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Abstract — Economic optimization of cumene manufacturing process to produce cumene from benzene and propylene
was studied. The chosen objective function was the operational profit per year that subtracted capital cost, utility cost,
and reactants cost from product revenue and other benefit. The number of design variables of the optimization are 6.
Matlab connected to and controlled Unisim Design to calculate operational profit with the given design variables. As the
first step of the optimization, design variable points was sampled and operational profit was calculated by using Unisim
Design. By using the sampled data, the estimation model to calculate the operational profit was constructed, and the
optimization was performed on the estimation model. This study compared second order polynomial and support vector
regression as the estimation method. As the sampling method, central composite design was compared with Hammer-
sley sequence sampling. The optimization results showed that support vector regression and Hammersley sequence sam-
pling were superior than second order polynomial and central composite design, respectively. The optimized operational
profit was 17.96 MMS per year, which was 12% higher than 16.04 MMS$ of base case.

Key words: Optimization, Response Surface Method, Central Composite Design, Hammersley Sequence Sampling, Support
Vector Regression
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Fig. 1. Process flowsheet of cumene production at the base condition|5].

Table 1. Design variables of the process

Table 2. Basis of economics and equipment sizing

Symbols Design variables Base case Equipment Sizing and capital cost
X, Benzene recycle flowrate (kmol/h) 107.2 diameter = Unisim tray sizing
— : : 0,
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Fig. 2. Sensitivity analysis of the operational profit to 6 design variables.
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AEHE olgste] Alte 5= 3l
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k k k k )
y =Bt > Bax;+ > B(inX/+ > Bix; (6)
i=1 i=1

9l BEle- A 25 7 S, HAsp mErs ARE 7L
ot vldF o] & Aol 2837 olHrhs W 7L 9l
tH12].

221 319 a2l ] s Alg Alkks fle SR W F P d
2] AREE= AE S AIE(CCD, central composite design)©]
UH13]). CCD= 2 AR 75 2570] |5 ofaL 7+ A7
W7 7R 2 Qe ) BE 23RS whe 2k ehd e QA
o] %% (axial point), 3337 (center point)yS 574171 W o]}, of
714, SHHFe] 5 kit & wf 2eF A3 HAh e
2k2k+10]H, - WA g2 3, Al HA g SRS S8t Ao
ok SHAEE 67021 o] AN, A3 L] = 4 777001 ©
ArelM = il AR ol gt AdaidTE ARk [1,5], 678 A
Aare] HelE v o] Asisitt.

105X, 5145, 94=X,<101, 89<X,=101, 3355X,£375,

2450§X5§2950, 450§X6§1510

Table 32 CCDE #&sto] 2% 777 A elA] 7 AR
A 1 grolld o] At 2olSE veha vt 1 5 Sl AY
(No. 11, 27, 43, 51, 59y C28] B4 3E(D2)olA F:l19] =25
TS A7 ZsiSitt. o) 2 Q18l 57 AP x,, xp, X520 14
Hdf 3714 FolWA] 24 1AE USAIA w7bA] BAleto] 329
AE Aot

24} 3|7 L Ee] 7} o] Wi o] n|QlE S TFAIE
21817] $J8l] EAHEA (ANOVA)ES] Fakk pak 5o AM-ETh 1] &
RE 0= plo] 0.05KTF 22 -9 A 0= gkl <m|g)
©HgE T T8 IR dk 22t s EEe] 27 F1iE
AARAGeL T4 Al 1571 285 45 28-S YeR)= dhefl o)
g AR S Fall 1270 5 AlLJsIalaL, the 2xk4o] fofxlth,

Profit =-966.80 + 0.619x, — 17.061x, — 2.541%; + 6.334x,+ 0.445x5

+0.247x— 7.094 x 1074 x5 — 4.333 x 107X — 2.633 x 107x4x

—2.782 x 107x 2 +0.0904x 2+ 0.011xZ — 5.41 x 107%x?

