
R E S U L T S  A N D  D I S C U S S I O N
CHAPTER IV

4.1  F o r m u la t io n  o f  M I N L P  S in g le  P e r io d  M o d e l

4.1.1 Model Components
A single period model was developed based on stage-wise 

superstructure proposed by Yee and Grossmann (1990). GAMS has been used to 
implement the model. Because the model is an MINLP involving linear binary 
variables, linear and non-linear continuous variables, so DICOPT was selected as a 
solver to solve the problem. This model subjected to minimize total annualized cost 
(TAC) where the trade-off of capital cost, area cost, and utility cost has been done 
simultaneously.

The components of a model in GAMS are shown as follows:
4 .1 .1 .1  S e ts

Sets are indices in algebraic representations that are used to 
identify the domain of a specific group of data. For example, i indicates hot stream i 
and j  indicates cold stream j .

4 .1 .1 .2  D a ta
Data is the input design parameters of the problem such as 

inlet/outlet temperatures, heat capacity flowrates, heat transfer coefficient, and 
economic parameter. There are several ways for data entry in GAMS such as 
declaring Parameter, Tables, or Scalars.

4 .1 .1 .3  V ariab les
Variables are the decision variables which are optimized and 

determined by GAMS such as inter-stage temperatures, heat load, areas, and 
topology. It consists of binary variables and continuous variables.

4 .1 .1 .4  E q u a tio n s
Equations are the statements that express relationship between 

data and variables. The model has both equality constraint and non-equality 
constraint.
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4 .1 .1 .5  M o d e l a n d  S o lv e  S ta tem en t
Model is the collection of equations declared by a chosen 

name and the solve statement will call for solver in order to solve the problem 
corresponding to objective of optimization (maximizing or minimizing).

4 .1 .1 . 6  O th er  C o m p o n e n ts
These GAMS’s components are optional which are Display 

statements and Assignment of bound and/or initial values.

4.1.2 Assumptions
The MINLP type of model has more complexity and non-convex than 

the other types because of non-continuous and nonlinear functions in model. Hereby, 
some assumptions have to be made for simplicity.

4 .1 .2 .1  Iso th e rm a l-m ix in g
In any stage, if the streams are splitted and pass through more 

than one exchanger, when they return to mix again before going to the next stage, 
they must have the same temperatures.

4 .1 .2 .2  C o n s ta n t H e a t C a p a c ity  F lo w ra te s
Heat capacity flowrate is a fluid property which is a function 

of temperature. Thus, in reality, the heat capacity flowrates in HEN would have been 
unconstant, but the constant heat capacity flowrates are assumed to reduce 
complexity of the model because the temperatures of the streams are changed and 
optimized throughout the model solving.

4 .1 .2 .3  N o  S trea m  B y p a ss
Every splitted stream is needed to pass a heat exchanger. The 

important reason is that it cannot be splitted and mixed without passing any heat 
exchanger because of the assumption of isothermal-mixing.

4 .1 .2 .4  N o  S p lit  S tre a m  P a ss in g  T h ro u g h  m o re  th a n  O ne H ea t
E x c h a n g e r
The splitted streams are allowed to pass through only one 

exchanger. A series of heat exchangers for a splitted stream is not included.
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4 .1 .2 .5  U tilitie s  a re  P la ces  a t th e  E n d  o f  E a c h  S trea m
The utility exchangers are placed at the end of each stream 

only. The inter-stage utility is not included.

4.1.3 Formulations
The MINLP single period model consists of a series of equations as 

expressed below from Eq. 4.1-4.26. For more detailed description of each equation, 
see section 2.2.3.2.

’ 4 .1 .3 .1  O vera ll E n e rg y  B a la n c e  o f  E a ch  S tre a m

[T h in ( 0  -  T  h o u t( i) ] .  F  C p h ( i )  =  y  y  q ( i , j , k ) + q cu ( 0  i E H P  ( 4  1)
k e s r je e p

[T c in ( j ) -  T c 0Ut(J )] .F C p c (J ) = X I  q ( . î , j , k )  +  q h u ( 0  j e  CP  ( 4  2 )
keST ieHP

4 .1 .3 .2  E n e rg y  B a la n ce  a t E a c h  S ta g e

[ th ( i ,  k )  — t h ( i , k  + 1 ) ] .F C p h ( i )  = y  q ( i , j , k )  k E S T , i E H P  (4 3 )
jeep

[ tc ( j ,  k )  -  t c ( j ,  k  + 1)]. F C p c i j) = y  q ( i , j ,  k ) k  E S T , )  E CP  ( 4  4 )
ieHP

4 .1 .3 .3  A ss ig n m e n t o f  In le t T em p era tu re s

T h in ( i )  =  th { i ,  1) i E H P  (4.5)

T c in(j) =  tc(i, N O K  + 1) y e  CP ( 4 . 6 )
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4 .1 .3 .4  M o n o to n ie  D ecrea se  in  T e m p era tu re s

t h ( i ,  k )  >  t h ( i ,  k  +  1) k e S T , i e  H P  (4.7)

t c ( j , k )  >  t c ( i , k  + 1) k  E S T , j  E CP  (4.8)

t h ( i ,N O K  + 1) > 77iout(i) i e H P  (4.9)

T C 0Ut(J) > t c ( j ,  1) ' j E C P  (4.10)

4 .1 .3 .5  H o t a n d  C o ld  U tility  L o a d s

[ th ( i ,  N O K  +  1) — T h 0Ut( i ) ] .F C p h ( i )  = q c u ( i )  i E H P  (4.11)

[T co u t( j l  -  t c ( j , l ) ] . F C p c ( J )  = q h u ( j )  j E C P  (4.12)

4 .1 .3 . 6  L o g ic a l C o n s tra in ts

q ( . i , j , k )  -  Qup . z ( i , j , k )  <  0 i E H P , j  E C P ,k  E S T  (4.13)

q c u ( i ) — Qu p . z c u ( i ) < 0  £ e H P  (4.14)

q h u ( j ) — Qup . z h u ( j ) < 0  y e CP (4.15)

w h ere  z ( i , j , k ) , z c u ( i ) , z h u ( i )  E {0,1}
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4 .1 .3 .7  M in im u m  A p p ro a c h  T em p era tu re  C o n s tra in ts

d t ( i , j ,  k )  <  th { i ,  k )  -  t c ( j ,  k )  + D Tu p . ( l  -  z ( i , j ,  k ) )
i E H P , j  E CP, k  E S T

d t ( i , j ,  k  +  1) <  t h ( i ,  k  +  1 ) -  t c ( j ,  k  + 1) + DTu p . ( l  -  z ( i , j ,  k ) )

i E H P , j  E C P , k E  S T

d t c u ( i )  <  t h { i ,  N O K  +  1 ) — T c u 0Ut +  DTup. ( l  — zcu (O ) i £ H P

d t h u ( J , p )  <  T h u out -  t c ( j ,  l , p )  + DTup . ( l  -  z h u ( 0 )  ;  6  CP

4 .1 .3 . 8  L o g  M e a n  T em p era tu re  D iffe re n c e

L M T D ( i , j , k ) = d t ( i , j ,  k ) .  d t ( i , j ,  k  + 1). d t ( i , j ,  k ) + d t ( i , j ,  k  +  1) Vs

i E H P ,)  6 CP, k  E S T

L M T D H U Q ) = d t h u r ( j ) .  d t h u H j ) .
d t h u r l j )  +  d t h u H j ) ๅ 1/3

;  G CP

L M T D C U (i)  =
d t c u r ( i )  + d t c u l ( i } 

d t c u r i f ) .  d t c u l ( i ) . ----------------- --------
1/3

i G HP

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)
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4 .1 .3 .9  H ea t E x c h a n g e r  A re a  C a lc u la tio n s

A r e a ( i , j ,  k )  > q ( i , j , k )
L M T D ( i , j ,  k ) .  บ ( i , j ) i E H P ,j  E C P ,k  E S T  ( 4 .2 3 )

A r e a H lM j )  >
q h u i j )

L M T D H L H j ) .  U H U ( J )
j  E CP ( 4 .2 4 )

A r e a C U ( i )  > q c u ( i )
L M T D C U (i) . u c u ( i ) i E H P ( 4 .2 5 )

4 .1 .3 .1 0  O b jec tive  F u n c tio n

m in  T A C  =  A F y y y c r . z ( i , j , k ) + y \  C f . z c u tQ
ieHP j e e p  k e S T  ieHP e u

cy .z /iu (/) l +  AF. I I I  C . A r e a ( i , j , k y
j e e p  HU ieHP j e e p  k e S T

+ A F . C .A r e a H L H J )8 +  A F . ^  C .A r e a C U ( iY
j e e p  i eHP

+  ^  Ccuq e u ( i )  +  ^  c hllq h u ( j )
ieHP i e e p

( 4 .2 6 )

T h e  s e t  o f  a l l  f o r m u la t io n s  s h o w n  a b o v e  w o u l d  b e  u s e d  a s  o r ig in a l  m o d e l  

fo r  e x t e n s io n  t o  o th e r  m o d e l s  in  b o th  s e q u e n t ia l  a n d  s im u l t a n e o u s  a p p r o a c h e s .  It w a s  

a p p r o v e d  b y  a  s im p le  s im u la t e d  c a s e  s tu d y  w h ic h  i l lu s tr a t e d  th a t  th e  m o d e l  c o u l d  ru n  

p r o p e r ly .
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4 .2 .1  A lg o r i t h m
M u lt ip e r io d  H E N  s y n t h e s i s  u s u a l ly  r e s u l t s  f r o m  th e  a s s e m b ly  o f  H E N  

fr o m  e a c h  p e r io d .  T h e  c o n c e p t  o f  th is  p r o p o s e d  s e q u e n t ia l  m e t h o d  i s  th a t H E N  w i l l  

b e  g e n e r a te d  f o r  e a c h  p e r io d  s e p a r a te ly  b y  u s in g  e i t h e r  o r ig in a l  M I N L P  s in g le  p e r io d  

m o d e l  o r  m o d i f i e d  m o d e l  fr o m  s e c t io n  4 .1 .  F ig u r e  4 .1  s h o w s  th e  p r o p o s e d  s e q u e n t ia l  

a p p r o a c h  a lg o r i t h m .

