
CHAPTER III 
MATHEMATICAL MODEL FORMULATION

3.1 Problem Definition

T h is  w o rk  a d d r e s s e s  th e  p la n n in g  o f  c r u d e  o il p u r c h a s in g  to  s a t i s f y  th e  
p r o d u c t  s p e c i f ic a t io n  a n d  d e m a n d  w i th  th e  h ig h e s t  p ro f i t .  P la n n in g  a c t iv i t i e s  i n v o lv e  
th e  m a n ip u la t io n  o f  c r u d e  o il p u r c h a s e  d e c is io n s ,  p r o c e s s in g  a n d  m a n a g e m e n t  o v e r  
t im e  p e r io d s .  T h e  m o d e l  r e p r e s e n ts  a  s c h e m e  o f  a  r e f in e ry  in c lu d in g  p r o d u c t  p a th s ,  
c a p a c i t i e s  a n d  y ie ld s  o f  s e v e ra l  u n its .

A  u n i t  m o d e l  c o n s is t s  o f  b le n d in g  r e la t io n s  a n d  p r o d u c t io n  y ie ld s .  B le n d in g  
r e la t io n s  r e p r e s e n t  in te r m e d ia te  b le n d in g  p o s s ib i l i t i e s  fo r  p r o d u c in g  e a c h  p r o d u c t .  
T h e  p r o d u c t io n  y ie ld  is  a s s u m e d  to  b e  a  s im p le  y ie ld  r e la t io n  f o r  s im p l i f i c a t io n  o f  
s o lv in g  p u r p o s e .  I t is  b a s e d  o n  a v e ra g e  v a lu e  o b ta in e d  f ro m  p la n t  d a ta .  P r o c e s s in g  o f  
a  u n i t  m u s t  s a t is fy  b o u n d  c o n s tr a in t s  fo r  b o th  m a x im u m  a n d  m in im u m  u n i t  f e e d .

P r ic in g  d e c i s io n  is  in te g r a te d  w i th  th e  p la n n in g  m o d e l . T h e  s ta r t in g  p o in t  is  
th e  d e v e lo p m e n t  o f  th e  p r i c e - d e m a n d  r e la t io n  u s in g  m ic r o e c o n o m ic  m e th o d  a n d  
“ U t i l i ty  f u n c t io n ”  c o n c e p t .  T h e  r e la t io n  o b ta in e d  is  in te g ra te d  in to  th e  p la n n in g  
m o d e l .  P r o d u c t  d e m a n d  a n d  p r ic e  a re  n o w  c o n s id e r e d  a s  th e  d e c i s io n  v a r ia b le s .  T h e y  
a re  s im u l ta n e o u s ly  d e te r m in e d  w i th  th e  o p tim a l  c ru d e  o il  p ro c e s s in g .

T h e  g o a l  is  to  m a x im iz e  th e  g ro s s  r e f in e ry  m a r g in  (G R M )  fu n c t io n  w h ic h  is  
t h e  d i f f e r e n t  b e tw e e n  t h e  p r o d u c t  r e v e n u e  m in u s  t h e  c o s t  o f  r a w  m a te r ia l s ,  in v e n to r y  
a n d  th e  o p e r a t in g  c o s ts .

F i r s t ,  th e  p la n n in g  m o d e l  w a s  d e v e lo p e d  w i th o u t  p r ic in g  d e c is io n  a n d  w a s  
m a d e  d e te r m in is t i c .  T h e n  u n c e r ta in ty  o f  d e m a n d s  a n d  p r ic e s  w e r e  in c o r p o r a te d  in to  
th e  m o d e l .  N e x t ,  th e  p r ic in g  d e c i s io n  w a s  in te g ra te d .  F in a l ly ,  f in a n c ia l  r i s k  
m a n a g e m e n t  is  d is c u s s e d .

3.2 General Mathematical Formulation

3 .2 .1  A s s u m p t io n
T h e  f o l lo w in g  a s s u m p t io n s  a re  p r o p o s e d  to  th e  m o d e l :
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a )  P e r f e c t  m ix in g  a n d  l in e a r  b le n d in g  is  a s s u m e d  in  th e  p ro c e s s .
b )  M a te r ia l  lo s s e s  a re  n e g le c te d .
c )  T h e  p r o p e r ty  s ta te  o f  e a c h  c ru d e  o il o r  p r o d u c ts  is  d e c id e d  o n ly  b y  

s p e c i f ic  k e y  c o m p o n e n ts  s u c h  a s  s u lfu r  a n d  a r o m a tic s  c o n te n ts .
d )  U t i l i ty  f u n c t io n  c o n c e p t  u s e d  to  d e v e lo p  th e  p r i c e - d e m a n d  m o d e l  is  

b a s e d  o n  th e  C o n s ta n t  E la s t i c i ty  o f  S u b s t i tu t io n  (C E S )  ty p e .

3 .2 .2  G e n e r a l  M a th e m a t ic a l  M o d e l
A  s e t -u p  o f  in p u t - o u tp u t  b a la n c in g  is  b a s e d  o n  th e  n e tw o r k  s t r u c tu r e  

p r o p o s e d  b y  P in to  e t al. (2 0 0 0 ) .  F ig u re  3 .1  s h o w s  th e  g e n e ra l  r e p r e s e n ta t io n  o f  
b a l a n c in g  a  p r o d u c t io n  u n it .

p ๐ u l'.c l .q l

,  P O  "  1A  u r .c l.q n
" ' • ๗ ’ ' ' ' '  P O . .  „ 1ul 1 cn,q]
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A ,ๆ 1 1ใน ,c  I ,น, t
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Figure 3 .1  B a la n c in g  o f  a  ty p ic a l  u n it .