~2.871 x 1079x2 — 7.426 x 107

R%=0.755 ©)

AREATE, R #rel AA] k& 312 23k thak2]]l 2] 79] KEo]
3] ARS8 YA Zb] whiEo R Helt ofef
SVR(support vector regression)ys 485101 2} 5] t}ak2] 7} vl
a3t

3-2. SVR
SVM(support vector machiney> &= -5 4l oS Fofellx] 4
2] AREE| AL b= WoltH14]. SVME el E7tAlE Slal 7
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Table 3. Central composite design table of variables and operational profit for each point

No. X Xy X3 Xy X5 X6 Profit No. X; Xy X3 Xy X5 X6 Profit
1 105 94 89 335 2450 450 1.05 40 145 101 101 335 2450 1510 14.89
2 145 94 89 335 2450 450 -15.32 41 105 94 89 375 2450 1510 11.28
3 105 101 89 335 2450 450 7.39 42 145 94 89 375 2450 1510 11.19
4 145 101 89 335 2450 450 -14.19 43* 107 99 91 375 2450 1510 14.11
5 105 94 101 335 2450 450 -20.70 44 145 101 89 375 2450 1510 15.69
6 145 94 101 335 2450 450 -33.36 45 105 94 101 375 2450 1510 9.48
7 105 101 101 335 2450 450 -20.40 46 145 94 101 375 2450 1510 9.60
8 145 101 101 335 2450 450 -34.47 47 105 101 101 375 2450 1510 12.19
9 105 94 89 375 2450 450 12.16 48 145 101 101 375 2450 1510 12.67
10 145 94 89 375 2450 450 11.66 49 105 94 89 335 2950 1510 13.39

11* 106 100 90 375 2450 450 15.82 50 145 94 89 335 2950 1510 13.14
12 145 101 89 375 2450 450 16.40 51% 106 100 90 335 2950 1510 17.01
13 105 94 101 375 2450 450 10.58 52 145 101 89 335 2950 1510 17.56
14 145 94 101 375 2450 450 9.64 53 105 94 101 335 2950 1510 12.45
15 105 101 101 375 2450 450 13.79 54 145 94 101 335 2950 1510 12.09
16 145 101 101 375 2450 450 13.35 55 105 101 101 335 2950 1510 15.36
17 105 94 89 335 2950 450 13.55 56 145 101 101 335 2950 1510 15.51
18 145 94 89 335 2950 450 10.63 57 105 94 89 375 2950 1510 10.45
19 105 101 89 335 2950 450 17.87 58 145 94 89 375 2950 1510 10.71
20 145 101 89 335 2950 450 15.73 59* 108 98 92 375 2950 1510 12.51
21 105 94 101 335 2950 450 9.92 60 145 101 89 375 2950 1510 14.89
22 145 94 101 335 2950 450 0.82 61 105 94 101 375 2950 1510 8.30
23 105 101 101 335 2950 450 14.56 62 145 94 101 375 2950 1510 8.85
24 145 101 101 335 2950 450 5.45 63 105 101 101 375 2950 1510 10.86
25 105 94 89 375 2950 450 11.66 64 145 101 101 375 2950 1510 11.78
26 145 94 89 375 2950 450 11.34 65 105 97.5 95 355 2700 980 14.55

27* 107 99 91 375 2950 450 14.81
28 145 101 &9 375 2950 450 16.05
29 105 94 101 375 2950 450 9.93
30 145 94 101 375 2950 450 9.74
31 105 101 101 375 2950 450 12.96
32 145 101 101 375 2950 450 13.04
33 105 94 &9 335 2450 1510 14.28
34 145 94 &9 335 2450 1510 13.56
35 105 101 &9 335 2450 1510 18.12
36 145 101 &9 335 2450 1510 17.72
37 105 94 101 335 2450 1510 12.77
38 145 94 101 335 2450 1510 11.17
39 105 101 101 335 2450 1510 16.17

66 145 97.5 95 355 2700 980 14.44
67 125 94 95 355 2700 980 12.05
68 125 101 95 355 2700 980 15.83
69 125 97.5 &9 355 2700 980 15.43
70 125 97.5 101 355 2700 980 13.60
71 125 97.5 95 335 2700 980 15.32
72 125 97.5 95 375 2700 980 12.98
73 125 97.5 95 355 2450 980 14.82
74 125 97.5 95 355 2950 980 14.21
75 125 97.5 95 355 2700 450 14.35
76 125 97.5 95 355 2700 1510 14.10
77 125 97.5 95 355 2700 980 14.57

