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Case 4 – Example from Linnhoff and Ahmad – The 9SP aromatics plant 

Case 4 is the 9SP “aromatics” problem first presented by Linnhoff and Ahmad in 1990.  The data are 

given in Table 4.1, together with optimised shift contributions. 

 

 

 

 

 

 

 

 

 
    Heating  : 60/kW, year 

    Cooling : 6/kW, year 

    HEX Cost : (2000 + 70 x Area)/year 

     Table 4.1 

 

The effect of crisscross on the results of trade-off between energy and capital is shown in Fig.4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 
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Classic 2 systems Classic 1 system Crisscross 1 system

Description Tsupply Ttarget Heat DT-shift U*f mcp
- °C °C kW K kW/K,m² kW/K

H1 327 40 28700 0 0.50 100
H2 220 160 9600 1 0.40 160
H3 220 60 9600 12 0.14 60
H4 160 45 46000 4 0.30 400
C1 100 300 20000 4 0.35 100
C2 35 164 9030 0 0.70 70
C3 85 138 18550 2 0.50 350
C4 60 170 6600 12 0.14 60
C5 140 300 32000 0 0.60 200

Heating 330 250 24000 0 0.50
Cooling 15 30 31720 0 0.50
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The results of the study can be compared with published solutions in Table 4.2, for networks with a 

number of units from 18 to 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 
 

The corresponding optimum networks are shown in Figures 4.2 through Fig.4.11. A very large number 

of networks can be developed with a cost below 2900 kEUR with minimum approach temperatures 

(smallest DeltaT) in the network that still are significantly higher than in published solutions. As shown, 

targets calculated with conventional pinch analysis can be beaten and targets obtained after 

crisscross optimisation are much closer to what is achievable.  

Remarkably, almost all low cost networks show one single heat exchanger (A5) on the streams H3 – 

C4 with a temperature difference of 50K.  For the given Heating duty, conventional pinch analysis 

would suggest a DeltaT of 24 K and would allocate a pinch violation of 1550 kW to this match.  

Crisscross optimisation would suggest a DeltaT of 41 K between H3 and C4 and a Cooler of 3012 kW 

on the cold end of H3. With crisscross optimisation, accepting heat exchanger A5 and a Cooler of 

3000 kW on the cold end of H3, total surface area required would not increase but would even be 470 

m² lower than with conventional pinch analysis, even with the same Heating duty; consequently, this 

match creates no pinch violation; the remaining average driving force at the pinch for all other matches 

(with a heat transfer coefficient that is more than three times that of the heat exchanger on the two 

streams H3C4) is still 21K.  

The original superstructure resulting from the analysis was reduced from 17 integration bands to 5 

(Table 4.3). Several sequences can be applied for said reduction, but they all lead to the same initial 

network. 

Example 9SP
QHot(MW) Area (m²) Cost ('000) # HEX # splits Smallest 

Published Optimum Heat Exchanger Networks
Linnhoff and Ahmad (1990) (1) 25.04 17993 2992 17 1 26.0
Zhu and O'Neill (1995) (1) 2969
Lewin (1998) (1) 2945
Liporace et al. (2001) (1) 25.75 16740 2940 13 10.0
Fieg et al. (2009) (1) 23.62 18420 2922.3 14 3 11.3

23.46 18660 2924.9 12 1 10.6
Toffolo (2009) 23.68 18300 2920.1 15 4 13.3

24.12 17970 2920.3 12 2 16.4
Avila-Diaz (2008) 23.77 18006 2904.3 13 2 9.9

This research 24.27 17242 2891.21 18 9 16.8
24.28 17245 2889.88 17 8 16.9
24.33 17204 2888.78 16 7 17.0
24.37 17250 2891.85 15 5 14.2
23.93 17702 2892.82 14 2 14.1
24.10 17564 2892.41 13 2 13.8
24.16 17642 2899.72 12 3 14.7
24.10 17867 2909.64 11 1 8.8
25.72 16920 2948.26 10 1 10.4
25.75 16904 2948.76 10 0 10.8

