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&; <=� >?� @A#� BC, preheat train, �D E FD ��G# HI J2 K�> L� %M ����� ����

'N OP� ��& QR3 <=ST-. 3; U'N pumparound VW, G� DX, 
� YV��� Z( E DX L� �'

,�[ ��&� \#!; >? ��� H8] 
^',-. ��&� H8 
�YV���� _ 20,000,000 Kcal/h� ���

`F� �ab < cT�[, �d
"� e�f<� gh'N ��& � \# �d
". 10,649,000 US$/y�� 9,185,230

US$/y� F	'N 14%� 
"� `Fi < cT-.

Abstract − This paper considers the optimal operating conditions to minimize the annual capital and operating cost of a crude

distillation unit, which consumes enormous energy. Reflecting on the complexity of intervention and interconnection among

each unit, optimization task was carried out for the whole crude distillation unit including preheat train, atmospheric/vacuum

distillation column, light naphtha stabilizer, etc. Optimization results were compared with those from commercial plant of

which capacity is 150,000 BPSD. From this comparison, we can save 20,000,000 Kcal/h in the optimal case. It is also con-

cluded that annual capital and operating cost was reduced from 10,649,000 US$/ to 9,185,230 US$/y, which is equivalent to

14% cost saving.
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�1�[1]��� ���	
� �
��� ���� 150,000 BPSD�

���	
� � �� �	�� �� ��� �� � �
 �!"�

#�, pumparound $ condenser duty� �
%� &'( )'*+. ,

- ./ �
% 01�� �� 2 3 4� 5 67�8, �9: ;<

�= > ?�3 @ABC D 5 67+. �2���� �1��� 5EF

 G 
� HI� J ��� �9: KL� <K3 M'( 
�� LN

C �K% 'OP '*+. ,� �1��� )�F �	
�� &Q �


% R� �S[2] � �K LN T/ �K �9: UN�� �
 VW

IXC #�'� R�� Y'� Z�� L[S �\](NLP) R�,8,

���	
� W^3 _`� �
% 'OP '*+. �	�� �! =

a"/ �1��� H'(b �
 =a"C 
N'( ���	
� W

^� &Q �
 VW IXC cd+. �! =a"C ef� R�� 


�� �L3 ef� R�,8 VW IX� g[/ ��� `0"���

h ijk,  G �L� &Q l�C @': m�8 no 5 6� g[

p],+. qk� , r @: p]� #sC M'( t 
�� �� `

� �
��� uv  G 
�� wxC g['� y�  (o 5 6+. 

Nelson[3]� Watkins[4]� qz{ ���	
�� �|
} �� ;

~� ��, <� �	� $ �� 3 �� ��'O ��� �C ��

'� Z,+. (� ��� @ ��'� �~'� ��� �� ��

���� �	�� &Q 5�, �@�'� �8, ,- ./ ��/ �

'� #�� ��o ��: �Y
�� |�'� Z, ���:� �

� p],7+. ,- ./ p]v� ��'( �
� ��3 ,�� Z
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���
�
/ ��
��  &'  ���8, qk� (� �	��� ����C

��Q 
� W^� _` ��� &Q ��w, ;�� �H�7+. �

� 
�`�� � � 6��� ¡¢Q £Q ¤W�� ,- ./ 01

, @x'� �7�8, �¥ 
�� �9: R�� Ms ��3 ¦Q §

¨, �Y�O 6+. Wehe- Westerberg[5]� �9: KL3 4,� p

]�� stream bypassingC O�'*O, Kaibel ©[6], � $ u� �

�ª� �«0NC O�'( �¬­
�� ,�
} ����® `0

'� "�
 ��]C ��'*+. Duran� Grossmann[7]/ ¯� �@

xQ �53 °[% '( �
%- ��� � swC _`� 5n'

*+. Bagajewicz[8, 9]� Liebmann ©[10]/ ���	
�� &Q �9

: ;< R�3 +�7+.

