
BACKGROUND AND LITERATURE REVIEW

2.1 Crude Oil

C r u d e  o i l  is  a  n a tu r a l ly  o c c u r re d  p r o d u c t  m a d e  o f  th e  f o s s i l  r e m a in s  o f  
p la n t s  a n d  a n im a ls .  C r u d e  o i l  is  fo u n d  in  th e  p o r e s  o f  r o c k s  e i th e r  d e e p  d o w n  in to  th e  
s u r f a c e  o f  th e  e a r th  a n d  in  th e  s e a . C ru d e  o i l  n e e d s  to  b e  r e f in e d  to  b e c o m e  u s a b le  
p e t r o le u m  p r o d u c ts  s u c h  a s  g a s o l in e ,  d ie s e l ,  a n d  v a r io u s  p e t r o c h e m ic a l  f e e d  s to c k s . 
C r u d e  o i l  is  r a n g in g  in  v i s c o s i ty  a n d  c a n  v a r y  in  c o lo r  to  v a r io u s  s h a d e s  o f  b la c k  a n d  
y e l lo w  d e p e n d in g  o n  i ts  c o m m e n s u ra te  h y d r o c a r b o n  c o m p o s i t io n .  T h u s ,  th a t  is  w h y  
th e  c h e m ic a l  c o m p o s i t io n s  o f  c ru d e  o i ls  a r e  s u r p r is in g ly  in c o n s is te n t  a n d  th e ir  
p h y s ic a l  c h a r a c te r i s t ic s  v a ry  w id e ly .

E v e n  th o u g h  c r u d e  o i l  h a s  a  v a r ie ty  o f  p h y s ic a l  p r o p e r ty ,  G o lo v k o  et 
al.(2 0 1 2 )  in d ic a te d  th a t  th e re  a r e  3 0  s tru c tu ra l  ty p e s  o f  th e  h y d r o c a r b o n  w i th  u p  to  43  
c a r b o n  a to m s . T h e  s e r ie s  o f  C 43 a re  s p e c if ic  o n ly  f o r  th e  h y d r o c a r b o n  ty p e s  w ith  n o  
m o r e  th a n  th re e  r in g s  in  th e  m o le c u le .  M o re o v e r ,  th e y  s h o w e d  th a t  c a r b o n a te  s tra ta  in  
th e  b a s in  th a t  u n d e r  th e i r  in v e s t ig a t io n ,  in d e p e n d e n t  o n  th e  d e p th  o f  r e s e r v o i r  a n d  th e  
a g e  o f  th e  h o s t  d e p o s i ts .  N e v e r th e le s s ,  th e  c o m m e n s u r a te  c o m p o s i t io n  o f  c ru d e  o il 
u s u a l ly  is  w i th in  th e  r a n g e s  a s  r o u g h ly  s h o w e d  b e lo w :

Table 2.1 C o m p o s i t io n  r a n g e s  o f  c ru d e  o il

C H A P T E R  I I

C a r b o n
Element Percent by weight

8 5 - 8 7

H y d r o g e n 1 1 - 1 4

S u l fu r 0 - 2

N i t r o g e n 0 .01  - 0 . 2

O x y g e n 0 . 1 5 - 0 . 4 5
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T h e  g r o u p  e le m e n ts  o f  c a r b o n  a n d  h y d r o g e n  in  c r u d e  o il a r e  k n o w n  as 
h y d r o c a r b o n s .  C r u d e  o i l  c a n  b e  c a te g o r iz e d  b y  i t s  h y d r o c a r b o n  ty p e s  a s  f o l lo w s :

- P a ra f f in s :  th e  g e n e ra l  f o rm u la  is  C nH 2n+2 ( w h e r e  ท is  a  w h o le  n u m b e r ,  
u s u a l ly  f r o m  1 to  2 0 ) .  P a ra f f in e  h y d r o c a r b o n s  a r e  m o s t ly  s t r a ig h t -  o r  b r a n c h e d  c h a in  
m o le c u le s  a n d  c a n  b e  g a s s e s  o r  l iq u id s  a t  r o o m  te m p e r a tu r e  d e p e n d in g  u p o n  th e  
m o le c u le s  ( fo r  e x a m p le s :  m e th a n e ,  e th a n e , p r o p a n e ,  b u ta n e ,  is o - b u ta n e ,  p e n ta n e , 
h e x a n e , a n d  e tc .) .

- A r o m a t ic s :  th e  g e n e ra l  f o rm u la  is  C ôH s - Y  ( w h e r e  Y  is  a  lo n g e r ,  s tr a ig h t  
m o le c u le  th a t  c o n n e c t s  to  th e  b e n z e n e  r in g ) . A r o m a t ic  h y d r o c a r b o n s  a r e  r in g e d  
s t r u c tu r e s  w i th  o n e  o r  m o r e  r in g s ,  c o n ta in  s ix  c a r b o n  a to m s , w i th  a l t e r n a t in g  d o u b le  
a n d  s in g le  b o u n d s  b e tw e e n  th e  c a r b o n s  a n d  th e y  a re  ty p ic a l ly  l iq u id s  ( fo r  e x a m p le s :  
b e n z e n e  a n d  n a p th a le n e ) .

- N a p th e n e s  o r  C y c lo a lk a n e s :  th e  g e n e ra l  f o r m u la  is  C nH 2n ( w h e r e  ท is a 
w h o le  n u m b e r  u s u a l ly  f ro m  1 to  2 0 ) .  N a p h th e n ic  h y d r o c a r b o n s  a r e  r in g e d  s tru c tu re s  
w i th  o n e  o r  m o r e  r in g  th a t  c o n ta in  o n ly  s in g le  b o u n d s  b e tw e e n  th e  c a r b o n  a to m s . 
T h e y  a r e  ty p ic a l ly  l iq u id s  a t  r o o m  te m p e ra tu re  ( fo r  e x a m p le s :  c y c lo h e x a n e ,  an d  
m e th y l  c y c lo p e n ta n e ) .

- O th e r  h y d r o c a r b o n s :  O th e r  ty p e s  o f  h y d r o c a r b o n s  a r e  A lk e n e s .  T h e  
g e n e ra l  f o r m u la  is  C nH fn (w h e re  ท is  a  w h o le  n u m b e r ,  u s u a lly  f ro m  1 to  2 0 ) . A lk e n e s  
a re  l i n e a r  o r  b r a n c h e d  c h a in  m o le c u le s  c o n ta in in g  o n e  c a r b o n - c a r b o n  d o u b le - b o n d  
a n d _ c a n  b e  l iq u id  o r  g a s  ( fo r  e x a m p le s :  e th y le n e , b u te n e ,  a n d  i s o -b u te n e ) .  T h e  r e s t  o f  
h y d r o c a r b o n s  a re  D ie n e s  a n d  A lk y n e s ,  w h o s e  g e n e ra l  f o r m u la  is  0ทแ2ท-2 ( w h e r e  ท is 
a  w h o le  n u m b e r ,  u s u a l ly  f ro m  1 to  2 0 ) . D ie n e s  a r e  l in e a r  o r  b r a n c h e d  c h a in  
m o le c u le s  c o n ta in in g  tw o  c a r b o n - c a r b o n  d o u b le  b o n d , w h e r e a s  a lk y n e s  c o n ta in  o n e  
c a r b o n - c a r b o n  t r ip le  b o n d . T h e s e  c o m p o u n d s  c a n  b e  e i th e r  l iq u id  o r  g a s ,  fo r  
e x a m p le s :  A c e ty le n e ,  a n d  b u ta d ie n e s .
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2.2 Heat Integration

H e a t  in te g r a t io n  h a s  b e e n  a  s u b je c t  o f  s ig n i f ic a n t  r e s e a r c h  a c t iv i ty  in  
in d u s tr ia l  p r o c e s s e s  in  th e  p a s t  d e c a d e s .  T w o  m a jo r  m e th o d o lo g ie s  h a v e  b e e n  
p r o p o s e d ,  n a m e ly  th e  s e q u e n t ia l  a n d  th e  s im u l ta n e o u s  a p p ro a c h e s .  T h e  fo rm e r  is  th e  
m o s t- w id e ly  k n o w n  a s  th e  p in c h  d e s ig n  m e th o d  ( L in n h o f f  et al., 1 9 8 3 ), w h ic h  
f o c u s e d - o n  th e  m in im u m  u t i l i ty  r e q u i r e m e n t ,  th e  m in im u m  u n i t s  n u m b e r  o f  h e a t  
e x c h a n g e r  a n d  th e  m in im u m  c a p i ta l  c o s t  o f  th e  n e tw o rk .  S e v e ra l  h e u r i s t ic  r u le s  a re  
u s e d  to  s y n th e s i z e  a  n e tw o r k  b y  in c o r p o ra t io n  o f  th e r m o d y n a m ic  p r o p e r t ie s .  T h e  
m a in  l im i ta t io n  o f  th is  te c h n o lo g y  is  th e  h ig h  r é s o lu t io n  t im e s  e s p e c ia l ly  in  th e  c a s e  
o f  la rg e  n e tw o r k s ,  a n d , c o n s e q u e n t ly ,  c a n  m a k e  th i s  m e th o d  in a p p ro p r ia te  f o r  th e  
a im . T h e  la t te r  m e th o d o lo g y  is  b a s e d  o n  a  m a th e m a t ic a l  p r o g r a m m in g  to  s e q u e n t ia l ly  
o r  s im u l ta n e o u s ly  s y n th e s i z e  th e  m in im u m  u t i l i ty  r e q u i r e m e n ts  a n d  d e te r m in in g  th e  
s tr e a m  m a tc h e s  w i th  th e  m in im u m  n u m b e r  o f  u n its  f o r  a  f ix e d  u t i l i ty  c o s t . E x a m p le s  
o f  th is  m e th o d o lo g y  in c lu d e  th e  t r a n s p o r ta t io n  p r o b le m  f o r m u la t io n  ( C e rd a  et al., 
1 9 8 3 ) a n d  th e  t r a n s s h ip m e n t  m o d e l  ( P a p o u l ia s  et al., 1 9 8 3 ).

2.3 State of the Arts for Heat Exchanger Network Synthesis

H e a t  in te g r a t io n  a n d  H E N  s y n th e s i s ,  w h ic h  is  a  h e u r i s t ic  a p p ro a c h  to  u t i l i z e  
e n e rg y  e f f ic i e n t ly  a n d  e c o n o m ic a l ly ,  h a s  b e e n  w id e ly  u s e d  e i th e r  in  th e  p e t ro le u m  o r  
p e t r o c h e m ic a l  in d u s t r i e s .  L ik e w is e , th e r e  a re  m a n y  in n o v a t io n s ,  a n d  a  lo t  o f  r e s e a rc h  
e f fo r t  to  d e v e lo p  th e  m o d e ls  fo r  n e tw o r k  s y n th e s is  p r o b le m .