      (1) Best of ...
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Table 4.3 
 
 

Process : 9SP aromatics
area #HEX AreaCost

Heatit 17557.68 12 1253.04
Design 17769.56 20 1281.87

N° Tsupply Ttarget Heat Shift Stream U*f mcp
°C °C kW K - kW/m²,K kW/K

------------------------------------------------------------------------------------------------------------------------------------------------- 1 2 3 4 5
10 330 250 24000 0 Heating 0.50 300.00 330.00 250.00    

1 327 40 28700 0 H1 0.50 100.00 327.00 250.00 161.31 120.89 98.21 40.00

2 220 160 9600 1 H2 0.40 160.00  220.00 160.00   

3 220 60 9600 12 H3 0.14 60.00  220.00 178.00 110.00 110.00 60.00

4 160 45 46000 4 H4 0.30 400.00   160.00 123.53 102.25 45.00

5 100 300 20000 4 C1 0.35 100.00 300.00 191.67 135.11 100.00  

6 35 164 9030 0 C2 0.70 70.00  164.00 140.00 104.00 35.00

7 85 138 18550 2 C3 0.50 350.00   138.00 102.00 85.00

8 60 170 6600 12 C4 0.14 60.00  170.00 128.00 60.00 60.00

9 140 300 32000 0 C5 0.60 200.00 300.00 195.67 140.00   

11 15 30 31720 0 Cooling 0.50 2114.67     30.00 15.00
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Using the Grid Diagram of Table 4.3, an initial network was generated by LP targeting minimum 

surface area. This network was optimised for minimum cost in an Excel simulation flow sheet and 

further processed as shown in Table 4.4 with most of the steps leading to optimum networks.  The 

network with minimum annual cost has 16 heat exchanger units for a cost of 2888.92 kEUR (Fig.4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.4 

 
The first optimised network with 18 units is shown in Fig.4.2.  

The “Alternative route 2” is the fastest route to the simplest network with the minimum number of units 

(10) and does not require any sophisticated program at all; the difference with the lowest cost network 

is only 2%.   

 
 
 
 
 
 
 
 

Series starting with 5 integration bands and 18 HEX
QHot(MW) Area (m²) Cost ('000) # HEX # splits Smallest 

DeltaT(K)
Designit basis 5 bands 24.00 17770 2910.19 18 9 16.9
optimise Heating and splits 24.27 17242 2891.21 18 9 16.8

merge splits H4 24.28 17245 2889.88 17 8 16.9

eliminate A13 (2) 24.33 17201 2890.29 17 8 17.0
eliminate A11 24.33 17204 2888.78 16 7 17.0
swap A2-A3 cold side & eliminate A2 24.37 17250 2891.85 15 5 14.2

(2) 24.47 17213 2894.25 14 4 11.8

eliminate A5 (2) 24.19 17515 2895.19 13 3 16.5
eliminate A12 24.16 17642 2899.72 12 3 14.7
eliminate A8 24.10 17867 2909.64 11 1 8.8

eliminate H1 and A8 and A12 25.72 16920 2948.26 10 1 10.4
eliminate split 25.75 16904 2948.76 10 0 10.8

Alternative route 1
keep small HEX (Ax) on hot side H3 23.93 17702 2892.82 14 2 14.1
eliminate Ax 24.10 17564 2892.41 13 2 13.8

Alternative route 2
match streams with same or comparable mcp's (H1-C1 / H3-C4  /H4-C3)
followed by tick-off procedure on the rest 25.75 16904 2948.76 10 0 10.8

      (2) Near optimum

merge load A1 into A3 trough heating loop
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Fig.4.2

Heating 24273 kW Surface 17242 m² Utility cost '000€ 1648.31 Cooling Uf 0.5
Cooling 31993 kW # HEX 18 Area cost '000€ 1242.91 Tin 15.0

