CHAPTER IV
RESULTS AND DISCUSSION

There are many examples presented here to express the optimal heat
exchanger network structure with minimum total cost. The case study from previous
study of Barbaro A. and Vipanurat N., are also tested with the update mixed integer
linear programmir:g (MILP). 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 Case study 4.1 (Problem 4.1 from Vipanurat’s work)
This case study consists of two hot and two cold process streams, one

hot and cold utility streams. The table below shows the details of hot (I) and cold (J)

streams of case study 4.1

Table 4.1 Properties of stream for case study 4.1

Stream F Cp Tin Tout h Q

Ton/hr | kJ/kg-C C C MJ/h-m?-C 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 case study 4.1

Utilities Cost $/(MJ/hr-yr)
13 19.75
J3 1.861
Heat Exchanger Cost 5291.9+77.788 A $lyr

Following model testing condition is the minimum approach

temperature of 20 °C and the temperature intervals of 26 with one heat transfer
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zones, the result of heat exchanger network are shown in Figure 4.1. This heat
exchanger network consumes 1157.143 MJ/hr of hot utility and 107.714 MJ/hr of
cold utility with $136052.54 as the total cost.

175,c —————((1)—2) 45°C
125°C 3 +) : 65°C
180°C /5\ 179°C
155°C () ) 20°C
112°C —- <|> 40°C
f@ \
25°C \ 15°€C
o
No.of heat
exchanger 1 2 3 4 S
Heat Load (MJ/hr) 1080 220 1542.86 | 857.143 | 1157.14
Area (m?) 292.109 | 56.101 | 347.833 | 1565.691 | 237.572

Figure 4.1 Heat exchanger network for case study 4.1 at 26 intervals.

Additionally, the effect of number of temperature intervals in each
process streams on the total cost of HENs need to be studied. Following the process
streams property in the case study 4.1, increasing the number of temperature

intervals is simulated and the result is shown in Table 4.3

Table 4.3 Result of increasing number of intervals in case study 4.1

Total Total Hot Cold Total Fixed Area Utility
No.of | cost Area Utility Utility  Utility cost cost cost
i B m? MJhr  MJhr  MJhr $iyr $hyr $iyr
26 | 1360525 1089.306 1157.143 1077.14 2234283 264595 84734.94 24858.13
56 | 133862.8 1066.297 1138636 105864 2197.276 264595 82945.11 24458.19
112 | 1338085 1061.831 1152.198 107220 2224.398 264595 82597.71 24751.27
160 | 133731.8 1047.565 1200.000 1120.00 2320.000 26459.5 81487.99 25784.32
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Figure 4.2 Trend of varying the intervals for case study 4.1.

The result of objective function including the cost of the utility,
fixed and area costs, heat exchanger area, and the total energy usage. Figure
4.2 shows the trend of all these values with various number of temperature
intervals. All the intervals give %he same number of heat exchanger so the
fixed cost is constant in all of intervals. The trend of utility cost is increased
following the increase of intervals except the area cost. The heat exchanger

network of the other intervals are shown in Figure 4.3



(a) 56 intervals

175°C @ @ 45°C
125°C Cf) O 65°C
180°C i /L 179°C
155C—\ %) &, 20°C
112°C @ 40°C
Lo
= \
25'C 15°C
\ e
No.of heat
exchanger y . 0 3 ¢ 3
Heat Load (MJ/hr) 1080 220 1561.36 | 838.636 | 1138.64
Area (m?) 256.426 | 61.526 | 359.216 | 151.47 | 237.659
(b) 112 intervals
175°C @ @ 45°C
125°C CID—G 65°C
180°C /;\ 179°C
155'¢ %) ) 20°C
112°C —@ 40°C
/_® \
25°C 15°C
0/
No.of heat
exchanger : 2 3 4 ~
Heat Load (MJ/hr) 1080 220 1547.8 | 852.198 | 1152.2
Area (m?) 254.903 | 61.628 | 351.257 | 153.58 | 240.463

Figure 4.3 Heat exchanger network for case study 4.1.



(C) 160 intervals
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175°C —Q—G 45°C
125°C /\P @ 65°C
180°C If?\ /L 179°C
155°C —2) () 20°C
112°C @ 40°C
2 \
25°C 15°C
> o
No.of heat
exchanger } 2 3 4 5
Heat Load (MJ/hr) 1080 220 1500 900 1200
Area (m?) 254.582 | 61.64 | 324.32 | 160.68 | 246.343

Figure 4.3 (Cont.) Heat exchanger network for case study 4.1.

4.1.2 Case study 4.2 (Problem 4.2 from Vipanurat’s work)

In this case study, There are six hot process streams (I1-16), one

cold stream (J1), one heating utility (17) and one cooling utility (J2). The table

below shows the details of each streams of case study 4.2

Table 4.4 Properties of stream for case study 4.2

Stream F Cp Tin Tout h Q
Ton/hr | kJkg-C C C MJ/h-m3-C | MJ/hr
1 15 1 675 150 0.2 7875
12 11 1 590 450 0.2 1540
13 45 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
Ji 47 1 60 710 0.2 30550
J2 110.3 1




Table 4.5 Cost data for case study 4.2

Utilities Cost $/(MJ/hr-yr)
17 19.75
J2 1.861

Heat Exchanger Cost 5291.9+77.788 A $/yr

The result structures simulated by MILP model are drawn in Figure
4.4. The network configurations are consisted of eight exchangers units in the
structure at 58 intervals but the structure at 72, 116 and 125 intervals have nine

exchangers. Table 4.6 shows the result of case study 4.2 in each temperature

intervals.

