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Abstract

The number of Natural Gas Liquefaction (LNG) Plants, currently in various stages of design, construction and operation throughout the producing countries, has increased very quickly over the past few years. This has led to requests for new technologies, such as dynamic simulation for assistance in the engineering phase as well as assistance in the operation phase. 

For the Yemen LNG plant, the need for dynamic simulation has been detected quite early too: At project award, TECHNIP, member of the engineering consortium on this project, identified the equipment requiring dynamic simulation as a sizing tool. In response to this, RSI SIMCON was contracted to build a dynamic model of the key components of the plant, including the Mixed Refrigerant (MR) and propane compression cycle. 
From this model, an expansion to a full plant process model has been performed in order to provide the site with a powerful operator training simulator. The full scope model includes 2 parallel LNG trains from reception facilities to LNG storage through acid gas removal, dehydration, liquefaction and end flash. The full plant model also includes the boil off gas recovery, the fuel gas system and utilities such as sea water and steam generation systems.
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1. Introduction
Gas has become a major energy source over the last 20 years. Starting in the 1970’s with less than half as much proven resources as oil, gas has become equal to the petroleum industry with nowadays the ratio of Gas/Oil resources greater than one. 
Reserves are estimated around 173,432 Gm3 (2006) for an annual production rate of 2,930 Gm3 (2006) which give approximately 60 years of future supply, a bit superior to the status of oil resources. 

Gas trade has also increased with a growth rate around 7.7%/year in the 1996-2006 period and LNG (Liquefied Natural Gas) has increased even faster with a rate of 11.7%/year. This new growth in gas demand is boosted from the new emerging countries (China, India), pulled by the increasing demands also in Asia (Japan, south Korea, Taiwan represent more than 65% of the annual global LNG importations), and from Europe and the US to face the new demand from the electricity market. Specialists predict  an eventual annual production rate of 5.1012 m3 by 2030.
As a result, the LNG Industry is booming, with 16 liquefaction plants already in operation and more than 30 in construction or planned within the next 5 years. LNG is attractive because it allows for supply access by distant countries (e.g. Japan).  It also allows also very dependent countries to diversify their supply, being less expensive than pipeline transport over long distance. It also enables major oil companies to implant themselves into NOC (National Oil Companies) “hunting fields”. But because of the complexity of the process, the capital investment and the cost of transportation, LNG was under-utilized until now.  The cost of super tankers, as well as the capital investment for a LNG plant has been reduced by a factor 10, resulting in the improved economics. Additional capacities in Nigeria, Egypt, Algeria, Trinidad, Qatar and in our example, Yemen will help go through the increasing use of LNG-origin gas for our daily needs at competitive prices. As conventional gas resources become depleted, new fields like in Chtokman Russia represent our future and will require new technologies to face extreme climatic conditions. New technologies to even further reduce costs of investment and operations are being studied, highlighting the importance of simulation in the design and the operation of these plants.
2. LNG industry, specific constraints

The LNG industry is one of the unique industries dealing with large throughput and extremely cold temperatures reaching -160°C. From its nature the LNG value chain constraints include the constraints specific to gas production, with all attached safety issues, such as gas transportation through pipelines, shipping of chemical products, and additional specific LNG constraints.

2.1.  Gas Production

The main issue with producing natural gas is the risk of fire or explosion which must be dealt with very carefully. Safety systems in gas production units are very strict and their behaviour is usually studied in great detail before plant construction. 

2.2. Gas Pipeline

Gas production can be made in very harsh places, such as middle of deserts or on offshore platforms. Specific pipelines are then utilized to bring this gas from the production area to the treatment plant. In the case of LNG, the liquefaction has to take place onshore in order to have a land terminal to fill in the ships for export.

2.3. Liquefaction Plant

Liquefaction plants are in fact made of several units. First there is a gas processing  facility, in order to stabilize the gas quality and flow coming from the pipelines. It can include a slug catcher if the gas is expected to come with some oil. It usually includes main gas treatment units, such as dehydration, depending on the expected gas quality. Then, the liquefaction in itself includes a separation section and the liquefaction tower. The most extreme conditions are reached during this phase with temperature of -160°C and pressures of over 40 Bars. Liquefaction is driven by closed loops of propane and mixed refrigerant which include gigantic industrial compressors. 

2.4. LNG Storage and shipping

The liquefied gas is stored next to the plant at -160°C and pressure of a few Bars. Ship rotations are organised in order to empty the LNG tanks and send the gas worldwide where it is stored again in receiving terminals. The main issue for storing the LNG is the treatment of boil off gas that comes from the storage tanks. This is particularly the case for the ship offloading phase where the gas can not be used as it boils off. In receiving terminals, the main issue is the roll over, a phenomenon that occurs when different LNG qualities are stored in the same tank. The liquid tends to stratify itself, layer by layer.  The layers can then quickly mix resulting in large gas boil-off (In the production plant, the quality is stable enough and during shipping, the gas is mixed by the rolling of the ship). The critical part remains the loading and unloading of ships. During this phase, boil off can come from sudden depressurising resulting from the LNG pumping. Adequate flaring systems absolutely have to be correctly designed. 
2.5. LNG industry development

Another point of interest is the fact as seen previously that the LNG market is growing in a very fast way, as well as associated research. This means that technical advances do not always have time to be field proven before they are upgraded. 

