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bstract

The scope of this research is concerned with the supply chain of light aromatic compounds, i.e., benzene, toluene, o-xylene and p-xylene, in
he petrochemical industries. The proper production scheme of these compounds over a specified time horizon can be configured by selecting
hroughput, operating conditions and technology options for each unit in the chain, by maintaining the desired inventory level for each process

aterial, by purchasing enough feedstock, and by delivering appropriate amounts of products to the customers. A mixed-integer linear program

MILP) has been developed in this work to synthesize the best multi-period planning strategy under the constraints of given supplies and demands.
y solving the proposed model, not only the appropriate inventory level of every process material and the optimal throughput and operation mode
f each production unit can be determined, but also the purchase opportunities of intermediate oils can be clearly identified.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

A typical supply chain of any commodity product involves
he production facilities of suppliers, the storage and distribution
etworks, and the customers. Two tightly integrated compo-
ents can be identified in a supply-chain management (SCM)
cheme: (1) the production planning and inventory control poli-
ies, and (2) the distribution logistics. Naturally, the objective
f every SCM strategy is to maximize the overall value gen-
rated and this value is strongly correlated with profitability.
he scope of present study is concerned with the supply chains

f light aromatic compounds, i.e., benzene, toluene, o-xylene
nd p-xylene (BTX), in the petrochemical industries. To put
he significance of the present research in perspective, the gen-

Abbreviations: AD, atmospheric distillation unit; D, distributor; DS, domes-
ic supplier; DC, domestic customer; ET, extraction unit; IEF, import and export
acility; IM, isomar unit; M, mixer; OS, overseas supplier; OC, overseas cus-
omer; PR, parex unit; PDT, product distribution terminal; RF, reforming unit;
T, tatory unit; XF, xylene fractionation unit; bz, benzene; isomarf, feed of iso-
ar unit; mx, mixed xylenes; ox, ortho-xylene; parexf, feed of parex unit; px,

ara-xylene; tl, toluene
∗ Corresponding author. Tel.: +886 6 275 7575x62663; fax: +886 6 234 4496.
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ral framework of various petroleum processes is sketched in
ig. 1. It should be noted that a large number of related works
ave already been published in recent literatures. Lee, Pinto,
rossmann, and Park (1996) proposed a short-term scheduling
olicy for crude supply in a single refinery. Iyer, Grossmann,
asantharajan, and Cullick (1998) developed a multi-period
ixed-integer linear program (MILP) for the planning and

cheduling of an offshore oil-field infrastructure. Zhang and
hu (2000) presented a novel decomposition strategy to tackle
large-scale refinery optimization problem. Julka, Srinivasan,

nd Karimi (2002), Julka, Karimi, and Srinivasan (2002) pre-
ented a decision support system for managing the crude-oil
ows in a refinery. Gothe-Lundgren, Lundren, and Persson
2002) studied a production planning and scheduling problem
n an oil refinery company. Jia and Ierapetritou (2003) con-
entrate on the short-term scheduling of refinery operations.
ás and Pinto (2003) and Magalhães and Shah (2003) pro-

osed a detailed MILP formulation for the optimal scheduling
f an oil supply chain, which includes tankers, piers, storage
anks, substations and refineries. Neiro and Pinto (2004) pre-

ented a comprehensive framework for modelling the front
nd of a petroleum supply chain. Basically, the production
nits included in this supply chain can be found in typical
efineries, e.g., atmospheric distillation columns, vacuum dis-

mailto:ctchang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.compchemeng.2007.04.016
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Nomenclature

Indices
k operation mode
p product
s, s′ feedstock
tp time period
u unit

Sets
C the set of all customers of the final products and/or

intermediates
CBTX the sets of domestic customers for the final prod-

ucts of supply chain
Cmxyl the sets of domestic customers for mixed xylenes
Covs the sets of overseas customers for the intermediate

and final products of BTX supply chains
Fu the set of all allowable feeds of unit u
Fv′ the set of materials consumed by customer v′
Ku,s the set of all operation modes of unit u for pro-

cessing feedstock s
Mu the set of all process materials in unit u
Pu the set of all products (and by-products) of unit u
Pv the set of raw materials produced by supplier v

S the set of all suppliers of the raw materials and/or
intermediates

SBTX the set of domestic suppliers of the final products
of supply chain

Slitnap the set of overseas suppliers of light naphtha
Smxyl the set of overseas suppliers of mixed xylenes
SI

litnap the set of suppliers of light naphtha inside the
refineries

SI
pyrgas the set of suppliers of pyrolysis gasolines inside

the refineries
TP the set of all planning periods
U the set of all processing units
UA the set of all reformers, isomar units and tatory

units
UA′ the set of all reformers and isomar units
UB the set of all aromatics extraction units, xylene

fractionation units and parex units
UD the set of all export facilities and product distri-

bution terminals
UT the set of all import facilities and product distri-

bution terminals
Utatory the set of tatory units
UIu,s the set of all source units (or suppliers) of feed-

stock s received by unit u
UOu,p the set of all sink units (or customers) of the prod-

uct p generated in unit u

Continuous variables
bdqv′,m,p the backlog amount of material m delivered to

customer v′ in period tp
cbtp the total backlog cost in period tp
cdtp the total cost of promotion discount in period tp

citp the total inventory cost in period tp
cotp the total operation cost in period tp
crtp the total cost of raw materials in period tp
cttp the total transportation cost in period tp
pftp the net profit in period tp
qu,u′,p,tp the accumulated amount of product p transported

from unit u to u′ during interval tp
qu′,u,s,tp the accumulated amount of feedstock s trans-

ported from unit u′ to u during interval tp
qv,v′,m,tp the accumulated delivering amount of material

m from unit v to unit v′ during interval tp
qfu,s,tp the total amount of consumed feedstock s of unit

u in period tp
qpu,p,tp the total amount of produced product p of unit u

in period tp
qtiu,s,tp the accumulated amount of feedstock s delivered

to the buffer tank in unit u during period tp
qtou,p,tp the accumulated amount of product p withdrawn

from the buffer tank in unit u during period tp
sdqv′,m,p the surplus amount of material m delivered to

customer v′ in period tp
rstp the total revenue secured from various product

sales in period tp
vinu,m,tp the inventory of material m in unit u at the end of

planning period tp

Binary variables
fiu,s,k,tp the binary indicator used to denote if operation

mode k of unit u is chosen during period tp to
process feedstock s

lu,tp the binary indicator used to denote if unit u is
activated during period tp

nb
v′,m,tp the binary indicator used to denote if there is a

backlog of material m delivered to customer v′ in
period tp

ns
v′,m,tp the binary indicator used to denote if there is a

surplus of material m delivered to customer v′ in
period tp

Parameters
CBLv′,m,tp the backlog penalty per unit of product m not

delivered to customer v′ during time period tp
CBTXv,m,tp the unit cost for purchasing final product m

from supplier v during time period tp
CINu,m,tp the inventory cost per unit of process material

m in unit u during period tp
CLNv,m,tp the unit cost for purchasing light naphtha m

from supplier v during period tp
CLNI

v,m,tp the unit cost for producing light naphtha m in
unit v during period tp

CMXv,m,tp the unit cost for purchasing mixed xylene m
from supplier v during period tp

CPDv′,m,tp the promotion discount per unit of product m
offered to customer v′ during time period tp
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CPGI
v,m,p the unit cost for producing pyrolysis gasoline

m in unit v during period tp
CVAu,k,s,tp the variable operating cost of reaction unit u

for processing feedstock s under operation mode
k during period tp

CVBu,tp the variable operating cost of separation unit u
during period tp

CTPv,v′,m,tp the unit transportation cost for moving mate-
rial m from unit v to unit v′during period tp

CXAu,tp the fixed operating cost of unit u in UA during
period tp

CXBu,tp the fixed operating cost of unit u in UB during
period tp

FCu,s,p the recovery ratio of product p in feedstock s of
unit u

INVL
u,m the lower bound of the inventory of material m in

unit u
INVU

u,m the upper bound of the inventory of material m in
unit u

QL
v,v′,m the lower limit of the transportation capacity for

delivering material m from unit v to unit v′
QU

v,v′,m the upper limit of the transportation capacity for
delivering material m from unit v to unit v′

QBTXL
v,m,tp the lower bound of the available amount of

final product m from supplier v during period tp
QBTXU

v,m,tp the upper bound of the available amount of
final product m from supplier v during period tp

QFAL
u,s,k the minimum allowable throughput of reaction

unit u for feedstock s under operation mode k
QFAU

u,s,k the maximum allowable throughput of reaction
unit u for feedstock s under operation mode k

QFBL
u the minimum allowable throughput of separation

unit u
QFBU

u the maximum allowable throughput of separation
unit u

QFTL
u the minimum allowable throughput of totary unit

u
QFTU

u the maximum allowable throughput of totary unit
u

QLNI
v,m,tp the amount of light naphtha m produced in unit

v during period tp
QLNL

v,m,tp the lower bounds of the available amount of
light naphtha m from supplier v during period tp

QLNU
v,m,tp the upper bound of the available amount of

light naphtha m from supplier v during period tp
QOSL

v′,m,tp the acceptable minimum amount of interme-
diate or final product m delivered to customer v′
in period tp

QOSU
v′,m,tp the acceptable maximum amounts of interme-

diate or final product m delivered to customer v′
in period tp

QPGI
v,m,tp the amount of pyrolysis gasoline m produced

in unit v during period tp

QPTL
v′,m,tp the lower bound of the amount of product m

delivered to customer v′ in period tp
QPTT

v′,m,tp the target value of the amount of product m
delivered to customer v′ in period tp

QPTU
v′,m,tp the upper bound of the amount of product m

delivered to customer v′ in period tp
QXIL

v,m,tp the lower bound of the available amount of
mixed xylenes m from supplier v during period
tp

QXIU
v,m,tp the upper bound of the available amount of

mixed xylenes m from supplier v during period
tp

QXOL
v′,m,tp the acceptable minimum amount of material

m delivered to customer v′ in period tp
QXOU

v′,m,tp the acceptable maximum amount of material
m delivered to customer v′ in period tp

RTu,s,k the flow ratio between feedstock s and a reference
feed of totary unit u under operation mode k

SPv′,m,tp the selling price of intermediate or final product
m sold to customer v′ during period tp

SQPv′,m the target value of the total amount of material m
delivered to customer v′ over the planning horizon

YDu,s,k,p the reaction yield of product p from feedstock s
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under operation mode k of unit u

illation units, fluidized-bed catalytic cracking units, propane
easphalting units and hydrotreating units, etc. The consumed
aw materials are crude oils shipped from overseas suppliers
nd the products are: liquefied petroleum gas, diesel, gasoline,
etrochemical naphtha and fuel oil.