F r o m  F ig u r e  3 .1 , c o m m o d ity  C l  f ro m  u n it  พ /' is  s e n t  to  u n i t  พ a t  f lo w  ra te  
A „1 ’.c i .u . t  in  p e r io d  t. T h e  s a m e  u n i t  พ /' m a y  s e n d  d if f e r e n t  c o m m o d it ie s  c  ( C 7 ,C 3 , . .. ,c n)  
to  u n i t  พ. In  a d d i t io n ,  พ' (พ2 , น }',. . . ,นท)  c a n  f e e d  c o m m o d it i e s  c  (c ,,c 2, ...,c ,j)  to  u n i t  พ. 
T h e  s u m m a t io n  o f  f e e d  fo r  u n i t  พ is  r e p r e s e n te d  b y  A F UJ. P a r a m e te r s  P O ur,d ,q



28

d e n o te  p r o p e r t ie s  q  o f  c o m m o d i ty  c 1 f lo w  f ro m  น]'. V a r ia b le s  A O UiCit r e p r e s e n ts  th e

o u t le t  f lo w  r a te  o f  c o m m o d ity  c  f ro m  u n i t  น in  t im e  p e r io d  t. A  s p l i t te r  is  r e p r e s e n te d  
a t  e v e ry  o u t l e t  s t r e a m  b e c a u s e  a  p r o d u c t  s t r e a m  c a n  b e  s e n t  to  m o r e  th a n  o n e  u n i t  fo r  
f u r th e r  p r o c e s s in g  o r  s to ra g e .

T h e  m o d e l  o f  a  ty p ic a l  u n i t  น in  F ig u re  3.1 is  r e p r e s e n te d  b y  tw o  s e ts  o f  
e q u a t io n s .  T h e  f i r s t  s e t  in v o lv e s  b a la n c e  e q u a t io n s  a n d  th e  o th e r  in v o lv e s  s tr e a m  
p r o p e r ty  e q u a t io n s .

Stream Balance equations include:
1. B a l a n c e  o f  f e e d s  to  u n i t  น w h ic h  is  r e p r e s e n t e d

^  (3.1)

2 . B a l a n c e  o f  p r o d u c t s  f r o m  s p l i t t e r  w h ic h  is  r e p r e s e n t e d  b y

■d@u,c,t — ^ ■น,c,น'.I ( 3 .2 )

3 . B a l a n c e  o f  p r o d u c t s  f r o m  u n i t  น w h ic h  i s  r e p r e s e n t e d  in  t w o  w a y s :

- F o r  p e r c e n t  y i e l d s  t h a t  d o  n o t  d e p e n d  o n  t h e  f e e d  p r o p e r t i e s ,  
t h e  a m o u n t  o f  p r o d u c t s  i s  e q u a l  t o  t h e  t o t a l  i n l e t  f l o w  m u l t i p l y  b y  a  c o n s t a n t ,  
t h e  p e r c e n t  y i e l d  o f  t h a t  u n i t .

4 0 uc'1 = A F U1 x y i e l d tic ( 3 .3 )

- F o r  p e r c e n t  y i e l d s  t h a t  d e p e n d  o n  t h e  f e e d  p r o p e r t i e s ,  t h e  
a m o u n t  o f  p r o d u c t s  i s  e q u a l  to  t h e  s u m  o f  e a c h  i n l e t  f l o w  t i m e s  p e r c e n t  y i e ld

o f  e a c h  i n l e t  f l o w .
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A 0 น,c,1 = X  X  ( A น',c■ น,, x c y ie ld c.c)  ( 3 .4 )
7/'ectank c'eCg

S t r e a m  p r o p e r t y  e q u a t i o n s :
T h e  c a l c u l a t i o n  o f  p r o d u c t  p r o p e r t i e s  t h a t  c a n  b e  a c c o m p l i s h e d  i n  tw o

w a y s :
1. P r o d u c t  p r o p e r t i e s  l e a v i n g  u n i t  น c a l c u l a t e d  b y  t h e  s u m  o f  t h e  f lo w  

f r a c t i o n  t i m e s  t h e  p r o p e r t i e s  o f  e a c h  f l o w  a s  in  t h e  f o l l o w i n g  e q u a t i o n .  T h e s e  
a r e  c a l l e d  b l e n d i n g  e q u a t i o n s .

P 0 น,c,<1,, =
X  X  ( Aนพ,น,, x P ro„’,c,g)

7/'eU' c'e COu.

X  X  Aน',c,น,,
i/ 'e U  c'eC 0„.

( 3 .5 )

T h e  e q u a t i o n  i s  n o n - l i n e a r .  H o w e v e r ,  t h i s  i s  n o t  a n  e q u a t i o n  w e  u s e  in  
t h e  m o d e l .  W e  u s e  b o u n d s  o n  t h i s  p r o p e r t y .  T h is  is  f u r t h e r  d i s c u s s e d  b e l o w .

2 . P r o d u c t  p r o p e r t i e s  f r o m  u n i t  น t h a t  c a n  b e  d e t e r m i n e d  o v e r  a v e r a g e  
v a l u e s  o b t a i n e d  f r o m  p l a n t  d a t a ,  e .g .  i s o m e r a t e  f r o m  i s o m e r i z a t i o n  u n i t  a n d  
r e f o r m a t e  f r o m  r e f o r m e r  u n i t :

P 0 น,c,1,, = P ro น,c,, ( 3 .6 )

C a p a c i t y  c o n s t r a in t :
T h e  s t r e a m  f l o w in g  t o  e a c h  u n i t  s h o u l d  b e  w i t h i n  e s t a b l i s h e d  

m i n i m u m  a n d  m a x i m u m  v a l u e s

ux„ > A F , , >  un„ ( 3 .7 )

T h e  a l l o w a b l e  q u a n t i t y  o f  c r u d e  o i l  r e f i n e d  in  e a c h  t im e  p e r i o d  i s  
s h o w n  in  t h e  f o l l o w i n g  e q u a t io n :

° x c *  A C c,, ^  o n c (3.8)
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T h e  a l l o w a b l e  q u a n t i t y  o f  f i n i s h  p r o d u c t  s t o r e d  in  e a c h  t im e  p e r i o d  is
l im i t e d :

s to x c > A S 01 ( 3 .9 )

