problem  4.4 (Problem  EX1, Barbare»’ร w ork)

Table 4.16 Properties o f  stream  for Problem  4.4

Stream F
Ton/hr

Cp
KJ/kg-C

Tin
c

Tout
c

h
M J/h-m2-C

Q
MJ/hr

11 228.5 1 159 77 0.4 18737
1 2 20.4 1 267 8 8 0.3 3651.6
13 53.8 1 343 90 0.25 13611.4
14 1 376 375.9 1
J1 93.3 1 26 127 0.15 9423.3
J2 196.1 1 118 265 0.5 28826.7
J3 1 15 30 0 . 6

Table 4.17 R esult o f  increasing num ber o f  tem perature in tervals for Problem 
4.4 (Two heat transfer zones)

N o. o f  In te rv a ls T o ta l C o s t 
$ /y r

T o ta l A rea 
m 2

H ot U tility  
M J/h r

C o ld  U tility  
M J /h r

T o ta l U tility  
M J /h r

F ix ed  C o s t 
$ /y r

A re a  C o s t 
$ /y r

U tility  C o s t 
$ /yr

67 7 68 ,6 66 .8 1 7 ,6 01 .8 7 10 ,645.20 8 ,3 9 5 .2 0 1 9 ,04 0 .40 7 3 ,3 8 5 .1 0 4 6 9 ,4 1 5 .4 7 2 25 ,8 66 .1 7
134 7 3 5 ,4 9 3 .6 6 7 ,0 64 .6 5 10 ,645.20 8 .3 9 5 .2 0 1 9 ,04 0 .40 7 3 ,3 8 5 .1 0 4 3 6 ,2 4 2 .3 8 225 ,8 66 .1 7
165 7 3 2 ,8 6 7 .5 8 7 ,0 22 .1 3 10,645.20 8 ,3 9 5 .2 0 1 9 ,04 0 .40 7 3 ,3 8 5 .1 0 4 3 3 ,6 1 6 .3 4 225 ,8 66 .1 7
207 7 2 9 ,7 6 6 .4 5 6 ,971 .91 10,645.20 8 ,3 9 5 .2 0 1 9 ,04 0 .40 7 3 ,3 8 5 .1 0 4 3 0 ,5 1 5 .1 3 225 ,8 66 .1 7
236 7 30 ,0 93 .9 1 6 ,977 .21 10 ,645.20 8 ,3 9 5 .2 0 1 9 ,04 0 .40 7 3 ,3 8 5 .1 0 4 3 0 ,8 4 2 .6 6 225 ,8 66 .1 7

9 0 0 .0 0 0
8 0 0 .0 0 0
7 0 0 .0 0 0  • 

t r  6 0 0 ,0 0 0  -j 
§  5 0 0 ,0 0 0  1 
I  4 0 0 ,0 0 0  ๅ 
^  3 0 0 ,0 0 0

200.000 
100,000

0 : 
0

X --------------------------------- X ---------------X ---------------------X --------------X

A --------------------------------- A ---------------A ---------------------A --------------A

—9—  T o ta l c o s t  
—B— A r e a  c o s t  
—A— F ix ed  c o s t  
—X— U tility  c o s t

5 0  1 0 0  1 5 0  2 0 0  2 5 0
no. of intervals

Figure 4.12 Trend o f varying the num ber o f  tem perature intervals for 
P roblem  4.4 (Tw o heat transfer zone).
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Table 4.18 M odel sta tistics for Problem  4.4 (Two heat transfer zones)

No. o f Interval 67 134 165 207 236
Single Variables 984 2516 3927 6063 6255
Discrete Variables 153 297 370 467 500
Single Equations 2696 5662 7180 9200 9844
Non Zero Elements 8613 21159 30955 45219 47290
Time to reach global optimal solution (sec) 2.218 69.5 1333.73 2462.25 2227.56
Optimality Gap 0.00% 0.00% 0.00% 0.00% 0.00%

No. o f  heat exchanger 1 2 3 4 5 6 7 8 9
Heat Load (M J/hr) 2.203.200 9,899.200 10,645.200 5,336.660 5,005.140 8,395.200 1,448.400 742.440 2 ,969760
Area (Prog ), (m 2) 597.945 1,486.448 233.644 1,911.310 1,385.109 489.469 329.553 268.314 900.078

Area (A ctual), (ทา2) 421.078 1,257.699 234.538 1,785.884 1,345 619 483.642 319.323 258.637 869.720

(a) 67 intervals

Figure 4.13 H eat exchanger netw ork for Problem  4.4 w ith two zones o f  heat 
transfer at d ifferen t num ber o f intervals.
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No. o f  heat exchanger 1 2 3 4 5 6 7 8 9
Heat Load (M J/hr) 
Area (Prog ), (m 2) 

Area (A ctual), (m 2)

2,203.200
448.658
421.078

9,899.200
1,328.122
1,257.699

10,645.200
234.060
234.538

6,079.100
2,321.082
2,269.685

6.340.000
1.238.000 
1,220.920

6,317.900
385.291
386.391

1,448.400
321.701
319.323

1,634.900
649.157
649.079

2,077.300
138.583
136.430

(b) 134 in tervals

No. o f  heat exchanger เ  1 2 3 4 5 6 7 8 9
Heat Load (M J/hr) 
Area (Prog ), (m 2) 

Area (A ctual), (m 2)

2,203.200
447.637
423.664

9,899.200
1,318.728
1,256.710

10,645.2๓
234.237
234.535

6,079 1๓  
2,300.777 
2,269.685

6,287.536
1,2๓.201
1,196.308

6,370.364
388,884
388.982

1,448.400 
320.029 
319 323

1,687.364
677.912
674,250

2,024.836
133.722
133.673

(c) 165 intervals

Figure 4.13 (Cont.) Heat exchanger network for Problem 4.4 with two zones
of heat transfer at different number of intervals.
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No. o f  heat exchanger 1 2 3 4 5 6 7 8 9
Heat Load (M J/hr) 
A rea (P rog ), (m 2) 

A rea (A ctual), (m 2)

2 ,2 03 .2 ๓
435.303
421.078

9,899.200
1,299.508
1,257.699

10,645.200
234.159
234.538

6,079 1 ๓  
2,287.322 
2,269.685

6,341.532
1,224.751
1,221.644

6,316.368
386.216
386.316

1,448.4๓
319.718
319.323

1,633.368
648.386
648.321

2 ,078832 
136 542 
136.509

(d) 207 in tervals

No o f  heat exchanger 1 2 3 4 5 -------6------- ------- 7------- 8 9
Heat Load (M J/hr) 2 ,2 03 .2 ๓ 9,899.200 10,645.2๓ 6 ,0 79 .1 ๓ 6,350.812 6,307.087 1,448.400 1,624.087 2,088.112
Area (P rog ), (m 2) 436.254 1,305.810 234.159 2,283.719 1,228.564 385.804 319.756 646.106 137.037

Area (A ctual), (m 2) 421,078 1,257.699 234.538 2,269.685 1,226.074 385.855 319.323 643.892 136.992

(e) 236 intervals

Figure 4.13 (Cont.) Heat exchanger network for Problem 4.4 with two zones
of heat transfer at different number of intervals.