Total cost '000€ 2891.21 Tout 30.0
kW/m²,K 330.0 1234.1 1157.7 250.0

0.5 Heating H1 H2
11699 12574 322.9 115.3

A8 mcp
327.0 776.8 246.1 958.9 162.1 34.88 1631 116.0 360.5 84.2 468.8 40.0

0.50 H1 A1 A3 A11 C1 100
8086 8405 556.1 116.3 3174 4424 0.250

A7
447.8 162.1 2980

A4 160
220.0 860.4 159.1 2935 50.69 160.0

0.40 H2 A2
5130 84.20 185.2 158.9

A5
1535

220.0 1885.7 110.0 450.9 60.0
0.14 H3 A6 C2 60

6600 3000 0.109
3029.5 119.6 935.3 108.1

A9 A13
160.0 12849.5 318.04 119.9 343.16 4069 106.4 2639.4 45.0

0.30 H4 C3 400
797.1 121.3 174.32 96.4 24568.5 0.188
A10 A12
3171 1341

300.0 0.206 183.0 0.187 131.7 0.162 100.0
0.35 C1 H1 A2 A10 100

11699 5130 3171
99.2 0.292

A11
164.0 0.255 142.1 0.292 99.5 3174 49.46 35.0

0.70 C2 A5 A7 70
1535 2980 100.3 0.210

A12
1341

140.3 0.250
A8

138.0 1631 37.35 96.6 0.188 85.0
0.50 C3 A13 350

137.7 0.188 4069
A9

12849.5
170.0 0.070 60.0

0.14 C4 A6 60
6600

301.2 0.273 196.7 201.3 0.273
H2 A3

300.0 12574.0 120.36 8405 137.14 140.0
0.60 C5 200

298.2 0.273 196.7 186.7 0.240
A1 A4

8086 2935
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Fig.4.3 

Heating 24279 kW Surface 17245 m² Utility cost '000 1648.73 Cooling Uf 0.5
Cooling 31999 kW # HEX 17 Area cost '000 1241.15 tin 15

7720 7720 Total cost '000 2889.88 t out 30
kW/m²,K 330.0 1234.1 1160.1 250.0

0.50 H1 H2
11690 12589 337.1 107.0

A8 mcp
327.0 770.9 246.6 246.6 974.1 161.6 32.70 1784 110.3 253.2 86.9 483.5 40.0

0.50 H1 A1 A3 A11 C1 100
8045 8496 623.9 111.8 2339 4688 0.250

A7
436.7 162.3 3348

A4 160
220 866.5 158.9 2870 49.71 160.0

0.40 H2 A2
5205 85.23 183.5 159.1

A5
1525

220.0 1885.7 110.0 110.0 450.9 60.0
0.14 H3 A6 C2 60

6600 3000 0.109
3938.5 108.1

A9
160.0 16766 322.96 105.8 2624.5 45.0

0.30 H4 C3 400
800.0 119.7 221.92 96.1 24311 0.188
A10 A12
3105 1818

300.0 0.206 183.1 0.187 131.1 0.162 100.0
0.35 C1 H1 A2 A10 100

11690 5205 3105
92.7 0.292

A11
164.0 0.255 142.2 0.292 94.4 2339 40.52 35.0

0.70 C2 A5 A7 70
1525 3348.0 96.7 0.210

A12
1818

141.3 0.250
A8

138.0 1784 31.71 85.0
0.50 C3 350

137.7 0.188
A9

16766
170.0 0.070 60.0

0.14 C4 A6 60
6600

301.1 0.273 196.83 201.3 0.273
H2 A3

300.0 12589 120.70 8496 138.64 140.0
0.60 C5 200

298.3 0.273 196.83 186.8 0.240
A1 A4

8045 2870
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Fig.4.4 

Heating 24330 kW Surface 17210 m² Utility cost '000 1652.10 Cooling Uf 0.5
Cooling 32050 kW # HEX 16 Area cost '000 1236.68 Tin 15.0