® o sl A vE AokE Rehs A e A
W 2=t) HA Y AAWEE 2R T Ao wRE /P e
% 239 (hyper-plane)© & 72| = W, AAHe| 71 7P7to] Q=
Ho]ElE support vectore} SFCH15]. &4 '?;é (loss function)= ©]-&
3t SVME 37 ¢l 488 4 QA ==dl ©]& SVR(support
vector regression)®|2}1 F-2T} SVRE| H4-2 = do[EfolA <]
ZeE HAE sk 289 2 Zloltk. wie volHx, yF
o1zl A% SVR wAl= yE cI5shs #2419 2381, f~o-xt+bE
k= FA7F Hek o714 23 delA] ZF diolH Ale]2] AR E el
T} ZPolA| Al = e-insensitive loss functions ARSI, ©] FA=
yrox-b<edh axtbysee] Al Yol & HA2sh7)e £4
o}t

& WP (slack variable) £9}F €75 LA o503 TEshd

2

oo & HAsheAls vt 2ol & = Sirk

min J(0,,£)= 3ol +C3 (£+&)
i=1

subject to y,—wx—b<g+¢&;

Wx-%bfy,é.g-f-é;k

£1420 ®

714 Ce 72t A 1H] 3 (trade-offyS ZH3h= MG
HFE O AAA HH F-deleE A sA HaL, 9 Fhol

Arhel Fol7h BAlalAI}.
4 8914 ol A BT the Al gom, o] Aol
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;20,0 <C °|t}.

f(x) = (@X)+b = 3" (0—a))(xx,) +b )
=1
11243 SVRS #E &< (kernel function), K(x,x))& ©]&3}¢]
= 1xg7Eo R APIAIA A SVRAY vhEA =1 ol 2]
9= T2 ol vt

£x) = [ox]+b = 3 (oK (x. %)+ b (10)
=1

o] Aol M K(x,x,) = exp(-y[x-x,2)2] RBF(radial basis function)

= A Sk ALgSIItE SVROIA AREAZF A7 allof & ui7i

I+ B85 C, e-insensitive loss function®] %t &, RBFS] yolt}. 3

7 wiARSG2] A RS PSOE o] &3t s B3l AXkiale

w[14], A 5e] F43= HiolHE 1018 2308 Ures 1
255 ARESISATE o] Al ARGl SVR B2 Chang} Lin®]
Matlab 2}o] &g 2 73t LibSVM 3 2,912 A= 2lTi16].

Table 32| 7770 dloJEle]l sl Lozl SVR & wi/Hi+=
C=41.83, e=1.807x107*, y=0.0603¢] 12, 22| AAG== A2 19]
}(0.999998).

3-3. Hammersley =X} &=
Simpson 5 FFE AP-S st AMEH Yol tigh AelA]

218l %30 3= (Latin hypercube sampling), Hammersley <=} 5~

Z(Hammersley sequence sampling, HSS), 2] Bl (orthogonal arrays),
s Al (uniform design)®] 4714 A& WS v w3IITH12].
Te EEEEe] rEaA] Al AksAke] A (roll-over) 314

Aol o] WSS #-8-3te], HSS¢h w5 A ARbd o= | e

Table 4. Hammersley sequence sampling table of variables and operational profit for each point