(a) 58 intervals

675°C 150°C
590°C ~ 450°C
540°C 115°C
430°C 345°C
400°C 100°C
300°C 230°C
801°C 800°C
710°C 60°C
140°C 80°C

No.of heat 1 2 3 4 5 6 7 8

exchanger

”F;Eh',if:;’d 7875 1540 1912 | 5100 3600 | 1514.793 | 723521 | 11827.71

Area (m?) | 626.214 | 143.331 | 175.569 | 484.785 | 239.565 | 75.19 | 451.644 | 616.733

Figure 4.4 Heat exchanger network for case study 4.2.



(b) 72 intervals
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Area (m?) | 496.774 | 223.042 | 16468 | 165.751 | 473.219 | 346.809 | 347.19 | 225.193 | 589.754

Figure 4.4 (Cont.) Heat exchanger network for case study 4.2.
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(c) 116 intervals

675°C @ @ 150°C
£ =
590°C -\] j 450°C
0 r-\ -]
540°C \v 115°C
0\ "
430°C - () 345°C
=N
400°C \GJ. 100°C
7
300°C ———— 230°C
\_ % -
801°C r;\ 800°C
/L7 %
710°C \3/ \ @ 1 (. 5 ';\ / 60°C
&
2.1 £\
140°C \_aj \3/ 80°C
No.of heat
s 1 2 3 4 5 6 7 8 9
Heatload | 4550 51 | 331579 | 1540 | 19125 | 5100 | 3600 | 5304.85 | 2445.151 | 11353.44
Py ; : 85 | 2445. 3
Area (m?) | 428.058 | 229.480 | 132.747 | 180542 | 435.853 | 266.513 | 343.803 | 247.397 | 607.533

Figure 4.4 (Cont.) Heat exchanger network for case study 4.2.



(d) 125 intervals
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675°C @ @ 150°C
590°C @ 450°C
540°C @ 115°C
430°C @ 345°C
400°C @ - 100°C
T
300°C 4 p——— 230°C
801°C /;\ 800°C
Pl B ) i
710°C \:/ \ r\b rs ;\ / 60°C
0
140°C \9 @ 80°C
No.of heat d
s 1 2 3 4 5 6 7 8 9
“f;:}“h"r‘;d 433125 | 354375 | 1540 | 19125 | 5100 | 3600 | 5675.75 | 3074.25 | 112105
Area (m?) | 387.142 | 238.041 | 135.856 | 192.384 | 468.835 | 271.95 | 387.087 | 222.728 | 603.175

Figure 4.4 (Cont.) Heat exchanger network for case study 4.2.

operating.

Table 4.6 shows the results simulated at one heat transfer zone

There is quite a few fluctuation of total cost by changing the

number of temperature interval. HEN structures at 72, 116 and 125 intervals

are almost similar. They have some different flow rate of hot and cold stream,

but the matches of hot and cold streams are the same. Area and utility costs

are the major reasons for total cost variation. In general, heat cxchangcr area

is traded off with the amount of utility consumption. Small utility usage will

cause larger exchanger area, because the larger heat exchange is required with

less utility usage.



Table 4.6 Result of increasing number of intervals in case study 4.2

Total Total Hot Cold Total Fixed Area Utility
mNtzrv °:| cost Area Utility Utility Utility cost cost cost
Slyr m? MJ/hr MJ/hr MJ/hr Shyr $tyr $lyr
58 | 508217.1 2813.031 11827.7 723522 19062.927 423352 218820.0 247061.9
72 | 509158.1 3033.402 10833.1 624066 17073.819 47627.1 235962.2 225568.7
116 | 507841.8 2871.935 113534 6760.92 18114.361 476271 223402.0 2368125
125 | 507495.6 2907.198 112105 6618.00 17828:500 47627.1 226145.1 233723.4
600000
500000
400000 —es— Fixed cost
';"' ” —=— Area cost
g T . Utility cost
200000 —— Total cost
100000
0
No. of intervais

Figure 4.5 Trend of varying the intervals for case study 4.2.

4.1.3 Case study 4.3 (Problem 4.4 from Vipanurat’s work)

There are three hot process streams (I1-13), two cold streams (J1-J2),
one heating utility (I4) and one cooling utility (J3). The Table 4.7 shows the details
of hot (I) and cold (J) streams of case study 4.3. And Table 4.8 shows the cost of

utility and heat exchanger.
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Table 4.7 Properties of stream for case study 4.3

Stream F Cp Tin Tout h Q
Ton/hr | kJ/kg-C Cc C MJ/h-m=-C MJ/hr
I 228.5 1 159 77 0.4 187.37
12 204 1 267 88 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 4.8 Cost data for case study 4.3

Utilities Cost $/(MJ/hr-yr)
14 19.75
J3 1.861
Heat Exchanger Cost 8153.9+61.75 A $/yr

The result structures simulated by MILP model are drawn in Figure
4.6. The network configurations of all intervals are consisted of seven exchangers
units which it have same the heat exchanger network. Table 4.7 shows the result of
case study 4.3 in each temperature intervals.



(a) 67 intervals
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N 'y
265°C 118°C
3
/—6\
it 0 .
\—*————{ 4 ’—J
No.of heat exchanger 1 2 3 4 5 6 7
Heat Load (MJ/hr) 04233 | 9313.7 | 24344 | 1217.2 | 11018.8 | 2592.648 | 15373.5
Area (m®) 1551.35 | 518.853 | 245.112 | 67.071 | 1029.47 | 164.421 | 313.957
(b) 134 intervals
159°C —@ @ mc
267°C @ @ 88°C
343°C @ f.;;\,_ %0°C
376°C ; 375.9°C
i21°C —@ 26°C
5 —\
265°C 118°C
b |
/O \
i ;
30°C 3 15°C
R e C
No.of heat exchanger 1 2 3 4 5 6 7
Heat Load (MJ/hr) 04233 | 9313.7 | 2556.12 | 1095.48 | 11018.8 | 2592.648 | 15251.8
Area (m?) 1529.28 | 523.829 | 292.583 | 60.249 | 1005.49 | 162.265 | 312.385

Figure 4.6 Heat exchanger network for case study 4.3.