4.2 Sequential Approach for Multiperiod HEN Synthesis

Figure 4.1 Algorithm of sequential approach for multiperiod HEN synthesis.
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4 .2 .1 .1  S in g le  P e r io d  H E N  S yn th es is
In  t h is  s t e p , th e  M I N L P  s in g le  p e r io d  m o d e l  fr o m  s e c t io n  4 .1  

i s  u s e d  to  g e n e r a t e  a n  in it ia l  H E N  fo r  p e r io d  Pj. N o t e  th a t , fo r  m u l t ip e r io d  p r o b le m ,  
th e r e  a re  s tr e a m  p r o p e r t ie s  f o r  m o r e  th a n  o n e  p e r io d , b u t  o n l y  o n e  o f  t h o s e  p e r io d s  

w i l l  b e  c h o s e n  t o  b e  th e  in p u t  d a ta  fo r  th is  s te p . F o r  e x a m p l e ,  a s  i l lu s tr a t e  in  F ig u r e
4 .1 ,  p e r io d  Pj i s  u s e d  a s  th e  s ta r t in g  p o in t .  F o r  s im p l i f i c a t io n ,  th is  g e n e r a t e d  H E N  is  

s o - c a l l e d  H E N - i  w h i c h  m e a n s  H E N  fo r  p e r io d  Pj.
4 .2 .1 .2  H E N  A d a p ta tio n

T h is  p r o c e d u r e  i s  t o  a d a p t a n d  a p p ly  th e  e x i s t in g  in it ia l  HEN 
f r o m  th e  p r e v io u s  s t e p  b y  m a in t a in in g  th e  s tr u c tu r e  a s  m u c h  a s  p o s s i b l e .  A s  a  r e s u lt ,  
th e  a d a p te d  HEN w i l l  b e  a b le  to  o p e r a te  fo r  th e  p a r t ic u la r  p e r io d s .  H e n c e ,  th e  in p u t  

s tr e a m  d a ta  f o r  t h is  s t e p  is  th e  d a ta  o f  r e m a in in g  p e r io d s  (Pj) b e s i d e s  p e r io d  Pj. T h e r e  

a re  th r e e  d i f f e r e n t  m o d i f i e d  m o d e l s  c a n  b e  u s e d  in  HEN a d a p ta t io n  w h i c h  a re  m o d e l  

A , B ,  a n d  c . A s  m e n t io n e d  b e f o r e ,  e a c h  m o d e l  w a s  m o d i f i e d  fr o m  o r ig in a l  MINLP 
s in g le  p e r io d  m o d e l  fr o m  s e c t i o n  4 .1 .  T h e y  h a v e  d i f f e r e n t  a lg o r i t h m s ,  b u t m a in ly  

r e ta in  th e  s tr u c tu r e  o f  th e  in i t ia l  HEN. T h e  p r in c ip le s  o f  t h o s e  th r e e  m o d i f i e d  m o d e l s  

a re  d e s c r ib e d  a s  f o l lo w s :
A .  M o d e l  A

M o d e l  A  is  th e  M I N L P  s i n g l e  p e r io d  m o d e l  w ith  f ix e d  

p r o c e s s  e x c h a n g e r  a rea . T h e  p r in c ip le  o f  t h is  m o d e l  is  to  k e e p  th e  s a m e  t o p o l o g y  a n d  

a r e a  o f  p r o c e s s - p r o c e s s  e x c h a n g e r s  o n ly .  T h e  lo c a t io n  o f  e x i s t in g  u t i l i t y  e x c h a n g e r  is  

a ls o  s im i la r  t o  in i t ia l  H E N . B u t  w h i l e  s o lv i n g ,  m o d e l  A  w i l l  a l l o w  n e w  u t i l i t y  

e x c h a n g e r  to  b e  a d d e d  a n d  s o m e  o f  u t i l i t y  e x c h a n g e r s  m a y  n e e d  to  s w i t c h  b e t w e e n  

h o t  a n d  c o ld  u t i l i t y  w h e n  c h a n g in g  th e  o p e r a t io n a l  p e r io d s .  T h e  o b j e c t i v e  f u n c t io n  o f  

th is  m o d e l  i s  t o  m in im iz e  to ta l  a d d it io n a l  a r e a  o f  u t i l i ty  e x c h a n g e r s  a s  s h o w n  in  E q . 
4 .2 7 .
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y  m a x  [ 0 ,A r e a C U _ n e w ( i )  — A r e a C U  _ o ld { ï) ]

T o t a l  a d d i t i o n a l  a r e a  = y ^  max [01 A r e a H U _ n e w ( j )  — A r e a H U _ o l d ( j ) ]
j e e p

+
i eHP

( 4 .2 7 )

B . M o d e l  B
M o d e l  B  is  th e  N L P  s in g le  p e r io d  m o d e l  w i t h  f ix e d  

e x c h a n g e r  t o p o l o g y .  T h e  c o n c e p t  o f  th is  m o d e l  i s  to  m a in ta in  th e  o ld  s tr u c tu r e  o f  

in i t ia l  H E N  a n d  n o t  t o  a l l o w  th e  a d d it io n  o r  r e m o v a l  o f  a n y  h e a t  e x c h a n g e r s .  
H o w e v e r ,  s o m e  h e a t  e x c h a n g e r s  m a y  h a v e  t o  c h a n g e  th e ir  a r e a s  to  s a t i s f y  h e a t  

b a la n c e .  T h e  o b j e c t i v e  f u n c t io n  o f  th is  m o d e l  i s  le a s t  s q u a r e  o f  a r e a  c h a n g e  a s  s h o w n  

in  E q . 4 .2 8 .

T o t a l  a r e a  c h a n g e  =  I I I  [ A r e a _ n e w ( i , j ,  k )  — A r e a _ o l d ( i , j ,  k ) ] ‘
ieHP j€C P k e s r

+  y  [A r e a H U  _ n e w ( j )  — A r e a H U _ o ld ( j ) ] 2
j e e p

+  y  [ A r e a C U _ n e w ( i)  — A r e a C U _ o ld ( i ) ] 2

( 4 .2 8 )

c. M o d è l e
M o d e l  c  i s  th e  N L P  s in g le  p e r io d  m o d e l  w i t h  f ix e d  

e x c h a n g e r  t o p o l o g y .  T h i s  m o d e l  is  in d e e d  s im i la r  to  m o d e l  B  e x c e p t  t h e  o b j e c t iv e  

f u n c t io n .  T h e  o b j e c t i v e  f u n c t io n  o f  th is  m o d e l  i s  to  m i n i m iz e  a d d it io n a l  a rea  a n d  

d o e s  n o t  ta k e  in to  a c c o u n t  th e  c h a n g e  o f  r e d u c e d  a rea . T h e  e q u a t io n  i s  i l lu s tr a t e d  in  

E q . 4 .2 9 .
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T o ta l  a d d i t i o n a l  a r e a111 m a x  [0 , A r e a j i e w ( j , j ,  k )  — A r e a _ o l d ( i , j , k ) ]
iEHP j e e p  k e S T

+  ร '  m a x  [ 0 1 A r e a H U _ n e w (J )  — A r e a H U _ o ld ( j ) ]  
j e e p

+  ร  m a x  [0 ,A r e a C U _ n e w ( i )  — A r e a C U  _ o ld ( i ) ]  
i t l fp

( 4 .2 9 )

N o t e  th a t  in  t h e s e  th r e e  m o d i f i e d  m o d e l s ,  th e  o th e r  v a r ia b le s  

s u c h  a s  t e m p e r a tu r e s  a n d  h e a t  lo a d s  a re  n o t  f ix e d .  T h u s ,  th e y  m a y  h a v e  t o  c h a n g e  d u e  

to  th e  v a r ia t io n  o f  e a c h  p e r io d  c o n d i t io n .  A n d  b e c a u s e  t h e s e  v a r ia b le s  d o  n o t  d ir e c t ly  

a f f e c t  t h e  c o s t  o f  H E N , t h e y  a re  n o t  in c lu d e d  in  th e  o b j e c t iv e  f u n c t io n .
F r o m  F ig u r e  4 .1 ,  a fter  H E N - i  i s  a d a p te d  in  th e  s e c o n d  s t e p ,  it 

i s  n a m e d  a s  H E N - i - X j ,  w h e r e  X  r e fe r s  to  th e  m o d i f i e d  m o d e l  w h i c h  c a n  b e  e i th e r  A ,  
B , o r  c  a n d  j m e a n s  th a t  H E N  is  d e s ig n e d  fo r  p e r io d  Pj.

4 .2 .1 .3  H E N  In te g ra tio n
F r o m  H E N  s y n t h e s i s  a n d  H E N  a d a p ta t io n  s t e p s ,  H E N s  fo r  

e a c h  p a r t ic u la r  p e r io d  a r e  g e n e r a te d . D e f i n i t e l y  th e  p la n t  w o u ld  n o t  l ik e  to  b u i ld  a ll  
o f  t h o s e  H E N s  fo r  e a c h  p e r io d .  T h e r e f o r e ,  th e y  h a v e  t o  b e  in te g r a te d  to  o b t a in  a  H E N  

w h ic h  c a n  o p e r a t e  fo r  e v e r y  c o n d i t io n .  T h is  is  s o - c a l l e d  m u lt ip e r io d  H E N - i X  w h e r e  i 
in d ic a t e s  t h e  c h o s e n  p e r io d  Pj in  H E N  s y n t h e s is  s t e p  a n d  X  r e p r e s e n t s  th e  m o d i f i e d  

m o d e l  b e i n g  u s e d  in  H E N  a d a p ta t io n  s te p . T h e  in te g r a t io n  c a n  b e  d o n e  b y  u s in g  

th e s e  t w o  c o n c e p t s :
A .  E v e r y  m a t c h  th a t e x i s t s  a t le a s t  o n e  t im e  in  a n y  p e r io d  h a s  

to  e x i s t  in  m u l t ip e r io d  H E N . In o th e r  w o r d s ,  e v e r y  h e a t  e x c h a n g e r  th a t  is  n e e d e d  in  

e a c h  p e r io d  w i l l  b e  in c lu d e d  in  m u lt ip e r io d  H E N  e v e n  th o u g h  it  i s  u s e d  fo r  o n l y  o n e  

o r  l e s s  th a n  N  p e r io d .
B .  C o n s id e r in g  th e  a r e a  o f  e a c h  e x c h a n g e r  in  m u lt ip e r io d  

H E N , t h e  m a x im u m  r e q u ir e d  a r e a  a m o n g  a ll p e r io d  w i l l  b e  s e l e c t e d .  B e c a u s e  i f  th e  

m a x im u m  a r e a  is  n o t  u s e d ,  t h e  a r e a  m a y  n o t  e n o u g h  f o r  h e a t  t o  t r a n s fe r  in  t h e  p e r io d  

w h ic h  r e q u ir e s  m o r e  h e a t  lo a d .
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W h e n  m u lt ip e r io d  H E N  is  o b t a in e d  fr o m  H E N  in te g r a t io n  

s te p , th e  a c tu a l  T A C  h a s  t o  r e c a lc u la t e  b y  u s in g  E q . 4 .3 0 :

T A C  =  A F y  y  y  cf . z ( i , j , k ) + y  y  C f . z c u i Q + y  y  C f . z h u i j )
IeHP j e e p  k e s r  ieHP e u  j e e p  HU

+ A F .  I I I  C . A r e a _ m a x ( i , j , k ) B +  A F .  y C . A r e a H U _ m a x ( J ) B
i eHP  j e e p  k e s r  j e e p

+ A F . y  c . A r e a C U _ m a x ( i ) B +  y  y  c h u q h u ( j , p )
i eH P p e P R  j e e p

V  D O p ( p )  V  ^
Z  T O P  L

( 4 .3 0 )

T O Pp e P R  ieHP

4 . 2 .2  C a s e  S tu d y
T h e  c a s e  s t u d y  w a s  a d a p te d  fr o m  V e r h e y e n  a n d  Z h a n g  ( 2 0 0 6 ) .  It i s  

th e  v a c u u m  g a s  o i l  ( V G O )  h y d r o tr e a t in g  u n it  in  o i l  r e f in e r y . T h is  u n it  c a n  

s im u l t a n e o u s l y  tr e a t s o m e  im p u r it ie s  s u c h  a s  s u l fu r  a n d  c o n v e r t  s o m e  f r a c t io n  o f  