It should be pointed out that, in addition to the aforemen-
ioned processing systems, the production scheme of benzene,
oluene and xylenes can also be considered as an essential and
ndependent element of the overall petrochemical supply chain.
his is due to the facts that (1) only two possible sources of raw
aterials can be consumed by the BTX supply chain and they

re the by-products of upstream processes, (2) the main products
f this supply chain can be sold on international and/or domes-
ic markets for profit, and (3) most units in this supply chain
o not interact with external processes. More specifically, the
ight aromatic compounds are produced from either reformate
r pyrolysis gasoline in the petrochemical processes (Franck &
tadelhofer, 1988; Speight & Ozum, 2002). The reformate is
enerated with light naphtha in the reforming unit and the light
aphtha is usually treated as a by-product in the atmospheric dis-
illation units. Similarly, since naphtha cracking is used mainly
o produce ethylene, propylene and butadiene, the pyrolysis
asoline created in this process is regarded as a by-product,
oo. Notice also that, other than the main products mentioned
bove, several marketable chemicals, e.g., C /C , LPG, gaso-
3 4
ine, C9-aromatics and C10-aromatics, etc., are produced in small
uantities by the BTX supply chain. Their revenues can be eas-
ly accounted for in the proposed model if necessary. Finally,



1158 T.-H. Kuo, C.-T. Chang / Computers and Chemical Engineering 32 (2008) 1155–1174

diag

i
p
p

o
a
n
m
s
f
c
y
t
a
s
p
n
3
t
i
r
t
i
o
i
m
i
i
m
B
o
a

p
d
o
s
p

2

o
b

2

c
c
b
i
a
s
e
j
a
a

2

Fig. 1. The simplified flow

t should be noted that the detailed descriptions of all related
rocessing units and the overall supply-chain structure will be
rovided later in this paper for illustration convenience.

Although the production planning and scheduling problems
f a single aromatic plant have been studied previously, e.g., Ho
nd Yu (2002), the characteristics of an overall BTX supply
etwork has never been analyzed before. An existing aro-
atic supply-chain usually consists of a large collection of

trategically located production units and storage and transport
acilities. For the task of supply-chain planning, the time frames
onsidered by different companies may vary from a quarter to 1
ear (Chopra & Meindl, 2004). In the present paper, the short-
erm forecast of BTX demands is assumed to be quite reliable
nd, therefore, the uncertainly issues are not addressed for the
ake of brevity. Given the predicted demands and supplies, a
roper production scheme should be configured in every plan-
ing period (e.g., 1 month) over a specified time horizon (e.g.,
months) by selecting throughput, operating conditions and

echnology options for each unit, by maintaining the desired
nventory level for each process material, by purchasing enough
aw materials, and by delivering appropriate amounts of products
o the customers. Since there are numerous decisions involved
n this planning process and they have to be made on the basis
f overall profit, it may not be feasible to optimize each unit
ndividually. This is because the optimal solution for one unit

ay render other units in the supply-chain inefficient or even
noperable. A mixed-integer linear programming (MILP) model
s thus developed in this work to identify the best short-term
ulti-period SCM policies for the light aromatic compounds.
y solving this model, not only the appropriate inventory level
f every process material and the optimal throughput and oper-
tion mode of each production unit can be determined for each

d
t
h

ram of a typical refinery.

lanning period, but also the purchase opportunities of interme-
iate oils can be clearly identified. The feasibility and benefits
f the proposed mathematical programming model are demon-
trated with the realistic case studies reported at the end of this
aper.

. Basic processing units

For illustration purpose, a typical single-train supply chain
f the light aromatics is presented in Fig. 2. Descriptions of the
asic processing units in this chain are presented in the sequel.

.1. Import and export facilities

Some of the raw materials and intermediates of the supply
hain are assumed to be supplied by foreign sources and, in
ertain cases, the intermediates and/or final products may also
e sold to overseas customers. In particular, the crude and other
ntermediate oils (e.g. light naphtha and mixed xylenes) are usu-
lly imported by tankers to terminals equipped with jetties and
torage tanks. These terminals can also be utilized to facilitate
xportation. A pipeline network is available for connecting the
etties to the crude storage tanks that are present both at the port
nd at the refinery. Fig. 3 outlines these distribution elements of
n oil company.

.2. Atmospheric distillation unit
In the refinery, the crude oil is separated in an atmospheric
istillation unit into several products, i.e., light compounds with
hree and four carbon atoms (i.e., C3s and C4s), light naphtha,
eavy naphtha, kerosene, diesel and residual oil (see Fig. 1).
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otice that the light naphtha is then fed to the reforming unit and
he heavy naphtha is usually consumed by the naphtha cracker.
he raw materials of the BTX supply chain, i.e., the refor-
ate and pyrolysis gasoline, are produced from these two units,

espectively. The other products of the atmospheric distillation
nit are sent to various buffer tanks for further processing.

.3. Naphtha cracker

This process is concerned with steam cracking of hydro-
arbons to produce ethylene, propylene, butadiene and other
nsaturated compounds with higher molecular weights. When
he hydrocarbon chains are heated to around 800 ◦C, the C–C
nd C–H bonds can be broken and, consequently, unstable rad-
cals are generated. These radicals can react further to produce
nsaturated molecules. In addition, diolefins can cyclize with
ther olefins to yield aromatics. As a result, various different
romatic components may appear in the pyrolysis gasoline. The

yrolysis gasoline must be treated in a hydrogenation process to
emove the olefins, diolefins and sulfur contents. In areas such
s Europe and Japan, the pyrolysis gasoline is the most abun-
ant source of aromatics. However, it should also be noted that

e
t
m
w

Fig. 3. The general framework o
n BTX supply chain.

roduction planning of the naphtha cracking unit is usually gov-
rned by the ethylene demand and, thus, the pyrolysis gasoline
hould be considered only as a by-product of ethylene. As a
esult, the naphtha crakers are not included in the BTX supply
hain in this study. The pyrolysis gasoline is treated simply as a
aw material supplied by the naphtha craker(s).

.4. Reforming unit (hydroytreater and platforming unit)

In the BTX supply chain, the hydroytreater and platformer
nit should be considered as an integrated unit. The sulfur con-
ent in the light naphtha is reduced with a hydroytreater. This
tep is necessary for preparing the feed to comply with the oper-
tional constraints of catalytic reformer and for achieving the
arget product purity. After hydrotreating, the light naphtha is
hen converted in the reformers to produce the reformer gaso-
ine and also light compounds with three and four carbon atoms.
he reformer gasoline is the main BTX source in countries where

thylene production is based on natural gas. Generally speaking,
he main purpose of this operation is to convert paraffin into aro-

atics and/or branched alkanes so as to enhance octane rating. A
ide spectrum of reactions take place here, e.g., hydrogenation

f import/export facilities.
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f cycloalkanes to form aromatics, isomerization of n-alkanes
o form branched alkanes, and ring extension and dehydro-
enation of alkylclopentanes to form benzene derivatives,
tc.

.5. Aromatics extraction units

This liquid–liquid extraction operation is used to produce the
romatics fraction, i.e., benzene, toluene, C8- and C9-aromatics,
rom a broad boiling range of hydrocarbons. The reformer
asoline and pyrolysis gasoline should be fed to two distinct
xtraction units separately. Due to the differences in solubil-
ties of aromatics and non-aromatics in polar solvents (i.e.,
ulfolane), these compounds can be differentiated easily in the
xtraction units. After extraction, the raffinate (which consists of
he non-aromatics) can be blended in gasoline, and the extracted
ubstances (which include the aromatics) are fed to fractiona-
ion columns for further separation. Two of the final products,
.e., benzene and toluene, can be obtained from the purified aro-

atic mixture by simple distillation owing to the fact that their
oiling points are well below those of the others. The separation
f xylene isomers from the bottom product is more problematic
ince they form a close-boiling mixture. This stream is sent to
he xylene fractionation unit.

.6. Xylene fractionation unit

Since the boiling point of o-xylene is 5 ◦C higher than that
f m-xylene, these two components are treated as the heavy
nd light keys, respectively, in the xylene fractionation column
XS). The overhead product of XS is a mixture of o-xylene,
-xylene, ethylbenzene and m-xylene. On the other hand, o-
ylene (about 28% of feed) and the high-boiling aromatics, i.e.,
9- and C10-aromatics, are obtained at the bottom. The high-
oiling aromatics in the bottom product of XS are removed from
-xylene in the o-xylene column (OX). The C9-aromatics and
10-aromatics are separated in the distillation column A9. The

ormer is used as an ingredient of gasoline, while the latter can
e mixed in fuel oil.