(c) 165 intervals
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Figure 4.6 (Cont.) Heat exchanger network for case study 4.3.



Table 4.9 Result of increasing number of intervals in case study 4.3

50

- Total Hot Coid Total Fixed Area Utility
intg;val cost Area Utility Utility Utility cost cost cost
$lyr m?* MJ/hr MJ/hr MJ/hr $hyr $lyr $hyr
67 625350.1 3890.238 15373.55 13123.55 28497.093 57077.3 2402222 328050.5
134 622462.5 3886.076 15251.83 13001.84 28253.663 57077.3 239965.2 325420.0
165 622153.9 3863.940 15300.80 13050.80 28351.595 57077.3 238598.3 326478.3
207 6218236 3876.355 15250.04 13000.04 28250.073 57077.3 239364.9 325381.3
—e— Fixed cost
—=— Area cost
—a—— Utility cost
—— Total cost

100 150 250

No. of intervals

200

Figure 4.7 Trend of varying the intervals for case study 4.3.

term of the objective function stﬁbility and also generates the possible heat
exchanger network design for heat exchanging process composed of various
number of hot and cold process streams. According to network structure of all
problems above, the total costs are eventually getting into stable even the
number of temperature interval is increased. Moreover, heat exchanger

network structures at any intervals of each problem are getting to be the same

In summary, the MILP model has an effective performance in

whereas the interval number is increased.




4.2 Retrofit for Heat Exchanger Networks

4.2.1 Case study 4.4 (Problem 4.5 from Vipanurat’s work)
This case study consists of three hot and two cold process streams
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with one hot and one cold utility. The stream data properties and cost data are given

in Table 4.9 and 4.10. The existing heat exchanger network configuration, Figure

4.8, consumes 17,597 kW of hot utility and 15,510 kW of cold utilit;y. The retrofit

result is shown in Figure 4.9. Three new exchanger units are installed, area of
403.672 m? is added to existing heat exchanger and 13651.020kW of hot utility and
11411.12kW of cold utility are required. The model can generate the retrofit
network with total cost saving 10.57% or 209.5 k$/yr.

Table 4.10 Properties of stream for case study 4.4

Stream F Cp Tin Tout h
-m?-
Ton/hr | kiikgK | K g |
1 228.5 1 432 350 0.4
12 204 1 540 361 0.3
I3 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 4.11 Cost data for case study 4.4
Utilities Cost $/(MJ/hr-yr)
14 95.04
J3 20

Heat Exchanger Cost 3460+171.4 A $/yr
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Figure 4.9 The retrofit heat exchanger network for case study 4.4.



Table 4.12 Resulting of retrofit heat exchanger for case study 4.4

Retrofit Original Retrofit Added New Cost
HE load Area Area Area HE.
kw m? m? m? m? $

1 5494276 1001.34 1001.34
2 3603.337 720.107 720.107 | 126886.3
3 9639.387 1048.28 | 654.538
4 706.206 207.166 ,| 207.166 | 38968.25
5 1849.914 121.53 182.295 60.765 10415.12
6 1095.48 133.56 71.606
it 3212.718 584.15 667.957 83.807 14364.52
8 §722.429 603.71 862.81 259.100 44409.74
9 676.253 51.97 51.970 | 12367.66
10 13651.02 246.81 197.804

3739.38 4617.593 23.49% 247411.6
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Table 4.13 Annual cost comparison between original and retrofit network for case

study 4.4

Cost ($/yr) Existing Retrofit
Total utility cost 1982618.88 | 1525615.496
Total fixed and area
cost 247411.6
Total cost 1982618.88 | 1773027.096
Cost saving 209591.784
(%) 10.57%

4.2.2 Case study 4.5 (Problem 4.6 from Vipanurat’s work)

Case study 4.5 is the retrofit problem of crude distillation unit

composed of 17 streams and 17 existing exchangers. Streams properties are shown

in Table 4.13 and Table 4.14. While the results of retrofit network are given in Table

4.15. Cost comparisons are given in Table 4.16.

The retrofit solution achieves 78.23% annual cost savings or 5.37

M$/yr with three new exchanger units and area 53.924m? is added into existing heat

exchanger and three heat exchanger form existing network are removed. The

original and retrofit networks arc shown in Figure 4.10 and 4.11.



Table 4.14 Properties of stream for case study 4.5

Stream E Cp Tin Tout h
Ton/hr_| kJ/kg-K K K MJ/h-m?-K
1 1551 3.161 319.4 244 .1 4.653
12 5.695 4.325 73.24 30 18.211
13 251.2 3111 347.3 202.7 3.21
2.573 202.7 45 2.278
14 151.2 2.93 263.5 180.2 4.894
15 26.03 3.041 45 203.2 4674
.| 2.689 203.2 110 3.952
16 86.14 2.831 110 147.3 4.835
2.442 147.3 50 3.8
17 91.81 2.262 73.24 40 4.605
18 63.99 2.854 50 176 5.023
2.606 176 120 4.846
19 239.1 2.595 167.1 116.1 4.995
2.372 116.1 69.55 4.88
110 133.8 6.074 146.7 126.7 1.807
4.745 126.7 99.94 3373
9.464 99.94 73.24 6.878
111 250 249 21.6
112 1000 500 0.4
J1 519 2.314 30 108.1 1.858
2.645 108.1 211.3 2.356
3.34 =FES 232.2 2212
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
J4 20 25 135
J5 124 125 21.6
J6 174 175 21.6