Q u a l i t y  c o n s t r a i n t :
T h e  p r o d u c t  q u a l i t y  m u s t  b e  g r e a t e r  o r  e q u a l  t o  i t s  m i n i m u m  

s p e c i f i c a t i o n s  a n d  m u s t  n o t  b e  o v e r  i t s  m a x i m u m  s p e c i f i c a t i o n s .  T h e  s e t  o f  
p r o d u c t  (C p )  m u s t  s a t i s f y  t h e  f o l l o w i n g  e q u a t io n :

P x c,<1 ^  P O u,c,<1,1 *  p n c,11 ( 3 .1 0 )

D e m a n d  c o n s tr a in t :
T h e  a m o u n t  o f  e a c h  p r o d u c t  s o ld  p lu s  t h e  v o lu m e  o f  l o s t  d e m a n d  o f  

t h a t  p r o d u c t  in  e a c h  p e r i o d  o f  t im e  m u s t  b e  e q u a l  to  t h e  a m o u n t  o f  p r o d u c t  
d e m a n d  in  t h a t  t im e  p e r i o d .

d e m  01 = sa le s01 ( 3 .1 1 )

T h e s e  b a la n c e  e q u a t io n s  a n d  s t r e a m  p r o p e r ty  e q u a t io n s  a r e  a p p l ie d  to  a  s e t  
o f  d i f f e r e n t  o p e r a t io n  u n i t s  to  d e v e lo p  a  g e n e ra l  p la n n in g  m o d e l  f o r  r e f in e r y .  T h e s e  
u n i t s  a re  in c lu d e  c ru d e  o i l  c h a r g in g  ta n k s ,  d is t i l l a t io n  u n i t s ,  n a p th a  p r e t r e a t in g  u n i t ,  
c a ta ly t i c  r e f o r m in g  u n i t s ,  h y d r o d e s u l f u r iz a t io n  u n i t ,  in te r m e d ia te  ta n k s  s u c h  a s  
i s o m e r a te ,  r e f o r m a te  o r  n a p th a  t a n k s ,  a n d  p r o d u c t  u n i t s .  E q u a t io n s  th a t  a re  s e t  to  
th e s e  u n i t s  a r e  a s  fo l lo w :

C h a rg in g  ta n k  m o d e l
C h a r g in g  ta n k  is  th e  u n it  to  w h ic h  a ll c ru d e  o i l s  a r e  a s s u m e d  to  b e  u n lo a d e d  

a n d  th e n  d e l iv e r e d  to  th e  o th e r  u n i t s .  I t is  a s s u m e d  th a t  th e  c h a r g in g  ta n k s  h a v e  n o  
c a p a c i ty  l im i t  in  o r d e r  to  f in d  th e  e x a c t  a m o u n t  o f  e a c h  c ru d e  o il  r e f in e d  to  s a t is fy  
d e m a n d  in  e a c h  t im e  p e r io d .  E q u a t io n  ( 3 .1 2 )  d e s c r ib e s  th e  o u tle t  s tr e a m  f r o m  c ru d e  
c h a r g in g  ta n k s
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AO ctank, , , 1- Ç  4 tan k ,  o ,น ',/ (3 .1 2 )

Crude distillation unit (CDU) model
T o ta l  f e e d s  f lo w  to  C D U s  a re  r e p r e s e n te d  b y  th e  fo l lo w in g  e q u a t io n :

- ^ ™ , , =  1 4 , c , C D U j
(3 .1 3 )

T h e  a m o u n t  o f  p r o d u c t  y ie ld  d e p e n d s  o n  fe e d  f lo w  a n d  f e e d  p r o p e r t ie s :

A O (•0,/6., = y , ( ,̂; c ' C D U . I x cyie ldc.c) (J-14)

T o ta l  o u t le t  f lo w  o f  C D U s  is  th e  s u m m a tio n  o f  a l l  C D U s  p r o d u c t  f lo w in g  to  
o th e r  u n its :

AOç.mixj A  Aaw,c,»\i
น'

(3 .1 5 )

P r o p e r t i e s  o f  p r o d u c t  s t r e a m s  
f r a c t io n  f r o m  e a c h  fe e d . T h e  p r o p e r t ie s  
f ro m :

a re  d e te r m in e d  f r o m  p r o p e r t ie s  o f  e a c h  
b a s e d  o n  v o lu m e  b a s is  c a n  b e  c a l c u la te d

X,‘1J

ร ุ ( 4 , \ ๙,C D U ,1 x  c y ie ld c, c X  pro11.c'11)  

z  ( 'พ - / .) น ,/  x c y ie ld c.c)
q e A V , ( 3 .1 6 )
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P r o p e r t i e s  w h ic h  a r e  b a s e d  o n  w e ig h t  b a s is  c a n  b e  c a lc u la te d  f ro m :

PO1 '-J(7)U,c,qJ

ร ุ ( ^ » พ .พ /./  x  cyieldc, c X  pro,1, c q  X  pro 1.cS0) 
X (A.p,cCDUj x  cyieldc,c X  pro 11,10*,.)