75

Table 4.19 R esult o f  increasing num ber o f tem perature in tervals for Problem 
4.4 (One heat transfer zone)

N o. o f  Intervals Total C ost 
$/yr

Total Area 
ทใ2

H ot U tility 
MJ/1ir

C old U tility 
M J/hr

Total U tility 
M J/hr

Fixed C ost 
$/yT

A rea C ost 
$/yr

U tility C ost 
$/yr

67 632 .198 .30 4,178.47 14,489.55 12,239.55 26,729.11 65,231.20 258,020.58 308.946.50
134 622 685.62 3,844.32 1 Ç 181 A(s 13 131.46 28,512.92 57,077.30 237 ,386 .76 328,221.48
165 622 .374 .70 3,831.83 15,402.76 13,151.76 28,554.51 57,077.30 236,615.63 328,679.87
207 622 047.35 3,841.50 15 359.98 13 109.98 28,469.96 57.077.30 237 212 .87 327,757.28
236 621 871 52 3.869.13 15,272.90 13 022.90 28.295.79 57,077.30 238 918 .96 325,87531

700,000
o_____

600,000

500,000

ร  400,000 
1/3 ___ X -----

— e— 

. --ธ—

- Total Cost

- Area Cost

ร  300,000 i X --------
๐--------

- Fixed Cost

200,000 H
-----B----- — X—- Utility Cost

100,000 ฯ

0
----------A—-----A----------A---— A

0 50 100 150 200 250

no. of inter\al

Figure 4.14 Trend o f varying the num ber o f  tem perature intervals for 
Problem  4.4 (O ne heat transfer zone).

Table 4.20 M odel sta tistics for Problem  4.4 (One heat transfer zones)

No. o f Interval 67 134 165 207 236
Single Variables 1449 3870 6117 9589 10916
Discrete Variables 203 398 490 613 702
Single Equations 3684 7628 9495 12003 13844
Non Zero Elements 12539 31265 46169 68395 78190
Time to reach global optimal solution (sec) 5.656 200.078 341.671 1678.687 1394.75
Optimality Gap 0.00% 0.00% 0.00% 0.00% 0.00%
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N o . o f  h e a t  e x c h a n g e r 1 2 3 4 5 6 7 8
H e a t L o a d  (M J /h r) 9 1 8 .5 9 4 2 3 .3 8 3 9 5 .2 2 5 2 9 .5 2 6 112 2 .07 4 1 0 8 8 9 .1 2 2 7 2 2 .2 8 14489 .6
A re a  (P ro g .) , (m 2) 140.441 1 663 .46 4 8 9 .4 6 9 3 0 0 .3 6 8 6 2 .1 1 8 1 0 5 2 .1 4 6 1 70 .2 56 300 .21

A re a  (A c tu a l.) ,  (m 2) 1 12 .8 92 2 1653 .37 4 8 3 .6 4 2 3 2 7 .5 8 2 6 6 1 .2 8 3 2 5 1 03 9 .12 5 1 68 .2 88 3 0 0 .5 4 7

(a) 67 in tervals

N o .  o f  h e a t  e x c h a n g e r 1 2 3 4 5 6 7
H e a t  L o a d  (M J /h r ) 9 4 2 3 .3 9 3 1 3 .7 2 5 5 6 . 1 2 1 0 9 5 .4 8 1 0 8 8 9 .1 2 2 7 2 2 . 2 8 1 5 3 8 1 .5
A r e a  ( P r o g .) ,  ( m 2) 1 5 2 8 .0 9 8 5 2 4 .4 3 2 2 9 0 .8 8 1 6 1 .3 0 5 9 5 6 .3 4 3 1 6 8 .8 0 7 3 1 4 .4 5 4

A r e a  ( A c t u a l . ) ,  ( m 2) 1 5 2 3 .9 6 8 5 2 3 .4 6 1 2 8 8 .4 5 4 6 0 . 2 0 2 8 9 9 4 6 .6 2 4 7 1 6 8 .2 8 8 3 1 4 .8 7 3

(b) 134 in tervals

Figure 4.15 Heat exchanger network for Problem 4.4 with one zone of heat
transfer at different number of intervals.
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N o .  o f  h e a t  e x c h a n g e r 1 2 3 4 5 6 7
H e a t  L o a d  (M J /h r ) 9 4 2 3 .3 9 3 1 3 .7 2 5 9 6 .6 9 1 0 5 4 .9 0 7 1 0 8 2 7 .2 5 2 7 8 4 .1 5 1 5 4 0 2 .8
A r e a  ( P r o g .) ,  ( m 2) 1 5 2 5 .1 5 7 5 2 3 .4 9 1 3 0 7 .3 2 4 5 8 .5 5 2 9 3 1 .2 4 2 1 7 1 .2 4 5 3 1 4 .8 2 1

A r e a  ( A c t u a l . ) ,  ( m 2) 1 5 2 3 .9 6 8 5 2 3 .4 6 1 3 0 4 .8 6 2 5 8 .5 3 2 9 8 9 2 3 .8 8 3 1 1 7 1 .1 6 6 9 3 1 5 .2 0 9

(c) 165 in tervals

11
2 2 8  5

20 .5  2 6 7 -C

53 8 343‘C

14  3 7 6 'C —

J1
93.3

196.1 2 6 5 'C

< * >

__________/37.767

\  158 333

o

- o

o

-<*>

<5>

- o

< >
-๐

N o . o f  h e a t  e x c h a n g e r 1 2 3 4 5 6 7
H ea t L o a d  (M J /h r ) 9 4 2 3 .3 9 3 1 3 .7 2 5 7 7 .6 1 0 7 4 1 0 8 8 9 .1 2 2 7 2 2 .2 8 1 5 3 6 0
A r e a  (P r o g .) ,  (m 2) 1 5 2 4 .2 7 1 5 2 3 .4 1 3 3 0 2 .1 7 4 5 9 .3 2 8 9 4 9 .7 8 6 1 6 8 .3 3 8 3 1 4 .1 9 4

A re a  ( A c tu a l .) ,  (m 2) 1 5 2 3 .9 6 8 5 2 3 .4 6 1 3 0 0 .7 8 2 5 9 .3 2 1 4 9 4 5 .0 8 3 8 1 6 8 .2 8 8 3 1 4 .5 2 3