Table 4.15 Cost data for case study 4.5

Utilities Cost $/(MJ/hr-yr)
111 1975
112 37222
J4 1.861
JO -6.494
J6 -12.747

Heat Exchanger Cost 5291.9+77.788 A $/yr
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Figure 4.10 The existing heat exchange network for case study 4.5.
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Figure 4.11 The retrofit heat exchange network for case study 4.5.
Table 4.16 Resulting of retrofit heat exchanger for case study 4.5
HE Retrofit load | Original Area | Retrofit Area | Added Area | New HE. Cost
kW m? m? m? m? $
1 1946.505 15.334 15.334 6484.701
2 9732.525 324.19 324.19 | 30509.99
3 246.252 855 1.357
4 52768.811 4303.2 1825.232
5 23168.949 685.7 703.764 18.064 1405.162
6 12594.96 92.785 92.785 12509.46
i 3624.181 31.703
8 1253.841 93.7 93.7
9 17055.72 145 57.724
10 3051.764 59.4 28.204
11 5169.427 2486 27.06 2.46 191.3585
12 1984.655 4.907 2598.119
13 23324.205 183.3 74.195
14 9828.948 278.1 43.919
15 | 28837.916 1212.7 362.106
16 542472 53.5 3.552
17 | 20994.725 976.4 159.045
18 2.3
19 101.6
20 93.9
21 33.4
8318.6 3848.777 53698.79
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Table 4.17 Annual cost comparison between original and retrofit network for case
study 4.5

Cost ($/yr) Existing Retrofit
Total utility cost 6865616.51 | 1441232.348
Total fixed and area
ot 53698.79
Total cost 6865616.51 | 1494931.138
Cost saving 5370685.372
(%) : 78.23%

4.2.3 Case study 4.6 (Problem 4.7 from Vipanurat’s work)
In this case study, Table 4.17 shows the stream and cost data of crude

distillation unit consisting of 12 streams and 11 existing units. Figure 4.12 shows the
original network and Figure 4.13 shows the retrofit structure generated by our MILP
strategy. The results are shown in Tables 4.19 and the total annual cost in Table 4.20.
The retrofit has a 0.99% saving over the original structure. An area 47.718 m? is
added into existing heat exchanger and three new heat exchangers are added into the

network.

Table 4.18 Properties of stream for case study 4.6

Stream FCp Tin Tout h
kwiC C C MJ/h-m3-C
"1 470 140 40 0.8
12 825 160 120 08
13 42.42 210 45 0.8
14 100 260 60 0.8
15 357.14 280 210 0.8
16 50 350 170 0.8
17 136.36 380 160 0.8
18 500 499 0.8
J1 826.09 270 385 0.8
J2 500 130 270 0.8
J3 363.64 20 130 0.8
J4 20 40 0.8




Table 4.19 Cost data for case study 4.6

80

Utilities Cost $/(MJ/hr-yr)
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J4 5
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Figure 4.13 The retrofit heat exchange network for case study 4.6.



Table 4.20 Resulting of retrofit heat exchanger for case study 4.6
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Retrofit Original Retrofit Added New Cost

HE load Area Area Area HE.
kW m? m? m? m? $
1 1334.7002 32.143 32.143 | 9642.9
2 45665.298 | 2363.862 | 2363.862
3 33000 1609.62 1610.68 1.059 317.7
4 1749.820 96.188 96.188 | 28856.4
5 5249.475 230.691 230.691
6 10070.882 692.139 692.139
i 416.223 8.702 8.702 2610.6
8 9512.895 339.797 337.334
9 24999.8 1226.755 | 1248.511 21.755 6526.5
10 9000 224 915 249.819 24.904 7471.2
1" 20999.44 1211 1211
12 8999.76 141.471 138.96
13 95000.35 1434.97 1432.729
14 3180.053 53.311 32.965
9528.531 9685.723 55425.3

Table 4.21 Annual cost comparison between original and retrofit network for case

study 4.6

Cost ($/yr) Existing Retrofit
Total utility cost 6330000 | 6211714.278
Total fixed and area
ot 55425.3
Total cost 6330000 | 6267139.578
Cost saving 62860.422
(%) 0.99%
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4.3 Design of Heat Exchanger Network for Crude Fractionation Unit

4.3.1 Relationship between duty of pump around and steam of side stripper

Pump around which has greatly contributed to improve energy saving
in the column is a device used to extract heat from the column, known as circulating
refluxes. They consist of a liquid volume of drawn out from the column, cooled
externally, reinjected to several trays and then reheated in the’‘column. The partial
revaporization or side stripper is used to eliminate the high volatile constituents from
all these products. The stripper columns have 4 to 10 trays and the products are
partially revaporized by the injection of steam. The revaporized fractions and the
steam are recirculated in the atmospheric column. The steam is condensed at the top
of the column and then separated by decantation in the reflux drum which has a
liquid water drawn off.

Form Ji’s Pro I model of crude fractionation column, shown in
Figure 4.14, one calculator and one c_ontroller are added to calculate gap
specification and control steam flowrate of side stripper, as shown in Figure 4.15.

