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1. Introduction

There are a number of LNG plants that are built and operating based on the ConocoPhillips Optimized CascadeSM* LNG Process. This provides many opportunities in applying advanced technologies to improve the operation of these plants. There are many benefits to be derived from application of advanced process control (APC) to an LNG process. LNG plants are characterized by operational challenges including varying ambient conditions, heat integration and product quality constraints. For LNG plant owners, the main benefit from APC is product maximization, which increases operating profit. Other benefits like increased process efficiency, increased natural gas liquids (NGL) production and reduced operator intervention are also valuable. 
Use of APC for optimization has established itself as a widely used technology in process and other industries. Currently, there are hundreds of industrial units that benefit from this technology. The main reason for its popularity is the ability to run plants at optimal conditions while handling various operational constraints and disturbances. Model predictive control (MPC) is the most popular advanced control technique. MPC consists of a model capable of predicting the behavior of key variables in the plant. Adjustments are made to the corresponding manipulated variables to keep the control variables tracking close to their desired target values. These target values are obtained from an optimizer that aims to increase the profit function.
*Optimized Cascade services are provided by ConocoPhillips Company, Phillips LNG Technology Services Company and Bechtel Corporation via a collaborative relationship with ConocoPhillips Company.  Optimized Cascade, the Optimized Cascade logo, ConocoPhillips and its logo are trademarks of ConocoPhillips Company.  Bechtel and its logos are trademarks of Bechtel Group Inc.
Copyright  2007 ConocoPhillips Company
There was not much interest in applying advanced control to LNG units in the early days of APC implementation. This has changed in recent years, and different applications of APC to LNG processes are being reported. Recently, Shell has reported applications to the Shell MR process based LNG plants. Application of APC to a LNG train in Qatar was reported by Aspen Technology. 
More interest in the application of APC to LNG plants is expected in the future. This is due to changing market conditions, whereby operating plants will be able to sell excess LNG production in the spot market. This provides significant economic incentives in maximizing the existing plant potential. This also raises the issue of tailoring the LNG quality to the appropriate market and changing the product mix based on economics. Advanced Control is a proven tool to achieve these objectives.
2. Advanced Control of LNG Processes
Process Description

The studies presented in this paper are based on the Optimized Cascade process.  The overall plant configuration of this process has been driven from a gas plant perspective and has proven extremely reliable. The feed gas is first processed in the feed-treatment section of the plant. Treated gas from the amine system is fed to the molecular sieve dehydrators and processed through activated carbon beds to remove any mercury.  The treated gas is fed to the liquefaction unit where it is cooled in stages and condensed prior to entering the LNG tanks. The liquefaction process includes three refrigeration circuits consisting of predominantly pure component refrigerants, propane, ethylene and methane.  Although not required, each refrigeration circuit typically utilizes parallel compressors (up to two or three per refrigerant service) combined with common process equipment.  The feed gas passes through multiple stages of chilling in the propane, ethylene and open loop methane circuits.  Each successive stage is at a lower temperature and pressure.  The resulting LNG product is pumped to storage where it is stored at near atmospheric pressure and –161ºC.
Advanced Controller Design

The objective of the LNG APC controller is to maximize gas feed rate subject to the various process operating constraints. Other objectives such as minimizing the power usage, maximizing NGL production, or maximizing liquefaction thermal efficiency can be explicitly incorporated into this APC controller.  To achieve these objectives, the APC controller is designed with seven manipulated variables (MVs), three feed forward or disturbance variables (FFs), and eighteen controlled variables (CVs).

The main manipulated variables are the plant feed rate and the various refrigeration system suction pressures. These pressures are used to balance the loads between the systems to increase the plant production. The controller will typically push the feed up against the high limits on the gas turbine exhaust temperatures. Other manipulated variables like LNG condensing pressure are also included in the controller. The main disturbance variable is the site ambient temperature, which provides the indication to balance the loads and to reduce or increase the production rate. Other process variables, such as, feed gas pressure that affects the overall plant operation, are included as disturbance variables.

