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Liquefied petroleum gas is an alternative, relatively clean and a supreme source of energy, which is being used as a key component in the global energy supply. The international trade agreements and the chemical and non-chemical demand of liquefied petroleum gas with the increase in the world’s population have brought its production from the processing of natural gas to the limelight. During its processing, a variety of different components are extracted from it, including methane and ethane which remains in the bulk as natural gas. The objective of this research work is to find the capability of investigating the liquefied petroleum gas recovery performance to make the process economical by saving the processing cost and energy. The novelty of this work is to deal with the design and simulation of a liquefied petroleum gas plant using Aspen HYSYS. To make this process energy efficient and economical, different schemes of process alternatives were applied by reducing the sizes of the exchanger and other pieces of equipment. Three cases are studied in which feed is precooled by rerouting the stream and/or by repositioning of the chiller for the recovery of liquefied petroleum gas from natural gas by analyzing their cost and process parameters. The modelling and simulation base case and three different case studies are realized in Aspen HYSYS. It has been observed that case study 2 results in about 10% increase in LPG production where the chiller is repositioned in the separation section of the LPG production flowsheet. Case study 3 shows a maximum decrease in hot side utilities in the flowsheet of about 20% while 10 and 14% decreases are observed for case studies 1 and 2, respectively. Furthermore, economic analysis indicates about 18 and 22% in the capital cost for case studies 2 and 3, respectively, due to the lower size of process units. The outcome of this investigation is to present plenty of suggestions to improve the process efficiency and minimize the requirement to over design the plant components.
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INTRODUCTION
Energy consumption is an index which represents the industrial development and progress of any country. Due to increased globalization and urbanization, the energy resources are depleting rapidly. There is a massive increase in the per capita energy consumption and results in the increase in global energy demand; hence, dependence on the low-carbon and environment-friendly fuel is increasing (Hu et al., 2019). One of the clean energy resources is natural gas, which is a mixture of methane, ethane, propane, butane, and heavier hydrocarbons. There has been enormous change in technology in natural gas processing since the 1900s (Getu et al., 2013). Furthermore, the share of natural gas as an energy reserve in the developed countries has doubled during the past few decades and is on increase in developing countries. Raw natural gas is a source of dry natural gas; its variant natural gas liquids (NGLs), termed as natural gas condensates, contain sulfur and liquefied petroleum gas. In engineering context, butane and mere propane are designated as liquefied petroleum gas (LPG) (Liu et al., 2015; Faramawy et al., 2016). LPG is extracted from natural gas and is applied as fuel for multi purposes by providing energy to the vehicles and for cooking and heating appliances, and it is used as a refrigerant and aerosol propellant, thus hindering the damage of the ozone layer (Arteconi et al., 2010; Raslavičius et al., 2014; Hao et al., 2016). As per its historical preparation, Dr Walter Snelling is the main authority to prepare it on a laboratory scale in 1910 (Snelling et al., 1915). The said gas is a cleaner gas containing limited contents of sulfur while burning, and it gives no soot to the environment. Pressurized steel vessels are used for its transportation, and a maximum of 80–85% LPG is allowed to be filled in the stated vessels to compensate for its thermal expansion during the change in temperature (Totten and MacKenzie, 2003).