The properties of crude which are set into the model such API gravity,
TBP and light-end composition are shown in Table 4.22,4.23 and 4.24

Table 4.22 Feedstock used for design (Bagajewicz and Ji, 2001)

density throughput
Crude (kg/m?) (m?hr)
Light crude 845 (36.0 API) 795
Intermediate crude | 889 (27.7 API) 795
Heavy crude 934 (20.0 API) 795




Table 4.23 TBP data (Bagajewicz and Ji, 2001)

temperature ("C
vol% | Light | Intermediate | Heavy
crude crude crude
5 45 94 130
10 82 131 190
30 186 265 290
50 281 380 450
70 382 506 640
90 552 670 N/A

Table 4.24 Light-end composition of crude (Bagajewicz and Ji, 2001)

vol%
component | - jght | Intermediate | Heavy
crude crude crude
ethane 0.13 0.1 0
propane 0.78 0.3 0.04
isobutane 0.49 0.2 0.04
n-butane 1.36 0.7 0.11
isopentane | 1.05 0 0.14
n-pentane 1.3 0 0.16
Total 511 13 0.48
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Figure 4.16 shows the setting of calculator to calculate the product
gap specification by the values of product gap specification shown in Table 4.25. The
steam of each side stripper is controlled by using controller. Figure 4.17 shows the
controlling steam of side stripper by keeping product gap specification constant at
16.7

SIMSCI - Caleulator

Figure 4.16 Setting calculator to calculate the gap specification.

Table 4.25 Product specifications and withdrawal tray (Bagajewicz and Ji, 2001)

product Specification withdrawal tray
naphtha DBB (85% point) =182 "c 1
kerosene DB6 (85% point) =271 "c 9
diesel DBt (95% point) =327 "c 16

gas oil D86 (85% point) =377- 410 “c 25
kerosene - naphtha (5-95)gap > 16.7 "c

diesel - kerosene (5-95)gap >0 "c

gas oil - diesel (5-95)gap > -5.6 cto-11 "c

feed tray 29

total trays 34
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Figure 4.17 Setting controller to control steam of side stripper.

Table 4.26 Result for light crude

flow rate (tone/hr) Duty of PA (1046 J/hr) cCaman tloses

cone | ooy | oy | oA | P4 | o2 | Pas | wem | s 4| “a
1 703.323 | 81.03 38.173 130000 | 20000 8000 158000 | 1.236 | 1.683 | 2.216
2 651.702 | 121.372 | 40.612 120000 | 29500 8500 158000 | 1428 | 1.792 | 2.213
3 547.858 | 170.818 | 87.627 100000 | 40000 | 18000 | 158000 | 1.869 | 2.232 | 2.249
4 495.506 | 195.998 | 113.067 90000 | 45000 | 23000 | 158000 | 2.154 | 2.496 | 2.265
5 416.508 | 217.047 | 176.192 | 75000 | 48000 | 35000 | 158000 | 268 3.17 | 2.294
6 282.192 | 288.737 | 248.628 50000 | 60000 | 48000 | 158000 | 3.955 | 4.252 | 2.321
7 171.755 | 357.079 | 308.068 30000 | 70000 | 58000 | 158000 | 5.525 5.36 233
8 57.921 | 438.159 | 371.877 10000 | 80000 | 68000 | 158000 | 7.771 | 6.795 | 2.342
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To find the relaticnship between duty of each pump-around and steam
of side stripper, the Table 4.26 shows the result of changing duty of each pump-
around with the steam flowrate of each side stripper with the constant total duty of
pump- around at 158,000 MJ/hr. From the result of Table 4.26 the regression gives
the relation function between duty of pump-around and steam of side stripper as
show in Table 4.27

Table 4.27 Relationship between duty of pump-around (PA1,PA2,PA3) and steam
of side stripper (y) for light crude

[ y=a(PA1)+b(PA2)+c(PA3)+d |

R Steam of
side a b c d
St stripping
0.997945 5 2.82E-05 4.56E-05 5.91E-05 -3.81232
0.999121 4 -6.30E-05 -5.40E-05 -2.40E-05 | 11.14212
0.998536 3 -2.70E-05 -2.80E-05 -2.30E-05 | 6.491449

For the heavy and intermediate crude, the result and relationship are

shown in Table 4.24 to 4.27

Table 4.28 Result for heavy crude

Steams of side
Stripping (ton/hr)

total 5 4 3
100000 | 2.436 | 3.844 | 1.686
100000 | 2.792 | 4.563 | 1.716
100000 | 3.246 | 5.384 | 1.739
100000 | 3.794 | 6.363 | 1.758
100000 | 4.428 | 7.533 | 1.77

flow rate (tone/hr)

12(PA 2) | 13(PA3)
117.88 | 45.724
141.217 | 69.53
166.079 | 93.984
192.757 | 119.147
221.626 | 145.106

Duty of PA (10”6 J/hr)

PA2 PA3
30000 | 10000
35000 | 15000
40000 | 20000
45000 | 25000
50000 | 30000

PA1
60000
50000
40000
30000
20000

M(PA 1)
317.011
267.684
217.331
165.692
112.384

case

DlWIN| -

w
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Table 4.29 Relationship between duty of pump-around (PA1,PA2,PA3) and steam

of side stripper (y) for heavy crude

[ y=a(PA1)+b(PA2)+c(PA3)+d |
R Steam of
side a b c d
Square stripping A
0.994585 5 -0.00111 -1.10E-05 -0.00211 | 90.47993 |
0.993800 4 0.001765 -4 .40E-05 0.003773 | -138.838
0.281603 3 0.003808 -0.00017 0.007794 -299.496
Table 4.30 Result for intermediate crude
Steams of side
flow rate (tone/hr) Duty of PA (1046 J/hr) Stripping(ton/hr)
case | M(PA1) | 12(PA2) | 13(PA3) | PA1 PA2 | PA3 total 5 4 3
1 | 502.194 | 215.868 | 46.002 | 85000 | 50000 | 10000 | 145000 | 3.318 | 1.784 | 1.496
2 451.76 | 24464 | 69.813 | 75000 | 55000 | 15000 | 145000 | 4.076 | 2.044 | 1.52
3 | 375205 | 281.893 | 119.128 | 60000 | 60000 | 25000 | 145000 | 5.752 | 2.642 | 1.553
4 | 323.091 | 317.606 | 144.759 | 50000 | 65000 | 30000 | 145000 | 7.386 | 3.031 | 1.568
5 | 269.294 | 357.973 | 171.153 | 40000 | 70000 | 35000 | 145000 | 9.678 | 3.475 | 1.579