9  6  A W , (3 .1 7 )

Naptha pretreating นทน (NPU) model
F e e d  f lo w  o f  N P U  is  d e te r m in e d  b y  E q u a tio n  (3 .1 8 ) :

A P ' n P U ,!  =  y  A , 1' n a n .N P U .I  
น'

( 3 .1 8 )

P r o d u c ts  f ro m  N P U s  c a n  b e  c a lc u la te d  f ro m  E q u a t io n  (3 .1 9 ) :

AONPU,nap.I y  A น',nap,NPU,I x  y i e l d NPV,„ap (3 .1 9 )

T o ta l  o u t le t  f lo w  o f  N P U s  is  th e  s u m m a tio n  o f  a l l  N P U s  p r o d u c t  f lo w in g  to  
o th e r  u n its :

A O N P U , c,l
น

(3 .2 0 )

Catalytic reformer unit (CRU) model
F e e d  f lo w  o f  C R U s  a re  c o n s id e r e d  b y  E q u a t io n  (3 .2 1 ) :

A F c r i j j = y A น',C,CRU,I
ใเ'

(3 .2 1 )

A m o u n t  o f  p r o d u c t  y ie ld  d e p e n d s  o n  fe e d  f lo w  a n d  fe e d  p r o p e r t ie s :

AO CRU ,c .,1 = APntu1 X  yield (1(,,1. ( 3 .2 2 )
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Balance of CRUs outlet flow is as follows:

A O C R l J c  1 =  C R U , C , U , I

น
(3.23)

Intermediate tanks model
- Isomerization นทน (ISOU) model
Feed flow of ISOU is calculated from Equation (3.24):

AF!S0U j = ^  A11' c ISOU ! (3-24)

Production yield can be estimated from the following equation:

AO I S O U ,CJ =  AFjs o 1 1 1  X  yield I S O U , c (3.25)

Outlet balance flow of ISOU can be calculated from Equation (3.26)

AO,ร 0 1 , ' . ,  =  X! A i s o u , c , u , i  (3-26)

- Kerosine treating unit (KTU) model
Total feed flow of KTU is shown in the Equation (3.27)

AFKm j = Ç  , m  , (3.27)

Product from KTU is estimated to equal to its feed.

AOKIV.C,1 ~ AFKT111 (3 .2 8 )
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Balance of outlet flow from KTU is as follow:

A O  K m , c , l  ~  ] โ ]  A K W , C , U , I

น
(3.29)

- Reformate, Isomerate, Light naptha and Heavy naptha tank
Feed flow of these intermediate tanks can be estimated from Equation

(3.30):

AF„ =  Ç  A,, , 11,

พ 6 REFT, 1SOT, i m  and HNT (3.30)

Products of these units are estimated to equal to their feeds as in the 
following equation:

AO„_CJ = AFUJ
น G REFT, ISOT, LNT and HNT (3.31) 

Outlet flow balance equation of the units is as follow:

AO,,c 1 = X  4 ' , CM

น' €  REFT, ISOT, LNT and HNT (3.32)

- Purchased intermediate tank
For the purchased intermediate such as MTBE, the outlet flow of its tank 

can be calculated from Equation (3.33):

AO,1. ,. , =  ] โ ]  A„. 1. ,11
น' e Purchased intermediate tank (3 .3 3 )
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Hydrodesulfurization (HDS) unit

Feed flow of FIDS can be estimated from the following equation:

A F m sJ  =  E  A . ( 3. 34)

Production yield from FIDS is calculated from Equation (3.34)

HDS,c,I = AFHDSj X  y ie ld  HDSc (3.35)

Outlet flow balance equation is as follow:

A O „DS c1 = X  ' พ c,1,,, (3.36)

Product poo l model

- Fuel gas (FG) tank

Total production o f FG tank can be found from  the fo llo w in g  equation:

A F m j  =  I - i , M , (3.37)

The amount of product flow out from FG tank is represented by:

- « พ  = AFnTJ (3.38)

- Liquefied petroleum  gas (LPG) tank

The total production of LPG tank can be calculated from Equation (3.39)

A( พ , ,  = I A ,m t,, (3.39)

t  i M ' U n ï  (
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The amount of product flow out from LPG tank is represented by:

AOน * ( ท ,, c . I =  AFm(ท'.เ (3.40)

-  Gasoline pool (GSP)
Gasoline is produced by blending the intermediate streams. Equation (3.41) 

represents the feed flow of GSPs:

A F G  S P J X  A u \c ,o s r,i
น'

(3.41)

The amount of product flow out from GSPs are determined by Equation
(3.42)

AO,
G S P . C . I = AF(;!sr.i (3.42)

The properties of products from GSPs can be calculated from the following
equation:

POG S P . c . q J

X X (Ay.๙ , O S H . ,  x  Pr°,ร , c , q )

X X ̂ u ' x . G S P . r

(3.43)

- Jet fuel (JP-1) tank
The total production of JP-1 can be calculated from the following equation:

AF.เท 'J X ̂ , . . , J P T . 1
(3.44)

The amount of product flow out from JP-1 tank is represented by:

A O jjr j - 'Ç j  =  A F  11,■1■ 1 (3 .4 5 )
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- Diesel Oil pool (DSP)
DSP is the unit that produces the diesel oil. The amount of DSP feed can be 

calculated as follow:

AF1osr.i E 4 , c ,  D S P ,  f (3.46)

The amount of product flow out from DSP is determined by Equation
(3.47):

A O n s p . c j  =  A F  1 s1, 1 (3.47)

- Fuel oil (FO) pool
Different types of fuel oils may be produced with different viscosity, or 

other properties. All are blended in their fuel oil pools. The following equation 
represents the feed flow to each fuel oil pool.

AFm  = ร  A , (3.48)

The amount of product flow out from fuel oil pools are-determined by 
Eqaution (3.49):

A O f O P , c J  =  A F  1,:01, 1 (3.49)

Quality constraints for product units

The properties concerned in this work are different upon the products. For FG 
and LPG, the properties of these two products are not taken into account since FG is 
burned as an energy source in the plant whereas LPG properties are mostly in the 
range of its specification. Other properties for each product can be described as 
follows:
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Gasoline products
The properties involving with these products are octane number (RON), 

aromatic content (ARO), and Reid vapor pressure (RVP). These properties are of 
importance for production of gasoline products.

Diesel oil (DO)
Only two properties are used in the DO production that is Cl and ร. These 

properties are the specification for the Diesel products.

Fuel oil (FO)
There are four properties (ร, V50, V I00, PPI) used in the fuel oil production. 

ร, V50, V I00, and PPI are required for the fuel oils.