Pakistan is facing severe energy deficiency, and some parts of the countries are still not electrified. The country fossil reserves are near depletion and are pushing high demands on imports (WAPDA, 2021; Rafique and Rehman, 2017). Due to increased industrialization and interest in the energy sector after China–Pakistan Economic Corridor (CPEC) investment, there are short-term plans to increase the country’s thermal power generation (Lin and Ahmad, 2016). The finance-energy and energy-growth nexus have been evaluated by Komal and Abbas (Komal and Abbas, 2015), and it was found that urbanization and industrialization have a positive impact on energy consumption. However, fossil fuels or their derivatives play an important role in the energy sector of the country. In Pakistan, natural gas is used as burning fuel at the domestic level, in the combustion system of power generation, and industries to produce useful products. Its share is about 42% in plants producing electricity (Sayed et al., 2017). Due to the agronomical nature of Pakistan, 16% of natural gas is utilized in the fertilizer sector, 7% as commercial usage, and 3% for other purposes (Alam et al., 2017). Recoverable reserves of natural gas are estimated to be 29.671 Tcf (Asghar, 2015). The requirements of natural gas in the country are increasing together with about 10% per year increase in the production sector because of the excelling population and industrial sector. The government of Pakistan has also developed a new regulation to develop the LPG sector. Currently, 26 companies, including private and public, provide their services regarding the survey and production of natural gas. LPG was introduced in the market as an auto gas due to its sole usage in automobiles. Almost 10 companies are operating in Pakistan for the production of LPG while more than 80 companies are providing their services for its marketing purposes (Ullah et al., 2018).
Several studies inclusive of alterations in the gas recovery plant have been reported in the literature. A few of recent ones include the gas subcooled process comparison with the cold residue recycle and a conventional turbo expander for recovery of ethane from NG (Kherbeck and Chebbi, 2015). Moreover, different methods of natural gas dehydration including triethylene glycol, solid desiccant, and condensation were assessed (Netusil and Ditl, 2011). It was found that the addition of more equipment and even flow splitting may lead to less recovery of certain components (Kherbeck and Chebbi, 2015). Some studies also (Abdulrahman et al., 2015; Sayed et al., 2017) reported development of the optimized process models in Aspen HYSYS for the natural gas processing plant and estimated the preliminary capital cost for gas conditioning and processing. The specific impact on the turbo expander for optimal NGL recovery, feed compositions on different process schemes, gas subcooled, recycle vapor split, and cold residue has also been reported (Getu et al., 2013). The exergy analysis of the NGL recovery processes through modelling and simulation in Aspen HYSYS indicated that most of the exergy destruction happens at the air cooler and column present in the flowsheet (Hu et al., 2019). The exergy destruction in the LPG production process happens at the fractionation columns (Saadi et al., 2019). The exergy analysis carried out in a retrofitted refrigeration system, for the recovery of LPG from the natural gas plant located in Egypt, indicated an increase in the overall LPG recovery by 15.95% (Shehata et al., 2019). Simulations of the natural gas processing plant have been reported in good detail to provide insight into the containment removal with some cost analysis of different turbo expander systems (Mehrpooya et al., 2006; Roy and Amin, 2012; Çinar et al., 2016). Product recovery, energy requirements, and fixed capital cost for the LPG production from NGLs have been investigated, and it was reported that the single column with an overhead recycle is cost effective than a conventional fractional column (B. Raheem, 2015). In a separate study, the effect of vapor recompression and self-heat recuperation has been optimized for propane and propylene separation (Christopher et al., 2017).
A technological review of the process intensification of the oil and gas industry has been reported in the literature (Abdulrahman et al., 2021). Robust process intensification framework has been presented to avoid inconsistency between implementation and research for oil and gas sectors (Abdulrahman et al., 2021). It has been reported that the conceptual processes are much more complex than the commercial scale applications (Qyyum et al., 2022). A detailed assessment of the natural gas liquid processes has been presented with focus on feed condition, product purity and recovery, specific energy consumption, their economics, and their application through available pieces of software (Qyyum et al., 2022). It is found that CNG and LPG recovery is the least cost and most profitable alternative for the six different technological options, including gas to hydrate, gas to liquid, combined heat and power generation, and liquefied natural gas (Jokar et al., 2021). An attempt has been made for the process through which LPG can be recovered from the off gases of the fuel oil refinery to meet the demand of petroleum fuel in automotive, industrial, and domestic sectors (Qamar et al., 2020). The integration of the dehydration recovery and natural gas liquid unit tends to increase the LPG profit and capacity (Masnsour et al., 2020).