(d) 207 in tervals

Figure 4.15 (Cont.) Heat exchanger netw ork  for P roblem  4.4 w ith  one zone 
o f  heat transfer at d ifferent num ber o f  intervals.
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N o . o f  h e a t  e x c h a n g e r 1 2 3 4 5 6 7
H e a t L o a d  ( M J /h r )  
A re a  (P ro g  ), ( m 2) 

A re a  ( A c tu a l  ), ( m 2)

9 4 2 3 .3
1 5 2 3 .9 6 7
1 5 2 3 .9 6 8

9 3 1 3 .7
5 2 3 .5 4 5
5 2 3 .4 6 1

2 5 6 7 .5 3
2 9 6 .8 1 3
1 6 2 .3 6 4

1 0 8 4 .0 6 9
5 9 .7 4 8

5 9 .7 3 6 2 4

1 0 9 8 6 .2 7
9 8 8 .5 3 5

9 8 4 .0 8 7 2

2 6 2 5 .1 2 7  
1 6 3 .7 2 1  

1 63 .7 1  19

1 5 2 7 2 .9
3 1 2 .8 0 4
3 1 3 .1 4 6

(e) 236 intervals

Figure 4.15 (Cont.) Heat exchanger netw ork  for Problem  4.4 w ith  one zone 
o f  heat transfer at d ifferen t num ber o f  in tervals.

In sum m ary, the M ILP m odel has an effective perform ance in term  o f 
the objective function  stability  and also generates the possib le heat exchanger 
netw ork design  for heat exchanging process com posed o f  various num ber o f 
hot and cold process stream s. A ccording to netw ork structure o f  all problem s 
above, the total costs are eventually  getting  into steady even the num ber o f 
tem perature interval is increased. M oreover, heat exchanger netw ork 
structures at any intervals o f each problem  are getting to be the sam e w hereas 
the interval num ber is increased.

4.2 Retrofit for Heat Exchanger Networks

From  the autom atic m odel o f  new  heat exchanger netw ork design, an 
autom atic re tro fit m odel can be established. H ow ever, this m odel is also 
sim ply applied  to any com plex netw orks. We illustrate the M ILP optim ization
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using the exam ples o f com plex hot and cold process stream s such as crude 
fractionation  unit and finally com pare this technique to another retrofit 
approach.

Testing  the retrofit model that has been m odified is described  by using 
the problem  4 S I. C onsider a new  heat exchanger netw ork design at the 
tem perature interval o f 112 shown in Figure 4.12, we can set this network as 
the best optim um  solution which consum es the low est hot u tility  o f  1,181.25 
M J/hr and cold u tility  o f 1,101.25 M J/hr. Then, we m odified  this structure to 
be non-optim um  netw ork which consum es h igher am ount o f  u tility  and use 
this netw ork as the existing plant for testing  retrofit algorithm . This original 
netw ork for testing  the retrofit m odel is show n in F igure 4.13. The exchanger 
num ber 2  was taken off, so heat load o f this exchanger unit m oved to cold 
u tility  about 2,620 M J/hr. This m odification  also increases heat load o f hot 
u tility  to 2 ,700 M J/hr. All exchanger unit areas are kept constant as the new 
design structure. This m odified netw ork is used as the o rig inal one to test the 
re tro fit m odel. I f  the retrofit m odel has a good perform ance, it w ould bring 
the netw ork close to the best optim um  design. A fter testing  the retrofit 
program m ing m odel w ith the m odified netw ork show n in F igure 4.13, the 
resu lt shows that the am ount o f  u tility  consum ption reduces and it also has a 
new  unit installed  at the same position as the netw ork structure  o f  new  design, 
as show n in F igure 4.14. The retrofit structure is very close to the structure o f 
the new  design, 1,187.346 M J/hr o f  hot u tility  and 1,107.346 M J/hr o f cold 
u tility , it can concluded that the re tro fit m odel has a good ab ility  to find the 
optim um  netw ork because it can bring back the netw çrk  to the new  design 
structure  sim ilarly .
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Figure 4.16 HEN design for Problem  4.1 at 112 in tervals (The best optim um  
design).
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Figure 4.17 O riginal HEN for testing the re tro fit m odel.
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Figure 4.18 R etrofit result o f HEN after testing  the retro fit m odel.

N ext, we illustrate the application  exam ples o f  re tro fit to dem onstrate 
the effectiveness o f the MILP approach in term s o f  the total cost saving.

4.2.1 Problem 4.5
This problem is taken from Ciric and Floudas (1989). It consisted o f 

three hot and two cold process streams with one hot and one cold utilities. The 
stream data properties and cost data are given in Table 4.21 and Table 4.22. The 
existing heat exchanger network configuration, Figure 4.19, consumes 17,597 k w  o f 
hot utility and 15,510 kW o f cold utility. For the retrofit solution shown in Figure 
4.20, two new exchanger units are installed, 1,797.889 m 2 o f  area is added and 
12,711.982 k w  o f hot utility and 10,461.982 k w  o f cold utility are required. The 
model can generate the retrofit network with 12.44% total cost saving or 246.7 kS/yr.



82

Table 4.21 Properties of stream for Problem 4.5

Stream F
kg./s

Cp
kJ/kg-K

Tin
K

Tout
K

h
kW /m2-K

11 228.5 1 432 350 0.4
1 2 20 4 1 540 361 0.3
13 53.8 1 616 363 0.25
14 1 773 772 0.53
J1 93.3 1 299 400 0.15
J2 196.1 1 391 538 0.5
J3 1 293 313 0.53

Table 4.22 Cost data for Problem 4.5

U tilitie s C o st $ /(k W -y r)
14 9 5 .0 4
J3 20

H ea t E x ch an g e r C ost 3 4 6 0 + 1 7 1 .4 A  $ /yr

Table 4.23 Model Statistics for Problem 4.5

Model Statistics
Single Variables 7520
Discrete Variables 509
Single Equations 7163
Non Zero Elements 45194
Time to reach global optimal solution (sec) 1581.984

*1 Optimality Gap 0 .0 0 %
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Table 4.24 Resuiting of retrofit heat exchanger for Problem 4.5