2 .3 .1  H E N  C o n f ig u r a t io n  D e s ig n
S in c e  th e  m a th e m a t ic a l  p r o g ra m m in g  w a s  d e v e lo p e d  in  1 9 8 0 , th e  

a p p ro a c h e s  to  s o lv e  th e  h e a t  e x c h a n g e r  n e tw o rk  s y n th e s i s  p r o b le m  h a v e  b e e n  
c la s s i f ie d  a s  s im u l ta n e o u s  a n d  s e q u e n t ia l  te c h n iq u e s  (F ig u re  2 .1 ) . F o r  s o lv in g  
o b je c t iv e ,  th e s e  te c h n iq u e s  c o n s id e r  th e  t r a d e - o f f  b e tw e e n  o p e r a t io n  a n d  c a p i ta l  c o s t  
to  f in d  a n  o p t im a l  p o in t  o r  m in im u m  to ta l  a n n u a l  c o s t .  S e q u e n t ia l  te c h n iq u e  
d e c o m p o s e s  th e  p r o b le m  to  d e te rm in e  f ir s t  u t i l i ty , n u m b e r  o f  u n i t  a n d  in v e s tm e n t  
c o s t  a n d  th e n  s y n th e s i z e  th e  n e tw o rk . T h e r e fo re ,  th e  m a in  a d v a n ta g e  o f  th is  a p p ro a c h
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is  b a s e d  o n  th e  d e c o m p o s i t io n  o f  th e  p r o b le m  in to  s im p le r  s u b - p r o b le m s  w h ic h  c a n  
b e  tr e a te d  in  a  m u c h  e a s ie r  f a s h io n  th a n  th e  o r ig in a l  s in g le - ta s k  p r o b le m , b u t  a s  a 
c o n s e q u e n c e  i t  m a y  n o t  y ie ld  a n  o p t im a l  n e tw o rk .

< ----------------------------------------------- 8 0 's  ------------------------------------------------------ ----------------------  9 0 'ร --------------------------------------------------------- ► 1

Sequential Synthesis Simultaneous Synthesis

Figure 2.1. C la s s i c a l  H E N  a p p ro a c h e s  o v e r  th e  la s t  d e c a d e s  ( E s c o b a r  et al., 2 0 1 3 ) .

In  th e  o th e r  h a n d  s im u l ta n e o u s  te c h n iq u e  s y n th e s iz e  th e  n e tw o rk  a s  a  
s in g le  ta s k . T h e  p r o b le m s  a re  u s u a l ly  f o rm u la te d  b a s e d  o n  M I N L P , h o w e v e r ,  M I N L P  
te c h n iq u e s  c a n  r e s u l t  in  a  m o r e  c o m p le x  M I N L P  p r o b le m  ( E s c o b a r  et a l,  2 0 1 3 ) .

A m o n g  th e  s u p e r s t r u c tu r e - b a s e d  m o d e ls  f o r  H E N  d e s ig n ,  th e  m o s t  
p o p u la r  o n e  is  a  s ta g e -w is e  s u p e r s t r u c tu r e  a p p ro a c h  ( F ig u r e  2 .2 )  o r  S Y N H E A T  
m o d e l  th a t  w a s  p r o p o s e d  b y  Y e e  a n d  G r o s s m a n n  ( 1 9 9 0 ) .  O n e  in te r e s t in g  f e a tu r e  o f  
th e  p r o p o s e d  s u p e r s t r u c tu r e  is  th a t  a ll  c o n s t r a in t s  a r e  l in e a r .  I t  u s e s  a  s u p e r s t ru c tu r e  
in  w h ic h  th e  p r o b le m  is  d e c o m p o s e d  in to  s ta g e s ,  a n d  in  e a c h  s ta g e  th e  c o r r e s p o n d in g  
s te a m  is  s p l i t  a n d  d i r e c te d  to  a  h e a t  e x c h a n g e r  fo r  e a c h  p o te n t ia l  m a tc h in g  b e tw e e n  
h o t  a n d  c o ld  s t r e a m s .  T h e  o u t l e t  t e m p e r a tu r e  o f  e a c h  s ta g e  a re  m ix e d  a t  th e  s a m e  
te m p e r a tu r e ,  i .e .  i s o th e r m a l  m ix in g .  T h e  is o th e r m a l  m ix in g  a s s u m p t io n  e l im in a te s  
th e  r e q u i r e m e n t  f o r  n o n - l in e a r  h e a t  b a l a n c e s  a ro u n d  h e a t  e x c h a n g e r s  a s  w e l l  a s  n o n 
l in e a r  h e a t  m ix in g  e q u a t io n s .  In  th e  s ta g e - w is e  s u p e r s t r u c tu r e ,  th e  u t i l i ty  is  lo c a te d  a t
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th e  e x t r e m e  o f  s u p e r s t r u c tu r e .  A l th o u g h  S Y N H E A T  is  u s e r - f r i e n d ly  a n d  ro b u s t  fo r  
t r iv ia l  p r o b le m s , it c a n  r e s u l t  in  m o re  c o m p le x  M IN L P  m o d e ls  w h e n  a d d in g  th e  a r e a  
e q u a t io n s  w ith  c o m p le x  a n d  n o n - c o n v e x  lo g  m e a n  te m p e r a tu r e  c a lc u la t io n .

C o m b in a t io n  th e  a f o r e m e n t io n e d  tw o - s te p  a p p r o a c h  o f  l in e a r  p ro b le m  
a n d  n o n - l in e a r  p r o b le m  in to  a  s in g le  s te p  b y  u s in g  a n  M I N L P  f o rm u la t io n  to  
o p t im iz e  th e  h e a t  e x c h a n g e r  a r e a ,  e n e rg y  c o n s u m p t io n s ,  a n d  v a r ie ty  f e a tu r e s  o f  H E N  
( C ir ic  et al, 1 9 8 9 ; C ir ic  et a l, 1 9 9 0 ). S o m e  r e s e a r c h e r s  p r o v id e d  a  s te p - b y  s te p  
in te r a c t io n  a p p r o a c h  fo r  a  r e t r o f i t  s c e n a r io  b y  c o m b in in g  th e  P in c h  te c h n o lo g y  a n d  
th e  m a th e m a t ic a l  p r o g r a m m in g  (A s a n te  et al., 1 9 9 6 ). A s a n te  a n d  Z h u  in tr o d u c e d  a  
s c o p e  o f  p in c h  t e c h n o lo g y  th a t  id e n t if ie d  th e  s m a l le s t  g a p  te m p e r a tu r e  a p p ro a c h  o f  
h o t  a n d  c o ld  s t r e a m s  in  th e  c o m p o s i te  c u rv e . O n c e  a  to p o lo g y  is  c h a n g e d  b y  a d d in g  a  
n e w  h e a t  e x c h a n g e r ,  n e w  s p l i t t in g ,  o r  r e lo c a t in g  a n  e x i s t in g  h e a t  e x c h a n g e r ,  th e n  a  
n e w - to p o lo g y  is  a n a ly z e d  b y  a  n o n - l in e a r  p r o g r a m m in g  ( N L P )  m e th o d .  T h e  
p r o c e d u r e  is r e p e a te d  t i l l  th e  n e tw o r k  c o u ld  n o t  r e a c h  a n y  b e t te r  e c o n o m ic a l  s o lu t io n  
o r  id e n t i fy  a n y  to p o lo g ic a l  c h a n g e .

Figure 2.2 T h e  tw o - s ta g e  s u p e r s t ru c tu r e  ( Y e e  et al., 1 9 9 0 ).



8

F ig u r e  2 .2  d e p ic t s  a  p o s tu la te d  s ta g e -w is e  s u p e r s t ru c tu r e  o r  
S Y N H E A T  m o d e l  w i th  i s o th e r m a l  m ix in g  th a t  is  th e  m o s t  w e l l - k n o w n  m o d e l  an d  
w id e ly  u s e d  in  h e a t  e x c h a n g e r  n e tw o rk  s y n th e s i s .  A s  it s h o w e d  a b o v e  th e  p ro c e s s  
s t r e a m s  a re  d iv id e d  in to  tw o  s e ts , H P  f o r  h o t  s t r e a m s ,  d e c la re d  b y  in d e x  i, a n d  C P  fo r  
c o ld  s t r e a m s  d e c la r e d  b y  in d e x  j .  T h e  n u m b e r  o f  s ta g e , N'T, is  a  to ta l  s e t o f  
m a x [ N H,N c ] ,  w h e r e  N h a n d  N c  a re  th e  n u m b e r  o f  h o t a n d  c o ld  s t r e a m s ,  r e s p e c t iv e ly . 
F o r  e a c h  s ta g e , k  is  u s e d  to  d e n o te  th e  s u p e r s t r u c tu r e  s ta g e  g iv e n  b y  a  s e t  S T . T h e  
c o r r e s p o n d in g  s t r e a m  is  s p l i t  a n d  d i re c te d  to  a  h e a t  e x c h a n g e r  f o r  e a c h  p o te n tia l  
m a tc h in g  b e tw e e n  h o t  a n d  c o ld  s tr e a m s . T h e  o u t l e t  te m p e r a tu r e  o f  e a c h  s ta g e  a re  
m ix e d  a n d  t r e a te d  a s  v a r ia b le s  in  th e  f o rm u la t io n .  In d ic e s  H U  a n d  cu  r e p r e s e n t  th e  
h e a t in g  a n d  c o o l in g  u t i l i t ie s ,  r e s p e c t iv e ly . T h e  f o l lo w in g  a r e  p a r a m e te r s  a n d  
v a r ia b le s  th a t  a r e  u s e d  in  th e  fo rm u la t io n :