Total cost '000 2888.78 Tout 30.0
kW/m²,K 330.0 1234.1 1161.4 250.0

0.50 Heating H1 H2
11705 12625 348.9 103.8

A8 mcp
327.0 768.8 246.6 971.2 161.6 30.37 1755 102.8 561.8 40.0

0.50 H1 A1 A3 C1 100
8041 8500 756.1 102.4 6282 0.250

A7
428.4 162.5 4122

A4
220.0 867.7 158.7 49.30 2834 160.0

0.40 H2 A2 160
5278 86.03 178.9 159.7

A5
1488

220.0 1885.7 110.0 450.9 60.0
0.14 H3 A6 C2 60

6600 3000 0.109
3881.3 109.0

A9
160.0 16795 329.12 110.5 372.56 101.9 2532.8 45.0

0.30 H4 A12 C3 400
809.2 117.4 3420 22768 0.188
A10
3017

300.0 0.206 182.9 0.187 130.2 0.162 100.0
0.35 C1 H1 A2 A10 100

11705 5278 3017
164.0 0.255 142.7 0.292 83.9 0.210 35.0

0.70 C2 A5 A7 A12 70
1488 4122 3420

140.1 0.250
A8

138.0 1755 31.89 85.0
0.50 C3 350

137.8 0.188
A9

16795
170.0 0.070 60.0

0.14 C4 A6 60
6600

301.1 0.273 196.7 201.0 0.273
H2 A3

300.0 12625 120.86 8500 139.24 140.0
0.60 C5 200

298.3 0.273 196.7 186.7 0.240
A1 A4

8041 2834
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Fig.4.5 

Heating 24365 kW Surface 17249 m² Utility cost '000 1654.41 Cooling Uf 0.5
Cooling 32085 kW # HEX 15 Area cost '000 1237.44 Tin 15.0

Total cost '000 2891.85 Tout 30.0

kW/m²,K 330.0 1235.0 1123.5 250.0
0.50 Heating H1 H2

10818 13547 371.3 103.3 mcp
A8

327.0 983.5 226.7 840.2 166.4 30.76 1940 102.7 561.4 40.0
0.50 H1 A1 A3 C1 100

10034 6027 802.2 102.5 6274 0.250
A7

4425
1258.0 159.8

A4
220.0 8419 139.87 160.0

0.40 H2 160
152.3 161.3

A5
1181

220.0 1885.7 110.0 450.9 60.0
0.14 H3 A6 C2 60

6600 3000 0.109
3816.3 108.9

A9
160.0 16610 325.32 110.6 372.3 102.0 2535.4 45.0

0.30 H4 A12 C3 400
861.1 117.8 3424 22811 0.188
A10
3155

300.0 0.206 191.8 0.206 131.6 0.162 100.0
0.35 C1 H1 A3 A10 100

10818 6027 3155
164.0 0.255 147.1 0.292 83.9 0.210 35.0

0.70 C2 A5 A7 A12 70
1181 4425 3424

137.503 0.188
A9

138.0 16610 316.365 85.0
0.50 C3 350

142.7 0.250
A8

1940
170.0 0.070 60.0

0.14 C4 A6 60
6600

303.2 0.273
H2

300.0 13547 111.86 182.095 0.240 140.0
0.60 C5 A4 200

295.9 0.273 8419
A1

10034
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Fig.4.6 
 
 
 
          

Heating 23930 kW Area 17702 m² Utility cost '000 1625.70 Cooling Uf 0.5
Cooling 31650 kW # HEX 14 Area cost '000 1267.12 Tin 15