H E R etro fit L oa d
k w

O rig in a l A rea  
m 2

R etro fit A rea  
m 2

A rea  A d d itio n
ทา2

S h e ll A d d it io n C o st
ร

1 9 ,7 2 7 .0 4 1 6 0 3 .7 1 0 9 0 5 .5 6 5 3 0 1 .8 5 5 5 1 ,7 3 7 .9 5
2 3 ,8 8 4 .3 5 9 5 8 4 .1 5 0 8 6 5 .3 6 5 2 8 1 .2 1 5 4 8 ,2 0 0 .2 5
J 5 ,1 7 5 .9 8 3 1 ,0 0 1 .3 4 0 1 ,0 0 1 .3 4 0
4 2 ,2 0 6 .6 8 7 1 2 1 .5 3 0 2 8 7 .7 2 2 1 6 6 .1 9 2 Y E S 3 1 ,9 4 5 .3 1
5 9 ,3 8 0 .0 2 6 1 ,0 4 8 .2 8 0 6 5 6 .0 6 3
6 1 ,0 8 1 .9 5 6 1 3 3 .5 6 0 7 0 .4 0 4
7 1 2 ,7 1 1 .9 8 2 2 4 6 .8 1 0 1 8 6 .0 3 8
8 4 ,1 8 0 .9 9 1 9 0 9 .4 9 3 N E W 1 5 9 ,3 4 7 .1 0
9 3 6 2 .9 5 8 1 3 9 .1 3 4 N E W 2 7 ,3 0 7 .5 7

3 ,7 3 9 .3 8 5 ,0 2 1 .1 2 3 4 .2 8 % 1 3 1 8 ,5 3 8 .1 7

Table 4.25 Annual cost comparison between original and retrofit network for 
Problem 4.5

Cost ($/yr) Existing Retrofit
Total utility cost 1,982,618.88 1,417,386.41

Total fixed and area cost 318,538.17
Totat cost 1,982,618.88 1,735,924.58

Cost saving 246,694.30
(%) 12.44%

20.5 540 K

13
53.8 616 k ‘

773 K 

J1

93.3 400 K

- 0 -

J 2
196.

J 3

0

< i>

0 -

772 K

- 0

< 0 0 }

1 538 K Ô 00

0
- 0

0 0

Figure 4.19 Original HEN for Problem 4.5.
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4130.991 5175.983 9380.026

Figure 4.20 Retrofit HEN for Problem 4.5.

4.2.2 Problem 4.6
Problem 4.6 is the retrofit problem o f crude distillation unit composed 

o f 18 streams and 18 existing exchangers. Streams properties are shown in Table 
4.26 and Table 4.27 while the results o f retrofit network are given in Table 4.28 and 
4.29. Cost comparisons are given in Table 4.30. The retrofit solution achieves 
24.06% annual cost savings or 1.65 M$/yr with two new exchanger units and three 
shells addition. The original and retrofit networks are shown in Figure 4.21 and 
Figure 4.22.
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Table 4.26 Stream properties for Problem 4.6

Stream F
Ton/hr

Cp
KJ/kg-C

Tin
c

Tout
c

h
M J/h-m 2-C

11 155.1 3.161 319.4 244.1 4.653
1 2 5.695 4.325 73.24 30 18.211
14 151.2 2.93 263.5 180.2 4.894
17 91.81 2.262 73.24 40 4.605
13 251.2 3.1 1 1 347.3 202.7 3.21

2.573 202.7 45 2.278
15 26.03 3.041 45 203.2 4.674

2.689 203.2 1 1 0 3.952
16 86.14 2.831 1 1 0 147.3 4.835

2.442 147.3 50 3.8
18 63.99 2.854 50 176 5.023

2.606 176 1 2 0 4.846
19 239.1 2.595 167.1 116.1 4.995

2.372 1 16.1 69.55 4.88
n o 133.8 6.074 146.7 126.7 1.807

4.745 126.7 99.94 3.373
9.464 99.94 73.24 6.878

J1 519 2.314 30 108.1 1.858
2.645 108.1 211.3 2.356
3.34 211.3 232.2 2 . 2 1 2

J2 496.4 3.54 232.2 343.3 2.835
J3 96.87 13.076 226.2 228.7 11.971

15.808 228.7 231.8 11.075
11 1 250 249 2 1 . 6
1 1 2 1 0 0 0 500 0.4
J4 2 0 25 13.5
J5 124 125 2 1 . 6
J 6 174 175 2 1 . 6

Table 4.27 Cost data for Problem 4.6

Utilities Cost $/(MJ/hr-yr)
111 19.75
112 37.222
J4 1.861
J5 -6.494
J6 -12.747

Heat Exchanger Cost 5291.9+77.788A $/yr
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Table 4.28 Model Statistics for Problem 4.6

Model Statistics
Single Variables 3024
Discrete Variables 459
Single Equations 5930
Non Zero Elements 29046
Time to reach global optimal solution (sec) 6186.296
Optimality Gap 0 .0 0 %

Table 4.29 Resulting o f retrofit heat exchanger for Problem 4.6

H E O r ig in a l L oa d  
M J /h r

R etro fit  L oad  
M J/h r

O rig in a l A rea  
m 2

R etro fit A rea
m 2

A rea  A d d it io n  |S h e ll  A d d it io n  
m 2

C o st
ร

1 1 6 0 ,3 1 1 .2 0 1 5 5 ,8 6 8 .9 0 4 ,3 0 3 .2 0 3 ,9 2 6 .2 5
2 6 ,9 0 3 .0 9 6 ,9 0 3 .0 9 5 9 .4 0 6 3 .8 0 4 .4 0 3 4 2 .0 3
3 1 7 ,1 1 8 .4 0 9 ,6 2 8 .0 7 3 3 .4 0 2 1 .5 3
4 6 5 8 .0 0 6 ,5 6 0 .9 9 2 .3 0 1 6 .6 3 1 4 .3 3 Y E S 6 ,4 0 6 .8 4
5 2 ,5 5 4 .7 0 0 .0 2 2 6 .3 0 2 8 .9 3 2 .6 3 2 0 4 .5 8
6 2 ,4 1 0 .7 0 9 ,9 0 2 .5 8 2 4 .6 0 3 9 8 .5 3 3 7 3 .9 3 Y E S 3 4 ,3 7 9 .0 1
7 1 ,0 6 5 .0 4 1 ,0 6 5 .0 4 5 .5 0 5 .8 7 0 .3 7 2 8 .7 0
8 4 5 ,0 2 4 .4 0 6 ,0 4 2 .9 7 1 4 5 .0 0 4 1 .6 6
9 1 0 0 ,6 4 2 .7 0 6 3 ,5 6 1 .2 5 1 ,2 1 2 .7 0 9 6 2 .0 1
10 4 ,4 7 3 .6 0 4 ,0 4 5 .6 4 9 3 .7 0 9 3 .7 0
11 5 4 ,6 1 8 .7 0 5 9 ,0 6 0 .5 9 6 8 5 .7 0 1 ,2 3 9 .9 0 5 5 4 .2 0 Y E S 4 8 ,4 0 2 .0 9
12 6 ,2 9 3 .8 0 3 ,3 7 3 .4 5 4 0 .0 0 4 4 .0 0 4 .0 0 3 1 1 .1 5
13 5 8 ,0 4 4 .3 0 5 8 ,0 4 2 .2 8 1 8 3 .3 0 1 8 2 .3 9
14 3 6 ,9 0 3 .2 0 3 6 ,9 0 3 .2 3 1 0 1 .6 0 1 0 1 .4 7
15 3 6 ,9 1 7 .4 0 0 9 3 .9 0 0
16 6 7 ,0 5 3 .0 8 6 7 ,0 5 3 .0 8 2 7 8 .1 0 2 8 8 .9 7 1 0 .8 7 8 4 5 .3 2
17 7 ,9 1 3 .7 7 7 ,9 1 3 .7 7 5 3 .5 0 5 2 .2 4
18 1 3 6 ,1 3 8 .8 0 9 5 ,2 0 7 .4 9 9 7 6 .4 0 7 0 9 .0 0
19 3 6 ,9 1 7 .4 1 7 2 7 .9 6 6 1 ,9 1 8 .5 3
2 0 3 8 ,9 8 1 .5 8 6 5 1 .9 3 5 6 ,0 0 4 .5 4