2.3.1.1 Parameter Definition
T IN  =  in le t  te m p e r a tu r e  o f  s tr e a m

T O U T  =  o u t le t  t e m p e ra tu re  o f  s tre a m

F  =  h e a t  c a p a c i ty  f lo w  r a te

บ  =  o v e ra l l  h e a t  t r a n s f e r  c o e f f ic ie n t

- e c u  =  u n i t  c o s t  fo r  c o ld  u t i l i ty

C H U  =  u n i t  c o s t  o f  h o t  u t i l i ty

C F  =  f ix e d  c h a r g e  fo r  e x c h a n g e r s

c  =  a r e a  c o s t  c o e f f ic ie n t

Q  =  u p p e r  b o u n d  fo r  h e a t  e x c h a n g e

N O K  =  to ta l  n u m b e r  o f  s ta g e s

C P  =  se t o f  c o ld  s tre a m

H P  =  se t o f  h o t  s tr e a m
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E M A T  =  e x c h a n g e r  m in im u m  a p p ro a c h  te m p e r a tu r e  

r  =  u p p e r  b o u n d  fo r  t e m p e r a tu r e  d i f f e re n t

(3 =  e x p o n e n t  fo r  a r e a  c o s t

2.2.1.2 Variable Definition

dtjjk =  te m p e ra tu re  a p p ro a c h  f o r  m a tc h in g  ( i , j )  a t  te m p e ra tu re  
lo c a t io n  k

d tc u j =  t e m p e ra tu re  a p p ro a c h  f o r  th e  m a tc h  o f  h o t  s tr e a m  i 
w i th  c o ld  u t i l i ty

d th u j =  te m p e ra tu re  a p p r o a c h  fo r  th e  m a tc h  o f  c o ld  s t r e a m  j 
w i th  h o t  u t i l i ty

qjjk =  h e a t  e x c h a n g e d  f o r  th e  m a tc h  o f  h o t  s t r e a m  i w i th  c o ld  
p r o c e s s  s t r e a m  j  w i th in  s ta g e  k

q c u j =  h e a t  e x c h a n g e d  b e tw e e n  h o t  s te a m  i a n d  c o ld  u t i l i ty

q h u j =  h e a t  e x c h a n g e d  b e tw e e n  h o t u t i l i ty  a n d  c o ld  s tr e a m  j

tkk =  te m p e ra tu re  o f  h o t  s t r e a m  i a t h o t e n d  o f  s ta g e  k

tj,k =  te m p e ra tu re  o f  c o ld  s t r e a m  j  a t  c o ld  b e g in  o f  s ta g e  k

Zjjk =  b in a r y  v a r ia b le  fo r  e x i s te n c e  o f  m a tc h  ( i j )  in  s ta k e  k

z c u j =  b in a r y  v a r ia b le  to  d e n o te  th a t  c o ld  u t i l i ty  e x c h a n g e  h e a t  
w i th  s t r e a m  i

z h u j =  b in a r y  v a r ia b le  to  d e n o te  th a t  h o t  u t i l i ty  e x c h a n g e  h e a t  
w i th  s t r e a m  j
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In  th e  m o d e l  f o rm u la t io n ,  a n  o v e ra l l  h e a t  b a la n c e  is  n e e d e d  to  e n s u re  
s u f f ic ie n t  h e a t in g  o r  c o o l in g  o f  e a c h  p r o c e s s  s tre a m . A t  e a c h  s t r e a m , th e  o v e ra l l  h e a t  
t r a n s f e r  r e q u i r e m e n t  o f  e a c h  s t r e a m  is  e q u a l  to  th e  s u m m a t io n  o f  th e  h e a t  e x c h a n g e  
w i th  o th e r  s t r e a m s .

' L k e s r ' Z j e c p Q i j  +  q c u i =  (T IN j -  T O U T jF j , i E H P  (2 .1 )

ZkESTÏieCPqij +  qhUj =  (T O U T j -  T IN j)Fj , j  e  C P (2 .2 )

T o  s a t is fy  th e  e n e r g y  b a la n c e  o f  th e  s y s te m , th e  e n e r g y  b a la n c e  a t  
e a c h  s ta g e  is  a l s o  n e e d e d  f o r  th e  s u p e r s t ru c tu r e  to  e v a lu a te  th e  te m p e r a tu r e s .  N o te  
th a t  fo r  th e  tw o - s ta g e  s u p e r s t r u c tu r e  a s  s h o w n  in  F ig u r e  2 .2 ,  th re e  te m p e r a tu r e s ,  t, a re  
r e q u i re d . In  o r d e r  to  s im p l i f y  th e  m o d e l ,  a n  i s o th e r m a l  m ix in g  is  a s s u m e d  a t e a c h  
s ta g e . T h e  e n e r g y  b a la n c e s  a t  th e  m ix e rs  a r e  n o  lo n g e r  n e e d e d  a n d  n o  v a r ia b le  fo r  th e  
f lo w s . F o r  e v e r y  o u tle t  t e m p e r a tu r e  o f  th e  h o t  a n d  c o ld  s t r e a m  le a v in g  e a c h  s ta g e  is  
th e  s a m e  a s  th e  in le t  te m p e r a tu r e  o f  th e  d o w n s tr e a m  s ta g e . T h u s  th e  e n e r g y  b a la n c e  
f o r  e a c h  s ta g e  is  l in e a r :

z , a p q „ k  =  (T i.k -  T jk + 1)  F i , i ส H P , k  E ST  (2 .3 )

=  (T j.k -  T .k+1)  F, , j  e  C P ,k  e  S T  (2 .4 )

F ix e d  s u p p ly  te m p e r a tu r e s  (T IN )  o f  th e  p r o c e s s  s t r e a m s  a re  a s s ig n e d  
a s  th e  in le t  t e m p e r a tu r e s  to  th e  s u p e rs t ru c tu r e .  In  F ig u r e  2 .2 ,  fo r  h o t  s t r e a m s  th e  in le t  
t e m p e r a tu r e  c o r r e s p o n d s  to  th e  lo c a t io n  k = l ,  w h ile  th e  in le t  te m p e r a tu r e  c o r r e s p o n d s  
to  th e  lo c a t io n  k  =  3 fo r  c o ld  s tre a m s .

t;, 1 =  TINj , i  e  H P (2 .5 )

t j , N O K + i  — TIN j 1 ] E CP (2 .6 )

T h e  te m p e r a tu r e  c o n s tr a in t s  a re  s p e c i f i e d  to  e n s u r e  a  m o n o to n ie  
d e c r e a s e  o f  te m p e r a tu r e  a t  e a c h  s u c c e s s iv e  s ta g e . A  b o u n d  is  s e t t le d  f o r  th e  o u t le t  
te m p e ra tu re .  I n  a d d i t io n , th e  o u t le t  t e m p e ra tu re  o f  e a c h  s t r e a m  a t th e  la s t  s ta g e  d o e s



11

n o t n e c e s s a r i ly  m a tc h  to  th e  s t r e a m  ta r g e t  t e m p e r a tu r e  s in c e  th e  u t i l i ty  e x c h a n g e s  c a n  
o c c u r  a t  th e  o u t l e t  o f  th e  m o d e l .

tijc >  tf .k + 1 , i e  H P , k  G ST (2 .7 )

tjjc >  tj'k + 1 , j G C P , k  G ST (2 .8 )

T O U T i  <  t[NQK+1 , i G H P (2 .9 )

T O U T j  >  tj 111) G CP (2 .1 0 )

T h e  h o t  a n d  c o ld  u t i l i ty  lo a d  r e q u i r e m e n ts  
p r o c e s s  s t r e a m  f r o m  th e  o u t l e t  te m p e r a tu r e  o f  th e  la s t  
te m p e r a tu r e  o f  e a c h  s t r e a m  a s  fo l lo w s :

a re  e v a lu a te d  fo r  e a c h  
s ta g e  a n d  th e  ta rg e t

Q c u i =  (ti.NOK+1 -  T O U T . ) F j , i G H P (2 .1 1 )

qhUj =  (T O U T j -  t  1 )  Fj , j  G CP (2 .1 2 )

L o g ic a l  c o n s t r a in t s  a n d  b in a r y  v a r ia b le s  a r e  n e e d e d  to  d e te rm in e  th e  
e x i s te n c e  o f  a  m a tc h  b e tw e e n  a  h o t  a n d  a  c o ld  s t r e a m  in  s ta g e  k , n a m e ly  Zjjk a n d  
m a tc h e s  b e tw e e n  a  p r o c e s s  s t r e a m  a n d  u t i l i t ie s ,  n a m e ly  z c u j f o r  th e  p r o c e s s  a n d  c o ld  
u t i l i ty  m a tc h ,  a n d  z h u j fo r  th e  p r o c e s s  a n d  h o t  u t i l i ty  m a tc h .  T h e  u p p e r  b o u n d  
c o n s t r a in t s  a r e  n e e d e d  to  r e la te  th e  e x is te n c e  o f  h e a t  lo a d s  w i th  th e  b in a r y  v a r ia b le s  
in  th e  E q u a t io n s  2 .1 3 ,  2 .1 4 , a n d  2 .1 5  w h e r e - Q  is  e q u a l  to  th e  m a x im u m  p o s s ib le  
n u m b e r  o f  h e a t  lo a d  in  th e  p r o c e s s .  .A n  in te g e r  v a lu e  f o r  a n y  b in a r y  v a r ia b le  
c o r r e s p o n d in g  to  th e  e x i s te n c e  o f  h e a t  lo a d  w i l l  b e  fo rc e d  to  u n i ty ,  i f  th e  h e a t  lo a d  a t 
s ta g e  k  o f  m a tc h in g  s t r e a m  ( i , j )  is  n o t z e ro . H o w e v e r ,  th e  o b je c t iv e  f u n c t io n  w ill  
f o rc e  th e  b in a r y  v a r ia b le  to  b e  z e r o  in  o rd e r  to  m in im iz e  th e  n u m b e r  o f  u n i t s .