- Gasoline blending
Property constraints of product from gasoline pool are RON, ARO, and 

RVPI and can be calculated from the following equations:

I I  ( - ^ » ’ .๙ ,U S ',/ x  p r ° น ',c,RON )

For RON; p n  G a s o l i n e ,  R O N  -  -------- ^ --- ---------------------------------------------  ( 3 - 5 0 )

น ' c

z z (‘'̂/',( • .น .ร ' / ’ . / x  P r °  น ' , c .q )

For ARO and RVPI c v  v  . -----------------  f  PxGasai,ne,q
2 - J  2 - J  ^ น ' . C , G S F . I

น '  c

q G  ARO and RVPI (3.51)

-Fuel oil bleding
Property constraints for fuel oil product are calculated from the equations as

follow:

< PO -  P x  fuel oil, (1Pn fueloil, q F OF .fueloil ,q .\ (3 .5 2 )



39

Fuel oil products are produced by blending of FO intermediates which 
typically are sent from CDUs. Properties on volume basis of fuel oil product can be
calculated as follow:

P O  F O P ,  f u e l o i l , q . ,  :

X X K'.c,c/W., x cy ie ld c., 1.-0  X  p ro c 1:0 q)

X X K-,c .em u x cy ie ldc.F(>)

? e A V , (3.53)

Properties on weight basis of fuel oil product can be calculated as follow

P O F O P ,  f u e l o i l , q , i  ''

X X (Aน - , c , C D U . ,  x  Cy i e I d c,FO  x  P r 0 c . F O , q  x  P'-O'.m.su) 

X X (A น - , c , C D U , ,  x  พ ่e l d c , F O  x p ro CJ,0.,ร.6.)

q e AW, (3.54)

- Diesel blending

Property of diesel oil intermediate from CDU must satisfy the property 
constraints of diesel oil. Property constraint is as follow:

p n j i e s e l , q  —  P O D S P ,  d i e s e l ,  <1 , 1 — P X J ie xe l,q  (3.55)

Diesel oil products are produced by blending of DO intermediates which 
typically are sent from CDUs. Properties on volume basis of fuel oil product can be 
calculated as follow:

D S P , d ie s e l  o i l  r q J

X X (Aน - , C . C D U , ,  x cyie ldc, n0 X  p ro c D011)

XX ( A น - , c , C D U , ,  x cyie lda. 00)
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Some outlet commodities might be burnt in the refinery to provide the 
energy required for operation of the different units and to provide utilities (steam, 
electricity, etc.).

The commodity that are used might be sold as a product and burnt as an 
energy source for the plant. The balance equation of this commodity is as follow:

Refinery Fuel Balance

where AO u 1CJ is equal to the amount of commodity leaving from the process.
The refinery fuel balance is calculated based on weight basis. The refinery 

fuel balance is shown by the following equation:

where SGC is the specific gravity of commodity used as energy source. Used, is 
energy consumption for operating the process expressed in ton of oil equivalence and 
can be calculated from the following equation:

where AF,111 is volume of feed and densityu is density of feed to each unit. This 
density is an average value for each unit except for CDUs that the density is different 
with crude oil types. Energy consumption for each unit is calculated by using fue lu 

which is percent of energy consumption for each unit.

A Oy c1- B urntc t = M ANU 1.1 ( 3 .5 7 )

Used 1 = ( ^  Burnt c 1 X  SGC ) (3 .5 8 )

(3 .5 9 )
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3.3 Objective Function

The objective function in this model is profit that is obtained by the product 
sales minus crude oil cost, intermediate cost, storage cost, expense from lost demand, 
and expense from discounted product. This is shown by the following equation:

Max P r o f i t  =  Z z TP 1,,, - Z z TO„, -  y  y  TI, ,
I Z TS,„ -  z z TLrJ -  Z Z ™ , 1, {i60)

where:
TP 1 comes from

TP P J = MANU 1,', X cp PP Vp e  c ,  ( 3 .6 1 )

MA NU P1 is equal to the amount of product produced in that time period.

MANU,, =  2  AO, 1,,V a  ร  UP,, p e  c„ ( 3 .6 2 )

AO  11p, is the amount of product flow out from production unit in each time period. 
T 0 OJ comes from

TO, , = AC, ,X ท,,, , Vo e c„ (3.63)

AC 0,t is equal to the amount of crude oil refined in that time period.

A 'c0', = £ A O u 0 , Vu e u c ,1, O e c  11 (3.64)

Note that AO u,0,,t is amount of crude oil flow out from crude oil storage tank in each 
time period.
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77,1, comes from

TI,J =  , X ๗, , V ;  6 c „  (3.65)

where .47,1, is equal to the amount of purchased intermediate added in that time 
period.

M u  = ร ุ -40, ,., V» ร พ . ,  E c,„ (3.66)

AOUJa,t is amount of purchased intermediate flow out from their storage tank in each 
time period.

TSpt comes from

TSpJ = AS 1,,1 + AS 1,', . 1
cpPJ X in t Vp e c, (3.67)

where cost of storage is the cost of financing the investment in the working capital 
that it represents. The financial cost incurred relates to the average stock level over 
the period. Unless the stock levels are known, they are assumed that the average 
stock level is equal to the arithmetic mean of the opening and closing stock 
(Favennec, 2001). ASPit represents closing stock and AS pul represents opening stock. 
Int represents the average rate of interest payable in that period.

The balance of product storage can be found in the following equation:

AS,., = A S ,,., + M AN U 1, , -  Sales,, -  A D ,, (3.68)

where salesp , is equal to the amount of product demand in that time period (capacity 
constraint in Equation (3.11)).
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TLp, comes from

TLpJ = A LP1 X  c l 1,', Vp e C p (3.69)

Alp.t is the product volume that cannot satisfy its demand. The demand constraint in 
Equation (3.11) is modified to the following equation:

demc 1 = sales c 1 + ALC1 (3.70)

and clp j is assigned to equal cppJ as follows:

c l p , t  =  c P p j  V p  e  c , , ( 3 - 7 1 )

In Equation (3.70), the demands of each product must be equal to the volume of that 
product sale plus the volume of lost demand of that product. The volume of the lost 
demand is taken into account as the opportunity cost if that production cannot satisfy 
the demand.
TDi,1, comes from

TD1, , = AD  111 X cp 111 X  disc \fp  e c 11 (3.72)

where A Dp t is the product volume that over demand and sold as discount. The 
balance of discount volume can be found in Equation (3.68).