V G O  to  m o r e  v a lu a b le  p r o d u c t s .  H y d r o tr e a t in g  is  a  c a t a ly t ic  r e a c t io n .  T h e  c a t a ly s t  

u s e d  in  t h e  p r o c e s s  w i l l  g r a d u a l ly  d e a c t iv a t e  u n t i l  a  c e r ta in  t im e  b e f o r e  r e g e n e r a t io n .  
D u r in g  t h e  d e a c t iv a t i o n ,  ra te  o f  r e a c t io n  w i l l  d e c r e a s e .  T h e r e f o r e ,  t o  c o m p e n s a t e  th e  

d e a c t iv a t io n  o f  c a t a ly s t ,  th e  in c r e a s e  o f  t e m p e r a tu r e  w i l l  h e lp  k e e p  th e  r e a c t io n  a t  

a p p r o x im a t e ly  th e  s a m e  r a te . In  th is  c a s e  s tu d y  th e r e  a r e  th r e e  p e r io d s  w h ic h  a re  

s ta r t -o f -r u n  ( S O R ) ,  m id - o f - r u n  ( M O R ) ,  a n d  e n d - o f - r u n  (E O R ) .  T h e  c h a n g e  o f  

t e m p e r a tu r e  in  e a c h  p e r io d  w i l l  c a u s e  th e  v a r ia t io n  o f  o u t le t  c o m p o s i t io n s  a n d  

f lo w r a t e s .
T a b le  4 . 1 , 4 . 2 ,  a n d  4 .3  s h o w s  s tr e a m  p r o p e r t ie s  fo r  p e r io d  S O R , M O R ,  

a n d  E O R  r e s p e c t i v e ly .  S i n c e  th e  d a ta  o f  h e a t  tr a n s fe r  c o e f f i c i e n t  w a s  n o t  p r o v id e d ,  it 

w i l l  b e  a s s u m e d .  F u r th e r m o r e , th e  d u r a t io n  o f  e a c h  p e r io d  i s  a s s u m e d  t o  b e  e q u a l .
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T a b le  4 .1  S t r e a m  p r o p e r t ie s  fo r  S O R

I n le t O u tle t H e a t  c a p a c i t y H e a t  tr a n s fe r
S tr e a m t e m p e r a tu r e te m p e r a tu r e f lo w r a t e c o e f f i c i e n t

( ๐๑ ( ° C ) ( k W /K ) ( k W / m 2.° C )
H I 3 9 3 6 0 2 0 1 . 6 2 .0
H 2 1 6 0 4 0 1 8 5 .1 2 .0
H 3 3 5 4 6 0 1 3 7 .4 2 .0
C l 7 2 3 5 6 2 0 9 .4 1 .5
C 2 6 2 2 1 0 1 4 1 .6 1 .5
C 3 2 2 0 3 7 0 1 7 6 .4 2 .0
C 4 2 5 3 2 8 4 2 9 4 .4 2 .0
H U 4 0 0 3 9 9 - 2 .0
c u 15 2 0 - 1 .0

T a b le  4 .2 S t r e a m  p r o p e r t ie s  fo r  M O R

I n le t O u tle t H e a t  c a p a c i t y H e a t  tr a n s fe r
S tr e a m te m p e r a tu r e te m p e r a tu r e f l o w r a t e c o e f f i c i e n t

( ๐๑ (° C ) ( k W /K ) ( k W / m 2.° C )
H I 4 0 6 6 0 2 0 5 . 0 2 .0
H 2 1 6 0 4 0 1 9 8 .8 2 .0
H 3 3 6 2 6 0 1 3 6 .4 2 .0
C l 7 2 3 6 5 2 1 0 .3 1 .5
C 2 6 2 2 1 0 1 4 1 .0 1 .5
C 3 2 2 0 3 7 0 1 7 5 .4 2 .0
C 4 2 5 0 2 9 0 3 1 8 .7 2 .0
H U 4 0 0 3 9 9 - 2 .0
C U 15 2 0 - 1 .0
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T a b le  4 .3  S tr e a m  p r o p e r t ie s  fo r  E O R

S tr e a m
I n le t

t e m p e r a tu r e

( ๐๑

O u t le t
te m p e r a tu r e

( ° C )

H e a t  c a p a c i t y  

f lo w r a te  

( k W /K )

H e a t  tr a n s fe r  

c o e f f i c i e n t  

( k W / m 2.° C )
H I 4 2 0 6 0 2 0 8 .5 2 .0
H 2 1 6 0 4 0 1 7 5 .2 2 .0
H 3 3 6 0 6 0 1 3 4 .1 2 .0
C l 7 2  _ 3 7 3 2 1 1 .1 1 .5
C 2 6 2 2 1 0 1 4 0 .5 1 .5
C 3 2 2 0 3 7 0 1 7 4 .5 2 .0
C 4 2 4 9 2 8 6 2 7 1 .2 2 .0
H U 4 0 0 3 9 9 - 2 .0
c u 15 2 0 - 1 .0

F o r  th e  e c o n o m i c  p a r a m e te r s  in  c o s t  e v a lu a t io n ,  h o t  a n d  c o ld  

u t i l i t y  c o s t  a re  1 1 5 .2  $ /k W .y r  a n d  1 .3  $ /k W .y r ,  r e s p e c t i v e ly .  A n n u a l iz a t io n  fa c to r  is  

0 .2  w h i c h  c o r r e s p o n d s  to  1 0  y e a r s  o f  p r o j e c t  l i f e  t im e  a n d  1 5 %  p r e v a i l in g  ra te  o f  

in te r e s t .  T h 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 )  i s  5 ° c .  T h e  c a p ita l  
c o s t  o f  h e a t  e x c h a n g e r  is  c a lc u la t e d  u s in g  E q . 4 .3 1 .

H e a t  e x c h a n g e r  c o s t  =  Cf +  CA ( A r e a ) B ( 4 .3 1 )

W h e r e  C f  i s  f ix e d  c o s t  o f  h e a t  e x c h a n g e r  =  8 3 3 3 .3  

$ /e x c h a n g e r  a n d  C a  i s  a r e a  c o s t  =  6 4 1 .7  $ /m (2B) a n d  B  is  a r e a  e x p o n e n t  =  1.
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4 .2 .3  R e s u l t s
4 .2 .3 .1  D e te rm in in g  th e  B es t M o d e l f o r  H E N  A d a p ta tio n

S i n c e  th e r e  a r e  th r e e  m o d i f i e d  m o d e l s  c a n  b e  u s e d  to  a d a p t  th e  

in it ia l  H E N  in  H E N  a d a p ta t io n  s te p . F ir s t ly ,  th e  b e s t  m o d e l  s h o u ld  b e  in v e s t ig a t e d .  
T h u s , in  H E N  s y n t h e s i s  s t e p ,  o n e  o f  th r e e  p e r io d s  w i l l  b e  c h o s e n  a s  th e  c o n t r o l le d  

v a r ia b le .  T h e  m a t h e m a t ic a l  m o d e l  w a s  im p le m e n t e d  o n  G A M S  2 1 .4  w ith  

D I C O P T 2 X -C  ( C O N O P T 3  a n d  C P L E X  9 .0 )  a s  M I N L P  s o lv e r .  T h e_  c o m p u t e r  

p la t fo r m  i s  L e n o v o  Y 4 5 0  w i t h  I n t e l®  C o r e  2  D u o  T 6 4 0 0  C P U  a t 2 . 0  G H z .
A . G en e ra te d  In it ia l  H E N

F r o m  th e  c a s e  s tu d y , t h e  s e c o n d  p e r io d  ( M O R )  w a s  

d e s ig n a t e d  a s  a  c o n t r o l l e d  v a r ia b le  t o  s y n t h e s iz e  th e  in i t ia l  H E N . B e c a u s e  it 

r e p r e s e n t s  th e  a v e r a g e  v a lu e  a m o n g  e v e r y  p e r io d ,  it  s h o u ld  b e  s u i t a b le  to  b e  th e  

c o n t r o l le d  d a ta  fo r  d e t e r m in in g  th e  b e s t  m o d e l  f o r  H E N  a d a p ta t io n  s te p . In  F ig u r e
4 .2 ,  H E N - 2  fo r  M O R  w a s  g e n e r a te d  b y  u s in g  M I N L P  s in g le  p e r io d  m o d e l .

H E N - 2
E M A T  *  6 X

M a jo r  i t e r a t io n  = 3  c y c l e s  
T o t a l  t im e  =  1 6 . 5  ร

I-------------- 1 2 3 ๐ 62 0 5 .0  4 0 6 *  4
2 . 9
%  2 9 3  5*

<
^  9 2 4 6 6 ท2 3 1 2 *

> --------------------------
1 9 0 5 8 1 7 9 2 . 2  4 0 6 1 5

8 8  6* A .  7 9  8 *  6 0 *
L— — 1 ----------------------------- 1

1 1 9 8 .8  I 1 6 0 '

พ * พ ( พ  1 9 พ
1 1 7 .0  m 2 

2 3 8 5 6 0

I 1 3 6 .4  I 3 6 2 *
1 2 741 î . o

f c  2 6 8  5*
4 7 0 6 .1

4 *  2 3 4 .0 *
2 0 1 5 8  0

>  8 6 .3 *

M ï  *
3 5 8 0  7

ไ =

3 6 5 *

-----------------------c

ไะ

พ---------------------------------

T

พ

59
7.

2 
m

2

1

~E

i
พ

~E

I

1

~E

ไ เ

9
~ E

b

%  *

7 2 *  1 2 1 0 .3  I2 5 5  3*

พ

g 2 1 6 2 *  ê b
^  พ

2 1 0 *

% พ

________________É b _______________________________ Z±11______ à 6 2 * n ^ n

1 7 0 6 3 .4  
3 7 0 *  J i t 2 7 2  7* d b _________________________________________________________________________________________________________________ 2 2 0 *  I 1 7 5 .4  I

2 5 6 . 0  m 2

2 9 0 *  s

%

b --------------------------------------------------------------------
2 5 0 *  1 3 1 8 .7  I

Figure 4.2 Grid diagram of HEN-2.



B. A d a p te d  H E N s
B a s e d  o n  in i t ia l  H E N  o r  H E N - 2 ,  it  w a s  a d a p te d  b y  

e n te r in g  th e  s o m e  r e q u ir e d  in fo r m a t io n  o f  H E N - 2  a n d  s tr e a m  d a ta  o f  p e r io d  P i 
( S O R )  a n d  P 3 ( E O R )  in t o  th e  m o d i f ie d  m o d e l s  w h ic h  a re  m o d e l  A ,  B ,  a n d  c .  S o m e  

v a r ia b le s  s u c h  a s  a r e a s  a n d  t o p o l o g y  w e r e  f ix e d  d e p e n d in g  o n  s t r a t e g y  o f  e a c h  

m o d e l .  T h e r e f o r e ,  in  th is  s t e p ,  th e r e  w e r e  t w o  m o r e  H E N s  fo r  e a c h  m o d i f i e d  m o d e l  

( H E N - 2 - A ,  a n d  H E N - 2 - A 3 f o r  m o d e l  A ,  H E N - 2 - B 1 a n d  H E N - 2 - B 3 fo r  m o d e l  B ,  
H E N - 2 - C )  a n d  H E N - 2 - C 3 f o r  m o d e l  C ) . G r id  d ia g r a m s  o f  a d a p te d  H E N s  a re  s h o w n  

in  F ig u r e  4 .3  t o  4 .8 .