A number of studies have been reported across flow diagram alteration and proposed different refrigeration schemes in the NGL or LPG recovery sections of the natural gas processing plant. However, the effect of cooling, its position, and rerouting the process streams is seldom reported. Therefore, the present research work is focused on the improvement in the yield of LPG production by increasing or altering the process of cooling or their orientation in the separation and dehydration section of the natural gas processing plant. Furthermore, techno-economic investigation will be performed to get insight into the variation of the cooling effect on the cost parameters.
The novelty of this project is to deal with the design and simulation of the LPG plant while taking natural gas as a raw source and convert it into LPG in combination with natural gasoline (C5+) containing a greater value as a distinct product. Raw natural gas also contains some valued heavier hydrocarbons known as NGLs and favored to be used as raw feed in the petrochemical industry. To make this process energy efficient and economical, different schemes of raw material processing and heat transfer were applied, and their impact on process and economic parameters was evaluated. Three cases are studied in this research work to increase the recovery of LPG from natural gas by analyzing their cost and process parameters. In case study 1, the feed is precooled through cold box 1; in case study 2, the position of the chiller is in the separation section while in case study 3 the position is in the dehydration section. Aspen HYSYS v8.8 is used for the simulation of this research work. The process flow diagram is categorized into three of its parts. The first one deals with feed preparation usually obtained from the gas well, the second one discusses the liquefaction of natural gas, and the third one is the recovery process of LPG while two of the distillation columns are utilized in the recovery process. This research work is based on modelling and simulation to improve the currently used recovery processes in the industrial sector of Pakistan. Hence, the aim of this research work is to study the various flowsheet alternatives and compare the performance of different case studies. The evaluation criteria will be the capacity of different products for different alternatives, energy in terms of cold and hot utilities, and economic analysis.
MATERIALS AND METHODS
Process Description
Reservoirs of natural gas are present under the earth’s crust and are combined with crude oil. After the discovery of the natural gas reservoirs by using modern techniques and different drilling steps, absolute processing of the natural gas is initiated. All other contaminants, such as sand, H2O, mud, and acidic gases including CO2 and H2S, NGLs are being extracted from the said process stream. The composition of the well head-treated natural gas is given in Table 1.
TABLE 1 | Constitutions of natural gas (Thimm and Sullivan, 2004; Getzinger et al., 2015; Ullah et al., 2018).
[image: Table 1]The block flow diagram for the LPG production from natural gas is shown in Figure 1. It indicates that the LPG production from natural gas is composed of four subsections. Initially, the feed is treated which is designated by feed separation and dehydration section sections in Figure 1. Later, NGLs are recovered by using a refrigeration loop and cold box, and then, LPG recovery is attained by the use of distillation columns. These are indicated as NGL and LPG recovery sections in Figure 1, respectively.
[image: Figure 1]FIGURE 1 | Schematic representation for the LPG recovery process.
Feed Treatment
The feed treatment section consists of removal of heavier hydrocarbons and water from natural gas before its processing. It consists of two subsections: the first one is a separation zone, and the second subsection is a dehydration zone.
Separation Section
The natural gas treatment procedure is initiated from the exit of the gas well. The composition of the feed in terms of liquid, gas, and water quantity is analyzed. To avoid any type of moisturizing contents, a saturator is also installed just before the section of the separator. Saturation of the feed stream is compulsory so that moisture contents present in the system does not absorb more moisture in the process and make the process inefficient. Because of the addition of water to saturate the system, the molar flow rate will exceed. The showering by a saturator to saturate the feed stream is performed, and some extra water is absorbed by the stream. Because of the sensitive nature of the material of construction of the downstream cold box, water is desired to be extracted in a three-phase separator. For LPG recovery, greater pressure is recommended; hence, pressure is set as higher as 600 psig. Dry gas stream containing zero impurities is recommended in the process; any type of free H2O is extracted from the stream. This separator will remove higher hydrocarbons, mud, and water from the stream. A stabilization unit is also installed to stabilize the condensate, and heavy liquids are removed from the stream and converted into fluid fuel. The red solid line region in Figure 2 indicates the separation section of the LPG production from natural gas.
