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Introduction

  Optimal multiperiod planning is becoming a hot issue in chemical industries for profit maximization under varying process conditions. The operating decision choices for different periods can have large economic impact on operation profit. 

  A lot of researches have been made for the optimal planning of the chemical processes including utility plant which is mostly nonlinear processes. Most previous studies for the optimal planning of utility plant has been done by formulating the problem as a mixed integer linear programming (MILP) or mixed integer nonlinear programming (MINLP), and usually becomes a large size problem even though simple models are used. Integer variables in the MILP or MINLP often require too much computation time, and make the problem intractable. To solve optimal multiperiod planning problem within reduced time, various methods have been tried focusing on handling integer variables to reduce the computation time. 
However, previous approaches based on mixed integer programming are difficult to formulate, and have not produced the exact solution for the large scale optimal planning problemon. A new algorithm which can solve the optimal planning problem within an allowable time considering the nonlinear characteristics of the system in determining the optimum configuration and optimum value has been studied in this paper. We propose a two-phase approach which is composed of solving nonlinear programming and determination of the optimum configuration by heuristics combined dynamic programming. 

Problem Formulation 

   Utility plant supplies three types of steam to the process and generates. Figure 1 shows a utility plant which is composed of 5 boilers, 2 turbines, deaerator, letdown valves and headers. Each boiler shows different efficiencies ranging from about 80 % to 93% as shown in Figure 2, and this gives an opportunity for optimization by optimized boiler steam load allocation. According to the season and time of the day, the demands for each steam, electricity, and the cost for electricity and fuel change frequently. To determine the optimum configuration of units and process values for predicted demand, optimal multiperiod planning is required. The multiperiod optimal planning problem has been formulated as follows.

Objective function
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The objective is to minimize the total cost of operation over all time periods. Total cost is composted of operating cost (OCi) and transition cost (TCi) for all periods. Operating cost is composed of fuel cost and electricity cost. 

Constraints                 
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decision variables XD :              FBi, FTbi, Fdea     
 
(8) 

Constraints (3) and (4) represents material balance and energy balance for each equipment respectively. Constraint (5) represents feasible operation region for each equipment. Constraint (6) and (7) shows a steam and electricity demand constraint

Multiperiod heuristics combined dynamic programming

The overall structure of two-phase approach is shown in Figure 3. For the predicted demands of steam and electricity, alternatives that can satisfy these demands are generated based on heuristics. At this stage, according to heuristics, infeasible alternatives are excluded, and the number of feasible alternatives is greatly reduced. For the given configuration, NLP is solved and the operating cost is calculated. For the generated alternatives, comparisons of total costs that include operating cost and transition cost are made using dynamic programming and the optimum configuration is determined. By the combination of heuristics and dynamic programming, the optimal configuration is determined with a reduced number of calculations. Combination of NLP and dynamic programming gives more accurate solution within a reduced time. The heuristics used for utility plant multiperiod planning is as follows.

· The efficiency relationship among boilers

· The capacity of each boiler and the amount of total steam to produce

· The relationship between turbine inlet flow and extraction flows
Case study

Multiperiod planning for utility systems using proposed approach has been done for 7 day of planning horizon. Table 1 shows the predicted demand for steam and electricity. Table 2 shows the multiperiod planning result. The calculated optimum values for each period is more exact than that of MILP model, because the nonlinear characteristics such as boiler efficiencies are considered by solving NLP at the lower level of the proposed approach. 

  Comparisons of optimal planning result were done among: 1) No planning result where present configuration is maintained thorough the whole planning horizon, 2) Stagewise optimization result where optimum configuration is determined at each period separately without considering transition cost, 3) Multiperiod planning considering transition cost. 

  Table 3 shows the comparison of total cost among three cases. The result shows that optimal planning prefers small number of transitions for minimizing total cost. It is shown that stagewise optimization produces the local optimum at each period, but does not produce the global optimum for the whole planning horizon due to transition cost. As shown in Table 3, stagewise optimization costs even more than ‘no planning’ result due to transition cost. Without considering the transition costs between period, the calculated optimum can not guarantee global optimum, and deviates more from the global optimum value as the transition costs become significant.