Table 4.31 Relationship between duty of pump-around (PA1,PA2,PA3) and steam

of side stripper (y) for intermediate crude

| y=a(PA1)+b(PA2)+c(PA3)+d

R Stee_n'n of
Square side a b c d
stripping
0.975263 5 0.000454 0.000878 0.000375 -83.4345
0.994657 4 3.69E-05 7.95E-05 7.14E-05 -6.10461
0.989269 3 4.11E-C5 4.00E-05 4. 52E-05 -4.44649 |

4.3.2 Preparation of the stream data for a heat exchanger network

From the modified Ji’s model of crude fractionation column, the

stream relationship data shown in Table 4.32 is used to find the heat exchanger

network by MILP model.
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Table 4.32 Stream data of each crude type

Flow (tone/hr) Tin® Tout®

Stream Light Intermediate | Heavy Light Intermediate | Heavy Light Intermediate Heavy
crude crude crude crude crude crude crude crude crude
1 177.82 114.45 51.037 | 43.333 43.333 43333 | 21111 21111 21111
13 120.15 78.005 119.59 | 219.68 194.068 209.74 | 21.111 2111 21.111
15 59.199 57.491 53.712 | 270.65 268.941 24716 | 21111 21.111 21.11
17 10241 42.276 23.518 | 318.51 309625 293.37 | 2111 21111 2111

18 211.70 414.061 4943 | 348.18 353.737 354.31 260 260 260
12 ' 182.57 175.86 183.45 | 104.44 104.444 104.44
14 268.78 262.68 269.03 | 173.62 173627 173.62
16 308.51 310.658 310.30 | 232.22 232222 232.22

19 180 180 180 179 179 179
J1 752.59 787.57 82344 | 21.111 21.111 21111 | 13177 137.78 137.78
J2 673.42 707.834 743.34 | 137.78 137.78 137.78 | 148.88 148.889 148.88
J3 35/20 35/20 35/20 45/30 45/30 45/30

The heat capacity in this problem is shown in the function of
temperature found by using liner regression. The function of heat capacity shown in
table below.

3.1
2.9 +— 2 / —e— Naphtha
///‘/‘ —m— Kerosene
2.7 —a— Diesel
; Byl Helipos
g 2.5 // // —»— Residual
< 23 ! —e—PA1
S / / —+—PA2
| 21 S
| // —J
1.9 2

1.7

0 100 260 300 400

Figure 4.18 Changing of heat capacity with temperature for light crude.




Table 4.33 Function of heat capacity for light crude

Stream Heat capacity
11 Cp=_(0.0035(T))+1.9098
13 Cp= (0.004(T))+1.7483
15 Cp= (0.0039(T))+1.7044
17 Cp= (0.0038(T))+1.6756
18 Cp= (0.0031(T))+1.8201
12 Cp= (0.004(T))+1.7979
14 Cp=(0.0055(T))+1.4682
6 - Cp= (0.0052(T))+1.3834
19 Cp= 4.18
J1 Cp= (0.0037(T))+1.9966
J2 Cp= (0.0035(T))+1.8143
J3 Cp= 4.18
3.1 /- | —e— Naphtha
2.9 X X —=— Kerosene
27 / M —a&— Diesel
% - —»— AGO
= —%— Residual
% 2.3 4+— / 2 / —e— PA1 |
il L // // ¢ —+— PA2
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1.7 T : . 2
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T(C)

Figure 4.19 Changing of heat capacity with temperature for intermediate crude.




Table 4.34 Function of heat capacity for intermediate crude

Stream Heat capacity
" Cp= (0.0035(T))+1.8729
13 Cp= (0.0039(T))+1.7622
15 Cp= (0.0039(T))+1.7161
17 Cp= (0.0038(T))+1.6888
18 Cp= (0.0031(T))+1.8296
12 , Cp= (0.0041(T))+1.8069 y
14 Cp= (0.0057(T))+1.4494
6 Cp= (0.0052(T))+1.4129
19 Cp= 4.18
J1 Cp= (0.0037(T))+1.9461
J2 Cp= (0.0037(T))+1.7525
J3 ~ Cp= 4.18
3.1
29 il / —e— Naphtha

" 80 | e
/(/ —%—AGO

o
28 — —%— Residual
. =
. 2.1 /% - +PA3
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1.7 . T T
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Figure 4.20 Changing of heat capacity with temperature for heavy crude.




Table 4.35 Function of heat capacity for heavy crude

Stream Heat capacity

1 Cp= (0.0035(T))+1.9259
I3 Cp= (0.0039(T))+1.7493
15 Cp= (0.0038(T))+1.7061
17 Cp= (0.0037(T))+1.6799
18 Cp= (0.0032(T))+1.7235
12 Cp= (0.004(T))+1.7943
14 Cp= (0.0055(T))+1.4681
6 - Cp= (0.0052(T))+1.3896
19 Cp= 4.18

J1 Cp= (0.0037(T))+1.8922
J2 Cp= (0.0037(T))+1.6935
J3 Cp= 4.18

Table 4.36 Utility and Heat Exchanger Cost for Crude Fractionation Unit

Utilities - Cost $/(MJ/hr-yr)
19 19.75
J3 1.861
Heat Exchanger Cost 5291.9+77.788 A $/yr

Table 4.37 Cost of Steam Stripper

Steam stripper Cost $/(MJ/hr-yr)
SS1 20.33
SS2 20.33
S83 20.33

4.3.3 Heat exchanger network for crude fractionation column
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From the stream data in previous part, the process stream data are

taken into the GAMS model to find the heat exchanger network for crude

fractionation column.