HEN-2-A,
M a jo r  i t e r a l io n  =  8  c y c l e s

F i g u r e  4 .3  G r id  d ia g r a m  o f  H E N - 2 - A ] .
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HEN-2-A,
E M A T  =  5  " C

M a jo r  i t e r a t i o n  =  8  c y d e s  

T o t a l  t i m e  =  0 . 7  ร

1 2 0 8 . 5  1 4 2 0 *  à4 . 6% 2 9 9 .0 *

1
1 0 0 0 5 .1

2 3 2 .7 * J 191 30.4 1 8 6 0  2  4 2 9 4 . 4
8 9  5 *  A  8 0  6 *  A. 6 0 " .

1 1 7 5 . 2  I 1 6 0 *

พ * พ < »f ------------- —
1 2 2 . 9  m *

2 1 0 2 4 .0

I 1 3 4 .1  I 3 6 0 *
1 2 2 8 7 . 7_____ ๕%_____  2 6 8 4 -

4 4 8
๕

5 8
2 3 4  9*

1 9 9 7 0 0

-------------- ----------- -
4 7 7 .1  m *
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% พ
__________ 2 1 1 8 :_____àk 7 5 .2 *  â .  67 I 1 4 0 .5  1

2 . 2  m *

1 6 1 6 9 9  
3 7 0 *  1dm. 2 7 7 .3 !__à

« พ พ  1-----1
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 ̂ 2 4 9 *  1 2 7 1 .2  I

F i g u r e  4 .4  G r id  d ia g r a m  o f  H E N - 2 - A 3 .

HEN-2-B,
E M A T  =  5  * c

M a jo r  i t e r a t i o n  = 

T o t a l  t i m e  =  0  0 3  ร

(ToTTI 39V ' ™ 3» .-
“ 1 10403 5 
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* ? --------------
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Figure 4.5 Grid diagram of HEN-2-B |.
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HEN-2-B3
E M A T »  6 *c
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Figure 4.7 Grid diagram of HEN-2-C I-
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HEN-2-Cj
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Figure 4.8 Grid diagram of HEN-2 -C3 .

c. In te g ra te d  H E N
In this step, three HENs for each period of each method 

will be integrated to get a multiperiod HEN. For example, HEN-2, HEN-2-A), and 
HEN-2 -A3 will be merged by gathering matches that exist in at least one period and 
maximum area among all-periods. The multiperiod HEN-2A, 2B, and 2C are shown 
in Figure 4.9, 4.10, and 4.11 respectively.
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Multiperiod HEN-2A

Figure 4.9 Grid diagram of multiperiod HEN-2A.

Multiperiod HEN-2B
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Figure 4.10 Grid diagram of multiperiod HEN-2B.
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Multiperiod HEN-2C
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Figure 4.11 Grid diagram of multiperiod HEN-2C.

D. D isc u ss io n
Table 4.4 shows the information of multiperiod HEN-2A, 

2B, and 2C. It was found that multiperiod HEN-2C, where modified model c  was 
used in HEN adaptation step, gave the lowest TAC at $2,747,294 per year.

Table 4.4 Results of multiperiod HEN from each method

Multiperiod
HEN-2A

Multiperiod
HEN-2B

Multiperiod
HEN-2C

No. of heat 
exchangers 16 13 13

Total area (m2) 6,814.5 7,085.8 6,805.6
Fixed cost ($/yr) 26,666 21667 21667
Area cost ($/yr) 874,573 909,397 873,432

Utility cost ($/yr) 2.011,953 1,823,201 1,852,195
TAC ($/yr) 2,913,193 2,754,264 2,747,294
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When using model A for HEN adaptation, it was quite a 
complex model because of some issues. First, sometimes it might need hot utility in 
some hot streams and similarly cold utility in some cold streams. This issue should 
not have occurred because the overall requirement of utility will increase. But this 
was inevitable because many variables, such as topology and areas of process- 
process exchangers, were fixed. So the remaining relaxed variables were area and 
topology of utility exchangers including the types of utility. However, if those 
nonconventional utility exchangers were not allowed to switch between hot and cold 
utility, the model'would not be able to obtain any feasible solutions. Second, some 
equations of monotonie temperatures had to be neglected due to the allowance of 
nonconventional utility exchanger. Moreover, the researcher had to find these 
nonconventional streams manually because the model cannot find them by itself and 
it was quite difficult and complicated to identify them.

Model B is more relaxed than model A, hence there is no 
such nonconventional streams that require the switching of hot and cold utility on the 
same stream. Since the objective function of model B is least square of area change, 
the model will try to distribute the change of area to every heat exchanger. Even 
though the area changes are forced to be as small as possible, the total required area 
of HEN is more than other models and this causes lowest utility cost. Moreover, it 
was observed that the areas of heat exchangers are all changed from initial HEN.

Although model c  is quite similar to model'B, it yielded 
different solution. It was observed that this objective function would force the model 
to keep the areas of heat exchangers remain the same value as much as possible. The 
areas of some heat exchangers would be increased only if it was necessary. So the 
total area required is lowest, while the utility cost is moderate.

To conclude, model c  was the best model for HEN 
adaptation. Not only because it yielded the lowest TAC when compared to other 
models, but also there were only some of heat exchangers that needed to be changed 
while operating. This can be done by bypassing streams when the need of area is 
lower than the maximum area. And there is also no concern about switching between 
hot and cold utilities. From these reasons, the sequential approach accompanying 
model c  was the best method to synthesize a robust multiperiod HEN.
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4 .2 .3 .2  F in d in g  th e  B est S o lu tio n  b y  A p p ly in g  S e q u e n tia l  M e th o d  w ith  
th e  B es t M o d ifie d  M o d e l
From 4.3.2.1, model c  is the most robust modified model for 

HEN adaptation. In this section, it was applied again, but the chosen period for initial 
HEN synthesis was varied by every period so that multiperiod HEN-1C, 2C, and 3C 
were obtained. Finally, one of the multiperiod HENs would be designated as the best 
multiperiod HEN from sequential approach. The overall procedure is shown in 
Figure 4.12.

Figure 4.12 Overall procedure of sequential method by using model c.
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A. G e n e ra te d  In itia l H E N
From case study, all of three periods were separately used 

as a chosen period for generating initial HEN in the first step. Figure 4.13, 4.14, and
4.15 shows grid diagrams solved by MINLP single period model for period SOR, 
MOR, and EOR, respectively.
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Figure 4.13 Grid diagram of HEN-1.
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Figure 4.14 Grid diagram of HEN-2.
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Figure 4.15 Grid diagram of HEN-3.

B. A d a p te d  H E N s
From the initial HENs, they were adapted by using 

modified model c  where topology of process exchanger was fixed. The entry of 
stream properties was from the remaining periods besides the chosen period in HEN 
synthesis step. For instance, if the chosen period is period 1, the data entry for HEN
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adaptation will be period 2 and 3. Therefore, for this case study, there were two more 
HENs for each chosen period (HEN-I-C2 and HEN-1-C3 for period 1, HEN-2-C] and 
HEN-2 -C3 for period 2, HEN-3-C] and HEN-3 -C2 for period 3). The grid diagrams 
of adapted HENs are shown in Figure 4.16 to 4.21.
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Figure 4.16 Grid diagram of HEN-I-C2 .
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c. In te g ra te d  H E N
Again, three HENs which based on each chosen period 

(for instance; HEN-1, HEN-I-C2 , and HEN-I-C3 ) were assembled to be multiperiod 
HEN-iC. The multiperiod HEN-1C, 2C, and 3C are shown in Figure 4.22, 4.23, and 
4.24 respectively.

Multiperiod HEN-1C

Figure 4.22 Grid diagram of multiperiod HEN-1C.
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Multiperiod HEN-3C
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Figure 4.24 Grid diagram of multiperiod HEN-3C.

D. D isc u ss io n
Table 4.5 shows the summary information of multiperiod 

HEN-1C, 2C, and 3C. It was found that multiperiod HEN-3C, where period 3 (EOR) 
was the chosen period for initial HEN synthesis, yielded the lowest TAC at 
$2,733,340 per year.

Table 4.5 Results of multiperiod HEN with different starting period for initial HEN

Multiperiod 
HEN-1C

Multiperiod
HEN-2C

Multiperiod
HEN-3C

No. of heat 
exchangers 11 13 10

Total area (m2) 6,836.8 6,805.6 6,894.5
Fixed cost($/yr) 18,333 21667 16,666
Area cost ($/yr) 877,436 873,432 884,840

Utility cost ($/yr) 1,878,620 1,852,195 1,831,833
TAC ($/yr) . 2,774,389 2,747,294 2,733,340
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It i s  q u ite  c o m p l ic a t e d  to  d i s c u s s  w h y  u s i n g  p e r io d  3  a s  th e  

c h o s e n  p e r io d  c o u ld  g i v e  th e  b e s t  s o lu t io n .  T h e r e  a re  m a n y  r e le v a n t  fa c to r s  to  b e  

c o n s id e r e d .
F ir s t ly ,  b e c a u s e  th e  u t i l i ty  c o s t  i s  r e l a t i v e ly  h ig h  w h e n  

c o m p a r e d  t o  t h e  c a p ita l  c o s t ;  th e r e f o r e ,  th e  n e t w o r k  w h i c h  h a s  l o w e s t  u t i l i t y  

c o n s u m p t io n  e s p e c i a l l y  h o t  u t i l i ty  w i l l  t e n d  to  h a v e  l o w e s t  T A C  a s  s h o w n  in  ta b le
4 .5 .

S e c o n d ly ,  th e  e f f i c i e n c y  o f  a r e a  u s a g e  m ig h t  h a v e  a f f e c t e d  

th e  b e s t  s o lu t i o n .  T h e  e f f i c i e n c y  o f  a r e a  u s a g e  m e a n s  h o w  m u c h  a v a i la b le  a r e a  c a n  b e  

u s e d  w h i l e  o p e r a t in g .  I f  t h e  a r e a  o f  h e a t  e x c h a n g e r  fr o m  in i t ia l  H E N  d e s i g n  i s  t o t a l ly  

u s e d  in  o th e r  p e r io d s ,  in  th a t  c a s e  it w i l l  h a v e  m a x im u m  e f f i c i e n c y  b e c a u s e  th e r e  i s  

n o  n e e d  to  in c r e a s e  a r e a  a n y m o r e .  In  o t h e r  w o r d s ,  th e  e f f i c i e n c y  m e a n s  h o w  f i t  th e  

in i t ia l  H E N  i s  w h e n  it i s  o p e r a t e d  in  o t h e r  p e r io d s .  H o w e v e r ,  a f t e r  c a lc u la t in g  th e  

e f f i c i e n c y  o f  a r e a  u s a g e ,  th e  r e s u lt  is  th e  a v e r a g e  e f f i c i e n c y  fo r  m u lt ip e r io d  H E N - 1 C ,-  

2 C ,  a n d  3 C  a r e  9 6 .1 % , 9 4 .6 % , a n d  9 4 .3 %  r e s p e c t iv e ly .  A l t h o u g h  th e  e f f i c i e n c y  o f  

a r e a  u s a g e  f o r  m u l t ip e r io d - 3 C  i s  l o w e s t ,  it  c a n  s t i l l  g i v e  t h e  b e s t  s o lu t io n .  It m a y  b e  

b e c a u s e  th e  e f f e c t  o f  u t i l i t y  c o s t  d o m in a t e s  th e  a r e a  c o s t .
L a s t ly ,  th e  d u r a t io n  o f  e a c h  p e r io d  s h o u ld  h a v e  e f f e c t  o n  

th e  b e s t  s o lu t i o n .  It w a s  a n t ic ip a te d  th a t th e  p e r io d  w h i c h  h a s  l o n g e s t  d u r a t io n  w i l l  

te n d  t o  b e  m o r e  s u i t a b le  c h o s e n  p e r io d  fo r  g e n e r a t in g  in it ia l  H E N  b e c a u s e  th e  

n e t w o r k  th a t  i s  b a s e d  o n  th e  l o n g e s t  p e r io d  w i l l  b e  o p e r a t e  a t i t s  m a x im u m  e f f i c i e n c y  

fo r  m o s t  o f  th e  t im e .  B u t  fo r  t h is  c a s e  s t u d y ,  it w a s  a s s u m e d  th a t th e  d u r a t io n  o f  e a c h  

p e r io d  is  e q u a l ,  s o  it w a s  u n a b le  to  d i s c u s s  fo r  th is  i s s u e .