qijk -  D . z i j k  <  0  , i G H P , j G C P , k  G ST (2 .1 3 )

qcui — OZjjfc <  0  , i G H P , j G C P , k  G ST (2 .1 4 )

qhUj — ClZijk <  0  , i G H P , j G C P ,k  G ST (2 .1 5 )
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T h e  a r e a  r e q u i r e m e n t  o f  e a c h  m a tc h  w il l  b e  in c o r p o r a te d  in  th e  
o b je c t iv e  f u n c t io n .  C a lc u la t io n  o f  th e  a p p r o a c h  te m p e r a tu r e  is  n e e d e d  to  b e  
d e te rm in e d .  T o  e n s u r e  f e a s ib le  d r iv in g  fo rc e s  f o r  e x c h a n g e r s  th a t  a r e  s e le c te d  in  th e  
o p t im iz a t io n  p r o c e d u r e ,  th e  b in a r y  v a r ia b le s  u s e d  to  id e n t i f y  th e  e x is te n c e  o f  h e a t  
lo a d s  a r e  u s e d  to  a c t iv a t e  o r  d e a c t iv a te  th e  f o l lo w in g  c o n s t r a in t s  to  d e te rm in e  th e  
a p p ro a c h  te m p e r a tu r e s .  T h e  u p p e r  b o u n d  te m p e r a tu r e  d i f f e r e n c e  is  s e t  a s  a  c o n s t r a in t  
to  c a lc u la te  th e  te m p e r a tu r e  a p p r o a c h  in  E q u a t io n s  2 .1 6 , 2 .1 7 ,  2 .1 8 ,  a n d  2 .1 9 ,  w h e re  
r  is  th e  m a x im u m  te m p e r a tu r e  d i f f e r e n c e  o f  th e  p r o c e s s - p r o c e s s  o r  th e  p r o c e s s - u t i l i ty  
s te a m s . I f  th e  h e a t  lo a d  a t  s ta g e  k  o f  m a tc h in g  s t r e a m  ( i , j )  is  z e r o , th e  e q u a t io n  is  
d e a c t iv a te d .  T h a t  m e a n s  th a t  th e  te m p e r a tu r e  d i f f e r e n t  b e tw e e n  s tr e a m  ( i , j )  is  z e ro
a n d  dtjjk is  le s s  th a n  o r  e q u a l  to  r .

dtijk < t i k  -  tjk +  r ( l  -  z ijk) ,  i e  H P , j G C P, k  G S T  (2 .1 6 )

dtijk+1 — tik+ 1 — tjk+1 "b r ( l  — Zjjk ) ,  i G H P ,j  G C P (2 .1 7 )

dtcUi < t i N0K+1 -  TOUTcu +  r ( l  -  z i j k ) , i  G H P ,j  G C P (2 .1 8 )

dthUj < T O U T h u  -  t u  +  r ( l  -  zijk),i G H P ,j  G C P (2 .1 9 )

A l l  th e  te m p e r a tu r e  d i f f e r e n c e s  a re  a lw a y s  p o s i t iv e .  T h e n ,  o n e  c a n  s p e c i fy  a  
m in im u m  a p p ro a c h  te m p e r a tu r e  s o  th a t  in  th e  n e tw o rk ,  th e  t e m p e r a tu r e  a p p ro a c h  
b e tw e e n  th e  h o t  a n d  c o ld  s tr e a m  a t  a n y  e x c h a n g e r  w ill  b e  a t  l e a s t  e q u a l  to  E M A T  b y  
a d d in g  th e  f o l lo w in g  c o n s tr a in ts :

dtijk > EMAT (2 .2 0 )

dtcui >  EMAT - ( 2 .2 1 )

dthUj > EMAT ( 2 .2 2 )

F in a l ly ,  th e  o b je c t iv e  f u n c t io n  c a n  b e  d e f in e d  a s  th e  t r a d e - o f f  b e tw e e n  th e  
in v e s tm e n t  a n d  th e  o p e r a t in g  c o s t s .  L M T D  is  th e  lo g a r i th m ic  m e a n  te m p e r a tu r e  
d i f f e r e n c e  f o r  e a c h  h e a t  e x c h a n g e r  a n d  is  r e p la c e d  b y  C h e n  a p p r o x im a t io n  (C h e n , 
1 9 8 7 ).
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L M T D i j k  =

L M T D c u i  ■■ 

L M T D H U j

[ d c m d t ,1 ^ 1 , i E HP.j 6 CP 

[dtCU,(t;,N0 K« - tout,,) «“.-̂ .NÔ-TOUT,)̂
d t h U j +(TOUTj-tj ! ท 1'/ zdthUj (T O U T j — tj 1 ) -

(2 .2 3 )

( 2 .2 4 )

( 2 .2 5 )

L M T D  a p p r o x im a t io n  is  to  a v o id  th e  n u m e r ic a l  d i f f ic u l t i e s  o f  th e  
L M T D  e q u a t io n  w h e n  th e  a p p ro a c h  te m p e r a tu r e s  ( d t l ,  d t2 )  fo r  b o th  s id e  o f  
e x c h a n g e r  a r e  z e r o , th e  d r iv in g  fo rc e  w i l l  b e  c o n v e r te d  to  z e r o . A r e a  c a lc u la t io n  o f  
p r o c e s s - p r o c e s s  h e a t  e x c h a n g e r s  c a n  b e  c a lc u la te d  b y  th e  f o l lo w in g  e q u a t io n :

qijk -  ฃ , ,L M T D ,,k < - 0 , i 6  H P ,j  6  C P ,k  6  ST  (2 .2 6 )

Qcui ~  U icu  L M T D c u i < 0 , i £ H P , j £ C P , k £ S T  (2 .2 7 )

Qhuj ~ A}jujU jH ijL M T D pujj <  0  , i  £  H P , j £  C P ,k  £  S T  (2 .2 8 )

T h e n , a d d i t io n a l  b o u n d s  o f  th e  v a r ia b le s  a r e  n e e d e d  a s  fo l lo w s :
TOUTi < tik < T IN j, i £  H P  (2 .2 9 )

TOUTj > t j  1k > T IN j, i £  C P  .  (2 .3 0 )

0  <  qijk <  m i n { ( T l N j  -  T O U T j)F j, (T O U T j -  T lN j ) F j ]  (2 .3 1 )

0  <  qcui < (T IN j -  T O U T i)F j, i £  H P  (2 .3 2 )

0  <  qHUj <  (T O U T j -  T lN j) F j ,  j £  C P  ( 2 .3 3 )

T h e  o b je c t iv e  f u n c t io n  is  d e f in e d  a s  fo l lo w s :

ieHP jeep iEHP jeep kEST
+  Z ieH P  CFiiCUzcut + tjecp  CFj h1jzhUj +

c YiieHpYijECpY,kEST A?jk +  c  Z ie tfP  K L i  +  ^ Z j e c p  ^ huj ( 2 .3 4 )

w h e re ,

_ L  =  -L +  -1 ; _ L _  -  2 - +  _ L  ; _ L _  =  1  +  J — ( 2 .3 5 )
บ i j  hj hj บ I QU hj heu U j , h u  hj hnu

z  qhuj+CFii Z Z z 'ijk



14

T h e  m a in  p r o p o s e d  M 1 N L P  m o d e l  fo r  th e  s y n th e s i s  p r o b le m  c o n s is ts  
o f  th e  o b je c t iv e  f u n c t io n  in  E q .(2 .3 4 )  s u b je c t  to  th e  f e a s ib le  v a lu e s  d e f in e d  b y  
E q .( 2 .1 )  to  E q .( 3 3 ) .  T h e  c o n t in u o u s  v a r ia b le s  ( t, q , q h u ,  q c u , d t ,  d tc u ,  a n d  d th u )  a re  
n o n - n e g a t iv e  a n d  th e  v a lu e s  o f  d is c re te  v a r ia b le s  (z , z c u ,  z h u )  a r e  0  a n d  1. H o w e v e r ,  
th e re  a r e  n o n l in e a r i t ie s  in  th e  o b je c t iv e  fu n c t io n  b e c a u s e  E q .( 2 .2 3 )  to  E q .(2 .2 5 )  m a y  
r e a c h  to  m o r e  th a n  o n e  o p t im a l  s o lu t io n  d u e  to  th e i r  n o n - c o n v e x  n a tu r e .  L ik e w is e , 
f ro m  th e  m a th e m a t ic a l  a lg o r i th m , it is  n o te d  th a t  th e re  a r e  c e r ta in  a l t e r n a t iv e s  in  th e  
n e tw o rk  c o n f ig u r a t io n .  S p e c i f ic a l ly ,  th e  s u p e r s t ru c tu r e  d o e s  n o t  in c lu d e  c a s e  o f  
b r a n c h  s t r e a m  w h ic h  c o n ta in s  tw o  o r  m o r e  e x c h a n g e r s  in  th e  s e r ie s  a n d  th e  c a s e  o f  
s t r e a m  b y p a s s e s ,  a s  s h o w n  in  F ig u re  2 .3  In  g e n e ra l ,  th e  e f f e c t  o f  th e  s t r e a m  b y p a s s e s  
h a s  b e e n  d i s r e g a r d e d  a s  a  s ig n if ic a n t  l im i ta t io n  b e c a u s e  th e s e  a re  u s u a l ly  n o t  r e q u i r e d  
a n d  a ls o  n o t  f a v o r a b le .  A l th o u g h  d e c r e a s in g  th e  n u m b e r  o f  u n i t s  m a y  b e  d o n e  b y  th e  
u s e  o f  s t r e a m  b y p a s s ,  it  r e s u l te d  in  a n  in c re a s e  in  th e  h e a t  e x c h a n g e r  a re a . O n  th e  
o th e r  h a n d , th e  m o r e  im p o r t a n t  n e tw o rk , w h ic h  is  n e g le c te d  in  th e  s u p e r s t ru c tu r e ,  is  
th e  c a s e  w h e r e  a  s p l i t  s t r e a m  c o n ta in s  m o r e  th a n  o n e  h e a t  e x c h a n g e r  in  s e r ie s . In  th is  
r e g a r d ,  th e r e  is  n o t  m u c h  f le x ib i l i ty  in  s e le c t in g  s t r u c tu r e s .  T h e r e fo re ,  th is  l im i ta t io n  
m a y  c a u s e  th e  g lo b a l  o p t im a l  b e in g  e x c lu d e d  in  H E N .

a )  A  s p l i t  s tre a m  g o in g  th ro u g h  e x c h a n g e r s  in  s e r ie s
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Figure 2.3 L im ita t io n s  o f  s u p e r s t ru c tu r e  ( Y e e  et al., 1 9 9 0 ).

D u e  to  th e  f a c t  th a t  th e  n a tu r e  o f  M I N L P  is  n o n - c o n v e x ,  th e  g lo b a l  
o p t im iz a t io n  o f  n o n - c o n v e x  M IN L P  p r o b le m  th a t  c o n ta in s  b i l in e a r i t ie s  w a s  p r o p o s e d  
( F a n a  et al., 2 0 1 1 ) .  D é b o r a  et al. ( 2 0 1 1 )  p r e s e n te d  a  s p e c ia l  m e th o d ,  w h ic h  c o n t r a c ts  
th e  b o u n d s  o f  o n e  v a r ia b le  a t  a  t im e  a n d  a l lo w e d  a  r e d u c t io n  o f  th e  g a p  b e tw e e n  a  
l in e a r  lo w e r  a n d  u p p e r  b o u n d s .  T h e  a u th o r s  c o n c e n t r a te d  o n  th e  l in e a r iz a t io n  o f  
C h e n 's  a p p r o x im a t io n  e q u a t io n ,  a n d  m o d if ie d  th e  lo g a r i th m ic  m e a n  te m p e ra tu re  
e q u a t io n  b y  a p p ly in g  th e  t e m p e ra tu re  d i f f e r e n c e s  e q u a t io n  to  r e d u c e  th e  n u m b e r  o f  
v a r ia b le s  is  in  th e  e q u a t io n s .

