CHAPTER IlI
MATHEMATICAL MODEL FORMULATION

3.1 Problem Definition

This work addresses the planning of crude oil purchasing to satisfy the
product specification and demand with the highest profit. Planning activities involve
the manipulation of crude oil purchase decisions, processing and management over
time periods. The model represents a scheme of a refinery including product paths,
capacities and yields of several units.

A unit model consists of blending relations and production yields. Blending
relations represent intermediate blending possibilities for producing each product.
The production yield is assumed to be a simple yield relation for simplification of
solving purpose. It is based on average value obtained from plant data. Processing of
a unit must satisfy bound constraints for both maximum and minimum unit feed.

Pricing decision is integrated with the planning model. The starting point is
the development of the price-demand relation using microeconomic method and
“Utility function™ concept. The relation obtained is integrated into the planning
model. Product demand and price are now considered as the decision variables. They
are simultaneously determined with the optimal crude oil processing.

The goal is to maximize the gross refinery margin (GRM) function which is
the different between the product revenue minus the cost of raw materials, inventory
and the operating costs.

First, the planning model was developed without pricing decision and was
made deterministic. Then uncertainty of demands and prices were incorporated into
the model. Next, the pricing decision was integrated. Finally, financial risk
management is discussed.

3.2 General Mathematical Formulation

3.2.1 Assumption
The following assumptions are proposed to the model:
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a) Perfect mixing and linear blending is assumed in the process.
b) Material losses are neglected.

¢) The property state of each crude oil or products is decided only by
specific key components such as sulfur and aromatics contents.

d) Utility function concept used to develop the price-demand model is
based on the Constant Elasticity of Substitution (CES) type.

3.2.2 General Mathematical Model

A set-up of input-output balancing is based on the network structure
proposed by Pinto et al. (2000). Figure 3.1 shows the general representation of
balancing a production unit.

p ul'clgl
A POyr.clign PO, Ll
""" P Oyl gng}
u.cl’' gn A
PO 1, cl'ul"t
A * ﬂ- u, N .
lC 1
PO. 2'7c|,q| - AO N Sphncr B u,cl’u2"t
0 2Tign jr . L Au(‘/'un"l
A L . Unit S
e Mixer — AF.
A ot T
' ' PO-Z',cn,qI Au,z'nﬂul",r
PO 2Rngn —AO  —» Splitter -4, . .o,
A'_V',C], ,t PO, l_
[ un.cEqI PO " u,cn’un\t
u,en',q
A PO gl
‘en, t e POyt gn
PO yn'engl
POun' cnin

Figure3.1 Balancing of a typical unit.

From Figure 3.1, commodity ci from unit /"is sent to unit at flow rate
A,tciuvtin period t. The same unit /'may send different commodities ¢ (c7.3,...,.CN)
to unit . Inaddition, '( 2, },.., ) can feed commodities ¢ (c,,C2 ...c,j) to unit
The summation of feed for unit is represented by AFUW. Parameters POur,d,q
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denote properties ¢ of commodity clflow from ]. Variables AO Uk represents the

outlet flow rate of commodity ¢ from unit in time period t. A splitter is represented
at every outlet stream because a product stream can be sent to more than one unit for
further processing or storage.

The model of a typical unit in Figure 3.1 is represented by two sets of
equations. The first set involves balance equations and the other involves stream
property equations.

Stream Balance equations include:
1. Balance of feeds to unit which is represented

2. Balance of products from splitter which is represented by

md@uct — mc, 'l (3 '2)

3. Balance of products from unit which is represented in two ways:

- For percent yields that do not depend on the feed properties,
the amount of products is equal to the total inlet flow multiply by a constant,

the percent yield of that unit.

40 uc'l= AFULxyieldtic (3.3)

- For percent yields that depend on the feed properties, the
amount of products is equal to the sum of each inlet flow times percent yield

of each inlet flow.
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A0 ¢l= X X (A'a,xcyieldcc) (3.4)

7l'ectank c'eCg

Stream property equations:

The calculation of product properties that can be accomplished in two
ways:

1. Product properties leaving unit calculated by the sum of the flow
fraction times the properties of each flow as in the following equation. These
are called blending equations.