.7. Parex unit

Since the close-boiling p-xylene and m-xylene cannot be
eparated effectively by distillation, the purification of the over-
ead product of xylene fractionation column (XS) is achieved
y selective adsorption in the parex unit. The high-purity p-
ylene can be produced in this unit with solid adsorbents and
uitable liquids. A synthetic zeolite is used as the adsorption
gent. The mixture from overhead of column XS, in liquid
orm, passes through a series of adsorption chambers filled with
dsorbent-containing molecular sieves. The liquid flow is con-
rolled with rotating valves. The liquid p-xylene is attached
n the active surface of the adsorption agents, while other

ompounds pass through unaffected. The adsorbed p-xylene is
ater desorbed with toluene or p-diethylbenzene. The mixture
f p-xylene and desorbant can be easily separated by further
istillation.

i
c
t
f

ical Engineering 32 (2008) 1155–1174

.8. Isomar unit

The demand for p-xylene is mainly caused by the need to
roduce terephthalic acid for fibers and, on the other hand,
he demand for o-xylene arises if there is a need to produce
hthalic anhydride for plasticizers. The market of m-xylene
or the production of isophthalic acid is much smaller than
hat of p-xylene or o-xylene. Therefore, m-xylene and ethyl-
enzene from the parex unit are isomerized to form o- and
-xylene in the xylene isomeric unit. Isomerization is achieved
n a catalytic reaction process. The by-products of isomeric
nit are light components, i.e., C7 hydrocarbons, and can be
emoved from xylenes by distillation. The C7 hydrocarbon
an be either used as the feed to the stabilizer column in
eforming unit or as an ingredient of gasoline. The resulting
- and p-xylenes are recycled back to the xylene fractionation
nit.

.9. Tatory unit

Since the benzene content in reformer gasoline is relatively
ow, the toluene and C9-aromatics produced in the supply chain
ay have to be converted again to benzene to meet the market

emand. The required methyl-group transfer reactions take place
n gas phase in a tatory unit. The two inputs, i.e., toluene and C9-
romatics, are fed with a fixed ratio. Other than a small amount of
ight components, the main products of this unit are benzene and
ylenes. The reactions occur on a zeolite catalyst, and the yield
f benzene and xylene is around 95%. After the catalytic reaction
tep, benzene, toluene, xylenes, C9-aromatics and C10-aromatics
re separated in a distillation train similar to that in the extrac-
ion unit. Toluene and C9-aromatics are recycled back to the
urge tanks, and the xylenes are fed to the xylene fractionation
nit.

.10. Storage and transportation facilities

In a typical petrochemical complex, the final products are
hipped out to meet the demands of domestic market from a
ollection of storage and transportation terminals similar to those
sed for the raw materials. Each terminal is equipped with its
wn infrastructure including the discharge, storage and pumping
quipments. The products are then delivered to the customers via
ipelines and/or trucks. There are of course additional storage
acilities for the intermediates within the supply chain. In this
tudy, it is assumed that these buffer tanks may be installed for
toring the inputs and/or outputs temporarily in every production
nit.

. Basic process models

The various processing units in the BTX supply chain can
e classified into three general types. They are referred to

n this paper as the reaction processes, the separation pro-
esses and the storage processes. Detailed descriptions of
he mathematical models of these processes are given as
ollows.
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Fig. 4. The generalized reaction process.

.1. Reaction processes

The reforming units, the isomar units and the tatory units
re considered as the reaction processes in this work. As men-
ioned before, the naphtha crakers are treated as the suppliers
f pyrolysis gasoline and, thus, excluded from the BTX supply
hain. A sketch of the generalized process flow diagram is pro-
ided in Fig. 4. Notice also that a separation system is included
or the purpose of removing products and by-products from the
n-reacted raw materials. It is assumed that, after the catalytic
eaction(s), the reactants can always be recovered and then recy-
led completely with this system. To simplify the mathematical
rogram, only the overall mass balances of the entire reaction
rocess are considered in this study. It should be noted that the
eaction yields of every product (or by-product), are assumed
o be dependent upon the feedstock compositions and operation
odes. However, all of them are regarded as available parame-

ers. The generalized material balance of the reaction processes
an be written as

pu,p,tp =
∑
s ∈ Fu

qfu,s,tp ·
⎛
⎝ ∑

k ∈ Ku,s

fiu,s,k,tp · YDu,s,k,p

⎞
⎠

∀u ∈ UA, ∀p ∈ Pu, ∀tp ∈ TP (1)

here UA is the union of the sets of all reformers, isomar units
nd tatory units, i.e., UA = Uref ∪ Uisomar ∪ Utatory, Fu the set of
ll allowable feeds of unit u, Pu the set of all products (and by-
roducts) of unit u, TP the set of all planning periods, Ku,s the
et of all operation modes of unit u for processing feedstock s,
fu,s,tp and qpu,p,tp denote the process variables representing,
espectively, the total amounts of consumed feedstock s and
roduced product p of unit u in period tp, fiu,s,k,tp the binary
ariable reflecting whether or not operation mode k of unit u is
hosen during period tp to process feedstock s and YDu,s,k,p is
given parameter representing the reaction yield of product p
rom feedstock s with operation mode k of unit u. To simplify
he model formulation, let us next introduce a new variable:

fiu,s,k,tp = fiu,s,k,tp · qfu,s,tp (2)
w
o

ical Engineering 32 (2008) 1155–1174 1161

hus, the generalized material balance in Eq. (1) can be written
n a linear form as

pu,p,tp =
∑
s ∈ Fu

∑
k ∈ Ku,s

qfiu,s,k,tp · YDu,s,k,p

∀u ∈ UA, ∀p ∈ Pu, ∀tp ∈ TP (3)

t should be noted that at least one reforming and one isomar
nit must be included to ensure the operability of BTX supply
hain. Thus, the following logic constraints are imposed in the
roposed model:

≤
∑

u ∈ Uref

lu,tp, 1 ≤
∑

u ∈ Uisomar

lu,tp (4)

here tp ∈ TP; lu,tp ∈ {0, 1}. It is assumed in this study that only
ne input is allowed to be processed in a reformer or isomar unit
nd, obviously, only one operation mode can be adopted in each
nit. This feature is stipulated with the following constraints:∑
s ∈ Fu

∑
k ∈ Ku,s

fiu,k,s,tp = lu,tp ∀u ∈ UA′, ∀tp ∈ TP (5)

here UA′ = Uref ∪ Uisomer. Since the capacities of these pro-
essing units are finite, the upper and lower bounds of the
hroughputs must also be imposed in the model, i.e.,

FAL
u,s,k · fiu,s,k,tp ≤ qfiu,s,k,tp ≤ QFAU

u,s,k · fiu,s,k,tp

∀u ∈ UA′, ∀s ∈ Fu, k ∈ Ku,s, ∀tp ∈ TP (6)

here QFAU
u,s,k and QFAL

u,s,k denote, respectively, the maxi-
um and minimum allowable throughputs of reaction unit u for

eedstock s under operation mode k.
On the other hand, the use of a tatory unit in a BTX supply

hain should be dependent upon the market prices of the final
roducts and the raw material costs. In addition, more than one
eedstock is allowed to be processed in this unit. Consequently,∑
∈ Ku,s

fiu,s,k,tp ≤ lu,tp,

∑
∈ Fu

∑
k ∈ Ku,s

fiu,s,k,tp ≥ lu,tp ∀u ∈ Utatory, ∀s ∈ Fu, ∀tp ∈ TP

(7)

ince every operation mode of any given unit can be used to
rocess all its feeds, one can consider all the corresponding sets
f operation modes are the same, i.e.,

Tu = Ku,s ∀u ∈ Utatory, ∀s ∈ Fu (8)

lso, since only one of the operation modes in KTu can be
ctivated, the following constraints must be incorporated in the
athematical model:

iu,s,k,tp = fiu,s′,k,tp ∀u ∈ Utatory, ∀s, s′ ∈ Fu,
k ∈ KTu, ∀tp ∈ TP (9)

here s 
= s′. Furthermore, the flow ratio between any two feeds
f a totary unit is usually fixed under a selected operation
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ode, i.e.,

Tu,s,k · qfiu,s,k,tp = RTu,s′,k · qfiu,s′,k,tp

∀u ∈ Utatory, ∀s, s′ ∈ Fu, k ∈ KTu, ∀tp ∈ TP (10)

here RTu,s,k and RTu,s′,k are two constants. Finally, the
hroughput limits in this case should be characterized as

FTL
u · lu,tp ≤

∑
s ∈ Fu

∑
k ∈ Ku,s

qfiu,s,k,tp ≤ QFTU
u · lu,tp

∀u ∈ Utotary, ∀tp ∈ TP (11)

here QFTU
u and QFTL

u denote, respectively, the maximum
nd minimum allowable throughputs of totary unit u.

.2. Separation processes

The separation processes in this study are those in which
nly separation operations are present, i.e., the aromatics extrac-
ion units, the xylene fractionation units and the parex units.
n the basis of the flow diagram presented in Fig. 5, the gen-

ralized material balances of the separation processes can be
ritten as

pu,p,tp =
∑
s ∈ Fu

qfu,s,tp · Xu,s,p · FCu,s,p

=
∑
s ∈ Fu

qfu,s,tp · RFu,s,p

∀u ∈ UB, ∀p ∈ Pu, ∀tp ∈ TP (12)
here UB is the union of the sets of all separation units, i.e.,
B = Uext ∪ Uxylene ∪ Uparex, Xu,s,p and FCu,s,p are the design
arameters denoting, respectively, the volume fraction and
ecovery ratio of product p in feedstock s of unit u and RFu,s,p

Fig. 5. The generalized separation process.
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=Xu,s,p·FCu,s,p) is referred to in this paper as the recovery effi-
iency of product p in feedstock s of unit u. Notice that the
efinitions of qfu,s,tp and qpu,p,tp are the same as before. Notice
lso that the atmospheric distillation units are not incorporated in
he BTX supply chain. This is due to the need to simplify model
ormulation. Otherwise, the scope of present study will have to
e expanded to include the supply chains of other downstream
roducts of the atmospheric distillation units, e.g., gasoline,
erosene, ethylene, propylene and butadiene, etc.

In order to facilitate normal operation of the supply chain, it
s necessary to activate at least one separation unit of each type.
n other words, the logic constraint specified in Eq. (4) should
lso be imposed upon the units in the subsets of UB, i.e.,

≤
∑

u ∈ Uext

lu,tp, 1 ≤
∑

u ∈ Uxylene

lu,tp, 1 ≤
∑

u ∈ Uparex

lu,tp

(13)

here lu,tp ∈ {0, 1}. Since only a single operation mode is imple-
ented in each separation process and mixed feeds are allowed,

he throughput limits can be expressed as

FBL
u · lu,tp ≤

∑
s ∈ Fu

qfu,s,tp ≤ QFBU
u · lu,tp

∀u ∈ UB, ∀tp ∈ TP (14)

here QFBU
u and QFBL

u denote, respectively, the maximum
nd minimum allowable throughputs of separation unit u.