4 .3  D e v e lo p in g  a M u lt ip e r io d  M o d e l f o r  S im u lt a n e o u s  A p p r o a c h

4 .3 .1  F o r m u la t io n  o f  M I N L P  M u lt ip e r io d  M o d e l
A n  M I N L P  m u lt ip e r io d  m o d e l  w a s  d e v e l o p e d  b a s e d  o n  s t a g e - w is e  

s u p e r s tr u c tu r e  m o d e l  b y  f o l l o w i n g  th e  m o d i f i e d  m o d e l  o f  V e r h e y e n  a n d  Z h a n g
( 2 0 0 6 )  in c lu d in g  s e t  o f  b o u n d in g  e q u a t io n s .  S in c e  th e  M I N L P  m u lt ip e r io d  m o d e l  

w a s  d e v e lo p e d  f r o m  M I N L P  s in g le  p e r io d  m o d e l  in  s e c t i o n  4 .1 ,  s o m e  m o d i f i c a t io n s  

w e r e  m a d e  a s  f o l l o w s .
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A .  A d d  s e t  p  w h ic h  is  th e  i n d e x  fo r  p e r io d  p .
B .  In p u t  s t r e a m  p r o p e r t ie s  o f  e v e r y  p e r io d .
c . A d d  p  a s  a n o th e r  d im e n s io n  fo r  m o s t  p a r a m e t e r s  a n d  v a r ia b le s  

th a t d e p e n d  o n  p e r io d .
D .  A d d  v a r ia b le s  A r e a _ m a x  fo r  r e p r e s e n t in g  th e  m a x im u m  a r e a  

a m o n g  a ll p e r io d s .
E . A d j u s t  b o u n d in g .
F . I n c lu d e  e q u a t io n  fo r  d e t e r m in in g  A r e a _ m a x .
G . C h a n g e  th e  c a lc u la t io n  o f  u t i l i ty  c o s t  s o  th a t  it d e p e n d s  o n  

d u r a t io n  o f  e a c h  p e r io d .

T h e  M I N L P  m u lt ip e r io d  m o d e l  fo r  s im u l t a n e o u s  a p p r o a c h  c o n s i s t s  o f  

a  s e r ie s  o f  e q u a t i o n s  a s  s h o w n  in  E q . 4 .3 2 - 4 .6 0 .
4.3.1.1 Ove ra l l  E n e r g y  B a la nce  o f  E a c h  S t r e a m

[ T h in ( i , p )  -  T h 011f i , p ) ] . F C p h ( i , p )  =  II q { i , j , k , p )  + Qcu ( o p )
k e s r  jeep

i E H P , p  £  P R  ( 4 .3 2 )

[T cin( J , p )  - T c 0Ut( j , p ) ] . F C p c ( j , p )  =  I I  q ( i , j , k , p )  +  q h u ( i , p )
kesr ieHP

j  E CP, p  E P R  ( 4 .3 3 )

4.3 .1 .2  E n e r g y  B a la n c e  at E a c h  S ta g e

[t h ( i , k , p )  -  t h ( i , k  +  E p ) ] . F C p h ( i , p )  =  V  q ( i , j , k , p )
j eep

k  £  S T , i  e  H P , p  E P R  ( 4 .3 4 )  

[ t c ( J , k , p )  -  t c ( J , k  +  l , p ) ] . F C p c ( J , p )  =  V  q ( i , j , k , p )
k p

k  G S T , j  £  C P , p  G P R  ( 4 .3 5 )
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4.3 .1 .3  A s s i g n m e n t  o f  Inlet  T e m p e ra tu re s

T h in ( i , p )  =  t / z ( i , l , p )  i E H P , p E P R  ( 4 .3 6 )

T c in ( j , p )  =  t c ( i , N O K  +  l , p )  j  E CP, p  E P R  ( 4 .3 7 )

4.3 .1 .4  M o n o t o n i e  D e c re a se  in T e m p e ra tu re s

t h ( i , k , p )  >  t h ( i , k  +  l , p )  k  E S T ,  i E H P ,  P  E P R  ( 4 .3 8 )

t c ( J , k , p )  >  t c ( i , k  +  l , p )  k  E S T , j  E C P , p  E P R  ( 4 .3 9 )

t h ( i , N O K  +  l , p )  >  T h o u t ( i , p )  i E H P , p  E P R  ( 4 .4 0 )

TCout( j> p )  ^  t c ( j , \ , p )  j  E C P , p  E P R  ( 4 .4 1 )

4.3 .1 .5  H o t  a n d  C o l d  Util i ty L o a d s

[ t h ( i , N O K  +  1  , p )  -  T h 0Uf i , p ) ] . F C p h ( i , p )  =  q c u { i , p )
i E H P , p  E P R  ( 4 .4 2 )

[ T c o u t ( j , p )  -  t c ( j , l , p ) ] . F C p c ( j ' , p )  =  q h u ( J , p )
j  E C P , p  6  P R  ( 4 .4 3 )
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4 .3 .1 .6  L o g ic a l  C ons tra in ts

q { i , j , k , p )  -  Q u p . z ( i , j , k ) < 0 £ e  H P , j  E C P ,  k  E S T ,  p  E P R ( 4 .4 4 )

q c u { i ,  p )  -  Q u p . z c u ( Q  <  0 i E H P ,  p  E P R ( 4 .4 5 )

q h u ( j , p ) -  Qu p . z h u ( j )  <  0 j  E C P ,  p  E P R ( 4 .4 6 )

z ( i , j , k ) , z c u ( i ) , z h u ( i )  6 ( 0 , 1 }

4 .3 .1 .7  M i n i m u m  A p p r o a c h  T e m p e r a tu r e  C o n s tr a in ts

d t ( i , j , k , p ) <  t h ( i , k , p ) -  t c ( J , k , p ) +  D T u p . ( l  -  z ( i , j , k ) )
i E H P , j  E C P , k  E S T , p  E P R  ( 4 .4 7 )

d t ( i , j , k  +  1  , p )  <  t h ( i ,  k  +  1 ,p ) -  t c ( j , k  +  l ,p )  +  D T up . ( l  -  z ( i , j , k ))
t e  H P J  E CP, k  E S T ,  p  E P R  ( 4 .4 8 )

d t c u ( i ,  p )  <  t f a ( i ,  A/O/C +  1 , p )  — T c u 0Ut + DTup1. ( l  — z c u ( 0 )

i E H P , p E P R  ( 4 .4 9 )

d t h u ( J , p )  <  T h u 0Ut -  t c ( J , l , p )  +  DTu p . ( l  -  z h u ( 0 )

j E C P , p E P R  ( 4 .5 0 )
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L M T D ( i , j ,  k ,  p )

L M T D H U ( j ,  p)

L M T D C U f . p )

A r e a ( i , j ,  k )

-Arec tHLHJ)

A r e a C U ( i )

4 .3 .1 .8  L o g  M e a n  T e m p e ra tu re  D i f fe r e n c e

[ d t { i , j ,  k ,  p). d t ( i , j ,  k  +  l , p )
d t ( i , j ,  k ,  p) +  d t { i , j ,  k  4- 1, p) 73 

2  J
i e  H P , j  E C P , k  G 57, p e  Pfl

d t h u r ( j ,  p ) .  d t h u l ( j , p ) .
d t h u r ( j , p )  +  d t h u l ( J , p ) - . 1 / 3

2

7 G C P , p  G P R

d t c u r ( i , p ) .  d t c u l { i , p ) .
d t c u r ( i , p )  +  d t c u l { i , p ) ๅ  1 / 3

2

i G HP,  p  G p p

4 .5 .7 .9  H e a t  E x c h a n g e r  A r e a  C a lc u la t i o n s

■■ L M f i M u ผ ิ)
G 5 7

i G H P , j  G CP, k

j  G CP

q c u ( i , p )
L M T D C U ( i , p ) .  u c u ( i ) i G H P

( 4 .5 1 )

( 4 .5 2 7

( 4 .5 3 )

( 4 .5 4 )

( 4 .5 5 )

( 4 .5 6 )
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4 .3 .1 .1 0  D e t e r m i n i n g  M a x i m u m  A r e a  a m o n g  a l l  Per iods

A r e a _ m a x { i , j , k )  >  A r e a ( i , j , k ) i E H P , j  E CP, k  E S T ,  p  E P R ( 4 .5 7 )

A r e a H U j n a x ( j )  >  A r e a H U ( j ) j  E CP, p  E P R ( 4 .5 8 )

A r e a C U - m a x ( i )  >  A r e a C U ( i ) i E H P , p  E P R ( 4 .5 9 )

4.3 .1 .11  Objec t ive  F u n c t i o n

m i n T A C  -  A F y  V  V  c f . z ( i , j , k )  +  y  y  C r . z c u ( i )
leHP je ep  kEST ieHP cu+ IX Cf.  z / i u ( / ) j  +  A F .  Il l  C . A r e a _ m a x { i , j ,  k y
j e e p  HU ieHP jeep  k e sr

+ A F . y  c . A re a H U _ m a x ( j)B +  AF. y  c . A re a C U _ m a x ( i)B
j e ep  ieHP

V  D 0 p ( p )  V  ^  1 , . ^  V  D O P ( p )  ^
z  T O P  z  C^ U 0 ' P )  +  2 ,  T O P  l u  C™ q c w ( i ,p )

( 4 .6 0 )

T O PpEPR jeep T O PpEPR ieHP

4 .3 .2  R e s u l t s
T h e  c a s e  s t u d y  is  j s im ila r  t o  th e  o n e  th a t  w a s  u s e d  in  s e q u e n t ia l  

a p p r o a c h . T h e  d i f f e r e n c e  b e t w e e n  s e q u e n t ia l  a n d  s im u l t a n e o u s  a p p r o a c h e s  i s  th a t  th e  

M f N L P  m u lt ip e r io d  m o d e l  o f  s im u l t a n e o u s  m e t h o d  w i l l  c o n c u r r e n t ly  s o lv e  th e  

p r o b le m  w h i c h  h a s  s t r e a m  p r o p e r t ie s  o f  a l l  p e r io d s .  T h u s ,  T h e  H E N  a d a p ta t io n  a n d  

H E N  in t e g r a t io n  p r o c e d u r e s  w e r e  e x c lu d e d .
T a b le  4 .6  s h o w s  th e  r e s u lt s  o f  m u l t ip e r io d  H E N  s y n t h e s iz e d  b y  

M I N L P  m u l t ip e r io d  m o d e l  a n d  th e  b e s t  H E N  fr o m  s e q u e n t ia l  a p p r o a c h  in  th e  

p r e v io u s  s e c t i o n .  A n d  F ig u r e  4 .2 5  s h o w s  g r id  d ia g r a m  fo r  m u lt ip e r io d  H E N  o f  

s im u l t a n e o u s  m e t h o d :
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Table 4.6 C o m p a r i s o n  o f  m u lt ip e r io d  H E N  fr o m  s e q u e n t ia l  a n d  s im u l t a n e o u s  

a p p r o a c h

S e q u e n t ia l  a p p r o a c h  

( M u lt ip e r io d  H E N - 3 C )
S im u lt a n e o u s  a p p r o a c h

N o .  o f  h e a t  

e x c h a n g e r s
1 0 10

T o ta l  a r e a  ( m 2) 6 ,8 9 4 .5 6 ,8 9 9 .7
F ix e d  c o s t  ( $ /y r ) 1 6 ,6 6 6 1 6 ,6 6 6
A r e a  c o s t  ( $ /y r ) 8 8 4 ,8 4 0 8 8 5 ,5 1 5

U t i l i t y  c o s t  ( $ /y r ) 1 ,8 3 1 ,8 3 3 1 ,8 1 1 ,1 7 2
T A C  ( $ /y r ) 2 ,7 3 3 ,3 4 0 2 ,7 1 3 ,3 5 4

Simultaneous MINLP -  Multiperiod HEN
Major iteration = 2 cycles 
Total time = 434 ร

-------------------------------------------- <>--------------------------------------------- < ► ------------------------------------------------^ ---------►
167 4 m2

๕1
414.4 m2
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8
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\
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~E i
----------------------- พ ---------224โ8 m2
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Figure 4.25 G r id  d ia g r a m  o f  m u l t ip e r io d  H E N  s y n t h e s iz e d  b y  s im u l t a n e o u s  

a p p r o a c h .