Total cost '000 2892.82 Tout 30

kW/m²,K 330.0 213.3 324.9 2020.1 250.0 mcp
0.50 Heating H1 H2 299.13

1530 22400 404.0 137.8
A7

327.0 1440.3 201.6 2823 44.3 137.8 847.6 75.7 416.2 40.0
0.50 H1 A3 A11 COOL1 100

12543 604.3 137.8 6207 3572 0.250
Ay

3555

220.0 1566.7 160.0
0.40 H2 A4 160

9600

220.0 44.8 215.5 2070.7 105.5 423.7 60
0.14 H3 Ax A6 COOL2 60

268 6600 2732 0.109
523.6 114.7
A10

160.0 2104 46.40 108.4 2683.7 45
0.30 H4 COOL3 400

4442.7 107.5 25346 0.188
A9

18550

300.0 0.206 284.7 0.206 159.3 0.100 156.6 0.206 121.0 0.162 100.0
0.35 C1 H1 A3 Ax Ay A10 100

1530 12543 268 3555 2104

164.0 0.292 123.7 0.292 35.0
0.70 C2 A7 A11 70

2823 6207
138.0 0.188 85.0

0.50 C3 A9 350
18550

170.0 0.070 60.0
0.14 C4 A6 60

6600
300.0 0.273 188.0 0.240 140.0

0.60 C5 H2 A4 200
22400 9600
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Fig.4.7 
 

Heating 24094 kW Area 17570 m² Utility cost '000 1636.52 Cooling Uf 0.5
Cooling 31814 kW # HEX 13 Area cost '000 1255.88 Tin 15

Total cost '000 2892.41 Tout 30

kW/m²,K 330.0 232.7 324.4 2037.9 250.0 mcp
0.50 Heating H1 H2 301.2

1694 22400 403.7 138.3
A7

327.0 1394.7 200.8 2760 44.2 138.3 865.9 75.6 415.7 40.0
0.50 H1 A3 A11 COOL1 100

12617 607.4 138.3 6270 3564 0.250
Ay

3489
220.0 1566.7 160.0

0.40 H2 A4 160
9600

220.0 1885.7 110.0 450.9 60.0
0.14 H3 A6 COOL2 60

6600 557.6 114.5 3000 0.109
A10

160.0 2200 48.40 108.1 2678.3 45.0
0.30 H4 COOL3 400

4472.5 107.2 25250 0.188
A9

18550

300.0 0.206 283.1 0.206 156.9 0.206 122.0 0.162 100.0
0.35 C1 H1 A3 Ay A10 100

1694.0 12617 3489 2200
164.0 0.292 124.6 0.292 35.0

0.70 C2 A7 A11 70
2760 6270

138.0 0.188 85.0
0.50 C3 C3 A9 350

18550
170.0 0.070 60.0

0.14 C4 A6 60
6600

300.0 0.273 188.0 0.240 140.0
0.60 C5 H2 A4 200

22400 9600



 12

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4.8 

Heating 24159 Surface 17641 m² Utility cost '000 1640.81 Cooling Uf 0.50
Cooling 31879 # HEX 12 Area cost '000 1258.90 tin 15.0

Total cost '000 2899.72 t out 30.0
kW/m²,K 330.0 240.3 324.2 2045.1 250.0 mcp

0.50 Heating H1 H2 301.99
1759 22400 267.4 100.6

A8
327.0 1615.0 178.7 18.60 1453 73.9 404.0 40.0

0.50 H1 A3 C1 100
14826 1371.0 67.8 3391 0.250

A7
9030.0

220.0 1566.7 160.0
0.40 H2 A4 160

9600
220.0 1885.7 110.0 450.9 60.0

0.14 H3 A6 C2 60
6600 3000 0.109

4093.3 106.8
A9

160.0 17097 321.20 108.7 2691.7 45.0
0.30 H4 C3 400

1010.5 116.7 25488 0.188
A10
3415

300.0 0.206 282.4 0.206 134.2 0.162 100.0
0.35 C1 H1 A3 A10 100

1759 14826 3415

164.0 0.292 35.0
0.70 C2 A7 70

9030
149.5 0.250

A8
138.0 1453 22.54 85.0

0.50 C3 350
137.2 0.188

A9
17097

170.0 0.070 60.0
0.14 C4 A6 60

6600
300.0 0.273 188.0 0.240 140.0

0.60 C5 H2 A4 200
22400 9600
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Fig.4.9 
 
 