.3. Storage processes

As mentioned before, supply-chain planning is usually car-
ied out over a fixed time horizon with multiple periods
ccording to the predictions of feedstock supplies and market
emands. Consequently, the material balance model of a gener-
lized storage process (see Fig. 6) should be formulated on the
asis of a planning period, i.e.,

inu,m,tp = vinu,m,tp−1 + qtiu,m,tp − qtou,m,tp

∀u ∈ U, ∀m ∈ Mu, ∀tp ∈ TP (15)

n the above equation, U is the set of all processing units in
hich storage tanks may be present, i.e.,
= UA ∪ UB ∪ UT ∪ UD (16)

here UT and UD denote, respectively, the sets of all
mport/export facilities and product distribution terminals. In

Fig. 6. The generalized storage process.
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ddition, Mu is the set of all process materials in unit u, i.e.,
u = Fu ∪ Pu; vinu,m,tp represents the inventory of material m

n unit u at the end of planning period tp; qtiu,m,tp and qtou,m,tp
enote, respectively, the total amounts of material m delivered
o and withdrawn from unit u during period tp. This formula-
ion is adopted on the ground that it is often not possible to
ump process material simultaneously in and out of a storage
ank. Furthermore, it may not be necessary to carry out a par-
icular material transfer operation continuously throughout the
hole planning period. For example, the crude oil usually is
ot transported from a tanker into more than one storage tank
t the same time and, thus, these tanks are filled one-by-one at
hort time intervals. Other limiting constraints on the crude stor-
ge processes include jetty availability and the logistics support
apability of third party. Finally, it should be noted that more
han one input and/or output pipelines are allowed to be con-

ected to a single tank in this model. This is due to the fact
hat qtiu,m,tp and qtou,m,tp represent the accumulated quantities
f combined inputs and outputs, respectively. Since in practice
he storage capability cannot be unlimited, it is also necessary

t
r
t
b

Fig. 7. The flow structure aro

Fig. 8. The flow structure arou
ical Engineering 32 (2008) 1155–1174 1163

o impose the following inequality constraints:

NVL
u,m ≤ vinu,m,tp ≤ INVU

u,m

∀u ∈ U, ∀m ∈ Mu, ∀tp ∈ TP (17)

here INVU
u,m and INVL

u,m represent, respectively, the upper
nd lower bounds of the inventory of material m in unit u.

. Supply-chain structure

To facilitate construction of a comprehensive system struc-
ure, let us assume that one buffer-tank system is available for
very feedstock and every product in each processing unit of the
eneralized supply chain. More specifically, the storage pro-
esses are attached to the reaction and separation processes
ccording to the frameworks presented in Figs. 7 and 8, respec-

ively. It should be noted that this assumption is by no means
estrictive. If a particular buffer system is not present in a prac-
ical application, it is only necessary to set the upper and lower
ounds of the corresponding inventory in the mathematical

und a reaction process.

nd a separation process.
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sequently, the physical properties and supply rate of light and
Fig. 9. The flow structure around a storage and transportation terminal.

odel to be zeros. On the other hand, there are certainly var-
ous storage tanks in the product distribution terminals and also
n the import/export facilities for raw materials, intermediates
nd final products. Usually, their capacities are larger than those
n the reaction and separation processes. The general framework
f the corresponding storage and transportation processes can be
ound in Fig. 9.

Notice that the symbols “M” and “D” in all three general
tructures represent mixers and distributors, respectively. The
nputs of mixers in a processing unit are originated from the
istributors in various upstream source units of its feeds and,
imilarly, the distributors in this unit are linked to the mixers in
ownstream sink units of its products. The detailed connections
n the general configuration of a BTX supply chain are listed in
able 1. For the sake of conciseness, every source or sink unit is
epresented with a two- or three-letter code and these codes are
efined in the first column of this table. The undefined codes OS
nd OC are the abbreviations of overseas supplier and overseas
ustomer, and DS and DC denote the domestic supplier and
omestic customer, respectively. In addition, a hyphen indicates
hat the corresponding sink unit is not modeled in the present
tudy. Finally, notice that the feeds of parex and isomar units are
enoted as parexf and isomarf. The former is mainly a mixture
f o-xylene, p-xylene, ethylbenzene and m-xylene and the latter
onsists of o-xylene, ethylbenzene and m-xylene.

It should be realized that the mixers and distributors may
r may not be present physically in the supply chain. They are
ncluded to facilitate accurate formulation of the mathematical
rogramming model. Specifically, the material balance around
mixer can be written as

tiu,s,tp =
∑

u′ ∈ UIu,s

qu′,u,s,tp, u ∈ U, s ∈ Fu, tp ∈ TP (18)

here UIu,s denotes the set of all source units (or suppliers) of
eedstock s received by unit u, qtiu,s,tp denotes the accumulated
mount of feedstock s delivered to the buffer tank in unit u during
eriod tp and qu′,u,s,tp represents the accumulated amount of
eedstock s transported from unit u′ to u during interval tp. On
he other hand, the material balance around a distributor can be
ormulated in a similar fashion, i.e.,
tou,p,tp =
∑

u′ ∈ UOu,p

qu,u′,p,tp, u ∈ U, p ∈ Pu, tp ∈ TP

(19)

h
l
p

ical Engineering 32 (2008) 1155–1174

here UOu,p denotes the set of all sink units (or customers) of
he product p generated in unit u, qtou,p,tp denotes the accumu-
ated amount of product p withdrawn from the buffer tank in
nit u during period tp and qu,u′,p,tp represents the accumulated
mount of product p transported from unit u to u′ during interval
p.

Notice also that, in the cases of reaction and separation pro-
esses, the mixers and distributors are attached, respectively, to
he feedstock and product buffer tanks. Thus, the outputs of the
ormer tanks should be regarded as the inputs of these processes,
.e.,

tou,s,tp =
∑

k ∈ Ku,s

qfiu,s,k,tp, u ∈ UA, s ∈ Fu, tp ∈ TP (20)

tou,s,tp = qfu,s,tp, u ∈ UB, s ∈ Fu, tp ∈ TP (21)

n the other hand, the inputs of the product tanks should be con-
idered as the outputs of the reaction and separation processes,
.e.,

tiu,p,tp = qpu,p,tp, u ∈ U′, p ∈ Pu, tp ∈ TP (22)

here U′ = UA ∪ UB.
From Eqs. (18) and (19), it is obvious that the process materi-

ls must be transferred from on unit to another. The most likely
eans of transportation within the supply chain should be pumps

nd pipelines. The transportation methods for importing the raw
aterials for countries lacking oil resources should be tankers,

nd the light aromatic compounds could be delivered to domestic
ustomers either via pipelines or by trucks. Since the corre-
ponding transportation capacities should always be limited in
ractice, the following inequalities are included in our model:

L
v,v′,m ≤ qv,v′,m,tp ≤ QU

v,v′,m

∀v, v′ ∈ USC, ∀m ∈ M, ∀tp ∈ TP (23)

nd

SC=U ∪ S ∪ C, M =
⋃

u ∈ U

Mu (24)

here S is the set of all suppliers of the raw materials and/or
ntermediates, C the set of all customers of the final products
nd/or intermediates, QU

v,v′,m and QL
v,v′,m denote, respectively,

he upper and lower limits of the transportation capacity for
elivering material m from unit v to unit v′ and qv,v′,m,tp rep-
esents the accumulated delivering amount of material m from
nit v to unit v′ during interval tp.

It is assumed in this study that the crude oil is purchased
rom the international market and the variations in its quality
nd quantity can be reasonably predicted over a relatively small
umber of planning periods (say, three periods). The operation of
tmospheric distillation unit can thus be optimized accordingly
o satisfy the demands of its higher-valued products, e.g., LPG,
asoline, jet fuel and diesel fuel, etc., as much as possible. Con-
eavy naphtha and also the generation rate of pyrolysis gaso-
ine in the subsequent naphtha crackers can be regarded as given
arameters in the mathematical model for BTX supply-chain
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Table 1
Connections of processing units in a BTX supply chain

Processing unit Feedstock Source unit Product Sink unit

Atmospheric distillation (AD) Crude oil IEF C3/C4 LPG –
Light naphtha RF
Heavy naphtha –
Kerosene –
Light gasoil –
Heavy gasoil –
Residual oil –

Reforming (RF) Light naphtha IEF, AD C3/C4 LPG PDT
C5 gasoline PDT
Reformate ET
C9-aromatic TT

Extraction (ET) Reformate RF Raffinate –
Pyrolysis gasoline Naphtha cracker Benzene PDT, IEF

Toluene TT, PDT, IEF
Mixed xylenes XF, PDT, IEF

Xylene fractionation (XF) Mixed xylenes ET, TT, IM, IEF o-Xylene PDT, IEF
C9+gasoline PDT
Parexf PR

Tatory (TT) Toluene ET, PDT Benzene PDT, IEF
C9 RF Mixed xylenes XF, PDT, IEF

C10-aromatic PDT

Parex (PR) Parexf XF p-Xylene PDT, IEF
Isomarf IM

Isomar (IM) Isomarf PR Mixed xylenes XF, PDT, IEF

Import and export facility (IEF) Crude oil OS Crude oil AD
Light naphtha OS Light naphtha RF
Benzene ET, TT Benzene OC
Toluene ET Toluene OC
p-Xylene PR p-Xylene OC
o-Xylene XF o-Xylene OC
Mixed xylenes OS, ET, TT, IM Mixed xylenes OC, XF

Product distribution terminal (PDT) Benzene DS, ET, TT Benzene DC
Toluene DS, ET Toluene DC, TT

p

Q

Q

w
p
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a
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p
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Q

