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Abstract−−−−Several operational modes can be used in the operation of utility plants for petrochemical plants. For the
optimization system of a utility plant to be effective, all the possible operational modes should be taken into account.
Moreover, due to the variable fuel cost and electricity cost, the objective function in the optimization system may take
different forms depending on the utility management strategy. In this paper, we present a utility optimization system
that is based on mixed integer linear programming and considers all possible operational modes and various types of
objective functions to maximize the flexibility and the usefulness of the optimization system. The user can conveniently
choose a suitable operation mode and a type of the objective function. Results of the optimization can be displayed
both numerically and graphically.
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INTRODUCTION

For optimal operation of energy management systems in a pet-
rochemical plant, it is imperative to minimize the net cost of en-
ergy supplied to the plant. In general, energy requirements from
process units in petrochemical plants are not constant. Especially,
demands for energy change as production rates of individual units
change. Many efforts have been devoted to the study of minimiza-
tion and synthesis of energy integration and utility systems. A ther-
modynamic approach to utility systems design has been reported
with some numerical design examples [Nishio et al., 1980]. A two-
level approach determining the optimal supply and demand rela-
tionship of steam and power was proposed based on thermody-
namic analysis of the system performance [Nishio et al., 1982]. Lin-
ear programming was employed to solve problems of driver allo-
cation and selection of the header and power source [Petroulas  and
Reklaitis, 1984]. However, the linear objective function used in their
work is not suitable to represent the utility cost, and fuel cost is not
included in their work. Adaptation of thermodynamic viewpoint in
the design and synthesis of the utility system can be found else-
where [Chou and Shih, 1987]. Their work mainly concentrates on
the maximum possible thermodynamic efficiency of the utility sys-
tem and does not consider energy and fuel costs. The synthesis prob-
lem including both the utility system and chemical processes has
also been addressed [Comenares and Seider, 1989]. The simulated
annealing technique was used in the solution of the synthesis prob-
lem of the utility system [Hui and Ahmad, 1994; Maia, 1995]. Re-
cently, the optimal multiperiod planning technique for utility sys-
tems was proposed considering variances in internal energy demand
[Yi et al., 2000].

So far most of the operations concerning steam distribution have

relied heavily on the heuristics of experienced engineers. In s
cases they use various modeling and simulation software too
make decisions. But changes in plant demands and operating
ditions to minimize energy costs often require repetitive optimi
tion computations within a very short period. Therefore, for the ste
distribution system to be successful, use of a suitable optimiza
strategy as well as modeling and computational simulations for
energy distribution system is the essential prerequisite.

The utility plant considered in the present study consists of th
different types of steam boilers: a coal boiler with a turbine gen
tor, two oil boilers with a turbine generator and three small oil b
ers without turbine generators. The choice of the type of boile
to be used (i.e., the determination of the operation mode) to 
erate steam and electricity depends upon the operating cond
and utility demand (steam and electricity). Normally, the coal b
er is in charge of the production of most of the steam deman
the steam demand increases beyond the capacity of the coal b
oil boilers join in the production of steam. Theoretically, it is ve
difficult to determine which type of boiler to use to fulfill a certa
amount of steam demand. Depending on the operating mode,
or oil is used as the fuel. Various operating mode and corresp
ing fuel types make the optimal operation of the utility plant ve
complicated problem.

The objective of the present work is to develop the optimal 
ergy management system based on the steady-state steam di
tion system. All the possible operation modes were considere
the optimization. Changes in the costs of fuel or steam produc
should be taken into account in the optimization. In the present s
a suitable objective function can be selected depending on the
costs and steam production cost as well as the operating mode

OVERVIEW OF THE UTILITY PLANT

As mentioned, the utility system for a petrochemical plant ba
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cally consists of boilers, turbine generators and a network of h
ers connecting the distribution system to the process units. F
shows a utility system of a typical petrochemical plant. Major va
ables to be used in the utility optimization system are shown in 
1, and the operation range of each variable is summarized in Tab
The operational ranges shown in Table 1 can be displayed in
user interface as shown in Fig. 2. The user can change the o
tional range through the interface. The utility plant to be cons
ered in the present study includes three types of steam gener
units as mentioned before and seven desuperheaters. The steam
ers consist of five headers: superheated steam (SS) header, high
sure steam (HS) header, medium pressure steam (MS) heade
pressure steam (LS) header and very low pressure steam (LLS) 
er. The pressure and temperature for each header are sho
Table 2.

A deaerator, which is not shown in Fig. 1, is used to separate g
from the boiler feed water (BFW). In the deaerator, oxygen, hyd
gen and CO2 dissolved in the water are removed by introducin
LLS into BFW. In the desuperheater, a small amount of wate
injected to lower the pressure of the inlet steam. The mass o
outlet steam in the desuperheater, mout, can be easily obtained as

(1)

where min denotes the amount of the steam to the desuperheat
the steam-air heater, the combustion air is heated and fed int
air heater. Typical operation range of the air temperature is 15-2oC
for inlet and 80-85oC for outlet. The MS used in the steam-air hea

mout = 
Hin − Hw

Hout − Hw

--------------------   
 min

Fig. 1. Schematic of the utility plant.