±�� ���:� ²H� ³� ´´� "¦ 
�� &Q ��p]�

&µ ¶�
�� 5n�� ·�8 ��� �� �	�C L¸Q ��

�	
� W^3 O�Q ^�
} �� ¹� g¤� &µ�� ³¢o

£Q �
, º� Z, ��� �»,+. ,� ���	
�, recycle,

��� 3 MQ ��� ©�� ¼½� �« ²¾�� 6+� U�C

<�o �, Ms
 �� ¹� g¤� ��w/ ¿À ¿ �´F+. ��

�	
�� LN;<� �Á��/ ��3 @�, �¥'  ¦'( Âa

�7Ã �9:3 ��� �C M'( +` Ä5'( ��� Âa'�

��Å�
���� �9: Ä5ÆC ÇÈ��É ,��b+. ,- .

/ ¾Ê��,  G
�/ ³��� ���C ¦'( �ËF pumparound

� �Ì, �
% �: Í'*�8 ,� }'( ��-� ���C M

Q �9: Ä5Æ, Îd+. qk� Ï )R��� �1��� �
%0

1C M'( HQ �
 �!"C  Ð� '(, �� $ <� �	
�

� pumparound� �Ì� VW �¨, �
 
Ñ"� ¦Ë ©C ³� V

W l5� ��'(  G 
�� ��� �� �
 VW IX� ��

$ <� �	
�� �
VW IXC c� �
% 01C 5n'*+.

�
% 01� Ð IX� IX/ µ]��� 6� 5ÒC ¦'( Ó

� ��'8 qk�,  G 
�� &Q ÔU3 M'( �
% 01� Ð

 Õ�� UN'*+. 
� wx Ö@3 ¦'( ¢
�5� VW LN

$ O� LNC O�Q ²ª LNC 
×%'O , ¢
�53 �K%

'*+. ± #� ³�� pumparound� �
�ÌC #�o 5 67�8,

iØ� ,- ²#F ��� �� �
 VW IX= ÙC 5 67+.

2. �	 ��

Ï ²H3 ¦Q &� 
�/ �1��� UN�7Ã, ÚÛ Ü:j�Ý

ÄU@ ��'( �� _Þi�� VW'O 6� �� ßàÌ 150,000

BPSD 
��� ���	
�, <��	
�, ��Å�
� © 3g� ³

� 
��� ,��á+. 
�=� Fig. 1� ��â e- .+.

���	
�/ ��3 �� '�� ²Y
�� 
Ñ'( �	��

�É �� ���, �� ���, kerosene, light gas oil(LGO), heavy gas

oil(HGO) © ´ã ²!� ä� %­à1�� �N'� å,� �!�

C ßà'� 
���, ���	�� ,� �YF �� ��� pump-

around, kerosene pumparound, LGO pumparound, HGO pumparound © æ

g� pumparound- �� ��� ç	 è�éË, kerosene ç	 è�é

Ë, LGO ç	 è�éË, HGO ç	 è�éË © æ g� ç	 è�é

Ë ©�� HwF+. ���� ßà�� �� êU�(ATB, atmospheric

tower bottom)� <��	
�� �!� 
ÑF+. 

���	
���� �	F ßwu� Ä5� ²YF flash drumC M

'( ,��b+O o 5 6�y, Watkins[4]� ,�Q H�C ë @:

Sì} US×, AS×, RS× �í7+. US×(T/ top tray reflux)/

�� W^ �Ì, �"� îï �� ���� S×,+. RS×(T/

pumparound reflux)/ ����® ç	3 ði â ñ ���C M'(

ò´Q ñ u¥
�� ðiâ ó ô+ õ ���� �ö¥� p×,+.

,� �ö�:� "/ �¥{��� ÷: ÍQ øùC ¯Ë�, Ç/ ú

=��� ?Æ
} � Ä53 M'( �� =a`� @� � �'3

4� 5@ 6�8, îï � � �'3 <K`û îï � @üC 4�

5 6O, �� ý�� <K3 @A- �� @üC 4( 4 5 6�8,

� Û�� þ�Q ø¬���  ÿ�� ��C ��'� �:`û 4

5 6� ©� éÊ, 6+[4]. ,�Q þ��� ��Q pumparound �

T/ duty� ���	
� �� `� �� l5� 0N' � �
�

VWIXC c� Z/ �5
,k o 5 6+.