Q

p-Xylene
o-Xylene
Mixed xylenes

lanning, i.e.,

LNI
v,m,tp =

∑
v′ ∈ Uref

qv,v′,m,tp, v ∈ SI
litnap, m ∈ Pv, tp ∈ TP

(25)

PGI
v,m,tp =

∑
v′ ∈ Uext

qv,v′,m,tp,

v ∈ SI
pyrgas, m ∈ Pv, tp ∈ TP (26)

here SI
litnap and SI

pyrgas denote, respectively, the sets of sup-
liers of light naphtha (i.e., the atmospheric distillation units)
nd pyrolysis gasolines (i.e., the naphtha crakers) inside the
efineries, Pv the set of raw materials produced by supplier v

nd QLNI
v,m,tp and QPGI

v,m,tp are two given parameters repre-

enting, respectively, the amounts of light naphtha and pyrolysis
asolines delivered by their suppliers inside refineries during
eriod tp. In addition, it is assumed that two intermediates of
he BTX supply chain, i.e., light naphtha and mixed xylenes,

w
o
Q
a

DS, PR p-Xylene DC
DS, XF o-Xylene DC
ET, TT, IM Mixed xylene DC

an be imported for use in the reforming units and xylene frac-
ionation units, respectively. Since the total quantities of these
mported intermediates are not required to be fixed in each plan-
ing period, it is only necessary to impose the corresponding
pper and lower bounds, i.e.,

LNL
v,m,tp ≤

∑
v′ ∈ UT

qv,v′,m,tp ≤ QLNU
v,m,tp,

v ∈ Slitnap, m ∈ Pv, tp ∈ TP (27)

XIL
v,m,tp ≤

∑
v′ ∈ UT

qv,v′,m,tp ≤ QXIU
v,m,tp,

v ∈ Smxyl, m ∈ Pv, tp ∈ TP (28)
here Slitnap and Smxyl denote, respectively, the sets of
verseas suppliers of light naphtha and mixed xylenes,
LNU

v,m,tp and QLNL
v,m,tp represent, respectively, the upper

nd lower bounds of the available amount of light naphtha m
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rom supplier v during period tp and QXIU
v,m,tp and QXIL

v,m,tp
epresent, respectively, the upper and lower bounds of the avail-
ble amount of mixed xylenes m from suppliervduring period tp.
inally, it is assumed in this work that the final products of BTX
upply chain can also be purchased from domestic suppliers
o fulfill contract agreements with customers. A set of simi-
ar inequality constraints are thus included in the mathematical

odel:

BTXL
v,m,tp ≤

∑
v′ ∈ UD

qv,v′,m,tp ≤ QBTXU
v,m,tp,

v ∈ SBTX, m ∈ Pv, tp ∈ TP (29)

here SBTX denotes the sets of domestic suppliers of the final
roducts of supply chain and QBTXL

v,m,tp and QBTXU
v,m,tp rep-

esent, respectively, the upper and lower bounds of the available
mount of final product m from supplier v during period tp.
otice that the set of all possible inputs of the BTX sup-
ly chain can be expressed as: S = SI

litnap ∪ SI
pyrgas ∪ Slitnap ∪

mxyl ∪ SBTX.
The market demands for final products of the supply chain are

lso assumed to be predictable at least in short term. The actual
mounts shipped to the domestic customers during a particular
lanning period are often allowed to deviate from the requested
alues. To facilitate representation of the amounts of surplus
nd backlog, let us introduce two corresponding variables, i.e.,
dqv′,m,tp and bdqv′,m,tp, into the following material balance
quations:

PTT
v′,m,tp + sdqv′,m,tp − bdqv′,m,tp

=
∑

v ∈ UD

qv,v′,m,tp, v′ ∈ CBTX, m ∈ Fv′ , tp ∈ TP (30)

here CBTX denotes the sets of domestic customers for the final
roducts of supply chain, Fv′ the set of materials consumed by
ustomer v′, QPTT

v′,m,tp denotes the target value of the amount
f material m delivered to customer v′ in period tp and sdqv′,m,p

nd bdqv′,m,p represent, respectively, the surplus and backlog
mounts of material m delivered to customer v′ in period tp.
otice that Eq. (30) is valid only when the following inequality

onstraints are imposed:

≤ sdqv′,m,tp ≤ ns
v′,m,tp · (QPTU

v′,m,tp − QPTT
v′,m,tp),

≤ bdqv′,m,tp ≤ nb
v′,m,tp · (QPTT

v′,m,tp − QPTL
v′,m,tp),

s
v′,m,tp+ nb

v′,m,tp ≤ 1 (31)

here ns
v′,m,tp ∈ {0, 1}; nb

v′,m,tp ∈ {0, 1}; the design parameters

PTU
v′,m,tp and QPTL

v′,m,tp denote, respectively, the upper and
he lower bound of the amount of material m delivered to cus-

omer v′ in period tp. It should be noted that, although the
eviations from the desired demand levels are acceptable, the
otal amounts of delivered products accumulated over a speci-
ed number of time periods should still meet every customer’s

w
r
v
t

ical Engineering 32 (2008) 1155–1174

eeds exactly, i.e.,∑
p ∈ TP

∑
v ∈ UD

qv,v′,m,tp = SQPv′,m, v′ ∈ CBTX, m ∈ Fv′ (32)

here SQPv′,m denotes the target value of the total amount of
aterial m delivered to customer v′ during all planning periods.
In addition, it is assumed in this work that one of the inter-

ediates of the BTX supply chain, i.e., the mixed xylenes, can
e sold to the domestic customers for profit. The corresponding
onstraints are

XOL
v′,m,tp ≤

∑
v ∈ UD

qv,v′,m,tp ≤ QXOU
v′,m,tp,

v′ ∈ Cmxyl, m ∈ Fv′ , tp ∈ TP (33)

here Cmxyl denotes the sets of domestic customers for mixed
ylenes and QXOU

v′,m,tp and QXOL
v′,m,tp represent, respec-

ively, the acceptable maximum and minimum amounts of
aterial m delivered to customer v′ in period tp.
Finally, all intermediate and final products mentioned above

hould also be allowed to be sold on the overseas market so
hat the overall performance of the supply chain may be further
nhanced. This practice is justifiable if the selling prices and/or
emands for some of the products are high enough to compen-
ate for the losses due to the needs to cut down inventories of
he other products and to sell them at lower prices and/or higher
ransportation costs. The delivered quantities to overseas cus-
omers should also be subject to similar inequality constraints,
.e.,

OSL
v′,m,tp ≤

∑
v ∈ UT

qv,v′,m,tp ≤ QOSU
v′,m,tp,

v′ ∈ Covs, m ∈ Fv′ , tp ∈ TP (34)

here Covs denotes the sets of overseas customers for the
ntermediate and final products of BTX supply chains, i.e.,
enzene, toluene, p-xylene, o-xylene and mixed xylenes;
OSU

v′,m,tp and QOSL
v′,m,tp represent, respectively, the accept-

ble maximum and minimum amounts of intermediate or final
roduct m delivered to customer v′ in period tp. Notice that
= CBTX ∪ Cmxyl ∪ Covs in the present model.

. Objective function

The objective function of the proposed optimization problem
s chosen to be the total profit realized over a specified number
f planning periods, i.e.,

otal profit =
∑

tp ∈ TP

pftp (35)

nd

ftp = rstp − crtp − cotp − cttp − citp − cbtp − cdtp (36)
here pftp, rstp, crtp, cotp, cttp, citp, cbtp and cdtp denote,
espectively, the net profit, the total revenue secured from
arious product sales, the total cost of raw materials, the
otal operation cost, the total transportation cost, the total
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nventory cost, the total backlog cost and the total cost of pro-
otion discount in period tp. The total sale revenue can be

xpressed as

stp =
∑
v′ ∈ C

∑
m ∈ Fv′

( ∑
v ∈ UC

qv,v′,m,tp

)
· SPv′,m,tp (37)

here UC = UT ∪ UD; SPv′,m,tp represents the selling price of
ntermediate or final product m sold to customer v′ during period
p.

The second term in Eq. (36) is the sum of all costs for pro-
ucing the raw materials inside refineries (i.e., light naphtha and
yrolysis gasoline), and the costs for purchasing the imported
eedstock (i.e., light naphtha and mixed xylenes) and also the
nal products provided by other domestic suppliers. In particu-

ar, this term can be written as

rtp =
∑

v ∈ SI
litnap

∑
m ∈ Pv

QLNI
v,m,tp · CLNI

v,m,tp

+
∑

v ∈ SI
pyrgas

∑
m ∈ Pv

QPGI
v,m,tp · CPGI

v,m,tp

+
∑

v ∈ Slitnap

∑
m ∈ Pv

( ∑
v′ ∈ UT

qv,v′,m,tp

)
· CLNv,m,tp

+
∑

v ∈ Smxyl

∑
m ∈ Pv

( ∑
v′ ∈ UT

qv,v′,m,tp

)
· CMXv,m,tp

+
∑

v ∈ SBTX

∑
m ∈ Pv

( ∑
v′ ∈ UD

qv,v′,m,tp

)
· CBTXv,m,tp (38)

here CLNI
v,m,tp and CPGI

v,m,p denote, respectively, the unit
osts for producing light naphtha and pyrolysis gasoline in the
efineries and CLNv,m,tp, CMXv,m,tp and CBTXv,m,tp denote,
espectively, the unit costs for purchasing light naphtha, mixed
ylenes and final products. Notice that the first two terms in the
bove equation can be dropped in actual optimization process
ince these costs are treated as constants in the present model.