[image: Figure 2]FIGURE 2 | Process flow diagram and Aspen HYSYS simulated case study for the LPG production from natural gas.
Dehydration Section
This section deals with the removal of final traces of water proportions present in the feed. The material of construction of cold boxes is of aluminum alloy nature, so it may also corrode due to moisture presence. Meanwhile, operating process parameters can also elevate the effect of moisture contents in it. A number of industrial units are proposed for the stated objective in the literature. Molecular sieves are chosen for the dehydration purpose for the present research work. The material of construction of molecular sieves is of microporous nature consisting of small pours where the adsorption process will separate water contents from the feed. In comparison with other dehydration techniques, molecular sieves have a relatively higher efficiency to extract maximum contents of water from the natural gas feed stream. These sieve beds with tandem or parallel arrangement can be regenerated and reused by heating. In general, parallel orientation of two beds is recommended in LPG production.
Lighter contents of natural gas are found in major quantities (Table 1). Propane, iso-butane, and n-butane are the desired components for the extraction of LPG. The dehydration section is indicated by the blue solid circle region in Figure 2.
Liquefaction of NG and Extraction Zone
NG Liquefaction
The dashed line regions in Figure 2 encase the liquefaction process with steady refrigeration, and it is regarded as the second step. A molecular sieve dehydrator is used to remove the water from the gas stream to its minimum levels. The gas will be forwarded to the cryogenic section of the plant in which maximum removal of liquid from gas is performed. To obtain the cryogenic conditions, a turbo expander is utilized to apply the chilling process. To obtain a temperature less than −100°F, cold boxes are used. The temperature of the stream will be reduced by a steady refrigeration technique. The stream to be liquefied is passed through a multi-pass heat exchanger, aluminum alloy based with a plate and frame type arrangement. Transfer of heat occurs between the main stream of the process and downward streams approaching from the low temperature absorber and LPG recovery unit. The said exchanger (cold box) is not an ordinary type and is used for excessive temperature differences. The gas stream is introduced in the gas chiller which is based on mechanical refrigeration. The second cold box is also installed as a stand heat exchanger. The turbo expander and lower temperature are utilized to extract the liquid from the core stream. The gas stream is expanded by the stated turbo exchanger; ultimately, a decrease in the temperature of the stream is observed. Joule Thomson states that cooling of the gas stream takes place after its sudden expansion. Having greater pressure, a stream containing pure vapor is extracted from the separator and introduced into the turbo expander where during expansion, pressure is reduced. The gradual processing of the gas stream results in a steady decrease of the higher hydrocarbons to produce refined LPG. The expander provides some parts of the energy to increase the pressure of the desired stream and compressor. Two process streams are obtained in the low temperature absorption process: the first outlet is vapor overhead, which is returned to the initial process. This stream contains light hydrocarbons (unwanted for LPG) as side products and named as sale gas. The feed for the LPG recovery zone is obtained from the bottom of the low-temperature absorber.
LPG Extraction
LPG extraction is the closing and conclusive section of the stated scheme. The ultimate amount of C3H8 and C4H10, named LPG, is recovered through this section. Distillation columns (de-butanizer and de-ethanizer) will take out the required hydrocarbons completely. DEC-2 (De-ethanizer) is regarded as the first distillation column. A liquid-phase stream is introduced into it, and energy is provided to heat the feed and extract ethane from the stated stream. A de-butanizer is installed after it, which separates C3H8 and C4H10 in the upper part of the column by applying external energy through a reboiler. The square-type short-dotted line region in Figure 2 indicates the LPG recovery section of the LPG production from the natural gas.