X X (A ,,xPro,cg)
7/'eU’ c'eCOu

PO G = o a (3.9)

i/'eU  c'eCO,.

The equation is non-linear. However, this is not an equation we use in
the model. We use bounds on this property. This is further discussed below.

2. Product properties from unit that can be determined over average
values obtained from plant data, e.g. isomerate from isomerization unit and
reformate from reformer unit:

PO 1, =Prog, (3.6)

Capacity constraint:
The stream flowing to each unit should be within established
minimum and maximum values

ux, >AF, >un, (3.7)

The allowable quantity of crude oil refined in each time period is
shown in the following equation:

°xc* ACc, » onc (38)
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The allowable quantity of finish product stored in each time period is
limited:

stoxc >AS0L (3.9)

Quality constraint:

The product quality must be greater or equal to itS minimum
specifications and must not be over its maximum specifications. The set of
product (Cp) must satisfy the following equation:

Pxcg” POucdl* pncll (3.10)

Demand constraint:

The amount of each product sold plus the volume of lost demand of
that product in each period of time must be equal to the amount of product
demand in that time period.

dem0l = salesOl (3.11)

These bhalance equations and stream property equations are applied to a set
of different operation units to develop a general planning model for refinery. These
units are include crude oil charging tanks, distillation units, naptha pretreating unit,
catalytic reforming units, hydrodesulfurization unit, intermediate tanks such as
isomerate, reformate or naptha tanks, and product units. Equations that are set to
these units are as follow:

Charging tank model

Charging tank is the unit to which all crude oils are assumed to be unloaded
and then delivered to the other units. It is assumed that the charging tanks have no
capacity limit in order to find the exact amount of each crude oil refined to satisfy
demand in each time period. Equation (3.12) describes the outlet stream from crude
charging tanks
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Aoaakl C 4 tank,0, v (312)

Crude distillation unit (COU) model

Total feeds flow to CDUs are represented by the following equation:

=A™ = 1 4,::,CDU1 (3'13)

The amount ofproduct yield depends on feed flow and feed properties:

Ao (0,/6, =Y ,(A,;C'CDU IchieIdcc) (\]'14)

Total outlet flow of CDUs is the summation of all CDUs product flowing to
other units:

(3.15)

AOc.mixj A Aaw,c»\i

Properties of product streams are determined from properties of each
fraction from each feed. The properties based on volume basis can be calculated

from:

(a1 coulx cyieldc,C pr0]]ﬂ11)

X1 7 ("

: geAV, (3.16)
-1) I xcyieldcec)
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Properties which are based on weight basis can be calculated from:

s 1< OYIEldGC: pro,Leq  prolcd))
PQ(?)u,c,cp X ( Aptﬂll ) cyieldccx D00 96 AW, (3.17)

Napthapretreating ~ (NPU) mocl

Feed flow of NPU is determined by Equation (3.18):

AP'nPU! =y . A, lI'nan.NPU.I (318)

Products from NPUs can be calculated from Equation (3.19):

AONPU,nap.I y A ‘napNPUI « yieldNPV,ap (3-19)

Total outlet flow of NPUs is the summation of all NPUs product flowing to
other units:

AONPU ¢ (3.20)

Catalytic reformer unit (CRU) mocel

Feed flow of CRUs are considered by Equation (3.21):

AF crijj _y A 'C.CRU, (3.21)

Amountofproduct yield depends on feed flow and feed properties:

AQcru . = APntul, yielo(L,1 (3.22)



33

Balance of CRUS outlet flow is as follows:

(3.23)
Intermediate tarks mock!
- Isomerization ~ (1SOU) mockl
Feed flow of ISOU is calculated from Equation (3.24):
AFUj = N Atcisy! (3-24)
Production yield can be estimated from the following equation:
AO...Q - AH... « yield....c (3.25)

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

AD iK1 (3-26)

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

AFKmj =G m (3.27)

Product from KTU is estimated to equal to its feed.