No. X, X, X, X, X X, Profit No. X, X, X, X, X; X,  Profit
1 125 96 91 341 2495 456 569 40 108 97 91 368 2781 993 14.10
2 115 99 94 346 2541 470 1407 41 128 100 93 373 2826 1007 1434
3 135 95 96 352 2586 484 1084 42 118 96 95 340 2871 1021 1442
4 110 97 99 358 2632 498 1386 43 138 98 98 346 2917 1035  14.86
5 130 99 8 364 2677 51 1617 44 113 101 100 351 2467 1048 1533
6 120 9 92 369 2723 525 13.02 45 133 95 91 357 2512 1062 12.93
7 140 98 94 336 2768 539 1091 46 123 97 93 363 2557 1076 13.99
8 108 100 97 342 2814 553 1626 47 143 99 96 368 2603 1090  14.14
9 128 94 99 347 2859 567 1182 48 107 95 98 374 2648 1103 1101
10 18 97 90 353 2905 580 1484 49 127 98 100 335 2694 1117 1453
1 138 99 92 359 2454 594 1541 50 117 100 89 341 2739 1131 1744
12 13 95 95 364 2500 608 1280 51 137 9 92 347 2785 1145 1443
13 133 97 97 370 2545 622 1340 52 112 98 94 352 2830 1158 1501
14 123 100 100 337 2590 635 1012 53 132 10l 96 358 2876 1172 1487
15 143 96 90 342 2636 649 1338 54 122 94 99 364 2921 1186 1057
16 106 98 93 348 2681 663 1598 55 142 97 90 369 2471 1200 13.76
17 126 100 95 354 2727 677 1596 56 109 99 92 336 2516 1214 1695
18 116 95 98 359 2772 690 1203 57 129 95 94 342 2562 1227  13.64
19 136 97 100 365 2818 704 1259 58 119 97 97 347 2607 1241 1472
20 111 99 91 371 2863 718 1490 59 139 100 99 353 2652 1255  14.67
21 131 95 93 337 2909 732 1387 60 114 9% 90 359 2698 1269 1355
2 121 98 96 343 2458 745 1380 61 134 98 93 365 2743 1282 1417
23 141 100 98 349 2504 759 1453 62 124 100 95 370 2789 1296 13.99
24 109 9% 101 355 2549 773 1324 63 144 94 97 337 283 1310 1285
25 129 98 8 360 2595 787 1585 64 105 97 100 342 2880 1324 1395
26 119 101 91 366 2640 801 1596 65 125 99 91 348 2925 1337 15.89
27 139 9% 94 372 2686 814 1107 66 115 95 93 354 2475 1351 1347
28 114 96 9 338 2731 828 1462 67 135 98 95 360 2520 1365 14.07
29 134 9 99 344 2776 842 1507 68 110 100 98 365 2566 1379 1377
30 124 95 90 350 2822 86 1359 69 130 96 100 371 2611 1392 1120
31 14497 92 355 2867 869 1454 70 120 98 91 338 2657 1406 16.59
32 106 100 94 361 2913 883 1475 71 140 101 94 343 2702 1420 1653
33 126 9% 97 367 2462 897 1263 72 108 95 96 349 2748 1434 1259
34 116 98 99 373 2508 911 1295 73 128 97 98 355 2793 1448 1326
35 136 100 90 339 2553 924 1706 74 118 99 101 360 2838 1461 1291
36 111 94 92 345 2599 938 1353 75 138 95 89 366 2884 1475 1253
37 131 97 95 351 2644 952 1437 76 113 98 92 372 2929 1489 1290
38 121 99 97 35 2690 966 1481 77 133 100 94 338 2479 1503 1675
39 141 95 100 362 2735 980 1172
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Ak

of

sith= 212 Baint. o] ArellM= o] Folli Zr o] 1idtst
I AR F HSSE A85ielt.

Hammersley sequence™ | & $12]2] 4*(quasi-random number)
4712 A= T, 20l (hypercube)el] TSl H3E 5=
Uk AEAS A5 o Slvke Zlo] deiAWA, Diwekar 5]
Hammersley sequenceZ ©]-8-3t HSSE AMEH WH o= Ak
TH17]. Diwekar 5~ HSS”’} Monte Carlo =51} 2F6l ZQ19)
FEN 5 AEAR1 el vlal o] wdE AARE Ao EA
FAA HA SN Degh ARFe ERIvks 215 Balth HSSE
&12]52 Diwekar 5-2] =mollA 3ka 5= QITH17).