8 ,3 1 8 .6 0 9 ,5 5 6 .7 6 1 4 .8 8 % 3 2 0 8 ,8 4 2 .8 0
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Table 4.30 Annual cost comparison between original and retrofit network for 
Problem 4.6

Cost
$/yr

Existing Retrofit

Total utility cost 6,865,616.51 5,004,800.23
Total fixed and area cost - 208,842.80

Totat cost 6,865,616.51 5,213,643.03
Cost saving 1,651,973.479 24.06%

Figure 4.21 Original HEN for Problem 4.6.
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Figure 4.22 Retrofit result o f HEN for Problem 4.6.

4.2.3 Problem 4.7
We now compare our method with Hypertargets (Briones and 

Kokossis, 1999). Table 4.31 shows the stream and cost data for crude distillation 
unit consisting o f 12 streams and 11 existing units. Figure 4.23 shows the original 
network and Figure 4.24 shows the retrofit structure generated by our MILP strategy. 
Hypertargets established two retrofit designs (B1 and B2) with the same utility cost 
and one new unit in each case. They are shown in Figure 4.25 and 4.26. Our MILP 
approach suggests using two new smaller exchangers and more utility. The results 
are shown in Tables 4 .32-and 4.33 and the total annual cost in Table 4.34. The 
retrofit has a 4.17% saving over the original structure. The results show that the 
retrofit network generated by an MILP model also gives lower cost than 
Hypertargets approach.
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Table 4.31 Stream and cost data for Problem 4.7

Stream FCp
kW/C

Tin
c

Tout
c

h
kW /m2-C

11 470.00 140.00 40.00 0 . 8
1 2 825.00 160.00 1 2 0 . 0 0 0 . 8
13 42.42 2 1 0 . 0 0 45.00 0 . 8
14 1 0 0 . 0 0 260.00 60.00 0 . 8
15 357.14 280.00 2 1 0 . 0 0 0 . 8
16 50.00 350.00 170.00 0 . 8
17 136.36 380.00 160.00 0 . 8
J1 826.09 270.00 385.00 0 . 8
J2 500.00 130.00 270.00 0 . 8
J3 363.64 2 0 . 0 0 130.00 0 . 8
18 500.00 499.00 0 . 8
J4 2 0 . 0 0 40.00 0 . 8

Note: Exchanger cost=300xArea; stream cost=60$/kw  yr,
cooling water cost=5$/kW yr

47000

Figure 4.23 Original HEN for Problem 4.7.
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47000

Figure 4.24 Retrofit HEN for Problem 4.7. 

Table 4.32 Model statistics for Problem 4.7

Model Statistics
Single Variables 3120
Discrete Variables 382
Single Equations 6347
Non Zero Elements 23949
Time to reach global optimal solution (sec) 428.625
Optimality Gap 0 .0 0 %
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Table 4.33 Resulting of retrofit heat exchanger network for Problem 4.7

HE O rig in a l L oad  
M J/h r

R etro fit L oad  
M J/h r

O rig ina l A rea 
m 2

R etro fit A rea  
m 2

A rea  ad d ition  
m 2

S hell A dd itio n C ost
ร

1 4 70 00 47000 2 363 .862 2 4 0 2 .0 6 0 38 198
2 3 30 00 33000 1609.621 1613.931 4 .3 1 0 Y ES 1,293.106
3 7 00 0 7000 230.691 2 4 2 .3 1 9 1 1 6 2 8 Y ES 3 ,488 .465
4 1ท',)f\n 8 7 ! 1 .412 . 692 139 692 139
5 9 80 0 11287.488 339 .798 3 66 .255 2 6 .45 7
6 250 00 250 00 1226.755 1286.336 59.581 Y ES 17,874.203
7 9 00 0 9000 224 .915 3 96 .5 84 171.669 Y ES 5 1 ,5 0 0 .69 0
8 2 0 8 0 0 2 0813 .585 1211.000 1211.000
9 9 20 0 1127.373 141.471 2 0 .48 4
10 9 5 0 0 0 869 42 .1 0 8 1434.979 1344.353
11 5 00 0 6 47 5 .20 4 53.311 6 6 .92 8 13.617 4 ,084 .9 65
12 1.1 0.051 N E W 15.300
13 805 8 .24 2 2 9 8 .3 3 0 N E W 8 9,49 9 .00 0

9528 .542971 9 9 4 0 .7 7 4 .3 3 % 4 167 ,755 .729

Table 4.34 Annual cost comparison between Hypertargets and MILP algorithm

Cost
$/yr

Existing Hypertarget B 1 Hypertarget B2 MILP

Total utility cost 6,330,000 5,607,200 5,607,200 5,902,113
Total fixed and area cost 531,900 576,720 163,671

Totat cost 6,330,000 6,139,100 6,183,920 6,065,784
MILP more saving ($/yr) 264,216

4.17%
73,316
1.19%

118,136
1.91%

Figure 4.25 Hypertargets retrofit designs B1.
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4.3 Additional Topics for HEN Retrofits