ACKIV.CL ~ AFKTI (3.28)



34

Balance of outlet flow from KTU is as follow:

AOkm.c.it *~ 1 1 Akw. c.ua (3'29)

- Reformate, Isomerate, Light naptha and Heavy naptha tank

Feed flow of these intermediate tanks can be estimated from Equation
(3.30):

AFH = C Al' 1,
6 REFT, 10T im and HNT  (3.30)

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

10,0 =AU
« REFT, ISOT, LNTadHNT ~~ (3.31)

Outlet flow balance equation of the units is as follow:

AO,,C]. —X 4'.cM
"e REFT, ISOT, INTandHNT ~ (3.32)

- Purchased intermegiate tank
For the purchased intermediate such as MTBE, the outlet flow of its tank
can be calculated from Equation (3.33):

AQ]'N =11 Ar 1:”-

"¢ Purchased intermediate tank (3.33)
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Hydrodesulfurization (HDS) unit
Feed flow of FIDS can be estimated from the following equation:

AFmsl= E A : (3.34)

Production yield from FIDS is calculated from Equation (3.34)
HOSGl = AFHX x yield HDSc (3.35)
Outlet flow halance equation is as follow:

aomsc1= X ' Gl (3.36)

Productpool model
- Fuelgas (FG) tank

Totalproduction ofFG tank can befoundfrom thefollowing equation:

AFmj = b iw (3.37)

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

- « = AFNTJ (3.38)

- Liquefied petroleum gas (LPG) tank

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

Al ,, = IA,m t, (3.39)

t iM 'U ni (
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The amount of product flow out from LPG tank is represented hy:
AO. .. - AFm- (3.40)
- Gasolinepool (GSP)

Gasoline is produced by blending the intermediate streams. Equation (3.41)
represents the feed flow of GSPs:

AF Gspy X Awu\c,osr,i (3'41)

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

thsp.c.. T AF(lr.i (342)

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

(3.42)

XX o <P

| :GSP.c.qJ XX
ke s e o

(343)

- Jetfuel (JP-1) tank

The total production of JP-1 can be calculated from the following equation:

ARy X (3.44)

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

AOjjrj-'Cj = AF mu1 (3.45)



37

- Diesel Oil pool (DSP)
DSP is the unit that produces the diesel oil. The amount of DSP feed can be
calculated as follow:

AI:Jsr.i E 4, cosens (346)

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

AOnsp.cj = AFlﬂl (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 = A , (3.48)

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

AOfOP.c = AFI0L1 (3.49)

Quality constraintsfor procuct Lnits

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 i
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 ail (DO)
Only two properties are used in the DO production that is Cl and . These
properties are the specification for the Diesel products.

Feelail (FO)
There are four properties ( , V50, V100, PPI) used in the fuel oil production.
, V50, V100, and PPI are required for the fuel oils.

Gasolire blencing

Property constraints of product from gasoline pool are RON, ARO, and
RVPI and can be calculated from the following equations:

I (-A»'. ,US'/ x pr° 'cRON)
For RON, o n casoiine.ro Bl bz (3-50)
ZZ C/’, Polx Pre c.q)
For ARO and RVPI CV V , =eeeemeemeeeeee f Pxcineg

(. AROandRWPI (351
-Fuel oil bleding

Property constraints for fuel oil product are calculated from the equations as
follow:

Privelcitg < POror uetoit g1 - px fueloie (3.52)
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Fuel oil products are produced by blending of FO intermediates which
typically are sent from CDUs. Properties on volume hasis of fuel oil product can be
calculated as follow:

XXK‘.C,C/W., XCyiE|dC.1o x procloq)
POFOP fueloil,q
XXK-,c.emu X cyieldc.F(>)

7eAV, (3.53)
Properties on weight basis of fuel oil product can be calculated as follow

XX(A te,cDU, X Oj|e|dC,FO X Proc.Fo,q X PI'OI.m.SU)
X X(A -.c.CDU,, X e Id c,FO X pI’OQ,O.,‘G)

de AW, (354)

- Diesel blending

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

iesel,q — P O DsP,diesel, 4,1 —— P X Jiexel,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:

XX(A Lccou., x cyieldc n0 x procDO1l)

XX (» -ecou. X cyielda 00)



40

Refinery Fuel Balance

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:

AOycl- Burntct = MANU11 (3.57)

where Ao ux IS equal to the amount of commaodity leaving from the process.
The refinery fuel balance is calculated based on weight basis. The refinery
fuel balance is shown by the following equation:

Usedl= (A Burntclx SG@ (3.58)

where sccis 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:

UN
Used, = Z(AFM x density, x fuel ) (3.59)

where aF,mis 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 fueu
which is percent of energy consumption for each unit.
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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 proni- Z ZTPL -Z ZT70, -, , T,
Iz TS,,,- z 2 ﬂ.fJ z z ™ .1, {|60)

where:
TP 1C0Mes from

TPR] :MANUI, X CpHD Vp e ¢, (3.61)
MANU 1 is equal to the amount of product produced in that time period.