Table 1. Operation range of typical variables

Variable Typical operation range

X1 (ton/hr) 150<X1<165
X2 (ton/hr) 60<X2 <80
X3 (ton/hr) 0<X3<70
X4 (ton/hr) 0<X4<70
X5 (ton/hr) 0<X5<70
X6 (ton/hr) 0<X6<70
X7 (ton/hr) 135<X7<160
X8 (ton/hr) 55<X8 <65
X9 (ton/hr) 10<X9<30
X10 (ton/hr) 15<X10 <45
X11 (ton/hr) 30<X11 <40
X12 (MW/hr) 20<X12 <23
X13 (ton/hr) 55<X13 <75
X14 (ton/hr) 30<X14<50
X15 (ton/hr) 10<X15<25
X16 (MW/hr) 3.5<X16<5.5
X17 (ton/hr) 5<X17<35
X18 (ton/hr) 0<X18<5
X19 (ton/hr) 0<X19 <5
X20 (ton/hr) 0<X20<5
X21 (ton/hr) 0<X21 <5
X22 (ton/hr) 0<X22 <5
X23 (ton/hr) 0<X23<5
X24 (ton/hr) 0<X24<5
Korean J. Chem. Eng.(Vol. 20, No. 2)
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OPTIMIZATION OF THE UTILITY PROCESS

Optimization of the utility plant is based on the steady-state
modeling of the utility plant. Details on the modeling of boilers
including the efficiency, heaters and other boiler units can be found
elsewhere [Yi et al., 1998; Yoo et al., 1996]. Material balances for
each steam header can be set up by considering steam demands
from the production plants and the amount of the steam supply to
turbine/generators. Header balances can be written as

SS header : x1+x2−x7−x13−x17−x18−x19−x20−x21−x22−x23=0 (2)

HS header : x3+x8+a1(x17+x21)=b1 (3)

MS header : x4+x9+x14+a2(x18+x22)−a3x1−a4x2−a5(x3+x4+x5)

MS header : −a6(x1+x2)=b2 (4)

LS header : x5+x10+a7x19=b3 (5)

LLS header : x6+x11+x15+a8(x20+x23)−a9x1−a10x2−a11(x3+x4+x5)

LLS header : −a12(x1+x2)−a13(x1+x2)=b4 (6)

For a typical operation, values of ai are a1=1.14813, a2=1.1652,
a3=0.00291, a4=0.1305, a5=0.03756, a6=0.000125, a7=1.21494, a8=
1.220853, a9=0.0641, a10=0.1713, a11=0.17365, a12=0.13777 and
a13=0.00054. The bi represent the amount of corresponding stea
demand from each unit plant. Values of ai depend on the operating
temperature and pressure and operating mode being employed.
the operating conditions and the operation mode are fixed, va
of ai are computed considering the efficiencies of utility units (i.
the efficiencies of boilers, turbine generators and desuperhea
Although not discussed in this paper, the efficiencies of major ut
units are very important. Some results on the analysis and de
tion of the efficiencies of major utility units including the coal boile
will be presented later.

From the generator, electricity is generated and steams of 
ous grades are extracted and fed into the corresponding hea
The performance equation can be obtained from the model o
generator. It is very difficult to identify an analytical model for th
generator. Empirical models can be obtained from the operati
data and from the performance curve. In this work we used the 
ral network model developed by one of the authors [Yi et al., 19
Steady-state relations for the generators can be summarized a
lows:

Fig. 2. Display of operation ranges for major variables.

Table 2. Steam headers

Header Pressure (kg/cm2) Temperature (oC) Enthalpy (kcal/kg)

SS 114 510 809.885
HS 41 300 708.409
MS 16 250 698.362
LS 6 180 670.734
LLS 3 165 667.598
March, 2003
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x7−x8−x9−x10−x11−x25=0 (7)

x13−x14−x15−x26=0 (8)

g1x13−g2x14+g3x15−x16=0 (9)

g4x7+g5x8−g6x9−g7x10+g8x11−x12=0 (10)

x13+x21+x22+x23+x24=x2 (11)

For a typical operation, values of gi are g1=0.14343164, g2=
0.0636767, g3=0.01614416, g4=0.126256, g5=0.0508226, g6=
0.055969, g7=0.02124 and g8=0.02594. In the above relations, val-
ues of ai and gi depend upon the operation conditions.

The utility plant considered in the present work employs the coal
boiler and the oil boilers as well as small scale oil boilers without
electricity generation. For this reason, the optimization problem can
be classified according to the operation type. The user can choose
a suitable operation type as shown in Fig. 3. It is obvious that fre-
quent change of the operation type is not permitted during the nor-
mal operation. But when one or two boilers need maintenance or
when some operational faults or abnormal situations are detected
during the normal operation, the optimal choice of operation type is
imperative. The user can also choose the optimization type as shown
in Fig. 3. For each optimization type, the corresponding objective
function to be minimized can be defined as follows:

Minimization of fuel: f=(coal cost)(amount of coal)
Minimization of fuel: f=+(oil cost)(amount of oil)

Minimization of fuel: f=+(SS cost)(amount of SS generated) (12)

Minimization of steam production: f=(SS cost)
Minimization of steam production: f=(amount of SS generated) (13)

Fig. 3. Types of operations and optimization.