Table 4= HSSE 018310 &2 7771 el dijsl] 2} A2
I 71 ghellM o] ARt 29Jol5S v vt vlwE flal A
9] 45 ccpgl FLsHA skt

4.4 1}

C19] 57| &= HA3te] Alekrzdo] dvt, Yz=r0] 25
32°CE Hal, $%719] %= 52°C o)do]ofof SHri{18]. whebr]
Zo)5el tigh = o]9le] C19] §57] &%l tigh mdlo] I
Qalek. 27F 8]7] vFA) st SVRE o]-88tef C19] $57] el o
o FARAS A9k §57] 29 23 37 thAlellA o]
= AR oJal] 177HE AP E I

Temp = 845.15+1.125x,-6.566X,-11.139%;+0.301x,,-0.0698x

-0.0849x4-2.371x1072x,%,+0.0863x,x3+2.657x 10~ *x x5+

1.747x 107 ,x+8.338% 107 x,-3.3 11 x107*x *-6.663x 107>x,*

“gol ZArd A4

S13 EY 5l Sl i 571

SVRE olg3te] A (12)9] AR £A41E 19, 2Hol5 19.23
MMS$7} fojXIt(Table 5). 121t ©] ghO= HARE P Zol5
°] 14.59 MMS$, C19] 2%7] 257} 61.5°C7F Eo] QA7 UF- =
1, Fojzl z=RJo|50] FA dlo|gof njsiAx Hct. FHA glo|E |
gk SVR 2ée] AAIG7F 212 13} 0988 712] 10]S5oll =
o] relo] A gle]] AREE QS Wi A7} ule- Zivh

MEY O E HSSE A3l 7771 &1 dloleE /3813t
olof| whz} 23} 3]9] vFHAlT} SVRE %¢0]53 Cl $57] 252
FAek= Bds vESltt. 23} 319 vhaka)e) Sgt 7 mEe] A%
A= 242F 0.807, 0.960]1L, SVRO 23t F HElo] ARAG= 2}
7} 0.814, 0.9950| 1T (Table 5). 23} 3]7] EElS o]-&3F 2 3lojlA
Hoj7 20152 17.95 MMSA L, BAL 23t Zo]5-L 16.94
MMS$E @2B= 6%tk thk, C1 $%7] 257} Alekxe v
AI71A] FFt

SVR 24k o] g3le] 223} FA|E EH, Table 59 Hol= A
7} o] 21015 17.89 MMS$7}F dojzitt, o] gho s HANE 3hd
Z2Jol50] 17.96 MMS, 5571 257} 53.69 °C7F Ett. &, Q3=
0.4%A 3L AoFEAS W5A17]11L QUTh. Table 6= AAIRTE] 715
Fh(Fig. D HAsk ghell dial] 212 579 559 §7, AR,
A|lZH]8-5 v)wskal Qlek.

Table 52| A3} A= F3ll, F9UL 22F 3725l vls)
SVR 2dle] AJghgo], MEH WhH2 CCDef| H&l] HSS7} $-3}ch
318 5= Qlek. Z1efuh CCDS} SVRE: #4-8-5F 2Eo] RZ7F A9 1019
ol HA3le] exp7} uje- Ha1, HSS9F SVRS 283 mele R?