The total operation cost can be considered as the sum of
he operation costs for running the reaction and separation pro-
esses, i.e.,

otp =
∑

u ∈ UA

⎛
⎝lu,tp · CXAu,tp +

∑
s ∈ Fu

∑
k ∈ Ku,s

qfiu,s,k,tp · CVAu,s,k,tp

⎞
⎠

+
∑

u ∈ UB

(
lu,tp · CXBu,tp +

∑
s ∈ Fu

qfu,s,tp · CVBu,s,tp

)
(39)

here CXAu,tp and CXBu,tp denote the fixed operating costs for
nit u in UA and UB during period tp, respectively, CVAu,k,s,tp

epresents the variable operating cost of reaction unit u for pro-
essing feedstock s under operation mode k during period tp and
VBu,tp is the variable operating cost of separation unit u during
eriod tp.

r
p
m
t
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In general, the overall transportation cost can be expressed
s

ttp =
∑

v ∈ USC

∑
v′ ∈ USC

∑
m ∈ M

qv,v′,m,tp · CTPv,v′,m,tp (40)

here CTPv,v′,m,tp represents the unit transportation cost for
oving material m from unit v to unit v′ during period tp. The

nprocessed inventories remained in the supply chain at the
nd of each planning period can be penalized by incorporating
dditional costs, i.e.,

itp =
∑
u ∈ U

∑
m ∈ Mu

vinu,m,tp · CINu,m,tp (41)

here CINu,m,tp represents the inventory cost per unit of process
aterial m in unit u during period tp.
The total stockout cost can be computed by summing all

acklog penalties, i.e.,

btp =
∑

v′ ∈ CBTX

∑
m ∈ Fv′

bdqv′,m,tp · CBLv′,m,tp (42)

here CBLv′,m,tp represent the backlog penalty per unit of
roduct m not delivered to customer v′ during time period tp.
imilarly, the total cost of promotion discounts can be expressed
s

dtp =
∑

v′ ∈ CBTX

∑
m ∈ Fv′

sdqv′,m,tp · CPDv′,m,tp (43)

here CPDv′,m,tp represent the promotion discount per unit of
roduct m offered to customer v′ during time period tp.

. Case studies

The BTX supply network considered in our case studies is
ketched in Fig. 10. Notice that the importation of crude oils and
ntermediates, i.e., light naphtha and mixed xylenes, are shipped
rom foreign suppliers by oil tankers via terminal SEADK, and
he exportation of intermediate and final products of the sup-
ly chain, i.e., mixed xylenes, benzene, toluene, p-xylene and
-xylene, are delivered to the overseas customers also through
he same terminal. The crude oils are transferred from SEADK
o three separate refineries, labelled, respectively, as KSR, DLR
nd LIWR. Each refinery is equipped with an atmospheric dis-
illation unit. It is assumed that the network configuration of
his supply chain is fixed and it consists of three (3) reforming
nits, three (3) aromatic extraction units, two (2) xylene frac-
ionation units, two (2) tatory units, two (2) parex units and two
2) xylene isomar units. These processing units are located in the
hree separate refineries mentioned above. The first complete set
f processing units, i.e., a reforming unit, an aromatic extraction
nit, a xylene fractionation unit, a tatory unit, a parex unit and a
ylene isomar unit, are situated in the KSR refinery. In addition,
his refinery is also equipped with a naphtha cracker. The second

eforming unit is installed in the DLR refinery, while all other
roduction units are located in the LIWR refinery. The first aro-
atic extraction unit contains two processing trains designed for

wo distinct types of feedstock, i.e., reformer gasoline and pyrol-
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Fig. 10. The BTX supply network.

Table 2
Demand levels and allowable delivery ranges of the intermediate and final products (m3)

Product Customer tp1 tp2 tp3 Total demand

Benzene (bz) Kuco1 22500–27500 13500–16500 13500–16500 55000
Kuco3 15300–18700 24300–29700 16200–19800 62000
LIWRco1 4500–5500 5400–6600 4500–5500 16000
LIWRco2 12600–15400 5400–6600 34200–41800 58000

Toluene (tl) Kuco2 4050–4950 36450–44550 8595–10505 54550
LIWRco1 1800–2200 2700–3300 2250–2750 7500

Mixed xylenes (mx) Kuco4 900–1100 900–1100 900–1100 3000

p-Xylene (px) Kuco5 34200–41800 33750–41250 33300–40700 112500
LIWRco3 18900–23100 18900–23100 19800–24200 64000

o 36450–44550 36000–44000 121000
23400–28600 23850–29150 80000

y
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Table 3
Supply rates of light naphtha and pyrolysis gasoline (m3/month)

Raw material Source unit tp1 tp2 tp3

Light naphtha 1 (ln1) Atmospheric
distillation unit 1

69530 46860 20100

Light naphtha 2 (ln2) Atmospheric 54040 29560 64980
-Xylene (ox) Kuco4 36450–44550
LIWRco3 24750–30250

sis gasoline. The remaining aromatic extraction units are only
apable of processing the reformer gasoline. All intermediate
nd final products of the supply chain are delivered to the local
ustomers from the product distribution terminals KSRTL and
IWRTL via pipelines and/or trucks. The total demand levels of

he intermediate and final products and their allowable delivery
anges in every planning period are presented in Table 2. In all
ur case studies presented here, the target level of every mate-
ial in each period is set to be the arithmetic mean of the upper
nd lower bounds of the corresponding range. To facilitate con-

ise presentation, these materials will later be referred to with
he two-letter codes specified in the parentheses in this table.
or example, the code “bz” denotes benzene and “tl” denotes

oluene, etc. The supply rates of light naphtha and pyrolysis

L

P

distillation unit 2
ight naphtha 3 (ln3) Atmospheric

distillation unit 3
39520 15400 65600

yrolysis gasoline (pg) Naphtha cracker 90000 90000 75000
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Table 4
Capacity limits of reforming units (m3/month)

Unit ln1 ln2 ln3

Lower Upper Lower Upper Lower Upper

Reformer 1
(RF-1)

35000 135000 35000 125000 35000 135000

Reformer 2
(RF-2)

45000 145000 50000 156000 55000 160000

Reformer 3
(RF-3)

40000 125000 45000 135000 45000 140000

Table 5
Capacity limits of extraction units (m3/month)

Unit Reformer gasoline Pyrolysis gasoline

Lower Upper Lower Upper

Extraction 1 (ET-1) 15000 100000 20000 150000
Extraction 2 (ET-2) 20000 120000 NA NA
Extraction 3 (ET-3) 20000 120000 NA NA

Table 6
Capacity limits of the xylene fractionation, tatory, parex and isomar units
(m3/month)

Unit Lower Upper

Xylene fraction 1 (XF-1) 25000 110000
Xylene fraction 2 (XF-2) 20000 100000
Tatory 1 (TT-1) 20000 58000
Tatory 2 (TT-2) 35000 80000
Parex 1 (PR-1) 25000 100000
Parex 2 (PR-2) 30000 105000
Xylene isomar 1 (IM-1) 10000 70000
Xylene isomar 2 (IM-2) 12000 100000

Table 7a
Purchasing costs of light naphtha and pyrolysis gasoline (US dollars/m3)

Material tp1 tp2 tp3

From
AD/NC

From
OS

From
AD/NC

From
OS

From
AD/NC

From
OS

ln1 350 450 370 470 365 465
ln2 375 475 385 485 380 480
ln3 360 480 370 470 370 470
pg 530 550 570

Table 8
Maximum supply rates and consumption rates of the raw materials, intermediates
and final products in each time period (m3/month)

Material Supplied by OS or DS Consumed by OC

ln1 50000 –
ln2 50000 –
ln3 50000 –
bz 25000 25000
tl 65000 35000
mx 100000 15000
o
p
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Table 7b
Selling prices and purchasing costs of intermediate and final products (US dollars/m3

Material tp1 tp2

To DC To OC From DS To DC

bz 910 820 1000 850
tl 650 600 700 670
mx 538 528 600(OS) 540
px 720 610 780 680
ox 680 610 780 650
C3 230 232
C4 230 232
C5 310 310
C9 310 312
C10 312 320
x 25000 25000
x 25000 25000

asoline in each planning period are provided in Table 3. In this
able, the raw materials are also represented with codes given
n the parentheses. Notice that, since the composition of light
aphtha produced in one distillation unit is usually not the same
s that in another, these different grades of materials are thus
istinguished with the numerical labels in the codes. The upper
nd lower limits of the operating capacities of all production
nits are shown in Tables 4–6. In our case studies, these units
re identified on the basis of the codes given in Table 1. Since
ach reaction or separation process can be carried out in alterna-
ive units, these units are numbered according to their locations.
n Table 7a, the following two types of cost data are provided: (a)
he raw-material costs of light naphtha from atmospheric distil-
ation units (AD) and from overseas suppliers (OS), and (b) the
urchasing costs of pyrolysis gasoline obtained from naphtha
racker (NC). In Table 7b, one can find: (a) the selling prices of
he intermediate and final products sold to the domestic and over-
eas customers, i.e., DC and OC, (b) the purchasing costs of final
roducts obtained from domestic suppliers (DS) and (c) the costs
f mixed xylenes bought from the overseas suppliers (OS). The
argest available quantities of the raw materials, intermediates
nd final products that can be purchased from the international
r domestic markets in each time period are given in the second
olumn of Table 8. In the same table, the maximum amounts of
xportable quantities of the products and intermediates are also

resented (in the 3rd column). Notice that the lower bounds of
hese supply and demand rates are all set to zero in our case
tudies. In addition, all initial inventories of the intermediates
nd final products are assumed to be zero, and all transportation

)

tp3

To OC From DS To DC From DS

750 950 880 800 960
600 720 700 600 750
500 570 (OS) 550 510 570 (OS)
630 760 700 650 750
540 700 670 560 720

235
235
308
315
318
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Table 9b
Optimal throughputs of all production units in time period 2 (m3/month)

Unit Feedstock Mode Source unit Throughput

RF-1 ln3 K2 AD-3 35000
RF-2 ln1 K1 AD-1 45000

ET-1 pg Naphtha cracker 90000
ro1 RF-1 22750

ET-3 ro2 RF-2 24750
ro3 RF-3 20250

XF-1 mx ET-1 18741
TT-1 16529
IEF 74730

XF-2 mx ET-3 8168
IM-1 59363
IM-2 7200
IEF 25270

TT-1 tl K3 ET-1 9600
IEF 2500

C9 RF-1 1750
RF-2 10350

PR-1 Parexf XF-1 79251
170 T.-H. Kuo, C.-T. Chang / Computers and

apacities are assumed to be limitless in order to simplify the
odel formulation. For convenience, let us temporarily assume

hat the backlog penalties are not assessed and promotion dis-
ounts are not offered over the planning horizon of the base case.
inally, for the sake of conciseness, the remaining model param-
ters are given as the supplementary materials. These parameters
nclude: the performance indices of the reaction and separation
rocesses, i.e., the product yields of the former processes and the
ecovery efficiencies of the latter, the feed compositions of sep-
ration units, the upper limits of all inventories and their costs,
nd all transportation costs.