F in a l ly ,  a n  im p o r ta n t  p o in t  o f  th is  a p p l ic a t io n  o f  th e  p r o p o s e d  m o d e l  
is  th e  s e le c t io n  o f  th e  n u m b e r  o f  s ta g e s .  A  s im p le  a l te r n a t iv e  s e t  o f  th e  n u m b e r  o f  
s ta g e s  is  e q u a l  to  th e  m a x im u m  n u m b e r  o f  h o t  o r  c o ld  s t r e a m s . A lb e i t  th is  a l te rn a t iv e  
is  o f te n  a d e q u a te ,  th e re  is  a  p o s s ib i l i ty  th a t  th e  m a x im u m  h e a t  r e c o v e r y  n e tw o rk  is  
e x c lu d e d . F ro m  th a t  r e a s o n ,  p r e l im in a r y  s c re e n in g  p r o c e d u r e  f o r  s e le c t in g  th e  
n u m b e r  o f  s ta g e s ,  a n d  e l im in a t in g  u n i t s  in  th e  s u p e r s t r u c tu r e  a r e  p r o p o s e d  
( D a ic h e n d t  et al., 1 9 9 4 ) , to  g u a ra n te e  th e  m a x im u m  h e a t  r e c o v e r y  n e tw o rk s  a n d , 
c o n s e q u e n t ly ,  th is  p r o c e d u r e  c a n  g r e a t ly  r e d u c e  th e  s iz e  o f  th e  M I N L P . T h u s , a  
r e c o m m e n d e d  c h o ic e  is  to  s e t  th e  n u m b e r  o f  s ta g e s  e q u a l  to  th e  n u m b e r  o f  
te m p e r a tu r e  in te r v a ls  w i th  E M A T .

In  in d u s tr i e s ,  s tr e a m  s p l i t t in g  a n d  m ix in g  a re  n o t  p r e f e ra b le  in  th e  
d e s ig n  o f  H E N , b e c a u s e  it  is  n o t  o n ly  d i f f ic u l t  to  s o lv e  th e  m o d e l ,  b u t  a lso  h a r d  to  
c o n tr o l  th e  p r o c e s s .  T h e r e f o r e ,  a  g lo b a l  o p t im iz a t io n  a p p r o a c h  fo r  th e  h e a t  e x c h a n g e r
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n e tw o r k  s y n th e s i s  w i th  n o  s t r e a m  s p l its  w a s  in v e s t ig a te d  ( Z a m o r a  et al., 1 9 9 7 ). 
S o lv in g  f o r  th e  s o lu t io n s  o f  th e  m a th e m a t ic a l  m o d e l  in  H E N  s y n th e s i s  is n o t  
s t r a ig h t f o r w a r d  d u e  to  th e  n o n - c o n v e x  te rm s  in  th e  M I N L P  m o d e l  a n d  g iv e s  r is e  to  a  
n u m b e r  o f  n u m e r ic a l  c o m p l ic a t io n s .  T h e  p r o p o s e d  a lg o r i th m  is  a b le  to  h a n d le  th e  
n o n - c o n v e x i t i e s ,  w h ic h  a re  in t r o d u c e d  b y  th e  L M T D . T o  b e c o m e  a  c o n v e x  M IN L P  
m o d e l ,  a  lo t  o f  e f f o r t  h a s  b e e n  d o n e  to  d e v e lo p  a  c la s s  o f  b o u n d in g  th a t  is  u s e d  to  
p r e d ic t  th e  lo w e r  b o u n d s  f o r  th e  m in im u m  to ta l  a n n u a l  c o s t  o f  H E N , n a m e ly  H E N S -  
L B  m o d e l .  T h is  m e th o d  c a n  s im p l i f y  th e  H E N S -L B  b e c a u s e  a ll c o n s t r a in t s  a re  l in e a r . 
T h is  m o d e l  c a n  s l ig h t ly  r e d u c e  th e  a n n u a l c o s t ;  h o w e v e r ,  m o r e  th a n  d o u b le  o f  th e  
h e a t  t r a n s f e r  a r e a  w a s  o b ta in e d  a t  th e  g lo b a l  o p t im u m  a n d  th e  m o d e l  w a s  
in c o n s is te n t .  F r o m  th e i r  a f o r e m e n t io n e d  r e s u l t s ,  th e  a u th o r s  th e n  p r o p o s e d  a  n e w  
a p p r o a c h  r e ly in g  o n  th e  u s e  o f  tw o  d if f e re n t  s e ts  o f  c o n v e x  to  u n d e r e s t im a te  th e  h e a t  
t r a n s f e r  a r e a  ( Z a m o r a  et a l, 1 9 9 8 ) . T h e ir  r e s u l t s  d e m o n s t r a te d  th a t  e v e n  th o u g h  th e  
s u b - o p t im a l  n e tw o r k  c o n s u m e s  le s s  e n e rg y  th a n  th e  g lo b a l  o p t im a l  s o lu t io n , th e  
p e n a l ty  fo r  th e  l im i te d  n u m b e r  o f  b ra n c h e s  o r  n o  s t r e a m  s p l i ts  r e s u l t e d  in  h ig h e r  
u t i l i t ie s ,  a n d  a  h ig h e r  to ta l  h e a t  t r a n s f e r  a re a .

In  2 0 0 1 ,  J i a n d  B a g a je w ic z  in t r o d u c e d  a  r ig o r o u s  p r o c e d u r e  fo r  th e  
d e s ig n  o f  c o n v e n t io n a l  a tm o s p h e r ic  c ru d e  f r a c t io n a t io n  u n i t s .  F ir s t  th e y  a im e d  to  f in d  
th e  b e s t  n e tw o r k  o f  a  m u l t ip u r p o s e  c ru d e  d i s t i l la t io n  u n i t  th a t  c a n  h a n d le  v a r io u s  ty p e  
o f  c r u d e  o il. T o  o b ta in  a n  o p t im a l  s c h e m e , h e a t  d e m a n d - s u p p ly  d i a g r a m s  w e re  u s e d  
a s  a  g u id e  in s te a d  o f  u s in g  th e  c o m p o s ite  c u rv e s .  T h e r e fo re ,  th e  to ta l  e n e rg y  
c o n s u m p t io n  f ro m  s t r e a m s ,  h e a te r s  a n d  c o o le r s  c le a r ly  s h o w e d  th a t  th i s  p r o c e s s  c a n  
e a s i ly  r e a c h  o p t im a l .  L a te r ,  S o to  a n d  B a g a je w ic z  ( 2 0 0 1 )  p r o p o s e d  th e  m u l t i - p u rp o s e  
h e a t  e x c h a n g e r  n e tw o r k ,  w h ic h  c a n  p ro c e s s  v a r ie ty  o f  c r u d e .  In  o r d e r  to  o v e rc o m e  
th e  s m a l l  g a p  b e tw e e n  h o t  a n d  c o ld  s t r e a m  lin e  in  th e  c o m p o s i te  c u rv e s ,  th e  
m in im u m  h e a t  r e c o v e r y  a p p r o x im a t io n  te m p e r a tu r e  ( H R A T )  a n d  th e  e x c h a n g e r  
m in im u m  a p p r o a c h  te m p e r a tu r e  (E M A T )  o f  m o d e ls  w e r e  g e n e ra te d  a n d  f ix e d . A f te r  
th a t  th e y  a t t e m p te d  to  e s ta b l i s h  a  m o d e l fo r  d e te r m in in g  a  h e a t  e x c h a n g e r  n e tw o rk  
a b o v e  a n d  b e lo w  th e  d e s a l te r  w i th  o n ly  tw o  b ra n c h e s . T h e  to ta l  a n n u a l iz e d  c o s ts , 
u t i l i ty  c o s t  a n d  c a p i ta l  c o s t ,  o f  th e  s o lu t io n  a re  l im i te d  to  a  tw o  b r a n c h e s  th a t  a re  
c o m p a r e d  w i th  th e  f o u r  b r a n c h e s .  A ls o , in  th is  p a r t ,  th e  m o d e l  w a s  b a s e d  o n  a
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t r a n s s h ip m e n t  m o d e l  a n d  th e  v e r t i c a l  h e a t  e x c h a n g e r  c o n s t r a in t s  c o m b in e d  w i th  th e  
H R A T /E M A T . F u r th e r m o r e ,  th e i r  in v e s tm e n t  c o s t  w a s  n o t  c o n t r o l le d  in  th is  m o d e l 
b u t  i n d i r e c t ly  c o n t r o l l e d  b y  th e  m in im u m  n u m b e r  o f  u n i t s .  T h e  le s s  n u m b e r  o f  u n its  
s im u l ta n e o u s ly  c a u s e s  th e  m in im u m  c a p i ta l  c o s t  a n d  e n e r g y  c o n s u m p t io n .