Table 3. Results of optimization

Variable Operation data Optimization

X1 (ton/hr) 163.1 161.445
X2 (ton/hr) 64.8 80
X3 (ton/hr) 0 0
X4 (ton/hr) 0 0
X5 (ton/hr) 0 0
X6 (ton/hr) 0 0
X7 (ton/hr) 143.8 160
X8 (ton/hr) 30.9 55
X9 (ton/hr) 9.9 17.063
X10 (ton/hr) 27.7 28.7
X11 (ton/hr) 36.8 31.962
X12 (MW/hr) 21.763 22.254
X13 (ton/hr) 57 75
X14 (ton/hr) 44.1 50
X15 (ton/hr) 12.9 25
X16 (MW/hr) 4.626 5.5
X17 (ton/hr) 24.2 6.4452
X18 (ton/hr) 0 0
X19 (ton/hr) 0 0
X20 (ton/hr) 0 0
X21 (ton/hr) 0 0
X22 (ton/hr) 1.0 0
X23 (ton/hr) 2.0 0
X24 (ton/hr) 4.8 5

Objective function (�/hr) 4,163,561 3,939,036
Korean J. Chem. Eng.(Vol. 20, No. 2)
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Minimization of steam production and maximization of electricity
generation: f=(SS cost)(amount of SS produced)−(electricity cost)
generation: f=(electricity generated) (14)

Minimization of fuel and maximization of electricity generation:
f=(coal cost)(amount of coal)+(oil cost)(amount of oil)
f=−(electricity cost)(electricity generated)

f=+(SS cost)(amount of SS generated) (15)

A suitable mixed integer linear programming algorithm can be
used in the optimization. Commercial optimization packages are
available but they are expensive and lack flexibility and adaptabil-
ity. Some commercial packages require use of specific computa-
tional tools, which in turn increases the overall installation cost. For
this reason we developed the optimization system by using C++ to
increase flexibility and adaptability of the system. As the mixed in-
teger linear programming technique, we employed the well-known
Gomorys cutting plane method [Rao, 1996].

Results of the optimization for the specific operation mode and
the optimization type as shown in Fig. 3 are shown in Table 3 and
Fig. 4. As can be seen in Table 3, the value of the objective func-
tion (cost function) at the optimization type in Fig. 3 shows approx-
imately 6% decrease compared to that based on the operational data.
Based on the results of Table 3, the hourly saving due to the optimiza-
tion is 224,525won/hr and the yearly saving reaches to 1,939,896,000
won/yr (the operation day is assumed 360 days/year) which is ap-
preciable saving considering the highly competitive petrochemical
market. It is obvious that the magnitude of the saving depends upon

the operation mode and the optimization type that are again u
unexpected change. Results of optimization calculation can be
presented graphically for the convenience of the user as show
Fig. 5 and Fig. 6.

Although frequent changes in the operating mode are not 
mitted in the actual operation, it will be interesting to figure out ho
the values of objective functions vary depending on various o
ating modes. Table 4 shows values of objective functions for v
ous operating modes. It could be misunderstood that the actua
eration should be based on the results shown in Table 4. Fo
ample, one may choose the operating mode based on the lo
value of the objective function. In the petrochemical plant cons
ered in the present study, a single boiler cannot fulfill the steam
mand. This fact means that the actual operation requires a co
nation of boiler types (see Table 4 and Fig. 3). If we want to id
tify the optimal operating conditions to maximize electricity gen
ation and to minimize steam production while fulfilling the stea
demand, we may choose the oil boiler considering the results sh
in Table 4 (i.e., we choose the operating mode with the lowest fu
tion value). But the steam demand is usually greater than the ca
ity of the oil boiler and we have to identify the optimal combinati
of operating modes.

CONCLUSIONS

In the operation of utility plants for petrochemical plants the
are several operational modes that can be used. Thus, in ord

Fig. 4. Results of the optimization.
March, 2003
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Fig. 5. Graphical representation of the optimization results (1).

Fig. 6. Graphical representation of the optimization results (2).
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the optimization system of the utility plant to be effective, all the pos-
sible operational modes should be taken into account. Moreover,
due to the variable fuel cost and electricity cost, the objective func-
tion in the optimization system may take different forms depend-
ing on the utility management strategy. The utility optimization sys-
tem developed in the present work considers all possible operation-
al modes and various types of objective functions to maximize the
flexibility and the usefulness of the optimization system. The user
can conveniently choose a suitable operation mode and a type of
the objective function. Results of the optimization can be displayed
both numerically and graphically. For a typical operating condition,
the optimization system developed in the present work was shown
to be able to achieve approximately 6% saving in the operation cost.
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NOMENCLATURE

a : constant
b : steam demand from unit plants [kg/hr]
g : constant
H : enthalpy [kcal/kg]
m : mass rate [kg/hr]
x : typical operation variable

Subscripts
i : variable index
in : inlet
out : outlet
w : water
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