3.4 Pricing Decision

In pricing decision, the price-demand model is first developed by using 
microeconomic and mathematical method. In developing the price-demand model, 
we solve the consumer problem starting with “Utility Function". Ill microeconomics, 
utility function is a measure of the happiness or satisfaction gained by consuming 
goods and services.
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Considering the two products, with demands dl (for our products) and d2 

(for the competition products), we maximize the consumer utility (satisfaction), 
u(d ],d i) subject to his budget limitation, that is:

Max น (d vd2)

s.t. pxd, + p2d 1 = Y (3.73)

where P i  is our product’ร selling price, P 2 the competitor’s product price 
and Y the consumer budget. From this, we obtained the demand function. Then it 
would be applied to the planning model for integrating pricing decision with the 
planning and scheduling model.

A typical utility function has constant elasticity of substitution which we 
focus on in this work. The constant elasticity of substitution (CES) utility has the 
form of:

u(dy, d 2) = ( x p + x2py ,p (3.74)

Where X  is the function of demand, X j  =  X j ( d j ) ,  which we could call “satisfaction 
functions”. The satisfaction functions are determined by considering the different in 
quality between products and the reaction of consumers to prices. We propose the 
satisfaction functions as follows:

X ,  = <7, and X 2  = — d 2 (3.75)

where p is a measure of how much a consumer prefers product 1 to product 2 and a 
a measure of how much the consumer population is aware of the quality of product 1, 
that is our product.

Then, we could write the utility function as follows:

(d ,Y  +  ( £  d 2)'น (dl, d2) 1 Ip (3.76)
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s.t. the budget constraint:

p , (๔,) + p 2 (๔2) < Y (3.77)

Now we maximize the utility function with the budget constraint by using the 
Lagrange’s method.

L  (๔,, ๔2,2) = f(d i,d 2)  + A -g(๔/, ๔2) (3.78)

So,

L  = ( ๔ 1) " + ( £ ๔ 1) '

]/p
A [ P i { d j )  + / 2(๔2) -  Y] (3.79)

Then, 4 4 -  = ^ [ พ ) ' ’ + ( - < * !  ) ๆ ' " '  = 0O ๔1 p  a
(3.80)

[ ( ๔ 1) "  +  4  ๔ 2 r r ’ =  2P, (๙ 1y - ' ° (3.81)

And 4 “  = - [ ( ๔, r  + ( -  ๔2 ท " '  x p ( ๔2) " - '- IP 2 = 0 (3.82)
d d 2 p  a

[(๔,)" + 4  ๔2 )ๆ " ’, X  4 ) "  = TP2 (๔2)'-" (3.83)

.-.  A P^d,)1- ' X  ( j V  = AP2(d2)’- ' (3.84)

T h e n  / >1 (๔1 ) '- "  =  ( ^ ) " / ๆ  ๔2) '- "  (3 .85 )
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And from the budget constraint in Equation (3.77)

r -  พ , )

We can rearrange. a  Y - ฦ (^1)
y  2 L p2

พ ,),-' = (—Y P  Y '  p' ( ๔ »)

y  2 l  P j

Then the price-demand relation we get is as follows:

พ , ) , ' ' =  พ ) ] , - '

(3.86)

(3.87)

(3.88)

Anyway, another issue that we need to concern is the demand constraint. 
Typically the customer would not purchase more product than what they want, so the 
total demand is limited by their real need.

Let D represents the total demand of product, then we could write

d, + d2 < D  (3.89)
And this is the “demand constraint”.

Then if we have the demand of product, dl and d2, violate the demand 
constraint, the utility function would become

u ( d hd2) = [ i d , ) p + { £  ( D -  d ,)} p ] 1,p (3.90)

W ith dl + d2 = D (3 .9 1 )
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Maximum น(๔1,d 2 ) is obtained by differentiating น (d j.d j) with respect to ๔/,
that is:

^ ^  =  ( 4 ) 1 K  r  +

D - d ] y Y \ p ( d , y - ' - p ( £ - y  ( D - d y - ' }  = 0 (3.92)

Solve the above equation and rearrange; we get the price-demand relation 
under the demand constraint case as follows:

(๔;)'-' = ( £ Y { D - d , f p (3.93)

Linearization
The price-demand relation we obtained for both cases need linearization 

before we implement them in GAMS.

The budget case,

From p ,(๔1 y - p =  p /  [Y - p, (๔1 ) ] , /J (3.94)

Rearrange, K ,  =

f  \ P
P l P "

; 2c,1
y - KM

\ \ - p

(y) (3.95)

Then elevate the two sides of the equation to 1/(1 -p),

a
p

] - p ) - p
2  c . l

y -  KMP
i (y!‘ l e , /

(3.96)
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Rearrange,

< ! , K )
{  0 \

\ - p p
r r P

\ U I  2 c , I  y

\-p
+ p d  m = YT  1 ไc, iu \c,l 1 (3.97)

Now the product o f demand and price is linearized by discretizing the 
price term.