Heating 24125 kW Surface 17844 m² Utility cost '000 1638.57 Cooling Uf 0.5
Cooling 31845 kW # HEX 11 Area cost '000 1271.07 Tin 15

Total cost '000 2909.64 Tout 30
 

kW/m²,K 330.0 236.3 324.3 2041.3 250.0 mcp
0.50 Heating H1 H2 301.6

1725 22400
327.0 1692.0 172.9 1345.1 82.6 458.9 40.0

0.50 H1 A3 A7 C1 100
15415 9030 4255 0.250

220.0 1566.7 160.0
0.40 H2 A4 160

9600
220.0 1885.7 110.0 450.9 60.0

0.14 H3 A6 C2 60
6600 3000 0.109

4704.7 105.1
0.30 H4 A9

160.0 18550 337.80 106.5 2640.6 45.0
C3 400

821.4 114.0 24590 0.188
A10
2860

300.0 0.206 282.8 0.206 128.6 0.162 100.0
0.35 C1 H1 A3 A10 100

1725 15415 2860
164.0 0.292 35.0

0.70 C2 A7 70
9030

138.0 0.188 85.0
0.50 C3 A9 350

18550
170.0 0.070 60.0

0.14 C4 A6 60
6600

300.0 0.273 188.0 0.240 140.0
0.60 C5 H2 A4 200

22400 9600
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Fig.4.10 

Heating 25720 kW Area 16920 m² Utility cost '000 1743.84 Cooling Uf 0.50
Cooling 33440 kW # HEX 10 Area cost '000 1204.42 Tin 15

Total cost '000 2948.26 Tout 30
 

kW/m²,K 330 1869.0 250 mcp
0.50 Heating H1

25720
327.0 3597.9 127.0 966.4 69.9 375.3 40.0

0.50 H1 A3 A7 C1 100
20000 5710 2990 0.250

303.2 148.8
A5

220.0 3320 46.62 160.0
0.40 H2 160

742.2 164.6
A4

6280
220.0 1885.7 110.0 450.9 60.0

0.14 H3 A6 C2 60
6600 3000 0.109

160.0 3931.0 113.6 2798.7 45.0
0.30 H4 A9 C3 400

18550 27450 0.188

300.0 0.206 100.0
0.35 C1 A3 100

20000
164.0 0.255 116.6 0.292 35.0

0.70 C2 A5 A7 70
3320 5710

138.0 0.188 85.0
0.50 C3 A9 350

18550
170.0 0.070 60.0

0.14 C4 A6 60
6600

300.0 0.273 171.4 0.240 140.0
0.60 C5 H1 A4 200

25720 6280
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Fig.4.11 
 

Hot utility 25745 kW Area 16904.3 m² Utility cost '000 1745.46 Uf Cooling 0.5
Cold utility 33465 kW # HEX 10 Area cost '000 1203.30 Tin 15

Total cost '000 2948.76 Tout 30
 

kW/m²,K 330.0 1869.1 250.0 mcp
0.50 Heating H1

25745

327.0 3597.9 127.0 945.1 70.2 377.1 40.0
0.50 H1 A3 A7 C1 100

20000 5685 3015 0.250

220.0 583.0 180.9 465.2 160.0
0.40 H2 A4 A5 160

6255 3345

220.0 1885.7 110.0 450.9 60.0
0.14 H3 A6 C2 60

6600 3000 0.109

160.0 3931.0 113.6 2798.7 45.0
0.30 H4 A9 C3 400

18550 27450 0.188

300.0 0.206 100.0
0.35 C1 A3 100

20000
164.0 0.255 116.2 0.292 35.0

0.70 C2 A5 A7 70
3345 5685

138.0 0.188 85.0
0.50 C3 A9 350

18550
170.0 0.070 60.0

0.14 C4 A6 60
6600

300.0 0.273 171.3 0.240 140.0
0.60 C5 H1 A4 200

25745 6255