4.3.1 P a ra lle l/Se rie s  P o s it io n  fo r The N e w  Exchange r In sta lla tion

The benefit pos it io n  o f  a new  exchanger in s ta lla t io n  is 

cons idered  here. W e use the prob lem  4.6 to illu s tra te  th is  s ituation . A  new 

exchanger un it can be in s ta lled  pa ra lle l or series w ith  other un its. F o llo w in g  

the re tro fit  resu lts o f  the prob lem  4.6, there are two new  exchanger units 

presented. F irs t  un it, exchanger num ber 19, is settled on the co ld  stream J2 

and the latter, no. 20, is  in sta lled  on the co ld  stream J l .  So, we s im u la te  the 

m odel w ith  the constra in t o f  a llow ed  sp litt in g  both co ld  stream J l  and J2 to 

cons ide r the e ffect o f  us ing  the new  exchanger in  p a ra lle l. In contrast, non

sp litt in g  both co ld  streams J l  and J2 are app lied  when se ttling  the new 

exchanger in  series. The results fo r series and p a ra lle l p o s it io n  are shown in 

F igu re  4 .27 and 4.28. Tab le  4.39 shows that p a ra lle l in s ta lla t io n  o f  new 

exchanger un it g ives more benefit than se ttling  the un it in  series. Because it 

has h ighe r tem perature d iffe rence  between hot and co ld  streams, so heat 

transfer fo r the p a ra lle l exchanger is greater. Therefore, the netw ork o f  

p a ra lle l in s ta lla t io n  o f  new  exchanger consum es low er amount o f  u t ility , but
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fix ed  and area costs are higher. How ever, the o ve ra ll cost fo r re tro fit  network 

equ ipped w ith  pa ra lle l new exchanger is less than the ne tw ork  set up the new 

un its in  series.

Table 4.35 M odel statistics for Problem 4.6 w ith non-splitting co ld stream

M odel Statistics
S ingle Variables 2902
Discrete Variables 459
Single Equations 5019
N on  Zero Elements 25677
Tim e to reach global optimal solution (sec) 766.906
Optim ality  Gap 0.00%

Figure 4.27 Retrofit H E N  for Problem 4.6 w ith non-splitting co ld  stream.
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Table 4.36 Model statistics for Problem 4.6 with splitting cold stream

M odel Statistics
Single Variables 3043
Discrete Variables 459
Single Equations 6049
Non Zero Elements 29457
Tim e to reach global optimal solution (sec) 27165.45
Optim ality Gap 0.00%

Figure 4.28 Retrofit H E N  for Problem  4.6 w ith splitting co ld stream.
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Table 4.37 R esu lt in g  o f  re tro fit H E N  fo r n on -sp litt in g  co ld  stream

H E O rig in a l Load  
M J/hr

R etrofit Load  
M J/hr

O riginal A rea  
m 2

R etrofit A rea  
m 2

A rea  A d d it io n |S h e ll  A d d it io n
ทา2

C ost
ร

1 1 6 0 ,3 1 1 .2 0 1 5 5 ,8 6 8 .9 0 4 ,3 0 3 .2 0 3 ,9 1 4 .5 7
2 6 ,9 0 3 .0 9 6 ,9 0 3 .0 9 5 9 .4 0 6 3 .8 0 4 .4 0 3 4 2 .0 3
3 1 7 ,1 1 8 .4 0 6 ,2 1 4 .5 1 3 3 .4 0 1 5 .12
4 6 5 8 .0 0 5 ,9 2 4 .7 4 2 .3 0 1 5 .48 1 3 .18 Y E S 6 ,3 1 6 .9 1
5 2 ,5 5 4 .7 0 0 .0 0 2 6 .3 0 0 .0 0
6 2 ,4 1 0 .7 0 1 3 ,3 1 6 .1 3 2 4 .6 0 3 0 0 .4 8 2 7 5 .8 8 Y E S 2 6 ,7 5 1 .9 8
7 1 ,0 6 5 .0 4 1 ,0 6 5 .0 4 5 .5 0 5 .8 7 0 .3 7 2 8 .7 0
8 4 5 ,0 2 4 .4 0 4 5 ,0 2 4 .5 4 1 4 5 .0 0 1 4 6 .5 9 1 .59 1 23 .4 5
9 1 0 0 ,6 4 2 .7 0 6 1 ,5 8 9 .8 0 1 ,2 1 2 .7 0 9 4 6 .8 8
10 4 ,4 7 3 .6 0 4 ,0 4 5 .6 5 9 3 .7 0 9 3 .7 0
11 5 4 ,6 1 8 .7 0 5 9 ,0 6 0 .5 9 6 8 5 .7 0 1 ,2 3 9 .9 0 5 5 4 .2 0 Y E S 4 8 ,4 0 2 .0 9
12 6 ,2 9 3 .8 0 4 ,0 0 9 .7 1 4 0 .0 0 4 4 .0 0 4 .0 0 3 1 1 .1 5
13 5 8 ,0 4 4 .3 0 5 8 ,0 4 2 .2 8 1 8 3 .3 0 1 8 2 .3 9
14 3 6 ,9 0 3 .2 0 0 1 0 1 .6 0 0
15 3 6 ,9 1 7 .4 0 0 9 3 .9 0 0
16 6 7 ,0 5 3 .0 8 6 7 ,0 5 3 .0 8 2 7 8 .1 0 2 8 8 .9 7 1 0 .8 7 8 4 5 .3 2
17 7 ,9 1 3 .7 7 7 ,9 1 3 .7 7 5 3 .5 0 5 2 .2 4
18 1 3 6 ,1 3 8 .8 0 9 5 ,2 0 7 .5 2 9 7 6 .4 0 7 0 9 .0 0
19 3 6 ,9 1 7 .4 1 7 2 7 .9 6 6 1 ,9 1 8 .4 5
2 0
21 3 6 ,9 0 3 .2 3 6 8 3 .3 6 5 8 ,4 4 8 .9 5

8 ,3 1 8 .6 0 9 ,4 3 0 .2 9 1 3 .36 % 3 2 0 3 ,4 8 9 .0 4

Table 4.38 R esu lt in g  o f  re tro fit H E N  fo r sp litt in g  co ld  stream