G e n e r a l ly  th e  g r a s s - r o o t  d e s ig n  o f  h e a t  e x c h a n g e r  n e tw o rk  s y n th e s is  
p r o b le m  is  c la s s i f ie d  in to  tw o  ta s k s :  m in im u m  u t i l i ty ,  a n d  th e  s e le c t io n  o f  th e  n u m b e r  
o f  s t r e a m  m a tc h e s  c o n f ig u r a t io n .  C o m b in in g  th e  ta s k s  in to  a  s in g le  o p t im iz a t io n  
p r o b le m , a ll  o f  th e  s o lu t io n  p r o v id e s  s im u l ta n e o u s ly  th e  o p t im a l  e n e rg y  
c o n s u m p t io n ,  m a tc h in g  a n d  n e tw o r k  c o n f ig u r a t io n  ( C ir ic  et a l,  1 9 9 1 )  b y  p e r f o r m in g  
s e v e ra l  o p t im iz a t io n  lo o p s  to  d e te rm in e  m o r e  o p t im a l  n e tw o rk s .  B a b a r o  a n d  
B a g a je w ic z  ( 2 0 0 5 )  e s ta b l i s h e d  a  n e w  r ig o ro u s  h e a t  e x c h a n g e r  n e tw o r k  s y n th e s is  
u s in g  a  m ix e d  in te g e r  l in e a r  p r o g r a m m in g  ( M IL P )  w h ic h  w a s  c a p a b le  in  m a n y  re a l-  
w o r ld  s c e n a r io s .  T h e i r  m e th o d o lo g y  d o s e  n e i th e r  r e ly  o n  t r a d i t io n a l  s u p e r - ta r g e t in g  
n e tw o rk  d e s ig n  b y  th e  p in c h  te c h n o lo g y ,  n o r  is  a  n o n l in e a r  m o d e l ,  th e  m o d e l  is 
l in e a r iz e d  b y  d iv id in g  th e  e n e r g y  b a la n c e  o f  e a c h  s t r e a m , w h ic h  is  b a s e d  o n  d a ta  a n d  
u s in g  m u l t i - v a r ia b le  m a n a g e m e n t .  M o re o v e r ,  th e y  c a n  c o m b in e  m a n y  ta s k s ;  i.e . 
in c o r p o r a t in g  v a r io u s  c o s ts  fo r  e x c h a n g e r  a r e a  in c lu d in g  a d d i t io n a l  a n d  r e d u c t io n  
a re a  o f  e x i s t in g  s h e l l ,  a d d in g  a r e a  a s  a  n e w  s h e l l ,  a n d  p a s s in g  h e a t  e x c h a n g e .

2 .3 .2  D e s ig n e d  a n d  M o d i f ie d  M a th e m a tic a l  A lg o r i th m
N e w  e v o lu t io n  o f  m a th e m a t ic a l  a lg o r i th m  is  o n e  s t r a te g y  to  g e n e r a te  a  

g o o d  s o lu t io n  in  H E N  s y n th e s i s  fo r  la rg e  s c a le  e n e r g y  in te g r a t io n  s y s te m s . 
T h e r e f o r e ,  r e s e a r c h e r s  h a v e  p u t  e f f o r t  to  d e v e lo p  n e w  a p p r o a c h  f o r  s o lv in g  s u c h  
p r o b le m s  w i th  f a s t  c o n v e r g e n c e  a n d  b e t te r  r e s u l t s .

G e n e t ic  a lg o r i th m , n a m e ly  G A /S A  ( g e n e t ic  a lg o r i th m /s im u la te d  
a n n e a l in g )  ( Y u  et al., 2 0 0 0 )  is  f a m o u s  o n e . T h e  k e y  s u c c e s s  o f  th is  m e th o d  w a s  h o w  
to  d iv e r s i f y  a  n u m b e r  o f  v a r ia b le s /p a r a m e te r s  p r o p e r ly ,  a n d  r e d u c e  th e  n u m b e r  o f  
o p t im iz a t io n  v a r ia b le s .  In  s o m e  a p p l ic a t io n s ,  th e  a lg o r i th m , w h ic h  b a s e d  o n  G A s , 
w a s  d e v e lo p e d  to  a v o id  th e  c o n v e r g e n c e  d i f f ic u l t i e s  a s s o c ia te d  w i th  th e  in t r o d u c t io n  
o f  n o n - c o n v e x  e q u a t io n s .  T h e  u s e  o f  tw o  G A s  f o r  th e  o p t im iz a t io n  o f  th e  n e tw o rk  
w e re  c la s s i f i e d  to  a  b in a r y  G A  f o r  th e  s tru c tu ra l  o p t im iz a t io n  a n d  a  c o n t in u o u s  G A
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fo r  o p t im iz in g  th e  h e a t  lo a d s  ( P o n c e - O r te g a  et al., 2 0 0 8 ) .  H o w e v e r  th is  s t r a te g y  d id  
n o t e f f e c t iv e ly  k e e p  th e  d iv e r s i f ic a t io n  in  a  p o p u la t io n .  T h u s ,  a  h y b r id  g e n e t ic  
a lg o r i th m  c o m b in in g  th e  lo c a l o p t im iz a t io n  a n d  th e  s t r u c tu r e  c o n t r o l  s t r a te g y , w a s  
d e v e lo p e d  ( L u o  et al., 2 0 0 9 ) .  T h e  r e s u l t s  o b ta in e d  f ro m  th is  a lg o r i th m  in d ic a te d  th a t  
th e  g e n e t ic  a lg o r i th m  w o u ld  b e  s u i ta b le  f o r  a  c o m p le x  p r o c e s s  d e s ig n .  A l th o u g h  th e  
g e n e tic  a lg o r i th m  d o e s  n o t  u s e  th e  g r a d ie n t  in f o r m a t io n  o f  th e  o b je c t iv e  f u n c t io n ,  th e  
m a th e m a t ic a l  m o d e l  c a n  b e  b u i l t  u p  in  a  m o re  p r a c t ic a l- m a n n e r .

T o  a c h ie v e  a  d i f f ic u l t  c la s s  o f  th e  o p t im iz a t io n  p r o b le m s  a s  in  th e  c a s e  
o f  m a x im u m  e n e r g y  r e c o v e r y  h e a t  e x c h a n g e r  n e tw o r k  ( M E R )  b a s e d  o n  h e u r i s t ic  
m e th o d s , th e  D e te r m in is t i c  A lg o r i th m  w a s  p r o p o s e d  ( E r r ic o  et al., 2 0 0 7 ) .  A l th o u g h  
th is  m e th o d  c a n  d e s ig n  a  H E N  w i th  e q u a l o r  m in o r  n u m b e r  o f  e x c h a n g e r s  b y  
a p p ly in g  th e  P in c h  m e th o d  o r  G e n e t ic  A lg o r i th m s ,  it d id  n o t  c o n s id e r  th e  
c o n f ig u ra t io n  o f  th e  n e tw o rk .  T h e  in t r o d u c t io n  o f  th is  m e th o d  e x c lu d e d  th e  o b je c t iv e  
f u n c t io n , w h ic h  w a s  th e  m o s t  n o n - l in e a r i ty  p a r t ,  d u e  to  th e  L M T D  te rm  in  th e  h e a t  
t r a n s fe r  a r e a  c a lc u la t io n s .  T h u s , a n  a d d i t io n a l  o b je c t iv e  f u n c t io n  th a t  is  c o n s id e re d  
o n ly  th e  e n e r g y  t a r g e t in g  w i th o u t  th e  e f f e c t  o f  m u l t ip le  o b je c t iv e  f u n c t io n s  c a n  c a u s e  
m o re  c o m p le x i ty  a n d  t ig h tn e s s  to  th e  m o d e l .

D i s ju n c t iv e  o p t im iz a t io n  m o d e l  is  th e  a p p l ic a t io n  o f  lo g ic  d i s ju n c t io n s  
to  th e  e x p l i c i t  m o d e l .  G r o s s m a n n  a n d  Y e o m a n s  ( 1 9 9 8 )  p r e s e n te d  a  n e w  d i s ju n c t iv e  
m o d e l f o r  s im u l ta n e o u s  p r o c e s s  o p t im iz a t io n  a n d  h e a t  in te g r a t io n  th a t  c a n  r ig o r o u s ly  
h a n d le  b o th  i s o th e r m a l  a n d  n o n - is o th e r m a l  p r o c e s s .  A n  M I N L P  p r o b le m  a n d  lo g ic -  
r e la t io n s ,  w h ic h  is  b a s e d  o n  th e  h e a t  c a s c a d e  a n d  a p p l ie d  to  th e  p in c h  lo c a t io n  
m e th o d . H o w e v e r  th is  s t r a te g y  a v o id e d  th e  u se  o f  s m o o th in g  f u n c t io n s ,  a n d  g a v e  r is e  
to  a  s e r io u s  d i f f ic u l t  p r o b le m  w h e n  d e a l in g  w ith  th e  n o n - is o th e r m a l  c a s e . A lb e i t  th e  
p ro p o s e d  M I N L P  m o d e l  c a n  b e  r e d u c e d  to  a n  M I L P  p r o b le m  b y  a s s u m in g  o n ly  
re le v a n t  i s o th e r m a l  s t r e a m s .  H e n c e , th is  f o r m u la t io n  g u a r a n te e d  a  g lo b a l  o p t im u m  
s o lu t io n  ( G r o s s m a n n  et al., 1 9 9 8 ). B e c a u s e  th e  M I N L P  m o d e l  r e q u i r e d  s o lv in g  
s e v e ra l N L P  a n d  M I L P  p r o b le m s ,  th e  t ig h tn e s s  o f  th is  s t r a te g y  w a s  r e f le c te d  in  th e  
s m a ll o r  n o n - e x i s t e n t  n o d e s  in  th e  b r a n c h  a n d  b o u n d  s e a rc h . In  a d d i t io n ,  th e r e  w e r e  
a ls o  s o m e  p o s s ib i l i t i e s  th a t  th e  s o lu t io n s  r e a c h  th e  s u b - o p t im a l  s o lu t io n  b y  th e  N L P  
m o d e l.
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B jô r k  a n d  W e s te r lu n d  ( 2 0 0 2 )  p r o p o s e d  a  g lo b a l  o p t im iz a t io n  m e th o d  
f o r  s y n th e s in g  H E N  p r o b le m s  to  s h o w  th e  e f fe c t  o f  w i th  a n d  w i th o u t  is o th e rm a l 
m ix in g  b y  u s in g  m o d if ie d  m a th m it ic a l  a lg o r i th m . In  th e i r  w o rk ,  th e y  m o d if ie d  a r e a  
e q u a t io n s  (E q s  2 .3 6 - 2 .3 8 )  th a t  a re  n o n l in e a r  c o n s tr a in t s  in  th e  o p t im iz a t io n  m o d e l:

^  - f » u 4 À « - s M m *  -  ร  0 .
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q c U j-  2  ~ \  1 1
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AcU j cu 
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(2 .3 6 )

(2 .3 7 )

( 2 .3 8 )

(2 .3 9 )