It w a s  f o u n d  th a t  th e  s o lu t io n  fr o m  s im u l t a n e o u s  a p p r o a c h  w a s  b e t te r  

th a n  th a t o f  s e q u e n t ia l  m e t h o d  in  te r m  o f  e c o n o m y .  B e c a u s e  th e  s im u l t a n e o u s  

m e th o d  t o o k  in to  a c c o u n t  a ll  o f  th r e e  p e r io d s  w h i l e  s o l v i n g  fo r  th e  o p t im a l  

m u lt ip e r io d  H E N ,  th u s  th e  o b t a in e d  n e t w o r k  w a s  n o t  tr a p p e d  in  s u b - o p t im a l  s o lu t io n
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l ik e  s e q u e n t ia l  m e t h o d .  H o w e v e r ,  t h is  i s  a  s m a ll  c a s e  s tu d y , s o  th e  o b j e c t i v e  f u n c t io n  

o f  s im u l t a n e o u s  a p p r o a c h  w a s  im p r o v e d  b y  j u s t  0 .7 4 %  w h e n  c o m p a r e d  t o  s e q u e n t ia l  

a p p r o a c h . F u r th e r m o r e , i f  th e  s tr u c tu r e  o f  H E N  in  F ig u r e  4 .2 5  w a s  c o n s id e r e d ,  th e  

t o p o l o g y  o f  H E N  fr o m  s im u l t a n e o u s  m e t h o d  w a s  l ik e l y  to  h a v e  l e s s  c o m p l i c a t i o n  

s in c e  th e r e  w a s  n o t  a n y  s p l i t t e d  s tr e a m  in  th e  n e t w o r k ,  w h i l e  th e r e  w a s  o n e  s p l i t t e d  

s tr e a m  e x i s t i n g  in  th e  b e s t  H E N  fr o m  s e q u e n t ia l  a p p r o a c h .

4 .4  A p p l i c a t io n  to  C r u d e  P r e h e a t  T r a in  in  C r u d e  D is t i l la t io n  U n it

A n o t h e r  c a s e  s tu d y  w h ic h  w a s  c a r r ie d  o u t  t o  e n s u r e  t h e  p e r f o r m a n c e  o f  th e  

p r o p o s e d  m e t h o d  is  c r u d e  d i s t i l l a t io n  u n it  in  c r u d e  o i l  r e f in e r y  p la n t .  It i s  o n e  o f  th e  

m u lt ip e r io d  p r o b le m s  in  c h e m ic a l  p r o c e s s e s .  B e c a u s e  r e f in e r y  p la n t s  u s u a l ly  

p u r c h a s e  v a r io u s  k in d s  o f  c r u d e  o i l  f r o m  m a n y  r e s o u r c e s  a n d  s o m e t i m e s  b le n d  it 

to g e th e r ,  it  w i l l  r e s u lt  in  d if f e r e n t  c o m p o s i t io n s  o f  c r u d e  o i l .  In  th is  s t u d y ,  th e  

s im u l t a n e o u s  a p p r o a c h  w a s  a p p lie d  to  th e  c a s e  s t u d y  to  s y n t h e s i z e  g r a s s r o o t s  H E N  

fo r  c r u d e  p r e h e a t  tr a in . T h e  c a s e  s t u d y  w a s  s im u la t e d  b y  u s in g  P R O /I I  w i t h  t h e  d a ta  

ta k e n  f r o m  P e j p ic h e s t a k u l  ( 2 0 1 3 ) .  A f t e r  th a t, th e  n e c e s s a r y  d a ta  w a s  c o l l e c t e d  fr o m  

th e  s im u la t io n

4 .4 .1  C a s e  S t u d y  S im u la t io n
T h e  s im u la t e d  c a s e  s t u d y  is  c r u d e  d i s t i l l a t io n  u n it  w it h  p r e f la s h  d r u m  

in  o i l  r e f in e r y  p la n t . T h e r e  a re  to ta l  11 s tr e a m s  c o m p r is in g  o f  8  h o t  s t r e a m s  a n d  3 

c o ld  s t r e a m s .  T h e  C D U  o p e r a t e s  u n d e r  th r e e  t y p e s  o f  s e r v ic e ;  T r o l l  ( l ig h t  c r u d e ) ,  
F o r o z a n  ( m e d iu m  c r u d e ) ,  a n d  S o u e d i e  ( h e a v y  c r u d e ) .  T h e  c r u d e  o i l  a s s a y  d a ta  o f  

e a c h  c r u d e  t y p e  i s  s h o w n  in  T a b le  4 .7 - 4 .9 .  T h e  d i s t i l l a t io n  c u r v e s  o r  T B P  (tru e  

b o i l in g  p o i n t )  c u r v e s  b a s e d  o n  th e  c r u d e  a s s a y s  w e r e  p lo t t e d  a s  d i s p la y e d  in  F ig u r e  

4 .2 6 .



Table 4.7 True boiling point data of light crude

P e r c e n t  D i s t i l l e d T e m p e r a tu r e  ( ° C )

2 .2 15
5 .6 6 5

1 1 .9 1 0 0
2 2 .8 1 5 0
3 2 .3 2 0 0
4 1 .8 2 5 0
5 3 .2 3 0 0
6 3 .5 3 5 0

6 7 .2 3 7 0
8 0 .2 4 5 0
8 6 .5 5 0 0
9 1 .0 5 5 0

T a b le  4 .8  T r u e  b o i l in g  p o in t  d a ta  o f  m e d iu m  c r u d e

P e r c e n t  D i s t i l l e d T e m p e r a tu r e  ( ° C )

1.3 15
6 .3 7 5
1 8 .0 1 4 5
3 3 .0 2 3 0
5 6 .8 3 7 5
8 0 .6 5 6 0
8 1 .2 5 6 5
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Table 4.9 True boiling point data of heavy crude

P e r c e n t  D i s t i l l e d T e m p e r a tu r e  ( ° C ) P e r c e n t  D i s t i l l e d T e m p e r a tu r e  ( ° C )
1 3 .9 1 4 0 4 3 .9 3 5 0
1 5 .3 1 5 0 4 5 .4 3 6 0
1 6 .7 1 6 0 4 6 . 9 3 7 0
1 9 .4 1 8 0 4 8 .3 3 8 0
2 2 .0 2 0 0 4 9 .8 3 9 0
2 4 .7 2 2 0 5 1 .2 4 0 0
2 7 .5 2 4 0 5 8 .3 4 5 0
2 9 .0 2 5 0 6 1 .7 4 7 5
3 0 .4 2 6 0 6 5 .1 5 0 0
3 6 .3 3 0 0 6 8 .4 5 2 5
3 7 .8 3 1 0 7 1 .7 5 5 0
3 9 .4 3 2 0 7 3 .7 5 6 5
4 0 .9 3 3 0

Heavy Crude 
API gravity = 23.12

% Cumulative Volume of Distillate

Light Crude 
API g rav ity  = 35.87

D istilla tion Curves

F i g u r e  4 .2 6  D i s t i l l a t i o n  c u r v e s  o f  e a c h  c r u d e  o i l .
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T h e  A P I  g r a v ity  d a ta  a n d  in f lu e n t  f lo w r a t e s  a re  s h o w n  in  T a b le  4 .1 0 .  
T h e  a s s a y  l ig h t  e n d  c o m p o s i t io n  o f  e a c h  c r u d e  o i l  i s  s h o w n  in  T a b le  4 .1 1 .

T a b le  4 .1 0  C r u d e  u s e d  f o r  s im u la t e d  c a s e  s tu d y

C r u d e A P I
T h r o u g h p u t

( m 3/h )
L ig h t  c r u d e 3 5 .8 7 7 9 5
M e d iu m  c r u d e 3 0 .1 9 7 9 5
H e a v y  c r u d e 2 3 .1 2 7 9 5

T a b le  4 .1 1  L ig h t  e n d  c o m p o s i t io n  o f  c r u d e

C o m p o u n d
V o l%

L ig h t  c r u d e M e d iu m  c r u d e H e a v y  c r u d e
E t h a n e 0 .2 2 0 .0 1 0

P r o p a n e 0 .5 8 0 .2 8 0 .0 7
i - B u t a n e 0 .3 9 0 .2 6 0 .1 3
n - B u t a n e 1 .0 4 0 .9 7 0 .6 3

In  th e  C D U ,  c r u d e  o i l  i s  f ir s t  h e a t e d  u p  to  1 2 5  °c a n d  th e n  f e d  t o  th e  

d e s a l t e r  in  o r d e r  to  r e m o v e  s a lt  in  c r u d e  o i l  b y  d i s s o l v i n g  in  w a te r . A f t e r  s a lt  

r e m o v a l ,  it  i s  h e a t e d  u p  a g a in  to  1 7 0  °c w h ic h  i s  t h e  o p e r a t in g  te m p e r a tu r e  o f  

p r e f la s h  d r u m . T h e  o v e r h e a d  v a p o r - p h a s e  p r o d u c t  f r o m  f la s h  d r u m  i s  fe d  d ir e c t ly  to  

th e  d i s t i l l a t io n  c o lu m n ,  a n d  th e  b o t t o m  l iq u id - p h a s e  p r o d u c t  i s  fu r th e r  p r e h e a te d  b y  

c r u d e  p r e h e a t  tr a in  a n d  f u r n a c e  to  r a i s e  th e  te m p e r a tu r e  u p  to  3 7 0  °c b e f o r e  e n t e r in g  

th e  f r a c t io n a t io n  c o lu m n .  F ig u r e  4 . 2 7  i l lu s tr a te s  th e  s im p le  f l o w  d ia g r a m  o f  C D U  

w ith  p r e f la s h  d r u m .
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Figure 4 . 2 7  T h e  c r u d e  d is t i l l a t io n  u n it  w i t h  p r e f la s h  d r u m .