H E O rig in a l L oad  
M J/h r

R etro fit L oad  
M J/hr

O rig in a l A rea  
m 2

R etro fit A rea  
m 2

A rea  A d d it io n  1 S h e ll A d d it io n
ทา2

C o st
ร

1 1 6 0 ,3 1 1 .2 0 0 1 4 1 ,9 7 4 .9 3 9 4 ,3 0 3 .2 0 3 ,6 7 3 .4 3 2
2 6 ,9 0 3 .0 9 1 6 ,9 0 3 .0 9 1 5 9 .4 0 6 3 .7 9 7 4 .3 9 7 3 4 2 .0 3
3 1 7 ,1 1 8 .4 0 0 9 ,3 2 1 .7 6 9 3 3 .4 0 2 1 .0 1 7
4 6 5 8 .0 0 0 5 ,8 6 2 .5 4 9 2 .3 0 1 5 .3 5 3 1 3 .0 5 3 Y E S 6 ,3 0 7 .2 7
5 2 ,5 5 4 .7 0 0 0 .0 1 0 2 6 .3 0 2 8 .9 3 0 2 .6 3 2 0 4 .5 8
6 2 ,4 1 0 .7 0 0 1 0 ,2 0 8 .8 7 5 2 4 .6 0 3 1 2 .5 8 8 2 8 7 .9 8 8 Y E S 2 7 ,6 9 3 .9 1
7 1 ,0 6 5 .0 3 9 1 ,0 6 5 .0 3 9 5 .5 0 51369 0 .3 6 9 2 8 .7 0
8 4 5 ,0 2 4 .4 0 0 4 ,4 8 1 .6 0 1 1 4 5 .0 0 3 0 .8 9 3
9 1 0 0 ,6 4 2 .7 0 0 7 4 ,4 3 9 .5 7 3 1 ,2 1 2 .7 0 1 ,0 4 5 .4 8 2
10 4 ,4 7 3 .6 0 0 3 ,5 9 6 .1 3 7 9 3 .7 0 1 8 8 .8 8 0 9 5 .1 8 Y E S 1 2 ,6 9 5 .7 6
11 5 4 ,6 1 8 .7 0 0 7 2 ,9 5 4 .5 5 1 6 8 5 .7 0 2 ,2 2 0 .8 7 5 1 ,5 3 5 .1 8 Y E S 1 2 4 ,7 1 0 .0 9
12 6 ,2 9 3 .8 0 0 4 ,5 2 1 .4 0 5 4 0 .0 0 4 4 .0 0 0 4 3 1 1 .1 5
13 5 8 ,0 4 4 .3 0 0 5 8 ,0 4 2 .2 8 4 1 8 3 .3 0 1 8 2 .3 9 1
14 3 6 ,9 0 3 .2 0 0 3 6 ,9 0 3 .2 3 3 1 0 1 .6 0 1 0 1 .4 7 2
15 3 6 ,9 1 7 .4 0 0 4 ,1 0 1 .9 3 7 9 3 .9 0 1 3 .1 3 8
16 6 7 ,0 5 3 .0 8 3 6 7 ,0 5 3 .0 8 3 2 7 8 .1 0 2 8 8 .9 6 7 1 0 .8 6 7 8 4 5 .3 2
17 7 ,9 1 3 .7 7 1 7 ,9 1 3 .7 7 1 5 3 .5 0 5 2 .2 3 9
18 1 3 6 ,1 3 8 .8 0 0 8 5 ,8 6 4 .9 7 7 9 7 6 .4 0 6 4 3 .7 0 0
19 3 2 ,8 1 5 .4 7 7 8 4 5 .5 1 8 N E W 7 1 ,0 6 3 .0 5
2 0 4 0 ,5 4 2 .9 4 1 7 2 4 .6 3 4 N E W 6 1 ,6 5 9 .7 3

8 ,3 1 8 .6 0 1 0 ,5 0 3 .1 8 2 6 .1 0 % 4 3 0 5 ,8 6 1 .6 1
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Table 4.39 Cost com parison  between pa ra lle l and series p lacem ent o f  the new 

exchanger

Cost
$/yr

Existing Retrofit
non-splitting

Retrofit
splitting

Total u tility  cost 6,865,616.51 5,270,522.77 4,814,837.18
Total fixed and area cost - 203,489.04 305,861.61

Totat cost 6,865,616.51 5,474,011.81 5,120,698.79
Cost saving 20.27% 25.42%

4.3.2 A llo w e d  and Forb idden  M atches o f  H o t and C o ld  Streams

I f pairs o f hot and cold streams are not a llowed to exchange heat for 

the reasons such as safety, operability, p ip ing d ifficu lties, contam ination prevention, 

etc. U sing  mathematical programming, it is extremely simple to formulate the 

a llowed and forbidden matching situations. W e presented the problem 4.5 to 

illustrate the forbidden match o f hot and cold stream. Figure 4.20 shows the original 

retrofit structure that allowed matching o f  hot stream II and co ld stream J2. In this 

situation, we presume forbidden match between hot stream II and co ld stream J2. 

The new retrofit solution for heat exchanger network is shown in Table 4.40 and 

Table 4.41. The retrofit structure for forbidden match is shown in Figure 4.29. Time 

consum ing for the constraint o f forbidden match (I1,J2) is less than the constraint o f 

a llowed matching. The overall cost for the retrofit structure w ith forbidden match is 

higher than the total cost o f  retrofit w ith allowed matching structure.

Table 4.40 M ode l statistics for retrofit w ith  forbidden match (I1,J2)

M odel Statistics
S ingle Variab les 7387
Discrete Variables 490
Single Equations 6904
Non Zero Elements 44241
T im e to reach global optimal solution (sec) 673.859
Optim ality  Gap 0.00%
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Table 4.41 Resulting o f retrofit with forbidden match (I1,J2)

H E R etro fit L oad
k w

O rig in a l A rea  
m 2

R etro fit A rea
m 2

A rea  A d d itio n  
m 2

S h e ll A d d itio n C ost
ร

l 1 1 ,3 4 2 .8 3 3 6 0 3 .7 1 0 1 ,1 8 0 .2 4 5 7 6 .5 3 Y E S 1 0 2 ,2 7 6 .9 0
2 2 ,2 6 8 .5 6 7 5 8 4 .1 5 0 3 4 8 .7 7
3 7 ,1 5 4 .7 3 3 1 ,0 0 1 .3 4 0 1 ,2 7 7 .3 7 2 7 6 .0 3 4 7 ,3 1 2 .0 6
4 2 ,7 0 4 .8 8 9 1 2 1 .5 3 0 3 6 6 .7 9 2 4 5 .2 6 Y E S 4 5 ,4 9 8 .0 8
5 1 1 ,5 8 2 .2 6 7 1 ,0 4 8 .2 8 0 7 5 6 .1 6
6 9 4 6 .7 1 1 1 3 3 .5 6 0 6 2 .81
7 1 4 ,7 7 8 .9 7 8 2 4 6 .8 1 0 2 1 2 .4 0

3 ,7 3 9 .3 8 4 ,2 0 4 .5 4 1 2 .4 4 % 2 1 9 5 ,0 8 7 .0 3

Table 4.42 Annual cost comparison between orig ina l retrofit and retrofit w ith 

forbidden match (11 ,J2)

Cost ($/yr) Existing Retrofit Retrofit (forbid II,J2)
Total utility  cost 1,982,618.88 1,417,386.41 1,655,173.63

Total fixed and area cost 318,538.17 195,087.03
Totat cost 1,982,618.88 1,735,924.58 1,850,260.66

Cost saving 246,694.30 132,358.22

(%) 12.44% 6.68%

7154.733 11582.267

Figure 4.29 Retrofit HEN with forbidden match (I1,J2) for Problem 4.5
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4.3.3 R e lo ca tio n  o f  E x is t in g  Heat Exchangers

In special occasions, the overall cost o f  retrofit heat exchanger 

network can be further reduced by rearrangement o f  the orig ina l exchanger from the 

existing match (ij) to the new match (/' V  ’) o f  hot and co ld stream. W e used problem 

4.5 to illustrate the retrofit relocation topology.