  Figure 4 shows the comparison of optimal boiler load profile of each boiler. Figure 4(a) shows the optimal profile for stagewise optimization, where no transition cost is considered, and optimum value is found independently period by period. The optimal profile of boiler 5 shows a very drastic change between each period. This drastic change of equipment operation profile results in the large transition cost, and results in the high total cost. On the while, Figure 4 (b) shows a smoother operation profile compared with Figure 4(a).

  As shown in the figure, optimal multiperiod planning where transition cost is considered prefers the smoother operation profile for all units when the transition costs are significantly important compared to the difference of operation costs among possible alternatives. 

Conclusions

To solve the nonlinear planning problem for a utility plant more accurately within an allowable computation time, two phase approach was introduced. At the lower level, alternatives for optimum configuration at each period are generated, and NLP has been solved for each configuration. By using heuristics in the alternative generation step, infeasible configurations has been excluded and this lead to the reduction of the computation time. At the upper level, the global optimum configuration is determined using dynamic programming. From the case study, proposed method was compared with other method. Proposed method has been applied to multiperiiod planning of a industrial size utility plant. Combination of NLP and dynamic programming produced more accurate solutions within a reduced time. 
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Fig.1. Schematic diagram of a utility plant
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    Fig.2. Efficiency curve of each boiler
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Fig.3. Two phase approach using dynamic programming

 
[image: image11.wmf]Period

0

1

2

3

4

5

6

7

8

Optimal boiler load [ton/h]

0

20

40

60

80

100

120

140

Boiler 1

Boiler 2

Boiler 3

Boiler 4

Boiler 5

(a)

 
[image: image12.wmf]Period

0

1

2

3

4

5

6

7

8

Optimal boiler load [ton/h]

0

20

40

60

80

100

120

140

Boiler 1

Boiler 2

Boiler 3

Boiler 4

Boiler 5

(b)


Fig.4. Optimal boiler load profile 

Table 1. Power and steam demand prediction

     Period 

Demand
1
2
3
4
5
6
7

HPS[ton/h]
180
160
180
180
180
160
139

MPS[ton/h]
30
45
70
70
30
45
24.7

LPS[ton/h]
33
35
30
30
33
35
33.3

Electricity[MW]
70
70
80
70
75
62
85

Table 2. Multiperiod optimal planning result

Period
Optimal

Configurations [Boilers in operation]
Total Cost

(O.C / T.C)

[106 won]
Optimum Boiler Load

Allocation [ton/h]
Optimum Turbine Load Allocation

[% flow]




B1
B2
B3
B4
B5
Tb1
Tb2

1
1,2,3,4 on
67.3 (67.3/ 0)
75
75
110
75
0
77
23

2
1,2,3,4 on
65.4 (65.4/ 0)
125
125
125
125
0
62
38

3
1,2,3,4 on
83.8 (83.8/ 0)
119.5
119.3
125
110.4
0
69
31

4
1,2,3,4 on
82.9(82.9 /0)
119.5
119.3
125
110.4
0
69
31

5
1,2,3,4 ,5 on
86.1(83.7 /2.4)
119.5
119.3
125
110.4
125
69
31

6
1,2,3,4,5 on
58.7 (58.7/ 0)
75
75
110
75
75
75
25

7
1,2,3,4,5 on
91.4 (91.4/ 0)
125
125
125
125
125
60
40

Table 3. Comparison of total cost and demand satisfaction


Cost [106 won]

Period
1
2
3
4
5
6
7
Total O.C
Total T.C
Total Cost

No planning
67.8
63.1
86.2
85.3
83.7
58.7
91.4
536.2
0
536.2

Stagewise optimization
67.3
63.1
83.8
82.9
83.7
57.2
91.4
529.4
7.2
536.6

Multiperiod planning
67.3
65.4
83.8
82.9
83.7
58.7
91.4
533.2
2.4
535.6
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