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Introduction
Fluidized catalytic cracking (FCC) process is one of the most important processes in the refinery industry since it can convert a large amount of feedstock into more valuable products. Because a typical FCC unit can convert a large amount of feedstock into more valuable products, the overall economic benefits of a refinery could be considerably increased if the operating condition is maintained near an optimum. For example, only one percent saving in the operating cost would increase a net profit of $10.6MM/yr to $1.2MM/yr depending on the market situation. However, the determination of an optimum operating point is not an easy task because the FCC process shows highly coupled and nonlinear behavior (Han and Chung, 2001a and b) and has a large number of process constraints. Since the optimal operating point depends on a large number of state variables and process constraints, process models and optimization algorithms in developing the optimizer become inevitably complicated. Specifically, the process has two different operating regimes called the full and partial combustion modes whose dynamics and steady-state behaviors are quite different from each other. Thus, the optimization system should be developed for each combustion mode separately. In addition, the control system should be sophisticatedly designed to effectively move the operating condition to a newly found optimal point and requires a different control structure depending on which combustion mode is operated in a process. This has driven FCC processes to adopt advanced control systems like model predictive control (MPC).
In this study, a process optimization system has been developed for both full and partial combustion modes of a modern-type FCC process on the basis of the following components: a detailed steady-state process model, model parameter estimator, and economic process optimizer. The developed process optimization system is able to find an optimal operating condition of a typical FCC process which is usually comprised of the reactor, regenerator, main-fractionator, and most of auxiliary units (the feed pre-heater, catalyst cooler, air blower, wet gas compressor, stack gas expander, boilers, and valves). Then, several supervisory multivariable control systems are designed to effectively move the process condition to an optimal point. The performance of the optimization and control systems is investigated when applied to both the full and partial combustion modes of FCC processes.

Process Modeling
The dynamic model and simulator for a modern-type FCC process, which was originally developed by Han and Chung (2001a and b), was revised in this study and serves as a hypothetical process in control and optimization studies. The resulting dynamic model and simulator have the following features: 1) can predict the state variables in the reactor, regenerator, main-fractionator, and auxiliary units of an FCC process; 2) can simulate both full and partial combustion modes of the regenerator; 3) can predict the yields of 10 lumps and light gas components based on the 10-lump model and on the light gas yield mode; 4) employs the momentum balance to predict the molar expansion and catalyst slip in the riser; 5) and adopts the two-region, two-phase theory (Kunii and Levenspiel, 1991) for the regenerator model.
Steady-state process modeling is the most important step in developing optimization programs since the reliability of a process model determines the overall performance of optimization. The steady-state modeling was carried out for the reactor, regenerator, main-fractionator, and most of auxiliary units: the feed pre-heater, catalyst cooler, air blower, wet gas compressor, stack gas expander, boilers, and valves. 
Optimization System
The basic target of the economic optimization of an FCC unit is to maximize overall profits attainable from process operation. Consequently, the economic objective function is defined as the difference between the total value of products and the feedstock and operating costs:
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In the above, the product streams (
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) are light naphtha, heavy naphtha, light cycle oil, decant oil, fuel gas (hydrogen, C1, and C2), propylene, n-propane, 1-butene, iso-butane, n-butane. The feed streams (
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) are heavy and light fresh feeds, and heavy and light cycle oils.

The decision variables (
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) are determined by optimization of the process. The nonlinear equality constraints of Eq. (2) denote the steady-state process model equations. Equations (3) are the nonlinear inequality constraints imposed on the state variables (
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) and Eq. (4) are the linear inequality constraints on the decision variables (
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). The inequality constraints represent physical limits on equipments and operating conditions arising from economic, safety, or environmental considerations. The operating cost term represented by Eq. (5) is divided into three terms: 
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(utility consumption by the feed pre-heater, air blower, and wet gas compressor), 
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(utility generation by the stack gas expander, catalyst cooler, boilers, and main-fractionator pumparounds), and 
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(other operating costs including the costs of the catalyst, dispersion and stripping steam, pumping, operating personnel, maintenance).
NPSOL (Gill et al., 1986), which implements a successive quadratic programming (SQP) algorithm designed to efficiently solve nonlinear programming problems subject to nonlinear constraints, are employed to search a set of optimal solutions for the optimization problem.