F o r  th e  c o lu m n  s p e c i f i c a t i o n ,  p r o d u c t s  a re  s p e c i f i e d  b y  u s in g  A S T M  

D 8 6  ( 5 - 9 5  g a p  a n d  9 5 %  p o in t ) .  T h e  p r o d u c t  s p e c i f i c a t i o n  d a ta , o v e r f la s h  r a te , f e e d  

tr a y , a n d  w i t h d r a w a l  tr a y  a re  s h o w n  in  T a b le  4 .1 2 .  T h e  l o c a t io n s  o f  d r a w  a n d  re tu rn  

tra y  fo r  p u m p - a r o u n d  a n d  s id e  s tr ip p e r  a re  s h o w n  in  T a b le  4 .1 3 .  T h e  in i t ia l  v a lu e ,  
c o n d e n s e r  o u t l e t  t e m p e r a tu r e ,  h e a t  r a te  a n d  retu rn  te m p e r a tu r e  o f  p u m p - a r o u n d s  a re  

i l lu s tr a t e d  in  T a b le  4 .1 4 .
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Table 4.12 Products specifications

Product Specification Withdrawal tray
Naphtha D86 (95%point) = 182 °c 1
Kerosene D86 (95%point) = 271 °c 9
Diesel D86 (95%point) = 327 °c 17
AGO D86 (95%point) = 410 °c 28
Overflash rate 0.01
Kerosene-N aphtha (5-95) Gap = 17.2 °c “
Diesel-Kerosene (5-95) Gap = 0.6 °c
AGO-Diesel (5-95) Gap = -3.4 °c
Feed tray 29
Total trays 34

T a b le  4 .1 3  Column feed and side draw tray information

Number of Plates 34
Number of trays (Side Strippers) 4
Pump-around 1 (PA 1 ) Draw Tray 4
Pump-around 1 (PA 1 ) Return Tray 2
Pump-around 2 (PA2) Draw Tray 12
Pump-around 2 (PA2) Return Tray 10
Pump-around 3 (PA3) Draw Tray 21
Pump-around 3 (PA3) Return Tray 19
Kerosene Side-Stripper Return fray 8
Diesel Side-Stripper Return Tray 16
AGO Side-Stripper Return Tray 26
Crude Feed Tray 29
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Table 4.14 Column utilities information

Variable
Value

Light
crude

Medium
crude

Heavy
crude

Kerosene Stripper Steam at 260 °c, 4.4 atm 
(kg/hr) 522.5 832.5 818.6

Diesel Stripper Steam at 260 °c, 4.4 atm (kg/hr) 2616.5 2080.6 2217.5
AGO Stripper Steam at 260 °c, 4.4 atm (kg/hr) 2843.0 1860.0 1696.0
Main Steam at 260 °c, 4.4 atm (kg/hr) 3493
Overflash 1%
Condenser Temperature 32.22 °c
Pump-around 1 (PA 1 ) Return Temperature 104.44 °c
Pump-around 2 (PA2) Return Temperature 148.89 °c
Pump-around 3 (PA3) Return Temperature 232.22 °c
Pump-around 1 (PA1) Heat Rate 11.7 MW
Pump-around 2 (PA2) Heat Rate 8.8 MW
Pump-around 3 (PA3) Heat Rate 8.8 MW

From the simulation, the stream properties were extracted after 
running completely. Stream properties, which consist of inlet and outlet temperature, 
heat capacity flowrates, and heat transfer coefficients, are shown in Table 4.15-4.17. 
The capital cost of heat exchanger is demonstrated in Eq. 4.61.

c a p ita l  c o s t  o f  h e a t  e x c h a n g e r  (ร) = 26,460 + 389 * A r e a fm 2) (4.61)

The process operates 350 working days with the period of 100, 150, 
and 100 days for light, medium, and heavy crude, respectively. The project life time 
of 5 years and prevailing rate of interest of 10% were assumed. Hot and cold utility 
costs are $134/kW and $6.7/kW, respectively. The exchanger minimum approach 
temperature (EMAT) of 5 °c was used.



Table 4.15 Stream properties of light crude (Troll)

Stream FCp
(kW/°C)

Tin 
(๐C)

Tout
(๐๑

h
(kW/m2.°C)

HI 121.02 201.17 104.44 1.293
H2 69.91 274.71 148.89 1.318
H3_ 98.60 321.17 232.22 1.298
H4 105.22 32.22 30.00 1.058
H5 67.76 234.40 30.00 1.395
H6 49.64 273.17 30.00 1.423
H7 ,59.98 326.40 30.00 1.343
H8 135.33 341.73 30.00 0.892
Cl 380.57 25.00 125.00 0.654
C2 434.32 125.00 170.00 0.632
C3 585.63 166.64 370.00 0.788

T a b le  4 .1 6  Stream properties of medium crude (Forozan)

Stream FCp

(kW/°C)
Tin

(๐C)
Tout
(°C)

h
(kw/m2.๐C)

HI 125.28 198.28 104.44 1.092
H2 71.80 271.63 148.89 1.235
H3 101.36 319.12 232.22 1.270
H4 91.92 32.22 30.00- 1.253
H5 56.28 225.57 30.00 1.394
H6 34.77 269.78 30.00 1.431
H7 41.91 326.26 30.00 1.413
H8 210.12 357.39 30.00 0.888
Cl 387.57 25.00 125.00 0.652
C2 443.70 125.00 170.00 0.630
C3 587.80 168.84 370.00 0.782
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Table 4.17 Stream properties of heavy crude (Souedie)

Stream FCp

(kW/°C)
Tin

(°C)
Tout
(°C)

h
(kW/m2.°C)

HI 132.07 193.31 104.44 1.075
H2 74.03 267.77 148.89 1.221
H3 104.43 316.69 232.22, 1.270
H4 70.57 32.22 30.00 1.309
H5 46.81- 221.36 30.00 1.393
H6 29.33 263.57 30.00 1.438
H7 32.46 322.00 30.00 1.419
H8 268.65 353.52 30.00 0.826
Cl 392.24 25.00 125.00 0.651
C2 449.76 125.00 170.00 0.630
C3 555.77 167.81 370.00 0.780

4.4.2 Results
4 .4 .2 .1  H E N  S yn th es is  b y  S im u lta n e o u s  M IN L P  M u ltip e r io d  M o d e l

The refinery case study of CDU is relatively larger scale than 
the adapted case study from Verheyen and Zhang (2006) since it has more process 
streams and different time in each period. The solution of multiperiod HEN was 
obtained in 326,667 seconds by using Acer Intel® Core 2 Quad Processor Q6600 
(2.4 GHz). The MINLP multiperiod model, which was used to solve this case study, 
included some additional constraints which are minimum and maximum of both hot 
and cold utilities required. These equations are quite similar to boundings for total 
heat load. Thus, they led to the reduction of computational time. The minimum 
utilities required were obtained by constructing the composite curves of each period 
by using HRAT (heat recovery approach temperature) equal to 0 ๐c. For the 
maximum utilities required were calculated by summing up total enthalpy of hot 
streams (for cold utility) or cold streams (for hot utility). The composite curves for
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each period are shown in Figure 4.28-4.30. The result of multiperiod HEN for crude 
preheat train was demonstrated by grid diagram as illustrates in Figure 4.31.
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F ig u r e  4 .2 8  Composite curves of period 1 (Light crude).

C o m p o s i t e  C u rv  e fo r  p e r io d  2  (M e d iu m  c r u d e )

Hot Composite Curve ------Cold Composite Curve

F ig u r e  4 .2 9  Composite curves of period 2 (Medium crude).
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C o m p o site  C u rv e

E n t h a lp y ,  k W

Hot Composite Curve ------ Cold Composite Curve

F ig u r e  4 .3 0  Composite curves of period 3 (Heavy crude).

The TAC of multiperiod HEN for the refinery case study was 
$9,141,912 per year. There were 21 process exchangers and 8 utility exchangers. The 
total area of heat exchanger was 15,029 m2. It demonstrated that the simultaneous 
MINLP multiperiod model could perform well and gave a satisfactory solution for 
large problem. Even though this problem was more complex, it did not require any 
initial feasible solution before solving. When the computational time was concerned, 
it spent 644,2-11 seconds (-  7.5 days) to solve the problem which has 11 streams. 
While the small case study of VGO taken from literature with 7 streams spent only 
318 seconds to solve. It could be seen that the computational time was considerably 
sensitive to the number of streams because it caused the number of single equations, 
single variables, and discrete variables to increase exponentially.



EMAT = 5 X
Refinery case -  Simultaneous MINLP

F ig u r e  4 .3 1  Grid diagram of multiperiod HEN for crude preheat train. "J
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4 .4 .2 .2  M o d e l Im p ro v e m e n t b y  In itia liza tio n  T ech n iq u e
Due to the overmuch time spent on solving the refinery case 

study, the initialization technique was adopted. Basically, initialization technique is 
advantageous to computational time usage and/or solution improvement.

In this study, the principle is to eliminate all nonlinear 
equations in MINLP multiperiod model so that it becomes an MILP model. Then the 
MILP model is used to preliminary solve to-obtain rough solution which may close 
to the optimal solution. This preliminary result from MILP will be use as the initial 
value for every variable in MINLP multiperiod model. Therefore, the MINLP model 
will start solving from that initial point instead of beginning with upper and lower 
bound of each variable.

A. Initialization Strategy
The strategy of initialization technique is to modify all 

nonlinear equations to linear equations. In the simultaneous MINLP multiperiod 
model, the area and LMTD (log mean temperature difference) calculation are 
nonlinear equations. First, in LMTD calculation as illustrated in Eq. 4.62, its 
nonlinear terms are from the multiplication of temperature differences and the power 
number of 1/3. These LMTD variables were replaced by constant values which were 
called average LMTD (ALMTD). Second, for the area calculation as shown in Eq. 
4.63, it was considered as nonlinear function because there is a division of variable 
q(i,j,k,p) by variable LMTD(i,j,k.p). Now that the variables LMTD(i,j,k,p) were 
replaced by ALMTD(i,j,p); therefore, the area equation would become-a linear 
function.

L M T D ( i , j , k , p ) = [ d t ( i , j , k , p ) . d t ( i , j , k  +  1 ,p)
d t ( i , j ,  k ,  p ) + d t { i , j ,  k  +  1, p) (4-62)

' 2 J

A r e a { i , j ,  k )  = (4.63)
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B. ALMTD calculation Methodology
ALMTD is a constant parameter calculated for each 

specific match of hot stream i and cold stream j. Firstly, with the assistance of 
potential program developed by Siemanond and Kosol (2012), optimum HRATs of 
each period were identified. Secondly, composite curves for each period were plotted 
with the use of obtained optimum HRAT. Then the composite curves were divided 
into many temperature intervals (ท). In each interval, the LMTD was calculated by 
using Eq. 4.64 which is real LMTD.

, 1. , ,  [ t h ( i , k )  -  t c ( j , k ) ]  -  [ t h ( i , k  +  1 )  -  t c ( j , k  +  1 ) ]

y = ------------11 m w - t c a k W - ------------
[ t / i ( i , / r  +  1 )  —  t c ( j , / c  +  1 ) ]

(4.64)

For every match of hot stream i and cold stream j, the 
ALMTDs were obtained by calculating weighted average value of LMTD and heat 
load (q) in overlapped region as shown in Eq. 4.65.