�!� ���	� $ <��	�� pumparound $ ßwu ����

���C Q ñ �ã
�� @� �� @��� ���	��� ��

ª+. ,�, �|
�� ���	�� ��� ú=@ � 316-360oC��

��µ@ ���  �R� �L � @�'( ³� Z/ 
Á': m

+. ���	
���� > þ� �� '�@ �L 3 &tQ è� �

	� UN,+. Nelson/ �L � UN/ �¥� ?ÆC 
�4 5 6

:£ £�o £Q �=� �¥3 ¦'(, �	C UN���É �¿ �

Ò'� VWo 5 6+O '*+[3]. ± ,ñ� ,� &Q 
/ )�@

67�8, Hsie- McAvoy[11]� è� �	, �%5K� ���C 4

( ³O  %3 ¦Q ú=3 Î�� 4 5 6�C ��'*+. ���

���	� Û� =a�  W� ��� �� @�  ©C M'( �

�Q ú=(270-305oC)�: @�'( ³�y, , � �	� ��Q �Ì

/ �ã
�� =a W� W� 3 M'( Ù� �8, �&
�� 
/

�, � ':£, è� �	 ©C M'( 
ÑF+. ´ ßwu/ ç	

è�éË3 ��� è�F ñ ßw ���� ��F+.

<��	
�/ �� '�� �¥�: m/ ��� ê	u� ���

þ� �� w�C �@
�� �¥���É ßwu� 5ÆC Ç,� 


�,k o 5 6+. ���	
����® 
Ñ�� �� êU�� @

� �� @��� 50 mmHg} ���� VW�� <��	�� ²Y


�� 
ÑF+. <��	�/ �Wu� �W�� 6�8 4g�

Fig. 1. Crude distillation unit.
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er)
pumparound- îï  ¬oC '� <� ejector system�� Hw��

6+. <� îïu, LLVGO(very light gas oil), LVGO(light gas oil), HVGO

(heavy gas oil), <� êU� © 5g� ßwu, ßàF+.

���	
�C ��o � @é ��Q O� U� � '�@ ��Å

�
�� ��� � swC MQ �9: Ä5,+. ��� �9: @

ü� ��/ :��:�  G ���  sw 
��� ô+ 
/ ��

Ä53 ¦Q ��3 �H'� �7O, ,3 ¦'( ��V ��� �

sw,� sw IX� l%@ ��'� �7+. , �, ��� �� �

�V sw/ ÂPL- VWL� s, �K% �� HI3 c� Z,+.

ÂPL� ��� � �0L, �ËL3 �¯'8, VWL� �9: L

N� �: ¾¥� ��Q LN, ��F+. ,�Q ��  G
�� W

^
} 5�, �@�'+. qk�  G 
�� ���Ì,� VW �

¨ © I;l5 �
%3 M'( VWLN� �ËLNC �K%'� s

wIX� �
%@ ��'+. VW IX� l%3 MQ ;< ?�� �

�� �� �
%h£ ijk  G� ��(ßwu, pumparound reflux)

��  �IXC ��� ³  ¦Q ò´5, ²! ©� VWLN ;< ?

�3 @A 
 5 6+. Fig. 2� Ï ²H� UNF ��� � HI3 �

�Û7+.

3. ����

���ì ÔU $ �
%� 6�� ´ ��� �¬­
 uwC ��

� �à'� Z/ ��'+. ��� �%5K %su�� ��Q �s

u� ,��A 6�� ôM ��Ê� ú=  ¦� qk @�
} w�

�� �í� F+. ,� ��� ã	� qk +z  �R� ��Q �

ä, ��'8 ,�Q �ä�� TBP(true boiling point) °[, light end

�ä, API(American petroleum institute) L� ©C M'( ,��b+.

,!� u�Ì, ½=, Ê= ©� P!3 M'( ¿À ��Q �äC o

5= 6+. Ï ²H�� UNQ ��� ikLi ����� API L�

/ 33.1,8 47g� w��� �í7+. �¬­
 uwC �à'  ¦

'( SRK(Soave-Redlich-Kwong) Ô"� GS(Grayson-Streed) Ô"[12]

C  �� ��� ´´ 
N'*+. SRK Ô"/ RK(Redlich-Kwong)

�ìp�×�  Ð'( Soave� �'( 5�F Z��, ³�b �� &

Q �su� uwË3 �ào 5 6+. GS Ô"/ Chao-Seader ¾�

[13]3 ô+ #/  ¦� ú=- �¨  ¦� �éQ Z�� �su�

ÖS�5(K-value)3 �à'� y� å}+.