Let p . « = 2 X p t  a n d  z< = > (3.98)

Where Zy are binary variable and then substitute into eq.,

d J Y) 2X (  p  P - p

\ a P 2 , 1 J
( K ' P  +  K = Y (3.99)

Let ^k.c.i =
+  f ,1. 1

aP-2c, I

(3.100)

Substitute in to equation, we get

X z k d (Y) A -  Y
z \ C a \ c . l  " K , c , /  —  2 (3.101)

Let vk = z kd (Y)K ท,/ ^'ท'u ท',/ (3.102)

Then, ร  K  A =  Y (3.103)

W ith z < = 1 (3 .1 0 4 )
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And

Where

v,k -  z j Q  <  0

v f  >  0

(dl„ m  -  »*) -  (1 -  z ,k )D < 0
พ น , ' ’ ' , -  < )  ï  0

(3.105-3.108)

Q = large number , Z  = binary variable

The demand case

If the demand of product, (d]+d2), violates the total demand, D*, the 
price-demand relation in the demand case is used instead:

From {dx) ' -p = { — ) p ( D - d ] y - p (3.109)

This need to be linearized by elevating the two sides of the equation to 
1 /  ip - 1) and rearrange,

d '<?)u  น./ 1 +
p - \

'  £
น . ,

P
p - ใ

D (3.110)

So, from this equation there is only one variable, d{°) and it can be
calculated as a function o f parameters.

Now, we need to determine that which case o f demand would be 
selected by using the following method,

First, we rise up the following equation

d (y]
u \  c , l

Y -+ K A (>') A

p.7 c ,  I

D  +  (G am m a  - พ) > 0 (3 .1 1 1 )
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Where Gamma = large number, พ = binary variable

in the 1SI case, if  d f f  + Y -  R d (y]1 1 l c , i u ] c , l

P n2c, I

< D  then we obtain พ  = 1

and in the 2nd case, if  d lcYJ +( Y )
(y) \

Y  -  A A c

P2 c, I

> D  then we obtain พ = 1 or 0

For 2nd case, the constraint to force the right value of พ  is as follows:

Let d ท , ,  =  w  - d<2 + (1 -  พ) - d™ (3.112)

d 2 c j =  w  -
Y -  P d çY)1 r \ c , lU  น,/ + (1 -  พ) ■ (1 -  ๔ร )  (3.113)

With d น , ,  +  d 2 c j  ^  D
(3.114)

Then we .linearize the above equations as follows:

From eq. (3.112) d . „  =  พ  - d | 2  +  (1 -  พ ) -  < ;( D )

Let « c ,  =  พ  • and Q = large number

So, d ท , ,  =  m c , , +  0  -  w )  - d ท }
(3.115)

Now we introduce these equations,
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mc 1 -  พ ■ Çi <  0

mc1 >  0

ฬ cไ - m c j )  -  (1 - พ) ■ Q < 0
- m c,1Z 0

(3.116-3.119)

And from eq. (3.11 3), d 2c1 = พ
( Y )  > 1

y  -  PuA c ,

V 2t'-' y
+  ( I  -  w )  ■ (1 -

Let พ , ,  =  พ
y  -  P d {y)1 r ]c,iu \c j

V 2c’' y

and Q = large number

So, d 7c,1 = พ ■1/ +  (1 -  พ ) - (1 -  < ® (3.120)

Now we introduce these equations,
c.f 1 * h < 0
c,l IV o

( Y - P u A Z  ไ พ,,
P * ,  J

-  (1 -  พ )  • o  <  0 (3.121-3.124)
( Y )  5

y  -  P u ,A c ,

2 c ,  I

พ,, ^ 0

With d u 1 + d2c 1 < D  (3.125)

So, in the 1st case “พ’, is one and in the 2nd case “พ” must be zero.

Equation (3.103)-(3.108), (3.111), (3 .116)-(3.1 19), (3.121 )-(3 .125) 
were implemented in GAMS and added into the deterministic model for 
integrating pricing decision with the planning model. A case study was 
applied and the deterministic model with integrated pricing decision was run
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3.5 Stochastic Formulation

The stochastic formulation technique used in this thesis is the two- 
stage stochastic program with fixed recourse. The uncertainty is introduced 
through the demand and product price parameter in the general planning 
model without pricing. For the planning model with pricing decision, the 
uncertainty is introduced through the consumer budget and the total demand of 
products. First-stage decisions are the amount o f crude oil purchased, AO Pit, 

for every planning period. Second-stage decisions are the amount o f product 
production, M AN U Sp11, amount of product stock, ASsP'h amount o f intermediate 
purchased, AIsp,t, amount o f product that cannot satisfy demand, A LSp j, and 
amount o f discount sales, A ctp j. These second-stage scenarios are denoted by 
the index s and assumed to occur with individual probabilities p s. It is 
assumed that the random events which occur at the second-stage are finite and 
independent from the first-staged decisions.

The stochastic results are obtained by using sampling algorithm 
method which was discussed by Aseeri and Bagajewicz (2003). In this 
method, a full deterministic model is run for each scenario and then, after that 
scenario is solved, the first staged variables (commitment to buy a certain sets 
o f crudes) are fixed and rerun the same model for all the rest o f the scenarios. 
After that, the highest expected GRM risk curves and non-dominated curve 
with this one are selected and discussed.

3.6 Model Interfaces

The model interfaces are generated. Mathematical equations in this 
model are developed not specific with unit names or number o f  units. Input 
data such as set of products, set o f production units, or product paths o f 
different units can be input through the model interfaces instead of directly

a n d  te s te d  a g a in . T h e n  it  w a s  a d ju s te d  to  th e  s to c h a s t ic  m o d e l  to  h a n d le
u n c e r ta in ty  is su e .
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fixing them in GAMS. Therefore, this model can be applied to different 
refineries with a set of typical units and it is more convenient for the model 
user.

The model interfaces are created by using the M icrosoft Visual Basic. 
Input data from model users are sent from the model interfaces to the Excel 
application and then to GAMS model by applying the GAMS Data Exchange 
(GDX) facilities as shown in Figure 3.2. The results o f the model are sent 
backward through the model interfaces and then to the model user.

I Model User I /A  ^

OUTPUT

N

E
R
F
Ac
E
ร

G ____k
EXCEL S U B » # อ r T GAMS

DATA SP R E A D S H E E T DATA X DATA MODEL

4 s " # " » ( เ # ๆ

Model Interface GDX Facilities

Figure 3.2 Data flow diagram of the planning and scheduling mode.