Modelling Strategy
The purpose of this research work is to obtain the maximum yield of LPG from natural gas with increased purity. In doing so, the target is to reduce the overall utilization of energy and capital cost. Therefore, a steady-state simulation model for the complete LPG recovery process is prepared by utilizing the commercially available modelling and simulation software Aspen HYSYS (Version 8.8). It is decentralized into different sections, and afterward, it is integrated into the main flow pattern. The result from the steady-state model is further utilized to measure the chemical, physical, and total energy of each auxiliary. A complete energy analysis of the discussed liquefied petroleum gas recovery plant was performed to find the specific points of efficiency losses. The method chosen for the stated process is the Peng–Robinson equation of state. The base-case steady-state model as developed in Aspen HYSYS for the LPG recovery process from natural gas is shown in Figure 2. The process is decentralized into four zones: the separation zone, dehydration zone, NGL extraction zone, and LPG recovery zone. The LPG recovery target is set at predefined parameters, and the values for some of the specifications are listed in Table 2. The process input parameters for each of the units in the different case studies are reported in Table S1 of supporting information.
TABLE 2 | LPG product specification.
[image: Table 2]RESULTS AND DISCUSSION
The conventional process needs to be modified for better efficiency and improvement. In this research work, a hybrid system is proposed for the cooling process to have an effective separation. Lower temperature absorption is responsible for processing via cold separation. A comprehensive model for LPG recovery from natural gas has been developed in Aspen HYSYS. The base-case model is tuned for steady-state simulation. By keeping all process parametric conditions the same as above, different alternatives have been proposed in the flowsheet of the LPG recovery plant. To investigate the equipment’s rearrangements, a comparison regarding the techno-commercial aspect has been conducted. This information is then utilized to decide about the best process for the efficient recovery of LPG.
Case Study 1
The cooling process is directly proportional to the recovery of LPG. By increasing the cooling of the natural gas, the conversion into the liquid form and the production of LPG will be increased. Similarly, as cooling of the gas is decreased, LPG recovery will decrease. To make the process cooler, only the orientation of the process stream is changed. In case study 1 (Figure 3), cold box 1 is the first and initial point from where the feed is passed before entering the three-phase separator. The process flow diagram and its model in Aspen HYSYS are indicated in Figure 3. Temperature of the feed is decreased, and separation is more perfect in the three-phase separator in comparison to the base case. The maximum liquid is extracted from the stream through a separation process, and due to its extraction from the stream, low contents are observed on the downstream gas equipment. The temperature of the feed stream is decreased from 140°F to 48°F which is a reasonable difference in temperature change, and ultimately, more drag force is applied to direct gas into the liquid side. Dehydration is effectively performed at the stated parametric conditions. At low temperature, the effectiveness of adsorption and absorption techniques is enough to extract the moisturizing contents easily containing a low load leading to better LPG recovery.
[image: Figure 3]FIGURE 3 | Process flow diagram and Aspen HYSYS model for case study 1.
Case Study 2
The theme of this case study is to change the chiller position from the LPG extraction section to separation section. As a result, the temperature of the feed stream lower than case study 1 is observed. It goes from 140°F from the base case to 17.7°F in case study 2 (Figure 4). Therefore, the major portion of water in the separation section and heavy hydrocarbons (condensate) are removed and directly sent to the LPG recovery unit without passing through the dehydration as well as NGL extraction sections favorable in terms of capital as well as operational cost. A decrease in the size of equipment and cost results are obtained with this arrangement.
[image: Figure 4]FIGURE 4 | Process flow diagram and Aspen HYSYS model for case study 2.
Case Study 3
As discussed in case study 2, the position of the process equipment is changed in case study 3 (Figure 5). The position of the chiller is moved from the NGL extraction zone to the dehydrating zone. Inlet gas entering in the dehydrating zone is chilled by the change in the position of the chiller; therefore, the size of the bed is lower than that to the base case and other case studies. While passing the stream through the dehydrating section, its temperature decreased to about −9.2°F from 140°F. The molecular sieve volume will also be decreased by decreasing the size of the bed. In the base case, a greater volume of the molecular sieve is available while in this stated case, a lower volume of the molecular sieve will be required. Because of the stated reason, activity of the amount of molecular sieve in the base case will be greater for a long time than that of the present case study.