2.6. LNG industry, seeking for safety  

In summary, the LNG industry concentrates all the challenges that have to be dealt with in other oil and gas industries, with in addition the issue of working with natural gas and the problem of the “boil off” phenomenon that occurs for a liquid product that has a boiling point around -150°C. 

During the engineering and construction phases of the projects, all the tools used in the oil and gas industries are employed in order to minimize the risks and uncertainties. These include dynamic studies on different issues, such as reservoir composition, behaviour of pipelines during transients, behaviour of units during expected transients, thermo mechanical resistance of highly valuable liquefaction exchangers, check of safety systems behaviour in case of plant malfunctions, check of flaring system design, check of operation procedure. 

For all this, dynamic simulation is a help that has been used for more than 20 years in refining and 10 years in oil production projects. People having an oil and gas background came naturally to dynamic simulation.  

2.7. Dynamic simulation assistance in EPC phase

During the Engineering, Procurement and Construction (EPC) phase of a LNG project, dynamic simulation is used from the beginning of the engineering to the end of construction. 

At the beginning of engineering, FEED (Front End Engineering and Design) data are used in order to provide some sizing computations, especially around the compressors or around the liquefaction tower that are almost set at this phase and are the most specific systems. As soon as pipelines profiles are available, some multi-phase flow analyses are conducted by dynamic simulation, in order to identify potential liquid hold up locations, determine pigging requirements and study slug catcher design. 

Once the design is settled, dynamic studies are performed on the control and safety system designs and especially on HIPPS (High Integrated Pressure Protection System) in order to identify potential enhancement or failures of the systems. 

Once the procurement is done, an update with vendor data is done on the studies performed earlier and operating scenarios can be used on the dynamic simulation system. This is the time for defining operating procedures with the help of the simulator and training operators in the use of their future plant. 

2.8. Dynamic simulation assistance in operation  phase

By the commissioning of the plant, a full scope simulator, integrated with control and safety systems, is handed over to the operating company both for engineering and training purposes. With this simulator, control engineers can check a new control loop before implementation, safety engineers can check an additional safety design before implementation, process engineers can study operation scenarios, and operators can be trained in abnormal operations or faced with potential harmful situations in a non harmful way. 

3. Case Study, the YEMEN LNG liquefaction plant

The Yemen LNG liquefaction plant, is the first liquefaction plant project operated by the Yemen LNG Co. in Yemen  and carried out by TOTAL, one of its shareholder . The engineering consortium YEMGAS led by Technip has identified the needs for dynamic studies from the EPC project start up, based on previous similar experiences. RSI SIMCON and its proprietary dynamic simulation platform has been chosen for both the studies and the training simulator which is part of the EPC contract.
3.1. INDISS™ simulation platform
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Fig.1: Compressor behaviour during shutdown



The INDISS™ simulation platform is a product developed by RSI SIMCON almost 10 years ago. This simulation platform includes powerful numerical solvers, efficient, robust flash computation algorithms and field proven chemical engineering unit operations. This dynamic simulation platform is dedicated to the oil & gas industry, from upstream production to downstream refining and petrochemical processes. It is based on 25 years of experience of RSI SIMCON in dynamic simulation and is used daily by hundreds worldwide. 

3.2. Dynamic studies

The dynamic studies have been dealing with the closed loop refrigerant cycles and more precisely with the compressors included in these loops. These compressors and the closed loop have been modelled, as well as the main cryogenic heat exchanger that is a spiral wound multi-fluid heat exchangers. Specific development has been carried out on the thermodynamic methods in order to get the robust flash computations at very low temperatures. 

The study had two main objectives. The first one was to size the anti surge valves in order to ensure that during shutdown, the compressor would behave properly. For a centrifugal compressor, the surge area, located at low flow and high head on the map, is to be avoided, as entering the surge area damages the compressor. Compressors are usually provided with an anti surge system which is a valve located between the discharge and the suction of the compressor, thus reducing the discharge pressure and the head and increasing the flow by creating a short loop around the compressor. 
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As there are several stages on each compressor, each stage has its own anti-surge valve. Simply oversizing the anti surge valve would not work. Although the anti-surge valve should protect the compressor, it should not hinder protecting the other stages. 
 The second part of the study was related to the start up of the compressor before putting the compressor online in the closed loop. The compressor is started from a point where it is isolated. A recycle valve is opened so that it can start up. The purpose of the study was to determine the optimal restart pressure for the compressor. If the restart pressure is too low, the suction of the compressor may go to vacuum conditions, which should be avoided. If the restart pressure is too high, the electric motor used for the start up will not handle the resistance created by the fluid in the compressor loop and may become damaged. 
3.3. Extension of Dynamic simulation to the whole plant