Table 6. Comparison of base case and optimized case

+0.0203x-1.27x1073%,2-6.654x 107k 2 -1.145x107x 1) - —
Unit Base case  Optimized case
21 (11)9) Z2AAFE= 0.8890]37, SVRe] 23k $57] &% 1u9) D2 kmol/h 92.47 95.21
AR AG= 0.9880|C}, Flowrate Gas kmol/h 9.78 9.80
2] A=l Al PO 2 o) B2 kmol/h 2.80 1.35
BAY A3t EAR st 2ol & 5 2l Product revenue $10%/year 107.33 110.50
max. Profit(X;, X,, X;, Xy, X5, X¢) Vent gas credit $10%year 1.61 1.59
s.t. C1 top temp>52 (12) PDIB credit $10%/year 0.89 0.43
Reactor steam credit $106/year 0.44 0.57
22} 39 2l A (7)2h A (1DE o83t 4] (12)9] 43} & Reactants costs $10%/year 89.26 91.97
A EH, 2015 21.67 MMS$7| BofZITH(Table 5). Z18{1} ©] %k Energy cost $10%/year 242 241
o7 TALE 3 %3o]E0] 16.63 MMS, C19 $37] 257} Capital cost $10%/year 1.65 220
47.87°C7F Ho] 927} U 11 AIBERAE uEA)7)A] B}, Operational profit $10%/year 16.04 17.96
Table 5. Optimization results
Sampling method CCD HSS
Estimation method RSM SVR RSM SVR
x,(kmol/h) 129.95 128.66 116.85 128.68
X,(kmol/h) 101 99.1 101 101
x;3(°C) 89.29 94.21 89 89
x4(°C) 358.42 375 35245 336.01
x;(bar) 27 25.66 27.01 26.67
X6 980 450 982 1249
R? 0.755 =] 0.807 0.814
Operational profit Optimization 21.67 19.23 17.95 17.89
Simulation 16.63 14.59 16.94 17.96
R? 0.889 0.988 0.96 0.995
C1 Top Temp Simulation 47.87 61.5 46.16 53.69
Constraint Not satisfied Satisfied Not satisfied Satisfied
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Fig. 3. Comparison between the simulated and estimated values by using CCD and HSS.

7} 0.814% WSl F 4 5le] eaprt vk 1L o] 2]2] ATjo|tt,
1 AR18 27 S8l HIAE dlolElE THEITE WA, 671 A
5 77t 99 o' U, 7 0] BE %3t 5%=15,625
7] "iolE] S THE F o] T 1,000/ o= AElsieit). o
to]Efe] thall CCD-SVR E&7} HSS-SVR EES #-galo] 345k
S Aptslar BARg v wslsitt. Fig 32 1 A3E vlwska Qlot,
HSSE ARE3ISE vl= CCDE ARSZLE ol vls) Z=3jol50]
255 RS AT vl e AS A 4 Qi ot
HSSE= %4Jo]50] 10 o]atd wf %¢jo]50] Zobdd= o217} 7
21t} Table 37 Table 4¢] FHUo]E oA 2YgolE2] HE Hln
3P, CCDOlA = HA 3447, Al 18.12, 10 018+ gro] 18710]aL,
HSSell= A 5.69, Hth 17.44, 10 ©1319] glol 174 5, &
gol5o] & FitelA 2] FRHeEZ} W] wliTe] Z2Yol50] &
S glolol 3= A slollM 2 AyE Itk B % o

o] B Wit 208 3wl ole Hat A9HE vl
3of the e 98 5 U,

() Tl e HER WHoz FATAAG v)3
Hammersley 22} F==H°] T 9731911, FERDE= 271 3]
tjgk2lef vlsj SVRe] 1 Esioict. 53],
A B1AE YA SVRO) AARSS A Alol2] nIMEAdS
Y 2 Yehdth= 218 2klslal, o) 5 v 3sly o] HA sl
2gek 5= 918 Ao Z|igit), tnt o] ol dojxl AxE
Awkslslr] flsiieE o B A4 AnE gklstoiof sttt

(2) Hammersley =3k S=2H 2} SVR 228 0] 83k 3 4] 5lof|A]
Bojzl ARG gk WAle] AR, 128.68 kmolh, Al 255
101 kmol/h, Z231 9] 12, 89 °C, WH3-719] 1 &% 336.01 °C, Ht

ol
ok
o

2,
2
1o
A\
£
o
=2
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5719 &8, 26.67 bar, B-87] T2 7, 12490|%]aL, o5
AZF 17.96 MMS$e|8lTE. o] Z{o|52 71 Z31olx <] %t 16.04
MMl B13l 12% =9kch. 5o3F, 2281712} Unisim Designs A&
sto] HAgleto] A& 5 Sl Aol o150 18.06 MMSe] B3]
0.5% S oo}, ojul AN gk Al Aea, 122.51
kmol/h, A4l 53 100.94 kmol/h, 41 9] 2%, 89.1°C, HE3-7]2]
AT 2% 33526 °C, WE3719] 949, 24.89 bar, W7 FHO
14340]t}.
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