�
% R�� ¢
�5- ��IX�� Hw��y ,� ¢
'� e

� qk ³�b ¢
�5� �& T/ �K ÕC H'� F+. Ï ²H

��� ¢
�5� 
�� &Q éËLN� VWLNC O�'*+. ,

� &Q PëQ P!� R$�� H'*+[14-18]. éËLN/ +� ×

�� ., ́  ��, �L , îï  ±¥O ��� � &'( O�'*+.

Cost of Column(main columns in ADU and VDU, side strippers, stabiliz

Ccol = exp[acol%ln(Dcol%bcol)+ccol]%NTRAY (1)

Cost of Reboiler

(2)

Cost of Condenser

(3)

Cost of Heat Exchanger(shell and tube)

Chx = fdfmfpCb (4)

Cb=exp[8.821−0.30863(ln A)+0.0681(ln A)2] (5)

fd=exp[−1.1156+0.0906(ln A)]: type (6)

fm=0.8603+0.23296(ln A): material  (7)

fp=0.7771+0.04981(ln A): pressure (8)

VWLN��� ²!, ò´5 ±¥O �	 LN ©C +�� ., �

à'*+:

Cost of Cooling Water

Ccw= 0.25 $/1000 gal

Cost of Fuel

Cfuel= 3.20 $/106 Btu

Cost of Steam

Cst= 4.31 $/106 Btu

²ªLN/ +�� ., �àF+:

Annual cost = Capital cost%Crf + Operating cost (9)

(10)

( � i� ,PÆ� 9.5%, k� project life� 25&�� �à'*+. Ï

²H��� × (9)3 �K% '=' �
% R�3 ��'*�8 
�

� � $ u� 5:, 
�� VW IX� Q�Õ ©C �Q IX��

'*+.

�9: +KL 
�} ���	
���� VW LN, W^ LN� >

L�C ~:Q+. Ï ²H��� :��: �(� �G'( ��Q  G


�� HI
 l%3 @': mO �9: ;<C ¦µ ³� 
� l5�

� ��Å�
�� ��� � $ �	� VW� > øùC ¯Ë� ��

$ <��	�� pumparound �� �¨ ©C [)'( ²H3 5n'*+.

Creb=areb

Qreb

breb

--------- creb+×

Ccond=acond

Qcond

bcond

------------- ccond+×

Crf
1 i+( )k

1 i+( )k 1–
------------------------=

Fig. 2. Schematic diagram of heat exchanger network.
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���
�
CDU 
�� �
%3 ¦'( ��Å�
�, ���	�, ��Å�


�, <��	�C )'( �
% 01C 5n'*+. Ï ²H���  

G 
�� VW IXC *&� ÔU3 '( �� 
�� .=' '*+.

,3 Base Case� �Q ñ, �µb  ¦ Û�� ¢
�5(²ª LN)3

�K%'=' �
% 01C 5n'*+. �� �� $ I1 y,®�

� 
����® H'*�8 Table 1� 2�  ¹�� 6+.

�� 
� � ³�� "5� 57,8, ÔU3 ¦Q Ô"��� 35"�

� ��'*+. Ï ²H��� ³� 
� l5�� �� $ <��	


�� pumparound �, �� $ <��	
�� VW �¨ ©�� �'

*�8, 
� Û��� VW �¨/ �¥=� øùC ¯Ë+� �9:

{�� ��Q I; l5@ , 5 6+. ���	
�� �
%3 ¦Q

¢
�5� VWLN(²!@ü, òÓ@ü, �	@ü)� O�LN(�	�

@ü, �L  @ü, îï  @ü, ���  @ü), O�F ²ª LNC

��'*+. ßwu� �� q- ,.� øùC ��'  ¦'( ßw

u� �C ��
�� .=' �µ ³7+. ± /� pumparound� �

Ì $ VW �¨�  ¦ ©� �Q IXC ³7+. ��Å�
�� �

��� sw ` O���  '� �Q IX[19]�� ��� � �K

��ú= $ ���	
� W� @� � =a IX�� � @ ßw

�: m=' �Q IXC �@'*+. £�  %@ �{ ��� � 0

1� �}, � = 'O, �®3 Mµ �@� �� ��� ��= �

2� F+. ,�Q R� µ#C ¦'( �¨C Ç(  %3 p:'� p

] ©, UNF+[20, 21]. ,3 M'( Ï ²H��� ��Å�
��

HI�� l%3 @': m�{� �
 VWIX(��Å�
�� �¨,

pumparound �)C cd�8, �� $ <��	
�� ��Å�
��

�
 �� IXC cd+. �Q IXC Table 3� ��Û7+.