There are a total of 1952 constraints (1106 equality con-
traints and 846 inequalities) and 2227 variables (348 binary
ariables and 1879 real variables) in the corresponding MILP
odel. The base case was solved with module CPLEX of

he commercial software GAMS in 0.094 s (CPU time) on a
ersonal computer with Pentium IV 3.0 CPU and 1024 KB
AM. The optimal throughputs of all production units can be

dentified from the solution and summarized in Table 9a and
ables 9b and 9c. Notice that the codes “ro1”, “ro2” and “ro3”
re used here to represent different grades of reformates pro-

uced by reforming units RF-1, RF-2 and RF-3, respectively.
t can be observed that the units (and also the network con-
gurations of the supply chain) chosen in the three planning
eriods are not the same. Other than the raw materials supplied

able 9a
ptimal throughputs of all production units in time period 1 (m3/month)

nit Feedstock Mode Source unit Throughput

F-1 ln1 K1 AD-1 69530
IEF 50000

F-2 ln2 K2 AD-2 54040
IEF 1430

T-1 pg Naphtha cracker 90000
ro1 RF-1 79727

T-2 ro1 RF-1 3944
ro2 RF-2 16056

T-3 ro2 RF-2 20000

F-1 mx ET-1 38910
IM-1 2705
TT-1 12940
IEF 55445

F-2 mx ET-2 6600
ET-3 5700
IM-1 63795
TT-2 23905

T-1 tl K1 IEF 23232

T-2 tl K2 ET-1 12300
ET-2 2600

C9 ET-3 2600
RF-1 11953
RF-2 5547

R-1 Parexf XF-1 72185
R-2 Parexf XF-2 55454

M-1 Isomarf PR-1 53055
PR-2 16945

PR-2 Parexf XF-2 56565

IM-1 Isomarf PR-1 64109
PR-2 5747

IM-2 Isomarf PR-2 12000

Table 9c
Optimal throughputs of all production units in time period 3 (m3/month)

Unit Feedstock Mode Source unit Throughput

RF-1 ln3 K2 AD-3 76000

RF-2 ln1 K1 AD-1 20100
IEF 24900

RF-3 ln2 K2 AD-2 94540

ET-1 pg Naphtha cracker 75000
ro1 RF-1 49400

ET-3 ro2 RF-2 24750
ro3 RF-3 47270

XF-1 mx ET-1 27168
IM-1 44324
IEF 38508

XF-2 mx ET-3 22667
TT-2 45157
IM-1 27176
IM-2 3000

TT-2 tl K3 ET-1 8095
ET-2 2400

C9 ET-3 18295
IEF 4268
RF-1 3800
RF-2 10350
RF-3 18908

PR-1 Parexf XF-1 73653
PR-2 Parexf XF-2 61362

IM-1 Isomarf PR-1 37134
PR-2 32866



T.-H. Kuo, C.-T. Chang / Computers and Chem

Table 10
Optimal supply rates of the purchased materials in the base case (m3/month)

Material tp1 tp2 tp3 Total

ln1 50000 23040 73040
ln2 1430 1430
ln3
bz 19807 19807
tl 45178 45178
mx 55445 100000 38508 193953
px
ox 5663 5663

Table 11
Product inventories at the end of every planning period in the base case (m3)

Terminal Product tp1 tp2 tp3

KSRTL bz 2712
tl 15800
mx
px
ox 1950

LIWRTL bz 9007
tl 9328
mx
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y the production units within the refineries, i.e., the light naph-
ha from the atmospheric distillation units and the pyrolysis
asoline from the naphtha crackers, additional materials must
e purchased from external sources. The optimal supply rates
f these purchased materials can be found in Table 10. Notice
hat the total amounts of purchased benzene and mixed xylenes
n three months are 19,807 and 193,953 m3, respectively. The
nventories of the final products at the end of every planning
eriod are presented in Table 11. It can be observed that all
nventories are reduced to the lowest possible level (zero) at the

nd of the 3-month horizon. This is obviously due to the need to
inimize the storage costs. The suggested amounts of interme-

iate and final products to be delivered to the customers in each
lanning period are shown in Table 12. According to this table,

able 12
uggested amounts of intermediate and final products to be delivered in the base
ase (m3)

roduct Customer tp1 tp2 tp3 Total

z Kuco1 27500 13500 14000 55000
Kuco3 18700 24300 19000 62000
LIWRco1 5100 5400 5500 16000
LIWRco2 15277 5400 37323 58000

l Kuco2 4050 39995 10505 54550
LIWRco1 1800 2950 2750 7500

x Kuco4 900 1000 1100 3000

x Kuco5 38000 33800 40700 112500
LIWRco3 19639 20161 24200 64000

x Kuco4 36450 40550 44000 121000
LIWRco3 27302 23548 29150 80000
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he optimal amounts of benzene shipped to the customers should
e close to the upper bounds in the first month, the lower bounds
n the second month and the targets in the final period. This is
ue to the fact that the selling price of benzene is the highest in
he first month (910 US dallar/m3), while the price drops to its
owest level in the second month (850 US dallar/m3). Similarly,
ince the prices of toluene and mixed xylenes are at the highest
evels in the third planning period, the suggested amounts of
elivery in this period should be close to their maximum allow-
ble values. Finally, the largest total profit in this case can be
redicted to be 61,526,390 US dollars.

Several different scenarios have been studied with the pro-
osed model. In the first case, we assumed that the extraction
nit ET-1 is not operable in the second time period due to sched-
led maintenance. Notice that only this extraction unit is capable
f processing pyrolysis gasoline in the present supply network.
onsequently, the pyrolysis gasoline produced in the naphtha
racker during the second time period has to be stored temporar-
ly in a buffer tank, and this extra inventory cannot be consumed
ompletely later in the third time period. More specifically, the
nventory of pyrolysis gasoline in the buffer tank of ET-1 reaches
0,000 m3 after the second month and then lowered to 15,000 m3

t the end of the 3-month horizon. This additional inventory
nevitably causes a significant variation in the consumption of
ight naphtha. Consequently, the amounts of purchased interme-
iate and final products, i.e., mixed xylenes and benzene, must
e higher than those in the base case. Under these circumstances,
t was found that the total profit is about 11.4 million US dol-
ars less than that achieved with the complete set of production
nits in the base case. The supply rates of the purchased materi-
ls identified in this case are shown in Table 13. The suggested
mounts of intermediate and final products to be delivered to
he domestic customers in each planning period are presented in
able 14.

In the second scenario, it was assumed that no suitable ben-
ene and toluene could be purchased during all time periods.
hus, the quantities of raw materials consumed in this case must
e larger than those used in the base case. The optimal supply
ates of the purchased materials can be identified from the MILP
olution (see Table 15). It can be observed that the total amount

f purchased light naphtha (a raw material) is more than that
equired in the base case by 296,949 m3 (a 398.7% increase).
ut the imported amount of mixed xylenes (an intermediate)

s less due to the fact a larger quantity of raw material is con-

able 13
ptimal supply rates of the purchased materials when the first extraction unit is
ot operable in the second time period due to scheduled maintenance (m3/month)

aterial tp1 tp2 tp3 Total

n1 14077 14077
n2
n3 15080 15080
z 18573 25000 43573
l 42202 42202

x 83756 100000 34876 218632
x
x 4242 4242
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Table 14
Suggested amounts of intermediate and final products to be delivered to the local
customers when the first extraction unit is not operable in the second time period
due to scheduled maintenance (m3)

Product Customer tp1 tp2 tp3 Total

bz Kuco1 25000 13500 16500 55000
Kuco3 17900 24300 19800 62000
LIWRco1 5100 5400 5500 16000
LIWRco2 12600 5400 40000 58000

tl Kuco2 4050 39995 10505 54550
LIWRco1 1800 2950 2750 7500

mx Kuco4 900 1000 1100 3000

px Kuco5 37010 34790 40700 112500
LIWRco3 20900 18900 24200 64000

ox Kuco4 39959 37041 44000 121000
LIWRco3 24850 26000 29150 80000

Table 15
Optimal supply rates of the purchased materials when no suitable benzene and
toluene could be obtained from external sources (m3/month)

Feed/product tp1 tp2 tp3 Total

ln1 50000 50000 50000 150000
ln2 50000 50000 50000 150000
ln3 17419 4000 50000 71419
bz
tl
mx 31014 73804 104818
px 2537 4339 6876
ox 14940 14940
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Table 16
Optimal throughputs of all production units when no suitable benzene and toluene co

Time period Unit Feed-stock Mode Through-p

Tp1 RF-1 ln1 K1 119530
RF-2 ln2 K2 104040
RF-3 ln3 K1 56939

ET-1 pg 90000
ro1 83671

ET-2 ro2 20000
ET-3 ro2 47626

ro3 25622

Tp2 RF-1 ln1 K1 88249
RF-2 ln2 K2 79560
ET-1 pg 90000

ro1 61774
ET-3 ro2 51714

Tp3 RF-1 ln3 K2 135000
RF-2 ln2 K2 114980
RF-3 ln1 K1 78711

ET-1 pg 75000
ro1 87750

ET-3 ro2 74737
ro3 25975
ical Engineering 32 (2008) 1155–1174

umed. The optimal throughputs of all production units in this
ase are shown in Table 16. When compared with Table 9a and
ables 9b and 9c, it can be observed that more production units
re utilized to satisfy the customers’ demands and, also, their
hroughputs are almost all larger than those in the base case.
rofit in this case is reduced to 51,763,386 US dollars.