MANU,,: 2 AO, 1(a LP,, p e C,, (3.62)

Aop, is the amount of product flow out from production unit in each time period.
Toc comes from

TO,,

AC, X ,,, Vo e c, (3.63)
acot is equal to the amount of crude oil refined in that time period.

A'cO, = £A O uO, vueuclotcn  (3.64)

Note that Ao uatis amount of crude oil flow out from crude oil storage tank in each
time period.
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711 comes from
Tl,\] = X, v; 6 C, (3.65)

where 471 is equal to the amount of purchased intermediate added in that time
period.

Mu = -40, \» ., Ec, (3.66)

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

TSpt COMeS from
TSp] = Asi1t Ast.l cpPJ x int Vp ec, (367)

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). aspi represents closing stock and aspur 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., = As,., T MANU], - sales, - AD,, (3.68)

where salesp , s 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 = ALP1x clt, Vp e Cp (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:

demcl = salescl1t ALCL (370)

and cipj IS assigned to equal cppaas follows:

clpt = cPpj V p e%sc ,, (3-71)

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,1c0mes from

TD1, = ADII x cpli x disc o € cn (372

where appt 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”. lll 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 dz
(for the competition products), we maximize the consumer utility (satisfaction),
u(d],di) Subject to his budget limitation, that is:

Max (dvd?)
St pd, t pd1 = v (373)

where pi is our product’ selling price, ». 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, d2) = (xp * x2py ,p (374)

Where « is the function of demand, x; - xj.;. 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 =4 and T —d2 (3.75)

where p is @ measure of how much a consumer prefers product 1 to product 2 and a
ameasure 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:

@, d2) (d,Y + (e d2 P (3.76)
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p,( ,)+p2( 2) < Y
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(377)

Now we maximize the utility function with the budget constraint by using the

Lagrange’s method.
L(, 22) =tdida +aqQ( [, 2
S0,
1p
L= (pr+ (e 1) A[Pifdj) +12 - v
Then, — adq=n] )+ (<) = 0
[c 1" + 4 2r r = 2P, ( 1y-'°

And 4 =-[(,r + (-2 ""xp(2""p2=0

() +4 2) " x4)" =TP 2-"

APA)E L (jV = AP(dY)-

Then M4 1)-" = (M) 2)-"

(379)

(379)

(380)

(381)

(382)

(383)

(384)

(3.85)



46

And from the budget constraint in Equation (3.77)

S (386)
We can rearrange. a v (")
y 2L p2
), T YR Y e (3.87)

y 21 Pj

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

SR 1 (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, dI and d2, violate the demand
constraint, the utility function would become

u(dhd2) = [id,)pt {£ (D- d)} p] 1p (3.90)

With dl+d2=D (3.91)
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i Maximum ( La2) is obtained by differentiating (aj.aj) with respectto /,
that is;

= (4)1K r +
D-dlyY\p(d,y-"-p(£-y (D-dy-} =0 (3.92)

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

()= (Ev{p-d,fp (3.93)

Linearization

The price-demand relation we obtained for both cases need linearization
before we implement them in GAMS.

The budget case,

From 0( by-p = o/ v -p(D]A0 (3.94)
£ o\P \W-p

Rearrange, - YT KM (3.95)

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

p
s o ey K (399
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Rearrange,

{0 1\

<r Ky P K P =Y (3.97)

1 2c0 Y

Now the product of demand and price is linearized by discretizing the
price term,

Let p.« = 2 X pt and Z< 3 (398)

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

dan2X % TPk ak =Y (399)
Let el = o o (3.100)

Substitute in to equation, we get

X 2l A, =Y (3.101)
Let KK, =2 kg ) (3.102)
Then, K A =Y (3.103)

With . .. (3.104)
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vk - zjQ < O

vi > 0

And @m -~ (- 5D <0 (3.105-3.108)
- <) i0
Where Q = large number ,. = binary variable

The demand case

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

From {d¥'-p = {—)p(D-d]y-p (3.109)

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

9 .. £D (3.110)

So, from this equation there is only one variable, {°) and it can be

calculated as a function of parameters.