VW LN� �
% �� ADU� pumparound duty $ îï  duty,

ADU� VW �¨, VDU� VW �¨, VDU� pumparound �C l%

`3O, �Q IX�� ADU $ VDU� pumparound� �, ��Å�


�� �� �Æ� �K ��ú=, ßwu� � ©C UN'( �
% 0

1C 5n'*+. ²ªLN �K%� �� O�LN/ I;l5� øù

C ¯Ë� ��£C O�'( �
% 01C 5n'*+. Ï ²H� 


� ÔU $ �
%3 ¦'( PRO/II system[22]C ,N'*�8 
�

ÔU� �� 
� P!3  Ð� ���ì� &'( 5n'*+. �


% R�� 4�� 
×%Q LN �53 a¨'( SQP(successive

quadratic programming) solver3 ,N'( �à'*+.

4. �� � ��

Fig. 3/ ÔU#��� ßwu� ��3 ú=� &'( ��â Z,+.

�!} ��- ´ ßwu/ +w� �su�� @�w�� 5�Ê� q

Table 1. Column configuration of the Base Case

Numbers of trays
 Main column
 LN stabilizer
 HN side-stripper
 Kerosene side-stripper
 LGO side-stripper
 HGO side-stripper

Locations
 Feed for main column
 Feed for LN stabilizer
 Stripping steam of main column
 HN pumparound draw and return
 Kerosene pumparound draw and return
 LGO pumparound draw and return
 HGO pumparound draw and return

35
30
14
12
12
12

33
17
35
9, 8

18, 17
24, 23
28, 27

Table 2. Operating conditions for the Base Case

Stripping steam 
Main column

Temperature 
Pressure 
Flow rate 

Kerosene side-stripper

[oC]
[kgf /cm2]
[kmol/h]

 170
4.63

555.1

Temperature
Pressure
Flow rate

LGO side-stripper

[oC]
[kgf /cm2]
[kmol/h]

170
 4.63
138.8

Temperature
Pressure
Flow rate

HGO side-stripper

[oC]
[kgf /cm2]
[kmol/h]

170
4.63

238.7

Temperature
Pressure
Flow rate

[oC]
[kgf /cm2]
[kmol/h]

170
4.63
94.4

Pumparound
HN

Flow rate 
Return temperature
Duty

Kerosene

[kmol/h]
[oC]
[106kcal/h]

3,333.0
70

−14.9381

Flow rate
Temperature drop
Duty

LGO

[kmol/h]
[oC]
[106kcal/h]

1,286.1
40

−4.9884

Flow rate
Temperature drop
Duty

HGO

[kmol/h]
[oC]
[106kcal/h]

1,481.1
50

−9.9891

Flow rate
Return temperature
Duty

[kmol/h]
[oC]
[106kcal/h]

725.0
286.5

−8.0028

Table 3. Constraints for the operating cost and annual cost optimization

Rate of pumparound[kmol/h] Minimum Maximum
HN pumparound 2000 4000
Kerosene pumparound 800 2000
LGO pumparound 1000 2000
HGO pumparound 500 2000
LVGO pumparound 100 180

Duty of pumparound[106kcal/h] Minimum Maximum
HN pumparound -0 0
Kerosene pumparound -0 0
LGO pumparound -0 0
HGO pumparound -0 0

Duty of condenser[106kcal/h] Minimum Maximum
-0 −15

Rate of product[bbl/d] Minimum Maximum
HN 24,050 24,065
Kerosene 15,610 15,625
LGO 26,125 26,140
HGO 10,400 10,430

Pressure[kgf /cm2] Minimum Maximum
ADU column 1.80 2.8
VDU column 0.03 0.06

Vapor fraction of heater inlet stream[-] 0
Minimum approach[oC] 10
���� �39� �1� 2001� 2�
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k ��â Z,+. ��@ 150,000 BPSD, 6 3,908 kmol/h� =a, �

� ³� ßwu} HN, KEROSENE, LGO ±¥O HGO� ��/ ´´

1,033, 517, 670 ±¥O 212 kmol/h�, ,� �� 
�� VW#�- �

Ë'*+.