There are a total of eighteen controlled variables for the LNG process.  The main constraints in the process are the gas turbine exhaust temperatures and compressor speeds, which ensure that the six compressors and associated gas turbines are efficiently operated. An intermediate heat exchanger outlet temperature is controlled to ensure that there is enough sub-cooling for LNG produced.  The valve positions are controlled within limits to ensure that the regulatory controllers in the Hysys simulation hold the setpoints, which is a standard practice in advanced control projects.
3. Simulation Setup for Advanced Control Testing


The benefits from applying advanced process control to the LNG plant are first analyzed using dynamic simulation. There are several advantages to this including the fact that the behavior of the plant with the controller can be analyzed before the plant startup. Also, this can reduce the time required for commissioning in the field.  


The plant-wide dynamic simulation model for a recently constructed LNG plant is the main simulation tool used for this study. This dynamic model includes the entire liquefaction and LNG storage areas of the plant. This model was also used as the base plant model for the Operator Training Simulator delivered to the plant site. The plant-wide dynamic simulation model is fundamental, and it is based on rigorous thermodynamics. For discussion here, a model with level of details to perform engineering studies is assumed. Unlike steady state simulation, dynamic simulation is characterized by the need for accurate pressure profile, equipment volumes and other relevant information. The dynamic model is built based on actual engineering data during the EPC phase of the project and has the actual equipment and process information.


A schematic of the system setup for the APC testing is shown in Fig 1. Here, the offline plant data (ambient temperature) is fed to the MATLAB software. This data is written every 10 seconds from MATLAB to the Hysys plant model to drive the plant behavior. The Hysys model is linked to the DMC Online using the DMC Link. The control calculations are executed in the online software every minute. The DMC Online relays this data to the Graphical User Interface.
 Figure 1:  System architecture for LNG plant advanced control testing.
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4. Simulation Results


The simulations were performed initially to tune the advanced controller and to test its performance. It is well known that a change in ambient temperatures is the main driving factor for optimization in LNG plants.  Hence, the APC controller was subjected to this disturbance to study the benefits of optimization.  A typical ambient curve profile obtained from the climate data at plant site is used.  The ambient temperature increases rapidly during the day. The main effect of this is the imbalance in the loading of the various refrigeration systems.

The benefits from advanced control implementation depend on the comparative performance of an operator in the LNG plant. To mimic a real operator is a very subjective task. Instead, we have tried to study three different operators with different skill levels and analyzed the performance of APC vis-à-vis these operators. 
The first simulation that was performed was the closed loop operation of the LNG plant with advanced process control. The controller changes the MVs to maximize the LNG production. The ambient temperature data and the plant feed rate for this case are shown in Fig 2. As can be seen, the increase in ambient temperature causes the plant feed to decrease. The three turbine exhaust temperatures for the 24 hour period are given in Fig 3. Here, the temperatures are always at or close to the constraint. The APC controller is constantly manipulating its handles to balance the refrigeration systems and to operate the plant at its temperature constraints. This is mainly accomplished by manipulating the suction pressure setpoints of the refrigeration systems and the other handles.
The increase in LNG production achieved by using advanced process control depends on the operator actions in the plant. For a highly skilled operator, who makes frequent plant adjustment, a production increase of around 1% is achievable. For an average operator who makes less frequent changes in a day, a production increase of 2-3% is attained from advanced control. This is sufficient economic incentive to justify the implementation of APC in the LNG plant. The intangible benefits like smoother and consistent plant operation also provides additional benefits from APC.
Figure 2:  Plant Production and Ambient Temperature
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Figure 3:  Turbine exhaust temperatures with APC
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5. Conclusions


The Advanced control scheme was found to be very effective in improving the operation of the LNG plant. The main objective of the controller is to maximize the LNG production. Other objectives like efficiency and NGL recovery could be considered. To estimate the benefits from APC, three different operator skill levels were considered. For an operator with average skills, a 2 to 3% percent LNG production increase is expected with advanced process control. It needs to be noted here that the benefits from reducing the variability in the constraints is not estimated here. This is possible, since the advanced control improves the dynamic control of variables like exhaust temperatures. This allows these constraints to be moved closer to their true limits, providing additional benefits from advanced control. 
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