For type 1 and 2, the. naphtha, pump-around numberl, kerosene and

diesel streams are set to not exchange heat with crude oil exiting from desalter. And

pump-around number 2, pump-around number 3, gas-oil and residue streams are set

to not exchange heat with crude oil before entering to the desalter. In the other hand,

type 3 and 4 do not control the stream matching. In type 1 and 3, the temperatures of
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cold utility are 35°C at inlet and 45°C at outlet. In type 2 and 4, the temperatures of
cold utility are 20°C at inlet and 30°C at outlet.

4.3.3.1 Heat exchanger of crude fractionation of light crude oil
The heat exchanger networks for light crude oil in each type

are shown below.

(a) Heat exchanger network with constraints type 1

[ par | | aco | [ paz | [ pas | [ resiane |

A 4
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Figure 4.21 Heat exchanger network for light crude with constraints type 1.



(b) Heat exchanger network with constraints typc 2
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Figure 4.22 Heat exchanger network for light crude with constraints type 2.
(c) Heat exchanger network with constraints type 3
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Figure 4.23 Heat exchanger network for light crude with constraints type 3.
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(d) Heat exchanger network with constraints type 4
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Figure 4.24 Heat exchanger network for light crude with constraints type 4.

The result for light crude oil in each type is shown in Table
4.38

Table 4.38 The result of light crude oil

Utility (kg/hr) Duty of pump-around (MJ/hr)
Type T"(t:}y‘;;”‘t Hot | Cold '::f,';‘ PA1 PA2 PA3
T [ 1006601271 | 0 | 15915.03 | 8383.131 | 130000.12 | 200000.2 | 8000.01
2 | 840306.109 | 0 | 15915.03 | 6245.331 | 130000.12 | 20000.02 | 8000.01
3 | 922402692 | 0 | 15915.03 | 7300.26 | 90000.08 | 45000.04 | 23000.04
4 | 755450859 | 0 | 15915.03 | 5154.022 | 90000.083 | 45000.04 | 23000.04

The result shows the same amount of cold utility is used in all
cases but the costs is different. When cold utility, from type 1 and 3 the ATy, value is
smaller than cold utility from type 2 and 4, so the area of cooler of type 1 and 3 is
higher than type 2 and 4. In case of type 3 and 4 the area of heat exchanger is lower
than type 1 and 2 because in case of type 3 and 4, the high temperature of hot streams
such as pump-around 2 and 3 are matched with cold stream this makes the ATy is



97

high so the area of heat exchanger is small when compared to case that pump-around
1 exchange with cold streams. From this reason the total area of heat exchanger in

case of type 3 and 4 is smaller than one in the case of type 1 and 2.

4.3.3.2 Heat exchanger of crude fractionation of intermediate crude
oil
The Leat exchanger networks for intermediate crude oil in each
type are shown below.

(a) Heat exchanger network with constraints type 1

[_N—'I PAI utility AGO. PA2 PA3 Residue

[keme || [Lniesns |

Y

Crude b B ).( Y , 4
A.ﬂb_. s > ;C'\ Desalter 4 ’)

X
\I/‘7

Cold » ;o
utility &l

To To To
column column column

Figure 4.25 Heat exchanger network for intermediate crude with constraints type 1.



(b) Heat exchanger network with constraints type 2
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Figure 4.26 Heat exchanger network for intermediate crude with constraints type 2.

(c) Heat exchanger network with constraints type 3

PA3

E=1 IPAI

Crude »

PA2

[0 ]

-

Desalter

| Residue l

Cold |3
utility

To

column

To
column

y
v v

:
l

Figure 4.27 Heat exchanger network for intermediate crude with constraints type 3.
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(d) Heat exchanger network with constraints type 4
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Figure 4.28 Heat exchanger network for intermediate crude with constraints type 4.

The detail of each type of heat exchanger network for
intermediate crude oil is the same as the light crude oil. The result for intermediate

crude oil in each type is shown in Table 4.39

Table 4.39 The result of intermediate crude oil

Utility (xg/hr) Duty of pump-around (MJ/hr)
Type T°(‘§}y‘:;’5‘ Hot Cold ?nri)a PA1 PA2 PA3
1 | 1423066.831 | 23055.81 | 15012.58 | 8166.93 | 84999.899 | 49999.92 | 9999.99
2 | 1417756.318 | 23055.81 | 15012.58 | 8098.66 | 84999.899 | 49999.92 | 9999.99
3 | 730950510 0 | 12707.00 | 5604.61 | 39999.96 | 69999.89 | 34999.95
4 | 608568.520 0 12707.00 | 4099.36 | 3999¢.96 | 69999.89 | 34999.95

The result from type 1 and 2, hot utility is used but in type
3and 4 do not need the hot utility because the heat demand in cold stream before

entering to the desalter is higher than the supplied heat from process streams. For
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type 3 and 4, it does not control the streams matching so it can use heat from the
residue, pump-around 2 and 3 streams to exchange with cold stream. The reason that
type 3 is cheaper than type 1 are the area cost that is the same the reason as shown in
case of light crude and the hot utility that do not use in type 3. The total cost in type 4
is cheaper than type 3 because of the AT, value, that have a effect on the area cost
as shown in the light crude. - -
4.3.3.3 Heat exchanger of crude fractionation of heavy crude oil
The heat exchanger networks for heavy crude oil in each type

are shown at below.

(a) Heat exchanger network with constraints type 1

[ Nephina | [ Ao | | piest || Hot PA? Resire

Uil

[ par | [ ®er’]

Crud 3

To
column colum colum

Figure 4.29 Heat exchanger network for heavy crude with constraints type 1.
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(b) Heat exchanger network with constraints type 2
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Figure 4.30 Heat exchanger network for heavy crude with constraints type 2.