3.7 Case Study

The model was applied and tested by using the data from the 
Bangchak Refinery. Figure 3.3 shows a simplified scheme o f the refinery. It 
has two atmospheric distillation units (CDU2 and CDU3), two naphtha 
pretreating units (NPU2 and NPU3), one light naphtha isomerization unit 
(ISOU), two catalytic reforming units (CRU2 and CRE13), one kerosene 
treating unit (KTU), one gas oil hydrodesulphurization (GO-HDS), and one 
deep gas oil hydrodesulphurization (DGO-HDS). The commercial products 
from the refinery are liquefied petroleum gas (LPG), gasoline RON 91 
(รบPG), gasoline RON 95 (ISOG), je t fuel (JP-1), high speed diesel (HSD),
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fuel oil 1 (FO I), fuel oil 2 (F02), and low sulfur fuel oil (FOVS). Fuel gas 
(FG) and some amount of FOVS produced from the process are used as an 
energy source for the plant. The summary of feeds and products that processed 
in each unit can be found in the Table 3.1. All units, feeds, products, unit 
interconnections, feed and product paths of each unit are input in the planning 
model. The intermediate streams from each unit are blended in product pools 
to satisfy product specification. There are three product pools for blending 
products: gasoline pool (GSP), diesel pool (DSP), and fuel oil pool (FOP). 
The streams that used for blending each product are shown in Table 3.2.



Crude Tankl

Crude Tank2

Crude Tank3

Crude Tank4

Crude Tanks

Crude Tank6

Figure 3.3 Simplified scheme of Bangchak Petroleum Public Company Limited. LT\
นก
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T a b l e  3 .1  S u m m a ry  o f  fe e d s  a n d  p ro d u c ts  fo r  e a c h  u n i t

Unit Feed Product
CDU - Crude mixture - FG

- LPG
- LN
- MN
- HN
- IK
- DO
- FO

NPU - LN - LN
- MN - MN
- HN - HN

ISOU - LN - FG
- ISO

CRU - MN - FG
- HN - LPG

- REF
KTU - IK - JP-1
HDS - DO - IHSD
ISOT - ISO - ISO
REFT - REF - REF
LNT - LN - LN
HNT - HN - HN
MTBET - MTBE (purchased) - MTBE
DCCT - DCC (purchased) - DCC
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Table 3.2 In te rm e d ia te  s tream s fo r p ro d u c t b len d in g  in  each  p o o l

Pool Intermediate Product
GSP91 -ISO

-REF
-LN
-HN
- MTBE
- DCC

- รบPG

GSP95 -ISO
-REF
-LN
-HN
-MTBE
-DCC

- ISOG

DSP -IK  
-DO 
- IHSD

- HSD

FOIP -IK
-FO

-FOI

F02P -IK
-FO

-F 0 2

FOVSP -FO -FOVS

There are six crude oil types for feeding the refinery: Oman. Tapis, Labuan, 
Séria light, Phet, and Murban. Data of all units and commodities (crude oils, 
intermediates, products) can be found in Appendix B.

In applying the case study, there are some specific restrictions of the refinery. 
They need to be input in the model and are as follow:
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■ PHET crude has to be fed to CDU2 only due to the limitation of 
unit. This operation rule is represented in Equation (3.124).

ApHETT,PHET,CDU3,t -  0 (3.1 24)

■  There is an operating rule in blending gasoline product with 
MTBE. The amount of MTBE in gasoline must not be over 10%. This rule is shown 
in the following equation:

^ M T B E T , M T B E ร ; S P J -  AF’6.,17,, X  0.1 (3.125)

■  The recipe used in blending FOI and F02 with IK is 7 and 2.5% 
of the FOI and F02 volume, respectively. This is shown in the following equations:

y d (■ ทบIK impI =  dF1011,1 X  0 .0 7  ( 3 .1 2 6 )
CDU

y  ACDV , K  1 : 0 2 1 > J  - A F  1; 0 2 1 , 1 X  0 .0 2 5  (ว .  127 )
CDU

3.8 Model Testing

Data from Bangchak Refinery was used in testing the model. All properties 
are input to the planning model.

The refinery produces eight commercial products (LPG, SUPG, ISOG, JP-1, 
HSD, FOI, F02, and FOVS) using two crude distillation units (CDU2 and CDU3) 
and six productive units (NPU2, NPU3, CRU2, CRU3, ISOU, GO-HDS, DGO-HDS, 
KTU). The maximum plant production capacity is 120 kbd. The production yields 
and unit capacity can be found in Appendix B.

Demand in each period was considered to be satisfied by the production. 
Uncertainty was introduced in market demand and price for the general stochastic 
model without pricing. For the model with pricing decision added, uncertainty was 
taken into account in consumer budget and total demand of product.



59

The model was tested in three-time-period planning. First the general 
deterministic linear programming model were solved to obtain the results including 
amount of type of crude oil used, amount and property of product refined, amount of 
product stored, and profit. The stochastic programming model was then formulated 
with uncertainty in the product demands and prices by using a deterministic linear 
programming model as a basis. The stochastic solution was found by using sampling 
algorithm method. The results are compared with the deterministic model.

After that, the price-demand relation was developed and added into the 
general deterministic and stochastic planning model. The model with pricing 
decision is now changed from Linear Programming model to the Mixed Integer 
Programming (MIP) one. The deterministic model with pricing decision was solved 
first, and then it was adjusted to the stochastic programming model and solved again. 
The results of these two types of pricing and planning model were compared to those 
of the general planning model without pricing. Moreover, risk curves form these 
solutions are analyzed.

The proposed model was implemented it the modeling system GAMS. The 
linear and mixed integer linear model was solved by CPLEX 9.0 solver. GAMS was 
run on a Pentium IV / 2.4 GHz PC platform.
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