For the retrofit relocation model, we need to specify the binary 

variable ร 1̂1 w h ich identify which exchangers are needed to relocate. In this

example, we first consider the retrofit structure w ithout relocation in Figure 4.20. In 

Table 4.24, consider an exchanger number 5 which has the orig ina l area larger than 

the area required in retrofit network and look to an exchanger number 1, it required 

to add the exchanger area. So, it has cost reduction poss ib ility  when we relocate the 

exchanger 5 to the position o f  exchanger unit number 1. Then, we proposed to 

specify the sfj'k o f  these two repositioning, the exchanger number 1 and number 5.

The network structure for relocation is shown in Figure 4.30. The 

retrofit H E N  w ith  relocation topology can generate the structure w ith 16.29% total 

cost saving whereas the retrofit w ithout relocation can save around 12.44%. 

A dd itiona lly , we also compare the M IL P  performance w ith the retrofit so lution from 

the approach o f  C ir ic  et al. (1989) and K in -Lung  M a  et al. (2000). The ir retrofit 

solutions are given in Figure 4.31 and Figure 4.32. Table 4.47 shows that the M IL P  

model gives the highest annual cost saving for retrofit H E N .
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4263.263 5212.113 9261.624

Figure 4.30 R e tro fit  H E N  w ith  re location  fo r P rob lem  4.5.

Table 4.43 M ode l statistics for Problem 4.5 w ith relocation

M ode l Statistics
S ingle Variables 7524
Discrete Variables 502
Single Equations 7162
N on  Zero Elements 45180
T im e to reach global optimal solution (sec) 950.234
Optim ality Gap 0.00%

Table 4.44 Resulting o f  retrofit heat exchanger w ith relocation for Problem  4.5

HE R etrofit L oad  
M J/hr

O riginal A rea
2m

R etrofit A rea  
ทา2

A rea A d dition  
ทไ2

R elocatio n S h ell A d d itio n / 
N e w  E xch an g er

C ost
ร

1 9 ,2 6 1 .6 2 4 6 03 .71 6 0 8 .7 4 5 .03 Y E S 8 6 2 .1 4
2 3 ,4 0 2 .8 5 0 5 8 4 .1 5 7 4 6 .3 2 1 62 .168 2 7 ,7 9 5 .6 0
3 5 ,2 1 2 .1 1 3 1 ,0 01 .3 4 1 ,001 .34
4 1 ,7 6 1 .3 0 7 121 .53 182 .30 6 0 .7 6 5 1 0 ,4 1 5 .1 2
5 1 0 ,2 0 8 .5 5 0 1 ,0 48 .2 8 1 ,1 03 .7 9 5 5 .511 Y E S 9 ,5 1 4 .5 9
6 1 ,0 8 1 .9 5 6 1 33 .56 70.61
7 1 2 ,5 9 3 .5 8 0 2 46 .81 184.51
8 4 ,2 6 3 .2 6 3 9 4 6 .2 2 N E W 1 6 5 ,6 4 2 .6 2
9 8 0 8 .3 3 7 2 2 3 .0 8 N E W 4 1 ,6 9 5 .4 0

3 ,7 3 9 .3 8 5 ,0 66 .9 1 3 5 .50% 2 2 5 5 ,9 2 5 .4 6
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Figure 4.31 Retrofit H E N  by C ir ic  and Floudas (1989).

Table 4.45 Resulting o f Retrofit H E N  by C ir ic  and Floudas (1989)

H E Retrofit Load 

kW

Orig inal Area 

m2

Retrofit Area 

m2

Area Add ition  

m2
1 9,899 603.71 991.32 387.61 ..
2 3,712 584.15 927.22 343.07
3 4,314 1,001.34 946.18
4 2,203 121.53 276.35 154.82
5* 5,711 1,048.28 1,218.95 170.67
6 1,612 133.56 123.91
7 12,410 246.81 182.11

new 8,711 755.80 755.80
3,739.38 5,421.84 44.99%
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Figure 4.32 Retrofit H E N  by K in -Lung  M a  et al. (2000).
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299 K
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Table 4.46 Resulting o f  Retrofit H E N  by K in -Lung  M a  et al. (2000)

H E Retrofit Load

k w

Original Area  

ทา2

Retrofit Area
2m

Area Addition

m 2
1 4,070 603.71 844.51 240.8
2 3,601 584.15 1000.01 415.86
3 10,010 1001.34 1001.34
4 1,458 121.53 185.49 63.96
5 4,364 1048.28 1048.28
6 2,356 133.56 391.54 257.98
7 12,390 246.81 181.82

new 10,303 657.17 657.17
3739.38 5310.16' 42.00%

Table 4.47 Cost comparison for retrofit relocation algorithm

C o s t  ($ /y r ) E x is t in g R e tr o fit
M IL P C ir ic  e t  a l. K in -L u n g  M a  e t  a l.

T o ta l u t il ity  c o s t 1 ,9 8 2 ,6 1 8 .8 8 1 ,4 0 3 ,7 6 5 .4 4 1 ,3 8 5 ,9 0 6 .0 0 1 ,3 8 3 ^ 6 0 5 .0 0
T o ta l f ix e d  a n d  area  c o s t 2 5 5 ,9 2 5 .4 0 3 2 1 ,0 0 0 .0 0 2 8 7 ,0 7 1 .0 0

T o ta t  c o s t 1 ,9 8 2 ,6 1 8 .8 8 1 ,6 5 9 ,6 9 0 .9 0 1 ,7 0 6 ,9 0 6 .0 0 1 ,6 7 0 ,6 7 6 .0 0
C o s t  s a v in g 3 2 2 ,9 2 7 .9 8 2 7 5 ,7 1 2 .8 8 3 1 1 ,9 4 2 .8 8

(% ) 1 6 .2 9 % 1 3 .9 1 % 1 5 .7 3 %
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H ow ever, there is a lim ita t io n  fo r the re lo ca tion  topo logy. 

Som etim es, we can not im prove the annua lized  cost w ith  exchanger 

repos ition ing . The designer should be certa in  that the tota l cost w ou ld  be 

d im in ished  i f  you change the o r ig in a l exchanger to the new  m atch ing  pos ition .
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