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Introduction

The multiperiod operational planning and RTO of utility systems have been exciting research issues. In the multiperiod operational planning, the utility systems are configured to satisfy energy requirements at minimum cost using the energy demand predictions and updated model parameters. Based on the configurations determined from the multiperiod operational planning, RTO is implemented to minimize the operational cost under the varying energy requirements. However, the prediction errors of energy demands make it difficult for the multiperiod planning and RTO system to obtain the global optimum because the RTO is implemented under the misconfigurations by multiperiod planning based on the wrong predictions. The changes of model parameters along the multiperiod planning horizon can affect the optimum of the utility system operations. In general, process performances are changed due to the deterioration or scaling of process equipment and the model parameters are updated periodically to describe the plant accurately. However, static model parameters are used to configure the units of utility systems in multiperiod operational planning because there is no information on how the performances of utility units will change. Therefore, if RTO is executed under the misconfigurations determined from multiperiod optimal planning based on the static models, the planning and RTO systems cannot obtain the global optimum because the computed configurations do not consider the changes of model parameters. 

In this paper, a hierarchical synthetic RTO system is proposed to obtain the global optimum to configure the utility systems in presence of being energy demand prediction errors and changing model performances along the multiperiod planning horizon. The relations between the multiperiod planning and the RTO are examined when there are the prediction errors of energy requirements and the changes of model parameters. Two case studies are examined to show that the hierarchical synthetic RTO system is more profitable than the typical method of planning and RTO system.

A Hierarchical Synthetic RTO System

A hierarchical synthetic RTO system is composed of a conventional RTO system, an optimal choice system and a hierarchical synthetic decision system.

1. A conventional RTO system

The conventional RTO system is composed of four subsystems. The first subsystem optimizes the steam turbine generator (STG) and letdown desuperheaters (LD). The objective of the subsystem is to minimize the amount of steam generation and electric power purchased to supply utilities to process and utility plants. The second subsystem allocates the boiler loads according to their efficiencies. The objective of the subsystem is to minimize the fuel consumption. The third subsystem detects gross errors in measurements and removes the gross errors if they exist. The subsystem also implements data reconciliation to remove random errors in the measurement data. The fourth subsystem updates the model parameters of self-consumed steam (Yi, et al., 1998), boiler efficiencies and STG. 

2.
An optimal choice system

The optimal choice system decides the startup/shutdown of the units by multiperiod operational planning using the previous consumption, the current demands and the future predictions

3.
A hierarchical synthetic decision system

The hierarchical synthetic decision system decides which conventional RTO subsystems are implemented and whether or not the optimal choice system is implemented. Rule-based inference engine is adapted for the decisions.

Case Study

1.
Process descriptions

Fig. 1 shows the schematic diagram of an industrial utility plant. The steam generation unit consists of four boilers, high-pressure feed-water heater (HPH), steam-air heater (SAH), a deaerator, an oil heater and a fuel atomizer. The boilers produce only very high-pressure steam (VS) to be fed to VS header. VS is fed into steam turbine generator (STG) which generates electric power and extracts MS, LS, and condensate (SC). Some utility pumps (UP) are driven by UT and others are driven by electric motors (UM).

2. The formulation of a conventional RTO system

· The first conventional RTO subsystem

Minimize
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· The second conventional RTO subsystem

Minimize
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· The third conventional RTO subsystem

In this work, gross error detection and data reconciliation are not treated explicitly. It is assumed that the existing methods of gross error detection and data reconciliation are employed to identify and remove the gross and random errors prior to the parameter update. 

· The fourth conventional RTO subsystem

The fourth conventional RTO subsystem updates the model parameters and the formulation can be represented as follows:

Minimize
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3. Optimal choice system formulation

· The first optimal choice subsystem
The bound of problem formulation is the same as the first conventional RTO subsystem. However, integer variables are introduced in the subsystem over the prediction horizon in order to determine the on/off status of UP according to the ratio of steam cost to electric power cost. 

· The second optimal choice subsystem
The bound of problem formulation is the same as the second RTO subsystem. However, integer variables are introduced in the subsystem over the prediction horizon in order to determine the on/off status of boilers according to boiler efficiencies.

4.
Inference engine of the hierarchical synthetic decision system 

The hierarchical synthetic decision system supervises the hierarchical synthetic RTO system based on rule-based inference engine. The system fixes the number of operated UT’s, UM’s and boilers whose numbers are determined from the operational planning, executes the conventional RTO system, and checks the feasibility of the RTO results by the rule-based inference engine. If the results are not feasible, the hierarchical synthetic system executes the optimal choice system. The rule-based inference engine is the modification of the rule-based steam distribution system (Yi et al., 1998). The driving forces of UP’s are selected by the operational knowledge without considering the optimal operation of the utility systems in the rule-based steam distribution system if STG and LD cannot satisfy the steam and electricity requirements. However, the driving forces of UP’s are decided from multiperiod operational planning in order to reduce the operating cost of the utility systems in this study. 

5.
Result comparisons

· The effect of prediction errors

Fig. 2 shows the prediction and the measured values of steam demands. Marked graphs represent the measured steam demands and the bold solid lines represent the prediction of steam demands along the time horizon. The demands for HS and LS have prediction errors which are about 10~15%. The demand for electric power is assumed to have no errors between the prediction and the current electric power. First, optimal multiperiod operational planning is implemented using the demand predictions. The concept of internal energy demands is introduced to solve the planning problem (Yi et al. 2000). Based upon the configurations of boilers, UT and UM, the hierarchical synthetic RTO system and the typical RTO system are implemented and the effects are examined to show which system is more profitable economically.

The results of the hierarchical synthetic RTO system are compared with the results of the typical RTO system in Fig. 3 under the same planning configuration. As the prediction error is small, the operational cost obtained from the hierarchical synthetic RTO system is about the same as the cost of the typical RTO system. However, as the prediction error is bigger, the hierarchical synthetic RTO system can save the operational cost compared with the typical RTO system. The operational cost is reduced by 2% using the hierarchical synthetic RTO system compared with the result obtained by the typical RTO system.

· The effect of model changes

In this comparison, the prediction errors of steam demands do not exist. However, the model parameters are different from those used in operational planning. The efficiencies of boilers, the performance of STG, the rates heat transfer of HPH and SAH are changed. As a result, the fuel consumption of boilers, steam consumption of HPH, SAH and STG increase. In these situations, the configurations determined from operational planning are not optimal and new configurations can be found by optimal choice system.

The result of the hierarchical synthetic RTO is compared with that of the typical RTO in Fig. 4 under the same planning configurations. The model parameters are changed at 20th time scale by 5% compared with those used in operational planning level. The operational costs are reduced by 1.3% compared with those obtained by the typical RTO system.

Conclusions

The hierarchical synthetic RTO system is proposed for the operation of utility systems that have many pumps and boilers. The hierarchical synthetic RTO system enables the operational costs to be reduced compared with the typical RTO system. When prediction errors exist in the planning level, the operational cost is reduced by 2%, and when the parameters have been changed compared with the planning level, the operational cost is reduced by 1.3%.
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Fig. 1. Schematic process diagram of utility systems
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Fig. 2. Steam demand changes
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Fig. 3. The comparison of RTO result existing prediction errors
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Fig. 4. The comparison of RTO result existing model performance changes
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