(c) Heat exchanger network with constraints type 3
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Figure 4.31 Heat exchanger network for heavy crude with constraints type 3.



(d) Heat exchanger network with constraints type 4

[ weme || Paz |[ pas |

102

[ Naphtha | [“pieser ]

| Resiave | || Par | | aco |
A
—> ¥ ) 4 Desalter 0 >
=(5—'§')—
4
(1)
_NJ
Cold PALS
utility > '\_‘ L g
e 2
vyivw wL i
To To To
column | column column

Figure 4.32 Heat exchanger network for heavy crude with constraints type 4.

The detail of each type of heat exchanger network for heavy

crude oil is the same as the two previous crude types. The result for heavy crude oil

in each type is shown in Table 4.40.

Table 4.40 The result of heavy crude oil

Utility Duty of pump-around (MJ/hr)
Type T°(‘;}y'“;;’s‘ Hot Cold ?;’,’;‘ PA1 PA2 PA3
1 | 2176366.059 | 64121.64 | 14965.94 | 7434.82 | 49999.89 | 35000.06 | 14999.98
2 | 2171960551 | 64121.64 | 14965.94 | 7378.19 | 49999.89 | 35000.06 | 14999.98
3 | 621134.225 0 8553.784 | 5186.61 | 19999.96 | 50000.09 | 29999.96
4 | 523312127 0 8553.784 | 3997.00 | 19999.96 | 50000.09 | 29999.96

The result of type 1 and 2 need to use hot utility but type 3 and

4 do not use because the supplied heat for exchanging with cold stream before

entering to desalter is not enough so it want to use hot utility. Total cost for type 2
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and 4 is cheaper than type 1 and 3 because the temperature of cold utility in type 2
and 4 is lower than type 1 and 3 that make the area of heat exchanger in type 2 and 4
is lower than typel and 3.

4.4 Retrofit of Heat Exchanger Network for Crude Fractionation Unit

4.4.1 Retrofit of heat exchanger network for light crude
This case study uses the stream data from light crude. The existing

heat exchanger network configuration, Figure 4.33, consumes 71,270.5 kW of hot
utility and 223,643.8 kW of cold utility. The retrofit result is shown in Figure 4.34.
Two new exchanger units are installed, area of 733.352 m? is added to existing heat
exchanger and 6,403.619kW of hot utility and 165,553.86kW of cold utility are
required. The model can generate the retrofit network with total cost saving of
123.91% or 935.2131k$/yr.
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Figure 4.33 The existing heat exchanger network for light crude.



Table 4.41 Resulting of retrofit heat exchanger for light crude
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- R;Zgﬁ" 02?;';"" Rmﬁt Agr‘;d NewHE. | Cost
kw m? m? m? m? $
1 8049.825 | 518.2402 | 515.685
2 | 116415.449 | 1267.954 | 2000 | 732.046 125472.7
3 3584.656 29.837 29.837 | 10405.96
4 | 47174532 | 1043.016 1043.016 | 184064.8
5 6508.687 | 966.08 | 637.226
6 | 20500.021 | 470.4239 | 429.001
7 | 33872.055 | 682.7927 | 634.109
8 8500.015 | 184.5678 | 67.99
9 | 71270508 | 941.5554 | 852.919
10 | 17194.963 | 188.1183 | 180425 | 1.306 223.8484
11 | 33768.113 | 167.4541 | 167.062
12 | 6403619 | 1300546 | 145123
6687.7324 | 6711.393 | 733.352 320167.3

Table 4.42 Annual cost comparison between original and retrofit network for light

crude

Cost ($/yr) | Existing Retrofit
Total utility cost 1689947.64 | 434567.2
Total fixed and area 320167.3
cost
Total cost 1689947.64 | 754734.5
Cost saving 935213.1
(%) 123.91%
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Figure 4.34 The retrofit heat exchanger network for light crude.
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CHAPTER YV
CONCLUSIONS AND RECOMMENDATIONS

A new MILP formulation for both design and retrofit of heat exchanger
networks was presented. The grass-root model is used to design heat exchanger
network for small and large networks, of the crude fractionation unit. For the retrofit
of heat exéha.nger networks, a new MILP formulation takes into account of the
retrofit options involving modification of the existing structure and new exchanger
placement. '

First part of this work covered the new design for heat'exchanger network.
The results show that the MILP model provides an optimal network structure for
complex hot and cold process streams. For second part, it covered heat exchanger
networks retrofit. The crude fractionation unit is used as the case study and the
retrofit solution can achieve 78.23% annual cost savings or 5.37 M$/yr with three
new exchanger units and three additional shells. For the last part, it covered the
design of the heat exchanger network for crude fractionation unit to find the effective
network and appropriate value of each pump around flowrate. The results show that
the network with the constraints of the low temperature of cold utility and not
matching streams got the lowest cost.

From this study, it is suggested that the heat exchanger network being
investigated should be simplified in model assumption, non-isothermal mixing,
stream splitting and allowed/forbidden matches. This will be enable the user to stay
in control of the optimization, by bei.ng able to understand the results. For the design
of the heat exchanger network of crude fractionation unit, there are some parameters
that need to be adjusted such as the heat capacity value which should be linear
function with temperature to get the result from the MILP model.

In general, mathematical models have the advantage of finding optimal
solutions. But the major difficulty in this proposed algorithm is to guarantee the
network is feasible in the case where there is unsuitable number of temperature
intervals. We commonly use higher number of temperature intervals of hot process
streams than one of cold process streams, because this will give more heat transfer

possibility. In contrast, lower number of temperature intervals of hot stream than one
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of cold stream would come with less heat transfer room. However, larger number of
temperature intervals for hot stream will bring the model become complicate and

difficult to find a feasible solution.
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