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

First, we rise up the following equation

- ) A
YooKA D + (Gamma - ) > 0 (3.111)

doy + 0
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Where Gamma = large number, = binary variable

in the 19 case, if are + ¥ RSO o then we obtain = 1

Proc, |

. . ) .
and inthe 2rd case, if afg + ¥ - » * & > p then weobtain  =1or0

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

Let o= w-d<2 t(L- ) -dm (3.112)

oo TP ey

With N - (3.114)
Then we .linearize the above equations as follows:

From eq. (3.112) +ONGKORN, UNJVERSI LYY

Let o - and Q = large number

So, @ met 0 - w) -6 (3.115)

Now we introduce these equations,
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mcl - uCi < 0
mcl > o0
¢ mep - (- )mO <0 (3.116-3.119)
-mclZ o
And from eq. (3.113), dea = ) pua e >1+ 0w e
vVooox oy
Let o 17 A and Q = large number
v ol y
SO; dcl = w + @1- )-(1- <® (3120)
Now we introduce these equations,
fx= <=0
C,| = o
(¥ - Puaz ) e, S (3121-3124)
Pu,A W
y - u,Ac, R O
With dut ¥ dz1 < D (3.125)

So, in the 1scase “ ’ is one and in the 2nd case “ ™ 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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and tested again. Then it was adjusted to the stochastic model to handle
uncertainty issue.

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 of crude oil purchased, aorit,
for every planning period. Second-stage decisions are the amount of product
production, manusa, amount of product stock, assh amount of intermediate
purchased, Alsp,t, amount of product that cannot satisfy demand, aLsj, and
amount of discount sales, actpj. These second-stage scenarios are denoted by
the index s and assumed to occur with individual probabilities ps. 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
of crudes) are fixed and rerun the same model for all the rest of 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 of units. Input
data such as set of products, set of production units, or product paths of
different units can be input through the model interfaces instead of directly



53

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 Microsoft 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 of the model are sent
backward through the model interfaces and then to the model user.

N

E

R

F DATA SPREADSHEET DATA
IModel User| a A 6 X

E

OUTPUT

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 of 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
( PG), gasoline RON 95 (ISOG), jet fuel (JP-1), high speed diesel (HSD),
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fuel oil 1 (FOI), 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,
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Table 3.1 Summary of feeds and products for each unit

Unit
Cbhu

NPU

ISOU

CRU

KTU
HDS
ISOT
REFT
LNT
HNT
MTBET
DCCT

Feed
- Crude mixture

- LN
- MN
- HN
- LN

- MN
- HN

- 1K

-DO

- 150

- REF

- LN

- HN

- MTBE (purchased)
- DCC (purchased)

Product

- FG
- LPG
- LN
- MN
- HN
- 1K
-DO
-FO

- LN

- MN
- HN

-FG
-1S0
-FG

- LPG

- REF
- JP-1

- IHSD
- 180

- REF

- LN

- HN

- MTBE
-DCC
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Table 3.2 Intermediate streams for product blending in each pool

Pool Intermediate Product

GSPI1 -1SO - PG
-REF
-LN
-HN
-MTBE
-DCC

GSP95 -1SO -1SOG
-REF
-LN
-HN
-MTBE
-DCC

DSP -1K -HSD
-DO
- [HSD

FOIP -1K -FOI
-FO

FO2P -1K -F02
-FO

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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I 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,CDU3t = 0 (3.124)
I 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:

Neerwree o3 - AFRT, ¢ 01 (3.125)

I The recipe used in blending FOI and FO2 with IK is 7 and 2.5%
ofthe FOI and FO2 volume, respectively. This is shown in the following equations:

y d |K| I: dlex 0.07 (3.126)
Chu
y AWK 1:021>J - A ' 1'021‘1X 0.025 ( .127)
Chu

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, 1SOU, 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.
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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 / 24 GHz PC platform.
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