The Operator Training Simulator was a specific requirement for the YLNG project in order to train the local workforce. The ASE (Advanced Systems Engineering) department of Technip has followed the development of the training simulator for the YEMGAS consortium, managing RSI SIMCON and providing them with all information they needed. 
As an extension to the stimulated OTS that has to be delivered mid-2008, six months before the first train start up, the client also asked for a preliminary tool to assess the issue of early training for their staff, helping them to understand the basics about the LNG process. The Emulated Operator Training Simulator satisfies this requirement. It is similar to the final OTS regarding its process models, but with only one liquefaction train modelled. The objectives remain similar as the final OTS with providing practical experience on how to operate the plant in various situations from normal situations to emergency shutdowns, and assessing the trainee levels. The difference come from the fact that the databases for the control systems are not replicated here, i.e, the operators will not interface to the specific DCS control displays. Typical control strategies and displays are used instead, which reduces considerably the delivery schedule since the OTS supplier will not have to wait any more for final functional analysis of the controllers or final DCS databases. Once the process is validated and equipment characteristics known, the Emulated Operator Training Simulator (EOTS as it is called) can be built, one year and a half  in advance for the specific YLNG project.

Process models often reuse the work done previously during dynamic simulation studies. Once the OTS scope of work has been defined (trade off between the functionality and performance), the OTS supplier uses the same thermodynamic methods that have been validated during the dynamic studies as well as the same initial conditions predefined for the plant design. Every area of the plant does not require the same modelling effort. Some parts of the process are represented with low fidelity modelling and quite often, only critical parts of the process will have to be rigorously modelled at +/-5% accuracy, such as in our example the LNG exchanger. This is to be compared with other industries where fidelity can reach +/-2% for very sensible processes (e.g. Nuclear Industry).
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The final OTS, the stimulated one, will become available in mid 2008. The main advantage, compared to the EOTS, is that the operators will run the virtual plant with the same controllers and displays as on the real plant. One advantage from the simulator is that it allows checking the coherence of the DCS databases before they are commissioned, which generally saves a lot of time before deployment on site. The simulator, using the exact replica of the data base can also be used as pre-tuning of the controllers. New control strategies can also be tested on the simulator, without affecting the plant as the system is a stand-alone application. 

With this new tool, safety for the plant and for the staff is ensured as trip situation can be  rehearsed on the virtual plant. Operators will be able to optimize their startup and shutdown procedures. The operators of the new plant can start training in a non-stressful environment and begin to detect the touchiest operations of their plant. With the heavy use of the control data base, it gives a head start to the commissioning and first start up activities.
On the hardware part, in order to achieve a 5-time acceleration rate for the model, the process model is computed over 4 state-of-the-art quad core cpu’s for a grand total of 16 processors. At the same time, the control is computed using the DCS-vendor soft controller emulation on 4 computers. The safety system is computed on another computer. Added to these 21 computation processors, the system will be equipped of four operator stations, similar to those used in the central control room. 

3.4. A life long tool?

The training simulator delivered is designed to the engineering documents provided. Of course, the delivered simulator will deviate from the real plant for which many changes will occur during its lifetime. Maintenance of the tool is therefore very important in order to keep high quality training of the workforce. For YLNG, one update has already been made on the EOTS, taking into account  feedback from the operators. For the final OTS, one update is scheduled one year after first use, to take into account all modifications that will happen both from engineering and site commissioning changes. This will lead to closer prediction of the model to the real plant based on site data.
Training can be done for newbies who have no plant experience plant as well as for experienced operators. It is often interesting to replay as a training case some incidents that happened in the real plant in order to transfer the knowledge to all the panel operators. Thanks to its structural flexibility, the simulator can follow the developments of the plant.

4. Conclusion

From the very beginning of this Yemen LNG project, dynamic simulation and modelling have been used. It was first applied to assist in the plant design, and then later extended for the training simulator. Although the final OTS is not yet delivered, extensive use of the EOTS gives credence that this kind of tool is crucial for the staff and therefore for the plant.

More than just a tool, modelling has become crucial in the design of modern plants. It not only ensures a good design, but also enhances safety since many items can be tested on the simulator. 
In fact, the benefits of simulation go well beyond the scope of plant designs. It helps the whole project, and in other parts than just process modelling. Nowadays, virtual plants can be built and we can even walk through the plant as if it were already in existence. Piping and equipment arrangements are already done using simulation. The next step will be to couple the process models to this virtual plant for instance to make detailed plans for maintenance schedules to optimize turnarounds or downtimes.  Also,  emergency plans for  evacuation of personnel can be developed. 
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