T h e  m a in  d i f f e r e n c e  is  f o u n d  in  th e  c o n s t r a in t ,  th e  n o n - c o n v e x  te r m s  
a re  o n e s  o f  th e  f o r m  q / A ,/p a n d  th e  r e s t  o f  th e  te r m s  a re  c o n v e x .  T h e y  s h o w e d  th a t  th e  
c o n s ts a in ts  c a n  b e  r e la x e d  in  th is  w a y , w h i le  th e  a r e a s  a r e  m in im iz e d  b y  o b je c t iv e  
f u n c t io n  w h ic h  a re  l in e a r iz e d  (E q  2 .3 9 ) . In  th e  o p t im iz a t io n  o f  th e  S y n h e a t  m o d e l ,  
th e  o b je c t iv e  is  to  c o n v e x i f y  th e  te rm  q / A 1/p. T h e  r e p la c e d  th e  n o n - c o n v e x  te rm  b y  
t r a n s f o r m a t io n  o f  th e  v a r ia b le  q  to  Q  a c c o rd in g  to  q  =  e x p (Q ) . T h e y  p ro v e  th a t  
e x p ( Q ) /A l/p is  c o n v e x  o n  R + b y  u s in g  th e  H e s s ia n - m a t r ix  o f  f (x ,y )  =  y 'k e x p (x ) ,  
w h e re , k  is  a  c o n s ta n t  a n d  X, y , k  >  0 , is  c o n v e x . T h e  c o n s t r a in t  q  =  e x p (Q )  is  a ls o  
c o n v e x , b u t  th e  c o n c a v e  r e la t io n s h ip  in  th e  e q u a t io n  c a n  b e  a p p ro x im a te d  w i th  a  
p ie c e -w is e  l i n e a r  fu n c t io n  (F ig u re  2 .4 ) . I f  th is  m e th o d  is  a p p l ie d  o n  Q  =  ln (q ) ,  th e  
m o d e l  w ill b e  c o n v e x .  B u t  th e  d i s a d v a n ta g e  o f  th is  m e th o s  is  th a t  th e  v a r ia b le  Q  w il l
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a lw a y s  b e  u n d e r e s t im a te d  d u e  to  th e  p ie c e - w is e  l in e a r  a p p r o x im a t io n .  T h e r e fo re ,  th is  
p r o c e d u r e  le a d s  to  a  r e la x a t io n  o f  th e  f e a s ib le  r e g io n  o f  th e i r  m o d e l .

Figure 2.4 A  p ie c e - w is e  l in e a r  a p p r o x im a t io n  o f  th e  r e la t io n s h ip  Q  =  ln (q )  in  th re e  
s te p s  ( B jô rk  et al., 2 0 0 2 ) .

I n  a d d i t io n ,  b e c a u s e  o f  Q  =  ln (q ) ,  q  c a n n o t  ta k e  th e  v a lu e  o f  0 , s in c e  Q  
w o u ld  th e n  n e e d  to  h a v e  a n  in f in i te  v a lu e , e x p e c a i l ly ,  th e  h e a t  b a la n c e  e q u a tio n s . 
T h e y  th e n  o v e r c o m e  th is  p r o b le m  a n d  k e p t  th e  h e a t  b a la n c e s  a s  e q u a l i ty  c o n s tr a in ts  
b y  d e f in in g  th e  r a n g e  o’f  q  in s te a d  f ro m  a  s m a l l  8 -v a lu e  w i th  a d d i t io n a l  th e  b in a ry  
v a r ia b le  z . F o r  e x a m p le ,  th e  h e a t  b a la n c e  e q u a t io n  c o u ld  b e  w r i t te n  a s  E q .2 .4 0 . 
A l th o u g h t  th e s e  t e c h e n iq u e s  c a n  r e la x  th e  f e a s ib le  r e g io n  a n d  s o lv e  th e  m o d e l  m u c h  
m o r e  e a s ie r  b u t  i t  c a u s e s  th e  m o d e l  n o t  to  y ie ld  a  b e t te r  s o lu t io n  in  c a s e  o f  la rg e  
p r o b le m s .

^  ’ ^  ' Qi,j,k +  qCUi +  ^  ' ^  ' (z i,j,k£ ~  ^ )  T  ZCUj£ — £ ^i{T'i,in~T'i,out)>
jeep keST jeep keST
Vi E HP (2 .4 0 )

H u a n g  a n d  K a r im i  (2 0 1 2 )  p r o p o s e d  s u p e r io r  H E N s  u s in g  a  s ta g e -w is e  
s u p e r s t r u c tu r e  w i th  n o n - is o th e r m a l  m ix in g  a n d  im p ro v e d  te m p e r a tu r e  b o u n d s  (F ig u re  
2 .5 )  w i th  lo g ic a l  c o n s t r a in t .  T h e i r  w o rk  a ls o  s h o w  e f fe c t  o f  in c lu d in g  s ta g e  b y p a s s  
v a r ia b le  a n d  c o n s t r a in t s  to  o b ta in  m o re  f e a s ib le  s o lu t io n  q u a l i ty  a n d  e f f ic ie n c t ly .
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s t a g e  k

Figure 2 .5  A d d i t io n a l  v a r ia b le s  f o r  n o n - is o th e r m a l  m ix in g  a t  s ta g e  k  ( H u a n g  et al, 
2 0 1 2 ) .

A s  s h o w n  in  F ig u r e  2 .5 , th e y  in t r o d u c e d  th e  c o n s t r a in t  v a r ia b le s  
TDjj k a s  th e  t e m p e r a tu r e  d ro p  fo r  h o t  s tr e a m  i a n d  TRjj k a s  th e  te m p e r a tu r e  r is e  fo r  
c o ld  s t r e a m  j .  F ro m  th i s  te c h n iq u e ,  th e y  a p p l ie d  th e s e  v a r ia b le  c o n s t r a in t s  in to  th e ir
m o d e l  a s  r e la x e d  e q u a t io n s  a s  fo l lo w s :

T D |jk =  T R jjk =  A T jk  =  m a x { 0 ,T lN j  — T IN j — E M A T ) (2 .4 1 )

Qjjk =  m in {F j(T IN i -  T O U T ;), Fj(TO UTj -  T IN j) , A T j^ m in fF j, F j}} (2 .4 2 )

T D ijk <  x ljkAT,yk (2 .4 3 )

TRjjk <  XijkATiy, (2 .4 4 )

Qijk ^  x ijkQijk (2 -4 5 )

Qijk <  f ijk F iT D p  (2 .4 6 )

Qijk ^  gijkFjTRijk (2 .4 7 )



22

W h e re  fjjk, a n d  gjjk a re  f r a c t io n a l  f lo w  o f  h o t  a n d  c o ld  s t r e a m  r e s p e c t iv e ly .

E q s  2 .4 6 - 2 .4 7  in v o lv e  b i l in e a r  te r m s .  T h e r e fo re ,  t h e y  u s e  th e  b o u n d s  
o n  T D ,jk, TR jjk , fjjk, a n d  gjjk a n d  w r o te  th e  f o l lo w in g  c o n v e x  a n d  c o n c a v e  e s t im a to r s
a s  b e lo w :

Qljk 2  Fi [TDjjk +  (fijk -  l)A T ,y k] ( 2 .4 8 )

Qijk 2  F, [TRjjk +  (gjjk -  l)A T ,y k] ( 2 .4 9 )

Qi]k ร  FjTDjjk ( 2 .5 0 )

Qijk ร  FjTRjjk (2 .5 1 )

Qijk <  fi]k FjATVk (2 .5 2 )

Qijk ร  gijkFjATjYk - (2 .5 3 )

I n  c o n t r a s t  to  i s o th e r m a l  m ix in g , th e  te m p e r a tu r e  a p p r o a c h e s  a t  th e  
h o t  a n d  c o ld  e n d s  o f  H Ejjk a r e  r e a r r a n g e d  b y :

EM AT <  TAHjjk <  TIN j -  T R ijk +  Tjk +  rijk( l  -  x ijk)  (2 .5 4 )

EM AT <  T A H jjk <  Ti(k_ 1) -  TRjjk +  Tjk +  rijk( l  -  Xjjk) (2 .5 5 )

EM AT <  TACjjk <  TIN j -  TDjjk +  Tjk +  rijk( l  -  Xjjk) (2 .5 6 )

EM AT <  TACjjk <  Tj(k_ 1) -  TDjjk +  Tjk +  rijk( l  -  Xjjk) (2 .5 7 )

W h e re  TAHjjk a n d  TACjjk a re  h o t  a n d  c o ld  s id e  te m p e r a tu r e  r e s p e c t iv e ly .

f  T IN j — T IN j, i f  T IN j >  T IN j +  E M A T  
r *jk =  ( a b s f T I N j  -  T IN j)  +  E M A T , O t h e r w i s e

M o re o v e r ,  in  te r m  o f  L M T D , th e y  a d d e d  a  c o n s t r a in t  ( E q .2 .5 8 )  to  
g u a r a n te e  th a t  it  c a n n o t  e x c e e d  th e  a r i th m e t ic  m e a n .

L M T D j j k < i ( T A H j j k - T A C j j k ) (2 .5 8 )
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F ro m  H u a n g  a n d  K a r im i  s t r a te g ie s ,  t h e i r  n e w  m o d if ie d  s ta g e -w is e  
s u p e r s t r u c tu r e  m o d e l  c a n  y ie ld  b e t te r  s o lu t io n  th a n  th e  o r ig in a l  o n e ,  e s p e c ia l ly ,  in  
te rm  o f  n o n - is o th e r m a l  m ix in g  r e s u lt .  T h e i r  m o d e l  c a n  in c lu d e  th e  c a s e  o f  s u b -s t re a m  
th a t  its  t e m p e r a tu r e  c a n  b e  c o o le d ( h e a te d )  lo w e r ( h ig h e r )  th a n  its  f in a l  te m p e ra tu re .  
A l l  e x i s t in g  H E N S  m o d e ls  ( Y e e  et al., 1 9 9 0 ; B jô r k  e t  a l . ,  2 0 0 2 ) ,  to  o u r  k n o w le d g e , 
l im i t  a ll th e  s u b - s t r e a m  te m p e r a tu r e s  f o r  e v e r y w h e r e  in  a  H E N  to  b e  w i th in  th e  in i t ia l  
a n d  f in a l te m p e r a tu r e s  e f  th e i r  p a r e n t  s tr e a m . T h e r e f o r e ,  th e  e x is t in g  H E N S  
f o r m u la t io n s  m a y  y ie ld  s u b - o p t im a l  a n d  c a n n o t  v a l id  p o s s ib ly  o p t im a l  H E N s . B u t 
b e c a u s e  t h e i r  s t r a te g y  s o lv e  p r o b le m s  w i th o u t  a n y  f e a s ib le  in i t ia l  p o in t ,  th e n , "as in  
c a s e  o f  h a v in g  m o r e  th a n  o n e  f e a s ib le  s o lu t io n  a t  a  s a m e  b o u n d  v a r ia b le s ,  th e i r  m o d e l  
m a y  m is s  a n o th e r  p o s s ib ly  s o lu t io n .