Control System

Several hierarchical control systems are designed, which consist of a basic regulatory controller and a supervisory controller. The basic regulatory control system is in the lowest level of the hierarchical control system and the set-points are transferred from the supervisory controller. In this study, five regulatory control loops (one level controller, one flow rate, one temperature, and two pressure controllers) are in service during the supervisory control. The control loops are basically tuned on the basis of ATV (auto tune variation) method and Tyreus and Luyben settings (Riggs, 1999) and then are detuned by trial-error method. Six supervisory controllers (two DMC and two PI controllers for the unconstrained control mode, and two DMC controllers for the constrained control mode) are designed according to the control scheme and combustion mode. Under the unconstrained control mode, the specified main process variables are controlled at their set-points either dynamic matrix controller (DMC) or PI controller, but the process constraints (e.g., limits on blower capacity or valve stem positions) are not taken into account. Then the performances of the two types of controllers are compared through simulation. Each of the controllers has two controlled and two manipulated variables for the unconstrained control mode. Under the constrained control mode, however, only the DMC controller is used to evaluate its capability of handling process constraints. The DMC controller consisting of 10 controlled, six manipulated, and two feed forward variables are designed for the full and partial combustion modes, respectively.
Simulation Results

Several optimization and control case studies are performed for full and partial combustion modes of an FCC unit. For the optimization studies, three cases of operation according to the assumed scenarios of market prices are considered for each combustion mode: the naphtha preferred operation (CASE 1), light gas preferred operation (CASE 2), and utility saving operation (CASE 3). In the naphtha preferred operation and the light gases preferred operation, production of either naphtha or light gases is preferred to other products, respectively, due to higher market prices. In the utility saving operation, low utility consumption is preferred because of high utility cost. Table 1 summarizes the results of the process optimization for the three-optimization cases. The optimization results showed that operations in the full combustion mode has the advantage of both saving the operating cost and increasing the net operation profit if the process can be operated in this combustion mode.

Table 1. Optimization Results.

	Variable
	Optimization Case

	
	CASE 1
	CASE 2
	CASE 3

	
	FCM
	PCM
	FCM
	PCM
	FCM
	PCM

	Decision Variables
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	42.8 kg/s
	43.3 kg/s
	43.9 kg/s
	45.8 kg/s
	44.4 kg/s
	48.5 kg/s
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	9.4 kg/s
	9.2 kg/s
	8.3 kg/s
	6.8 kg/s
	7.7 kg/s
	4.0 kg/s
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	485.9 K
	536.7 K
	484.1 K
	513.8 K
	465.7 K
	514.1 K
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	210.0 kPa
	210.0 kPa
	210.0 kPa
	210.0 kPa
	210.0 kPa
	210 kPa
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	-18.8 kPa
	-18.5 kPa
	-21.1 kPa
	-16.9 kPa
	-20.9 kPa
	-19.3 kPa
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	802.8 K
	803.6 K
	813.9 K
	812.9 K
	807.4 K
	801.6 K
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	38.9 kg/s
	33.1 kg/s
	38.8 kg/s
	34.6 kg/s
	38.9 kg/s
	33.5 kg/s
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	998.4 K
	971.7 K
	1020.0 K
	988.7 K
	1017.6 K
	980.5 K

	# of Function Evaluations
	1599
	1719
	3628
	1489
	10351
	2734

	Total Elapsed Time
	64.4 s
	77.8 s
	138.8 s
	59.9 s
	361.4 s
	98.7 s

	Product Profit
	0.8081 $/s
	0.7616 $/s
	0.7802 $/s
	0.7063 $/s
	0.5907 $/s
	0.5188 $/s

	Operating Cost
	0.0826 $/s
	0.1241 $/s
	0.0803 $/s
	0.1059 $/s
	0.1412 $/s
	0.1720 $/s

	Net Profit
	0.7254 $/s
	0.6376 $/s
	0.6999 $/s
	0.6003 $/s
	0.4495 $/s
	0.3468 $/s


* FCM and PCM stand for full combustion mode and partial combustion mode, respectively. Total elapsed times were determined on a Pentium-II 366MHz machine. U and L in the parenthesis mean that the constraint reaches the upper and lower limit, respectively.

Figure 1 illustrates the results obtained for the set-point changes in the riser outlet and dense bed temperatures under the full combustion mode. As shown in the figure, the DMC controller quickly and smoothly moves the controlled variables to their set-points. The range-controlled variables are also well controlled far from their upper and lower limits while the set-points of the riser outlet and dense bed temperatures are changed.
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Fig. 1. Control responses under the full combustion mode.
Conclusion

In this study, the optimization and control systems for an FCC process were presented. The optimization system consisting of a parameter estimator and a process optimizer was developed for an FCC process and was applied to three optimization case studies under full and partial combustion modes. Then, the six supervisory control systems were designed in order to effectively move the process condition to an optimal under the full and partial combustion modes.
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