^ JL q ( i ’j , p > n ) - L M T D ( p , ท ) ^  ^A L M T D (i,j ,p )  — ------- '  —T-------- (4.65)
Y.N q ( i j , p ,  ท )

c. Results
The ALMTD values of every possible match in each 

period are shown in Table 4.18 for process-process streams and Table 4.19 for 
utility-process stream. For the matches which have ALMTD equal to EMAT, it 
means that those matches have no overlapped zone in the composite curves. 
Flowever, in real situation, it is impossible for heat to exchange between those 
matches. Thus, the values of binary variables which indicate the existence for these 
matches could be preset as 0.
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Table 4.18 ALMTD of match between process streams in each period

ALMTD (๐C)
Streams Period 1 Period 2 Period 3

(light crude) (medium crude) (heavy crude)
HI Cl 22.0 23.4 27.6
HI C2 16.8 15.7 16.3
HI C3 17.7 13.7 13.4
H2 Cl - EMAT
H2 C2 16.5 15.3 16.0
H2 C3 28.3 . 22.5 18.9
H3 Cl EMAT
H3 C2 EMAT
H3 C3 45.2 36.5 27.6
H4 Cl EMAT
H4 C2 EMAT
H4 C3 EMAT
H5 Cl 19.8 23.9 30.7
H5 C2 16.8 15.7 16.3
H5 C3 22.2 16.5 15.0
H6 Cl 19.8 23.9 30.7
H6 C2 16.8 15.7 16.3
H6 C3 28.1 22.3 18.6
H7 Cl 19.8 23.9 30.7
H7 C2 16.8 15.7 16.3
H7 C3 37.7 30.7 23.8
H8 Cl 19.8 23.9 30.7
H8 C2 16.8 15.7 16.4
H8 C3 41.3 37.0 -28.2
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Table 4.19 ALMTD of match between process stream and utilities in each period

ALMTD (°C)
Stream Utility Period 1 Period 2 Period 3

(light crude) (medium crude) (heavy crude)
HI c u 79.4 79.4 79.4
H2 c u 123.9 123.9 123.9_
H3 CU 207.2 207.2 207.2
H4 CU 10.2 12.8 - 16.1
H5 CU 10.2 12.8 16.1
H6 CU 10.2 12.8 16.1
H7 ' CU 10.2 12.8 16.1
H8 CU 10.2 12.8 16.1
HU Cl 375.0 375.0 375.0
HU C2 330.0 330.0 330.0
HU C3 403.7 389.3 377.2

After executing the modified MILP multiperiod model with 
these ALMTDs, the solution was taken further to be used as the initial value for 
MINLP multiperiod model. The grid diagram of generated HEN by MINLP 
accompanying with initialization is illustrated in Figure 4.32. Its investment cost in 
TAC was $9,130,627 per year. There were 21 process exchangers which was equal 
to the number of process exchanger from HEN without initialization technique. But 
the number of utility exchanger was only 4 which was less than that from HEN 
without initialization. The summary results of HEN with and without initialization 
technique is illustrated in Table 4.20. It demonstrated that the time resource required 
was decrease substantially by over 70 % when using the initialization strategy. 
Moreover, it showed that the model with initialization could generate better 
multiperiod HEN design than that without initialization. The TAC was improved by
0.12 %. It was obviously because the initial value obtained from MILP initialization
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model was able to lead the direction of searching algorithm of solver to the better 
optimal solution due to the use of suitable starting point.

Table 4.20 Summary result of HEN with and without initialization for refinery case 
study

Parameter Without
initialization

With
initialization

No. of heat 
exchangers 29 25

Total area (m2) 15,029 16,079
Fixed cost ($/yr) 202,578 174,636
Area cost ($/yr) 1,543,422 1,651,209
Utility cost ($/yr) 7,395,913 7,304,782
TAC ($/yr) 9,141,913 9,130,627

Time resource (ร) 644,221 
(~7.5 days)

163,433 
(~1.9 days)



EMA? = 5 *c
Refinery case - Simultaneous MINLP with initialization I,

Figure 4 .3 2  G r i d  d i a g r a m  o f  m u l t i p e r i o d  H E N  f o r  c r u d e  p r e h e a t  t r a i n  w i t h  i n i t i a l i z a t i o n  t e c h n i q u e . ๐0C5
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I n  o r d e r  to  c o n f i r m  t h e  p e r f o r m a n c e  o f  t h e  p r o p o s e d  

i n i t i a l i z a t i o n  s t r a t e g y  in  t e r m  o f  i ts  b e n e f i t  t o  r e d u c e  c o m p u t a t i o n a l  t i m e ,  a n o t h e r  

i m p l e m e n t a t i o n  o f  M I N L P  w i t h  i n i t i a l i z a t i o n  t e c h n i q u e  w a s  c a r r i e d  o u t .  T h e  c a s e  

s t u d y  w a s  t h e  s a m e  r e f i n e r y  c a s e  s tu d y  e x c e p t  t h a t  t h e  t i m e  d u r a t i o n s  f o r  l ig h t ,  

m e d i u m ,  a n d  h e a v y  c r u d e  w e r e  c h a n g e d  t o  1 5 0 ,  5 0 ,  a n d  1 5 0  d a y s ,  r e s p e c t i v e l y .  T h e  

s u m m a r y  r e s u l t  i s  s h o w n  in  T a b l e  4 .2 1 .  T h e  t i m e  r e s o u r c e  r e q u i r e d  w a s  d e c r e a s e d  

f r o m  9 3 2 ,0 2 1  ( w i t h o u t  i n i t i a l i z a t i o n )  t o  2 ,3 3 7  s e c o n d s  ( w i t h  i n i t i a l i z a t i o n ) .  T h e  

r e d u c t i o n  o f  t h e  t i m e  r e s o u r c e  w a s  e v e n  m o r e  t h a n  t h e  l a s t  c a s e  s t u d y ;  h o w e v e r ,  t h e  

c h a n g e  o f  t i m e  d u r a t i o n  f o r  e a c h  p e r i o d  d o e s  n o t  r e l a t e  t o  t h e  r e q u i r e d  c o m p u t a t i o n a l  

t i m e  b e c a u s e  i t  j u s t  c h a n g e s  t h e  s o l u t i o n  s p a c e .  F r o m  t h e  r e s u l t ,  i t  c a n  b e  c o n c l u d e d  

t h a t  t h e  p r o p o s e d  i n i t i a l i z a t i o n  s t r a t e g y  c o u l d  h e l p  r e d u c e  t h e  c o m p u t a t i o n a l  t i m e  

c o n s i d e r a b l y  w i t h  a c c e p t a b l e  r e s u l t  o f  m u l t i p e r i o d  H E N .  I t  i s  p o s s i b l e  t o  o b t a i n  b e t t e r  

s o l u t i o n  b y  a l l o w i n g  t h e  m o d e l  w i t h  i n i t i a l i z a t i o n  to  r u n  f o r  l o n g e r  t im e .

Table 4.21 S u m m a r y  r e s u l t  o f  H E N  w i t h  a n d  w i t h o u t  i n i t i a l i z a t i o n  f o r  a n o t h e r  
r e f i n e r y  c a s e  s t u d y

P a r a m e t e r
W i t h o u t

i n i t i a l i z a t i o n

W i t h

i n i t i a l i z a t i o n

N o .  o f  h e a t  

e x c h a n g e r s
3 0 2 2

T o t a l  a r e a  ( n r ) 1 5 ,4 3 3 1 5 ,8 1 4

F i x e d  c o s t ( $ / y r ) 2 0 9 ,5 6 3 1 5 3 ,6 8 0

A r e a  c o s t  ( $ / y r ) 1 ,5 8 4 ,9 3 3 1 ,6 2 4 ,0 7 8

U t i l i t y  c o s t  ( $ / y r ) 7 , 3 9 6 ,1 3 4 7 , 4 1 8 ,9 7 7

T A C  ( $ / y r ) 9 ,1 9 0 ,6 3 1 9 ,1 9 6 ,7 3 5

T i m e  r e s o u r c e  (ร ) 9 3 2 ,0 2 1 2 ,3 3 7



85

4 .4 .2 .3  V a lid a tio n  o f  H E N
T h e  f i n a l  p r o c e d u r e  o f  H E N  s y n t h e s i s  f o r  r e f i n e r y  c a s e  s tu d y  

w a s  to  v a l i d a t e  t h e  b e s t  o b t a i n e d  s o l u t i o n  a n d  a p p l y  b a c k  in  t h e  p r o c e s s  s i m u l a t i o n  

o n  P R O / I I .  T h i s  s t e p  w o u l d  e n s u r e  t h e  f e a s i b i l i t y  a n d  r e l i a b i l i t y  o f  t h e  r e s u l t  f r o m  t h e  

p r o p o s e d  m o d e l  i n  t h e  r e a l  p r o c e s s .  T h e  d a t a  o f  h e a t  e x c h a n g e r  a r e a s  a n d  t o p o l o g y  

w e r e  u s e d  in  t h e  s i m u l a t i o n .

D u e  to  t h e  a s s u m p t i o n  o f  c o n s t a n t  h e a t  c a p a c i t y  f l o w r a t e s ,  it  

w a s  f o u n d  t h a t  s o m e  m o d i f i c a t i o n s  h a d  t o  b e  m a d e  b e c a u s e  t h e  o u t l e t  t e m p e r a t u r e  o f  

t h e  p r o c e s s  s t r e a m s ,  w h i c h  d o  n o t  h a v e  u t i l i t y  e x c h a n g e r s  i n s t a l l e d  a t  t h e  e n d ,  d id  n o t  

r e a c h  t h e  d e s i r e  t e m p e r a t u r e s .  H e n c e ,  s o m e  e x c h a n g e r  a r e a s  h a d  to  b e  c h a n g e d  b y  

u s i n g  c o n t r o l l e r  t o o l  in  P R O / I I  t o  a d j u s t  t h e  v a l u e s  o f  a r e a .  M o r e o v e r ,  o n e  u t i l i t y  

e x c h a n g e r  w a s  a d d e d  a t  t h e  e n d  o f  s t r e a m  H 3 .  T h e  f i n a l  a p p l i c a b l e  H E N  w a s  

i l l u s t r a t e d  in  F i g u r e  4 .3 3 .

A f t e r  v a l i d a t i o n ,  t h e  T A C  w a s  r e c a l c u l a t e d  b e c a u s e  t h e  a r e a  o f  

s o m e  h e a t  e x c h a n g e r s  w e r e  c h a n g e d  a n d  o n e  m o r e  h e a t  e x c h a n g e r  w a s  a d d e d  i n t o  t h e  

m u l t i p e r i o d  H E N .  T a b l e  4 .2 2  s h o w s  t h e  n e w  s u m m a r y  r e s u l t  a n d  T A C  a f t e r  

v a l i d a t i o n .

Table 4 .2 2  S u m m a r y  r e s u l t  o f  m u l t i p e r i o d  H E N  a f t e r  v a l i d a t i o n

P a r a m e t e r
M u l t i p e r i o d  H E N  

a f t e r  v a l i d a t i o n

N o .  o f  h e a t  

e x c h a n g e r s
2 6

F i x e d  c o s t  ( $ / y r ) 1 8 1 ,6 2 1
A r e a  c o s t  ( $ / y r ) 1 ,4 9 8 ,2 8 3

U t i l i t y  c o s t  ( $ / y r ) 7 2 9 ,9 5 5
T A C  ( $ / y r ) 8 ,9 7 9 ,4 9 9



Figure 4 .3 3  G r i d  d i a g r a m  o f  v a l i d a t e d  H E N  f o r  c r u d e  p r e h e a t  t r a i n  w i t h  i n i t i a l i z a t i o n  t e c h n i q u e . ooเวริ
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