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Introduction

The multiperiod operational planning and real-time optimization (RTO) of a utility plant have been exciting research issues because energy costs constitute the largest part of the operational costs of most chemical plants. In the multiperiod operational planning, the on/off status of discontinuous equipment must be configured and the operating condition of continuous equipment must be calculated. In conventional multiperiod planning and RTO (CPRTO), RTO is implemented to minimize the operational cost under the varying energy requirements based on the prescribed configurations and operating conditions determined from the multiperiod planning1. However, the probable events make it difficult for the CPRTO system to obtain the real optimum. In this situation, the optimal configurations and operating conditions are re-calculated based upon the previous, current and future information of utility plant operations. The re-calculating of the optimal configurations and operating conditions can be accomplished in several manners; relying on human intervention, prescription repairing and complete replanning. The re-generations of all equipment configurations are rarely achievable in practice and require prohibitive computation time2. Therefore, the prescription repairing is preferred to the complete replanning in real-time environment when re-calculating the prescriptions. Multiperiod operational planning and RTO researches have been accomplished respectively. In this paper, the integration methodology of real-time planning, repairing and optimization (RT-PRO) is proposed to obtain the real optimum in presence of energy demand prediction errors along the multiperiod planning horizon. 

The Integration Algorithm of RT-PRO

The schematic algorithm of RT-PRO is showed in Figure 1. It is composed of multiperiod operational planning, flexibility index analysis, prescription repairing and RTO. 
The Efficient Index of UP

The prescription repairing is implemented by searching the high efficient index of UP. If turning on the UP driven by UT and turning off the UP driven by UM in the case of the demand increase result in the reduction of operating cost, we define it as the increasing efficient UP. If turning on the UP driven by UM and turning off the UP driven by UT in the case of the demand decrease result in the reduction of operating cost, we define it as the decreasing efficient UP. If we want to repair the configurations and operating conditions of a utility plant, we must define the index to determine which UPs are more efficient than others. The efficient index of UP is a quantitative measure that will indicate how much efficient UP is in a given process condition and defined as the following:
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The original cost is calculated by adjusting flow rate of continuous equipment without manipulating the discontinuous equipment and the manipulated cost is calculated by turning on/off the discontinuous equipment and adjusting flow rate of continuous equipment. Especially, if the efficient index is calculated in the circumstance of steam demand increase, it is called as the increasing efficient index; otherwise, it is called as the decreasing efficient index. If the sign of the efficient index is positive, UP is efficient, otherwise, it is not efficient. As the value of the efficient index is larger, the UP becomes more efficient. 
1. Case Study

2. The formulation of multiperiod operational planning problem

3. The multiperiod operational planning of a utility plant shown in Figure 2 is decomposed into two levels. At the upper level, minimum steam generation and purchased electric power are calculated by MINLP. At the lower level, minimum fuel consumption rate is calculated by NLP3.

4. The Knowledge base for prescription repairing

5. Prediction errors concerned with the timing can be recovered by moving, swapping and deleting the prescribed configurations and operating conditions. The complex repairing of the multiperiod plans is always accomplished from LS header to VS header. It is composed of the handling of UT, UM, STG, LD and boilers. 

6. The formulation of RTO problem

7. The objective function for RTO formulation is to minimize the operational cost of a utility plant. It is composed of boiler feed water cost, purchased electric power cost and fuel cost. In RTO formulation, on/off status variables of UTs and UMs are fixed, which is determined from the multiperiod operational planning and the prescription repairing. 

8. Results and discussions

Figure 3 shows the predicted and measured values of steam demands, which represents the timing errors. Figure 4 compares the RT-PRO results with CPRTO. The configurations of the fourth period are delayed by the knowledge-based repairing and RTO is implemented under the delayed configuration and operating condition in RT-PRO. However, the CPRTO do not have any recovering system and RTO is implemented under the configurations of the fifth period that are calculated from the multiperiod operational planning. Figure 4 shows that the operational costs by RT-PRO are less than the costs by CPRTO. The operational costs is reduced by 1.0 ~ 9.0 % compared with the results of CPRTO. Figure 5 shows the predicted and measured values of steam demands, which has quantity errors. Figure 6 compares the results of RT-PRO with those of CPRTO. From the first period to the fourth period, the operational costs are identical between RT-PRO and CPRTO because prediction errors do not exist and the configurations need not be recovered. In fifth period and seventh period, RT-PRO is more economical than CPRTO because the prediction errors exist and the configurations are recovered by repairing schemes. However, the operational costs of RT-PRO and CPRTO have little difference in the sixth period. In the sixth period, the configurations are not repaired because prescribed configuration is feasible although prediction errors exist. The operational cost saving is about 0.6~2.0 % compared with CPRTO when quantity prediction errors exist.

Conclusions

RT-PRO, which is an integration system of multiperiod operational planning and RTO, was proposed through prescription repairing for the optimal operation of a utility plant. The repairing of the operational conditions and configurations was very important to implement the multiperiod operational planning and RTO in industrial utility plants because the future cannot be predicted entirely and the prescribed operational condition and configuration cannot suggest real optimal solution or be feasible on the given demands. RT-PRO was more profitable than the CPRTO when timing and quantity prediction errors exist. The RT-PRO was more efficient in the circumstances of timing errors. RT-PRO reduced the operational cost by 1.0 ~ 9.0 % under the timing errors and 0.6~2.0 % under the quantity errors compared with CPRTO
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Figure 1. The schematic algorithm of RT-PRO
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Figure 2. The process flow diagram of industrial utility plant
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Figure 3. The predictions and measured values of steam demands to represent timing errors
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Figure 4. The comparison of RT-PRO with CPRTO in timing errors
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Figure 5. The predictions and measured values of steam demands to represent quantity errors
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Figure 6. The comparison of RT-PRO with CPRTO in quantity errors
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