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Introduction
Most petrochemical plants consume great amount of energy in the form of steam and electrical power. There is an increasing interest for the development of optimization method for utility systems. The incentives account from emerging dynamic markets, intense competition and the need for efficiency. Energy management systems, including utility and power plants have been the subject of significant research because energy costs often constitute the largest part of the operating cost of a plant. In this paper, optimal operation of utility plant is considered using separation method. Many researches have focused on the external steam demand and external/internal electric power demand. But utility plant not only produces but also consumes great amount of steam. Steam generation unit, which consists of high-pressure feed-water heater (HPH), steam-air heater (SAH), deaerator, oil heater and fuel atomizer, is modeled by heat and mass balance equations and combustion equations.

Internal Demands in Utility Plant

It is needed for the internal required steam in order to operate the steam generation unit such as HPH, SAH, deaerator, oil heater, fuel atomizer and so on. The amount of internal required steam can be calculated from the steady state model of steam generation unit. Steam generation unit consumes much of self-produced steam via steam distribution system.. The internal required electric power is mainly consumed in motors that drive utility pumps (UP). In general, pumps are driven by steam turbines (UT) or electric motors(UM), whose number is determined from the amount of external steam demand and the total amount of electrical power demand. In order to meet the energy demand in process and utility plant, driving forces of the utility pumps are changed from the motors to the steam turbines or vice versa. The amounts of electric power consumption in motors are changed discontinuous because the motors consume electric power constantly. 
Industrial Utility Plant Problem

Fig. 1 shows a utility plant of typical chemical plants. 

The upper level:

Most of operational cost of utility plant is heavily dependent on the amount of generating or purchasing steam and electric power. 
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(11)
Internal steam demand of the utility plant is involved in eq. (4) and eq. (5) of steam generation unit. Refer to Yi et al. (1998) for the details Table 1 shows the number of installed pumps and the amount of steam and electric power consumption of their driving forces. 

The lower level:
Boiler load allocation could be formulized as eq. (12) ~ eq. (16).

Minimize 
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We have obtained the coefficients for the boiler efficiency equation (16) from the regression using operational data. We compare the optimization result with four operational data and other method proposed as utility optimization technique (Lee et. al., 1998). Lee et. al. had optimized only TG and LD systems and had not been considered the selection of the driving forces of UP and the purchasing cost of electric power. In this study, we have used the electric power cost and steam generation cost as an objective function. We optimized the five typical operation plant data and the requirement of each steam and electric power is shown in table2. The sign of HS demand is negative. It means that great amount of HS is supplied from the process plants such as NCC and VCM plants. Fig. 2 shows optimization results of five typical operational data of industrial utility plant. Black bar represents the objective function value calculated from operational data of utility plant and white bar objective function value that is optimized with only TG and LD as decision variables. Checked bar shows the objective function that is optimized with TG, LD and UP as optimization variables. There is a distinct enhancement in saving of operational cost in two optimization methods and the method of this research has lower objective function in all cases. From the results, we can see that the operational cost is reduced by about 2.5 ~ 6.2% in proposed method and 1.7 ~ 4.3% in the method of Lee et. al. (1998). Table 3 shows the optimization results of decision variables. Flowrate of the LD is zero except case III that has high boiler load, 517.4 (t/h). LD is used to degrade higher-pressure steam to lower-pressure steam without generating electric power, driving UP and producing steam. Steam distribution using the LD increases the energy losses. And LD output flowrate must be always kept to lower bound to obtain maximum profits of utility plants. Especially, LD5 and LD6 directly degrade VS to MS and LS without processing any unit. They are used to supply MS and LS in emergency cases. If LD2, LD3, TG and UT are used to supply to process in emergency, processing time is long. So steam cannot supply to the process at appropriate levels. At normal operation, LD5 and LD6 have zero flowrate against emergencies that is agreed with the optimization results. From the optimization results, we can see that most of UP’s are driven by UM. LD1 and LD4 are the unique process units that supply HS from VS header in the utility plant. This situation affects to optimization results enormously. In this plant, most of UT’s use HS except UT8 that uses MS and HS is supplied by means of only LD1 and LD4. Therefore, if the great number of UP’s are driven by UT’s, flowrate of LD1 and LD4 increase, which only enhances boiler load without generating other energy. In order to operate the utility plant economically, UP’s are operated by UM except some number of UP’s. If we operated all of UP’s by UM, the amount of MS and LS supply is reduced by great amount, which causes the extractions of TG to exceed their operational ranges.From the formulation of eq. (12) ~ eq. (16), we could allocate the boiler load to minimize consumption of fuel. Fig. 3 compares boiler load allocation results obtained from the second level optimization with the operational data. Left bar is the results of the boiler load allocation and right bar is the normal operational data. The results show that the amount of fuel consumption can be reduced by 2 ~ 3 % compared with the current operation. 

Table 1. Design data of steam turbine and motor

Process equipment
Driving force
Steam turbine (ton/h)
Motor (kW)

UT1, UM1
4T4M
50.2
1770.0

UT2, UM2
1T2M
2.1
90.0

UT3, UM3
1T1M
7.5
220.0

UT4, UM4
4T4M
8.1
560.0

UT5, UM5
4T2M
17.2
1250.0

UT6, UM6
4T4M
4.6
250.0

UT7, UM7
2T2M
9.6
540.0

UT8, UM8
2T1M
2.3
45.0

Table 2. The demand of steam and electric power in industrial problem

Case I
Case II
Case III
Case IV
Case V

VS (t/h)
206.0
194.0
201.2
199.5
160.0

HS (t/h)
-145.2
-130.0
-138.1
-142.0
-144.0

MS (t/h)
214.8
195.0
214.0
181.0
173.0

LS (t/h)
74.0
65.0
94.1
43.0
47.0

E (MW)
45.0
40.0
48.0
38.0
41.0

Table 3. Optimization results of the industrial plant


Case I
Case II
Case III
Case IV
Case V

Steam gen. (t/h)
488.0
456.0
517.4
398.9
336.2

VS con. in TG (t/h)
197.8
210.4
222.9
158.7
137.4

MS ext. in TG (t/h)
100.8
125.6
110.9
101.4
82.2

LS ext. in TG (t/h)
83.9
71.8
99.0
44.3
42.2

SC in TG (t/h)
13.0
13.0
13.0
13.0
13.0

Power gen. (MW)
25.9
26.3
29.0
17.7
14.8

UP1
4T
3T1M
4T
3T1M
3T1M

UP2
2M
2M
1T1M
2M
2M

UP3
1M
1M
1M
1M
1M

UP4
4M
4M
4M
4M
4M

UP5
2T2M
2T2M
2T2M
2T2M
2T2M

UP6
4M
4M
4M
4M
4M

UP7
2M
2M
2M
2M
2M

UP8
1M
1M
1T
1M
1M

LD1, LD4 (t/h)
84.2
51.6
93.3
40.6
38.7

LD2 (t/h)
0
0
0
0
0

LD3 (t/h)
0
0
3.4
0
0

LD5 (t/h)
0
0
0
0
0

LD6 (t/h)
0
0
0
0
0
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Figure 1. Schematic diagram of utility plant

Fig. 2. Objective function comparison        Fig. 3. The result of load allocation
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