The third scenario is concerned with a modified forecast of
he selling prices and purchasing costs of the intermediate and
nal products. Let us assume that the predicted purchasing costs
f imported light naphtha have all been increased by 200 US
ollars per cubic meter. In other words, each new prediction is
pproximately 44.4% higher than the base-case cost. Additional
odifications in the forecasts of the selling prices and purchas-

ng costs of intermediate and final products are described in
able 17. Notice that the base-case predictions are only partially
hanged and the modified figures are underlined here. In addi-
ion, since the prices/costs of benzene, C3, C4, C5 and C10 are
he same as those listed in Table 7b, these data are not repeated
or the sake of brevity. As a result of the aforementioned changes
n forecasts, it is not beneficial to operate the tatory unit since
he difference in market values between its inputs (i.e., toluene
nd C9) and outputs (i.e., benzene and mixed xylenes) becomes
oo small. In addition, the amounts of purchased light naphtha
nd toluene are bound to be reduced due to the cost increases
entioned above. Under this situation, the total amounts of pur-

hased benzene and mixed xylenes are increased to 60,855 m3
307.2% of the base level) and 248,228 m3 (128.0% of the base
evel), respectively, during the 3-month period. The processing
ates of all production units are presented in Table 18. It can
e observed that fewer production units are utilized and, also,

uld be purchased from external sources (m3/month)

ut Unit Feed-stock Mode Through-put

XF-1 mx 110000
XF-2 mx 95914
TT-1 tl K3 10551

c9 10551
TT-2 tl K3 17500

c9 17500
PR-1 Parexf 70591
PR-2 Parexf 55822
IM-1 Isomarf 70000

XF-1 mx 110000
XF-2 mx 89703
TT-1 tl K3 16781

c9 16781
PR-1 Parexf 74747
PR-2 Parexf 47903
IM-1 Isomarf 70000

XF-1 mx 110000
XF-2 mx 100000
TT-1 tl K3 14125

c9 14125
TT-2 tl K3 29311

c9 29311
PR-1 Parexf 68627
PR-2 Parexf 61934
IM-1 Isomarf 70000
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Table 17
Modified forecast in the selling prices and purchasing costs of intermediate and final products in scenario 3 (US dollars/m3)

Material tp1 tp2 tp3

To DC To OC From DS To DC To OC From DS To DC To OC From DS

tl 900 830 1050 900 860 980 870 860 980
mx 680 528 780 (OS) 640 500 770 (OS) 650 510 770 (OS)
px 720 610 880 680 630 860 700 650 850
ox 680 610 880 650 540 800 670 560 820
C9 710 712 715

Table 18
Optimal throughputs of all production units in scenario 3 (m3/month)

Time period Unit Feed-stock Mode Through-put Unit Feed-stock Mode Through-put

Tp1 RF-1 ln3 K2 39520 XF-1 mx 110000
RF-2 ln1 K1 53295 XF-2 mx 86250
ET-1 pg 90000 PR-1 Parexf 79092

ro1 15000
ET-2 ro1 10688 PR-2 Parexf 45702

ro2 9312
ET-3 ro2 20000 IM-1 Isomarf 70000

Tp2 RF-1 ln1 K1 38195 XF-1 mx 110000
RF-2 ln2 K1 59560 XF-2 mx 85868
ET-1 pg 90000 PR-1 Parexf 82278

ro1 26737 PR-2 Parexf 45461
ET-3 ro2 26802 IM-1 Isomarf 70000

Tp3 RF-1 ln3 K2 81000 XF-1 mx 110000
RF-2 ln1 K1 45000 XF-2 mx 44256
RF-3 ln2 K2 89020 PR-1 Parexf 100000
ET-1 pg 75000 IM-1 Isomarf 59365
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ro1 5265
ET-3 ro2 2475

ro3 4451

heir throughputs are in general smaller than those in the base
ase. The optimal supply rates of the purchased materials are
resented in Table 19. Notice that, due to a large increase in
he purchasing cost of light naphtha, the best strategy is to avoid
sing any imported raw material and to buy extra amounts of ben-
ene and xylenes instead. The profit in this case is 43,915,489
S dollars.
The impacts of demand variations are examined in the fourth
ase study. Let us assume that all orders of p-xylene from cus-
omer Kuco5 are cancelled unexpectedly just before the first
lanning period due to its equipment problems. As a result, the
otal demand for p-xylene drops to 37% of the original level. This

able 19
ptimal supply rates of the purchased materials in scenario 3 (m3/month)

aterial tp1 tp2 tp3 Total

n1
n2
n3
z 17300 25000 18555 60855
l 60 60

x 100000 100000 48228 248228
x 4155 19176 23331
x 25000 1825 26825
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l
l
l
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o

eduction in product demand in turn forces all production units
n the supply chain to lower their processing rates and, conse-
uently, the total amounts of purchased light naphtha and mixed
ylenes must be decreased accordingly. On the other hand, since
he production rates of the other final products, i.e., benzene and
-xylene, are also reduced as a result, it becomes necessary to
ake up the resulting backlog by increasing their purchase lev-

ls. The optimal supply rates of all purchased materials in this

cenario are presented in Table 20. Notice that the amounts of
ight naphtha and mixed xylenes are indeed less than those in
he base case by 10,950 m3 (14.7%) and 65,872 m3 (33.96%),

able 20
ptimal supply rates of the purchased materials if customer Kuco5 cancels all
rders of p-xylene (m3/month)

eed/product tp1 tp2 tp3 Total

n1 50000 8040 58040
n2
n3 5480 5480
z 25000 1051 26051
l 30022 30022

x 36795 78842 12444 128081
x
x 25000 22352 47352
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espectively, and, in addition, extra quantities of benzene and
-xylene (i.e., 6244 m3 and 41,689 m3) must be bought from
he local suppliers. The corresponding total profit is about 10.9

illion US dollars less than that of the base case.
The effects of backlog penalties and/or promotion discounts

re evaluated in this last set of case studies. Let us first con-
ider the scenario when only the backlog penalties are assessed.
f these penalties are set to be 20% of the selling prices, the
esulting maximum profit realized over the entire planning hori-
on can be found by solving the corresponding MILP model.
his value, i.e., 61,375,188 US dollars, is slightly lower than

hat in the base case. From the corresponding optimal solution,
t can be observed that there are only two deliveries which are
ifferent from their target levels, i.e., the amounts of p-xylene
elivered to Kuco5 is lower than the target by 484 m3 (1.29%)
n the second period and higher by 484 m3 (1.3%) in the third
eriod. Next, let us assume that a 10% promotion discount is
ffered in every sale. The overall profit in this situation is low-
red to 60,730,985 US dollars. This result is expected since the
otal amount of each material delivered to the customers in three

onths is required to be maintained at a fixed level in the present
athematical programming model. From the optimal solution

f the corresponding MILP model, one can see that there are
off-target deliveries. For customer Kuco4, there is a 9.4%

3824 m3) shortage of o-xylene in the first period and a 9.6%
3824 m3) surplus in the last period. In the case of customer
uco5, the delivered amounts of p-xylene are lower than the

argets by 1089 m3 (2.7%) and 186 m3 (0.5%) respectively in
he first two periods and higher by 1275 m3 (3.4%) in the last
eriod. Finally, if the above backlog penalties and promotion
iscounts are both applied, the optimal profit should be further
educed to 60,566,563 US dollars. This is due to the fact that, in
rder to avoid penalties and discounts, the amount of any inter-
ediate or final product delivered to a customer in each month is

orced to match the target level. Consequently, the flexibility in
perating and managing the supply chain is somewhat reduced.

. Conclusions

A generic MILP model is developed in this work for the
urpose of devising the optimal planning strategy for the BTX
upply chains. Various realistic scenarios can be efficiently

xamined accordingly. From the results we obtained so far, it
s clear that the proposed approach can be used not only to gen-
rate the most economic production schedule on the basis of
iven supply and demand rates, but also select the best process

S

Z

ical Engineering 32 (2008) 1155–1174

onfiguration in a multi-train supply chain to implement such
schedule. This capability is not available in the traditional
P-based production planning software.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at doi:10.1016/j.compchemeng.
007.04.016.

eferences

hopra, S., & Meindl, P. (2004). Supply chain management—strategy, planning
and operation (2nd ed.). Upper Saddle River, NJ: Pearson Education Inc.

ranck, H. G., & Stadelhofer, J. W. (1988). Industrial aromatic chemistry: Raw
materials, processes, products. Berlin: Springer-Verlag.

othe-Lundgren, M., Lundren, J. T., & Persson, J. A. (2002). An optimization
model for refinery production scheduling. International Journal of Produc-
tion Economics, 78, 255–270.

o, C. H., & Yu, M. L. (2002). Application of linear programming model in an
aromatic plant. In Proceeding of the PSE Asia (pp. 513–518).

yer, R. R., Grossmann, I. E., Vasantharajan, S., & Cullick, A. S. (1998). Optimal
planning and scheduling of offshore oil field infrastructure investment and
operations. Industrial and Engineering Chemistry Research, 37, 1380–1397.

ia, Z., & Ierapetritou, M. (2003). Efficient short-term scheduling of refinery
operations based on a continuous time formulation. In I. E. Grossmann &
C. M. McDonald (Eds.), Proceedings of fourth international conference
on foundations of computer-aided process operations (pp. 327–330). Coral
Springs, CAChE.

ulka, N., Srinivasan, R., & Karimi, I. (2002). Agent-based supply chain
management-1: Framework. Computers and Chemical Engineering, 26,
1755–1769.

ulka, N., Karimi, I., & Srinivasan, R. (2002). Agent-based supply chain man-
agement*/2: A refinery application. Computers and Chemical Engineering,
26, 1771–1781.

ee, H., Pinto, J. M., Grossmann, I. E., & Park, S. (1996). Mixed-integer linear
programming model for refinery short-term scheduling of crude oil unload-
ing with inventory management. Industrial and Engineering Chemistry
Research, 35, 1630–1641.
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