¢
�5�� VWLNC O�Q ��� &Q �
% #� pump-

around� �
 VWIX, �� �¨ ©C Table 4� ô} e- ., H

o 5 67+. 

ßwu� �Ì� øùC ³: m�{�,  G 
�� VWLN� L

�'( � 1,500,000 US$/y3 4� 5 67+. Pumparound �Ì/ �

� Å�
�� ý�
} øùC ³�y þ� Ç/ ú=��� �9:

Ä5@ @xQ HGO $ LGO pumparound �Ì� �@@ ��'+. q
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Fig. 3. Distribution of products.

Table 4. Results for the operating cost optimization

Design variables Optimal case Base case

Objective function[US$/y] 8,332,670 9,844,000
Duty of HN pumparound[106kcal/h] −13.7137 −15.0240
Duty of kerosene pumparound[106kcal/h] −7.7933 −5.0060
Duty of LGO pumparound[106kcal/h] −13.4325 −10.0310
Duty of HGO pumparound[106kcal/h] −11.8245 −5.3158
Duty of condenser[106kcal/h] −39.3677 −51.8780
Duty of LVGO pumparound[106kcal/h] −1.3424 −2.0309
Pressure of ADU column[kgf /cm2] 2.8 2.33
Pressure of VDU column[kgf /cm2] 0.04 0.05
Rate of HN pumparound[kmol/h] 2,835 3333.0
Rate of kerosene pumparound[kmol/h] 1,597 1286.1
Rate of LGO pumparound[kmol/h] 2,000 1481.1
Rate of HGO pumparound[kmol/h] 2,000 725.0
Rate of LVGO pumparound[kmol/h] 100 151
HN product[bbl/d] 24,060 24,055
Kerosene product[bbl/d] 15,620 15,615
LGO product[bbl/d] 26,130 26,130
HGO product[bbl/d] 10,410 10,410
Feed tray 34 33
Vapor fraction of heater inlet 0 0

Table 5. Results for the annual cost optimization

Design variables Optimal case Base case

Objective function(annual cost)[US$/y] 9,185,230 10,649,000
Utility cost[US$/y] 8,430,900 9,844,000
Duty of HN pumparound[106kcal/h] −17.3091 −15.0240
Duty of kerosene pumparound[106kcal/h] −3.1423 −5.0060
Duty of LGO pumparound[106kcal/h] −13.4652 −10.0310
Duty of HGO pumparound[106kcal/h] −10.6398 −5.3158
Duty of condenser[106kcal/h] −41.4354 −51.8780
Duty of LVGO pumparound[106kcal/h] −2.3167 −2.0309
Pressure of ADU column[kgf /cm2] 2.8 2.33
Pressure of VDU column[kgf /cm2] 0.03 0.05
Rate of HN pumparound[kmol/h] 3,042 3333.0
Rate of kerosene pumparound[kmol/h] 1,812 1286.1
Rate of LGO pumparound[kmol/h] 1,998 1481.1
Rate of HGO pumparound[kmol/h] 1,323 725.0
Rate of LVGO pumparound[kmol/h] 102 151
HN product[bbl/d] 24,060 24,055
Kerosene product[bbl/d] 15,610 15,615
LGO product[bbl/d] 26,130 26,130
HGO product[bbl/d] 10,410 10,410
Feed tray 34 33
Vapor fraction of heater inlet 0 0

Fig. 4. Temperature profiles in the heat exchanger network.
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a : coefficient of cost function

A : heat exchanger area [m2]

b : coefficient of cost function

c : coefficient of cost function

C : cost [US$/y]

Crf : capital recovery factor

fd : type factor of heat exchanger

fm : material factor of heat exchanger

fp : pressure factor of heat exchanger

i : interest rate of return [-]

k : project life

N : number of tray

Q : heat duties [kcal/h]

���

cond : condenser

col : column

hx : heat exchanger

reb : reboiler
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