2 .3 .3  D e v e lo p m e n t  o f  H e u r is t ic  A p p r o a c h  in  O b je c t iv e  F u n c t io n  a n d  
V a r ia b le s
H E N  s y n th e s i s  w i th  s im u l ta n e o u s  a p p r o a c h  o b je c t iv e  f u n c t io n s ,  is  o n e  

o f  th e  g r e a t  s t r a te g ic  a n d  w id e ly  u s e d  m e th o d s  to  d r a s t i c a l ly  r e d u c e  th e  a n n u a l  c o s t  
o f  th e  o r ig in a l  s ta g e - w is e  s u p e r s t r u c tu r e  m o d e l  ( Y e e  et al, 1 9 9 0 ). A n  a t t e m p t  w a s  
d o n e  to  s y n th e s i z e  th e  h e a t  a n d  p o w e r  in te g ra te d  H E N s  u s in g  a n  M I N L P  m o d e l  
( S o rs a k  et al., 1 9 9 9 ). T h e  p r o p o s e d  m e th o d  w a s  e m p lo y e d  to  o b ta in  f e a s ib le  
n e tw o rk s  w i th  o p t im a l  t r a d e - o f f s  b e tw e e n  in v e s tm e n t ,  u t i l i ty ,  a n d  p o w e r  
c o n s u m p t io n  c a u s e d  b y  p r e s s u r e  d ro p s . T o  s im p l i f y  a n d  im p le m e n t  th e  m o d e l ,  th e  
a s s u m p t io n s  w e r e  a c c o m m o d a te d  b e lo w :

•  T h e  b u f f le  s p a c in g  ( lb )is  e q u a l  to  2 0 %  o f  th e  in te r n a l  sh e l l d ia m e te r

(D s),
•  T h e  p i tc h  b e tw e e n  th e  tu b e s  is  2 5 %  g r e a te r  th a n  th e  e x te rn a l  tu b e  

d i a m e te r ( D z),

•  T h e  e f f e c t iv e  s h e l l  s id e  d ia m e te r  is  d e f in e d  b y  e x te rn a l  tu b e  
d ia m e te r .  A n  e f f e c t iv e  d ia m e te r  c o e f f ic ie n t  Cef is  s p e c i f ie d  (C ef =  
6 .2 5 7t/ tt),
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•  T h e  tu b e  s id e  c o n v e c t iv e  h e a t  t r a n s f e r  c o e f f ic ie n t  is  c a lc u la te d  b y  
D i t tu s - B o e l te r 's  e q u a t io n ,

•  T h e  s h e l l  s id e  c o n v e c t iv e  h e a t  t r a n s f e r  c o e f f c ie n t  is  c a lc u la te d  b y  
K e rn 's  m e th o d .

•  D u r in g  th e  h e a t  t r a n s f e r  th e  a g g r e g a t io n  o f  th e  s t r e a m s  d o e s  n o t 
c h a n g e .

•  T h e  f i lm  a n d  fo u l in g  t r a n s f e r  c o e f f ic ie n ts ( R )  c a n  th u s  d i f f e r  
s ig n i f ic a n t ly  f ro m  th e  a c tu a l  o n e s  in  th e  f in a l  e x c h a n g e r  d e s ig n .

F ro m  th e  a s s u m p t io n s  a b o v e ,  E q u a t io n  ( 3 5 )  is  r e a r r a n g e d :

(2.59)

W h e re ,  R r is  th e  te m p e ra tu re  d i f f e r e n t  r a t io ,  8 r e p r e s e n ts  th e  tu b e  
th ic k n e s s  ( m ) ,  P r x is  th e  s h e l l  ty p e  p r a n d t l  n u m b e r ,  a n d  V i is  tu b e  s id e  v o lu m e  
f lo w ra te (m 3/s ) .

M o re o v e r ,  th e  tu b e  s id e  p r e s s u r e  d r o p  A P t a n d  th e  s h e l l  s id e  p r e s s u r e  
d ro p  A P X a r e  d e te r m in e d  b y :

APt = / V p . [ 8 . , r . ( ^ )  + 2 .5 ] .e f  (2.60)
log(jf ) =  -1.329692 -  0.244832log(Ret)

พ ี* = 8 (2 -6 1 )
log(jf) =  - 0  578009 -  0.182013log(Rex)

W h e re , j f  is  tu b e  ( s h e l l )  s id e  f r ic t io n  f a c to r ,  p  is  s te a m  d e n s i ty  ( k g /m 3), 
R e , a n d  R e x a r e  tu b e  a n d  s h e l l  s id e  R e y n o ld 's  n u m b e r  r e s p e c t iv e ly .
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In  th e  H E N  s y n th e s is ,  a  lo t o f  e f f o r t  h a s  b e e n  d o n e  to  d e v e lo p  
m a th e m a t ic a l  m o d e ls  to  o p t im iz e  d i f f e r e n t  o b je c t iv e s  s im u l ta n e o u s ly  in  e a c h  
i te ra t io n . G e n e r a l ly ,  a  m u l t i - o b je c t iv e  n a tu r e  a p p ro a c h  o f  th e  H E N  s y n th e s i s  p ro b le m  
h a s  b e e n  t r a n s f o r m e d  in to  a  s in g le - o b je c t iv e  p r o b le m . H o w e v e r ,  th e  t r u e  n a tu re  o f  
th e  p r o b le m  c a n  b e  d o n e  b y  fo rm u la t in g  s e v e ra l  in d iv id u a l  o b je c t iv e  f u n c t io n s  
in s te a d  o f  o n ly  o n e  p h a s e . T h e n  c o n f l ic t in g  o b je c t iv e s  fu n c t io n  c a n  b e  s o lv e d  b y  
u s in g  m u l t i - o b je c t iv e  o p t im iz a t io n  (L a u k k a n e n  et a i,  2 0 1 0 ) .  T h e r e f o r e ,  th e  m e th o d  
b a s e d  o n  a n  in te r a c t iv e  m u l t i - o b je c t iv e  o p t im iz a t io n  m e th o d , N I M B U S , w a s  
d e v e lo p e d  to  f in d  th e  b e s t  s o lu t io n  to  s a t i s fy  th e  r e s u l t  w i th o u t  to o  m u c h  c o g n i t iv e  o r  
c o m p u ta t io n a l  lo a d , w h ic h  is  a  v e ry  im p o r ta n t  p a r t  in  M I N L P  ty p e  p r o b le m . T h e  
N I M B U S  m e th o d  w a s  b a s e d  o n  th e  c la s s i f ic a t io n  o f  o b je c t iv e s .  T h e n ,  e a c h  i te ra t io n , 
it  c a n  te ll  h o w  th e  o b je c t iv e  v a lu e s  s h o u ld  c h a n g e  in  o r d e r  to  g e t  a  m o r e  s a t i s f a c to ry  
s o lu t io n . F o r  e x a m p le ,  s o m e  o f  th e  o b je c t iv e  f u n c t io n s  w e r e  a l lo w e d  to  b e  im p ro v e d , 
u n c h a n g e d ,  s o m e  to  b e  im p a ir e d ,  a n d  s o m e  to  v a ry  f r e e ly .  B e c a u s e  it w a s  n e c e s s a r y  
to  a l lo w  s o m e  o b je c t iv e  f u n c t io n s  to  b e  im p a ire d  a n d , h e n c e ,  e n h a n c e  o th e r s .

T y p ic a l ly  th e  H E N  p r o b le m s  a re  m u c h  im m e n s e  w i th  e i th e r  la rg e  
n u m b e r  o f  p r o c e s s  s t r e a m s  o r  e x te n d e d  v a r ia b le s  a n d  c a n  c a u s e  m o r e  c o m p u ta t io n a l  
lo a d  in  th e  g lo b a l  o p t im u m  a lg o r i th m s ,  e s p e c ia l ly ,  w i th  th e  M I N L P  ty p e  p ro b le m . 
T h e r e fo re ,  b o u n d  c o n t r a c t io n  p ro c e d u r e  f o r  g lo b a l o p t im iz a t io n  o f  b i l in e a r  M IN L P  
p r o b le m s  w a s  p r o p o s e d  ( F a r ia  et al. , 2 0 1 1 ) .  F a r ia  a n d  B a g a je w ic z  ( 2 0 1 1 )  p r e s e n te d  
th e  r e la x a t io n  m e th o d o lo g y .  T h e  b o u n d  c o n tr a c t io n  p r o c e d u r e  d id  n o t  in t r o d u c e  a n y  
n e w  in te g e r s  o r  in te r v a ls  f o r  d e te rm in in g  th e  g lo b a l  o p t im iz a t io n  s o lu t io n . T h e  
r e f e r e n c e  v a lu e s  a n d  th e  a lg o r i th m  o f  th is  s tr a te g y  w e r e  u s e d  to  p e r f o r m  th e  b o u n d  
c o n tr a c t io n .  A s  it s h o w s  b e lo w , v a r ia b le s  a re  id e n t i f ie d  a n d  u p d a te d  in  e a c h  in te rv a l  
a t  a  t im e  a f te r  a  r e f e r e n c e  v a lu e  h a s  b e e n  c a lc u la te d  f ro m  a  lo w e r  b o u n d  to  ru n  
s u c c e s s iv e  b o u n d  c o n t r a c t io n  s te p s . T h e  p r o c e d u r e  is  r e p e a te d  u n ti l  th e  g a p  d i f f e r e n t  
v a lu e  b e tw e e n  th e  lo w e r  a n d  u p p e r  b o u n d s  is  s a t i s f ie d  a n d  a c c e p ta b le .

Z jj  =  yjXj V i =  1 , . . . .ท ; Vj =  1 , . . . , m (2 .6 2 )

Xj' <  Xj <  X j^  V i =  1 , . . . . ท (2 .6 3 )

y \  <  Yj <  YjU V j =  l ........m (2 .6 4 )
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Zjj > YjXjL Vi = 1,.... ,ท; Vj = 1,.. . , ทา (2.65)
Zjj > YjX̂  Vi = 1,.. . , ท; Vj = 1,.. ทา (2.66)

x,ref = fx(w)(Zii,zi2, .•• » Zjm' Yi> }/2> ...,ym) Vi = 1..... ท (2.67)

Excluded interval ^ 1- __ X ref

'Figure 2.6 Interval exclusion for bound contraction (Faria e t  a l . , 2011).
From the Eqs.2.62 to 2.67 and Figure.2.4 illustrated above, these 

briefly indicate the scenario of the main idea to find the global optimization in non- 
convex problem without the need to use an additional binary variable or partitioning 
the key variables into several intervals.
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