[image: Figure 5]FIGURE 5 | Process flow diagram and Aspen HYSYS model for case study 3.
Capacity Analysis
Figure 6 depicts the production capacity of all the case studies. The amount of basic feedstock or specific entity processed by a unit, or a plant, is known as the capacity of the unit. By changing the position of the chiller in the flowsheet or rerouting the feed natural gas through cold box 1, it was observed that the recovery of LPG varies. Sizing of the plant equipment has a greater effect on the cost of the process. The size specification of the process units changes due to the change in the position of the chiller in case studies 2 and 3. The process units in different case studies of LPG recovery are given in Table 3. The process units, including molecular sieve beds of the dehydrator and low temperature absorber, are different for case study 2 and case study 3 in comparison to the base case and case study 1. Large-sized equipment will cost high because of the greater usage of the material in it along with the maximum installation space. So, to make the plant capital cost and operational cost on an economical level, the size of the equipment is adjusted to the minimum level with a high efficiency and output so that the capacity of the plant should not be disturbed. Due to the change in the position of the chiller in case studies 2 and 3, the production capacity of LPG is higher in case study 2 supported by the change in the size of the process units.
[image: Figure 6]FIGURE 6 | Production capacity of LPG and other by-products for the base case and other case studies.
TABLE 3 | Size specification of the process units of different case studies for LPG recovery.
[image: Table 3]Utility Analysis
In the base case and different case studies proposed in the present research work, natural gas feed is being cooled, either by rerouting it through cold box 1 or changing the position of the chiller in case studies 2 and 3. In the base case, cooling is applied only in the NGL extraction zone while cooling is effectively applied in separating and dehydrating sections of all other case studies. All other parameters are kept constant. Two case studies were investigated by changing the position of the chiller at dehydrating and separation sections. These alterations resulted in saving material costs. The ability to maintain efficient chilling requires the LTCS (Low-temperature carbon steel) section. However, its capital cost is higher than that of the ordinary carbon steel. Apropos to the minimum decreased temperature, i.e., about −20°F, the ordinary carbon steel for the chilling process of case studies 2 and 3 is preferred. This is the extreme limit for the usage of carbon steel after which LTCS is recommended. Hence, the duties of cold box units are decreased by altering the chiller position from the NGL extraction unit to dehydrating and separation sections. Past the chilling process, cooling is completed in the turbo expander and cold box units. Therefore, a change in cold utility requirement for different case studies has been observed. The cold utility requirements for different case studies including the base case are given in Figure 7.
[image: Figure 7]FIGURE 7 | Cold utility duties for coolers, chillers, cold boxes, and refrigerators for the base case and different case studies.
For the regeneration purposes of molecular sieve beds, heat energy is utilized in the dehydrating zone. This heat is utilized to dry the molecular sieve and extract moisture from the feed gas in an efficient way. The stated energy being utilized in the LPG recovery section is to vaporize the C2H8 in de-ethanizer to elevate the LPG purity. This energy is also utilized to separate C4 and C3 from higher hydrocarbon in the de-butanizer to make it purified. The heat utility duties are indicated in Figure 8 for the base case, and case studies are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Hot utility duties for the molecular sieve bed, de-ethanizer, and de-butanizer reboilers for the base case and different case studies.
Economic Analysis
The material of construction of the equipment, their hot and cold utilities, and their relative sizes are directly related to the total cost of the plant. There are two types of costs which are associated with the feasibility of a plant (i.e., from commissioning to operation). One is named as the capital cost, and the second one is named as the operational cost. There is no drift change in the operational cost for the base case and any alteration proposed in the base case for the present research work while a reasonable change in the capital cost is observed when comparing the capital cost of the base case with other case studies. The capital cost of different case studies is represented for comparison in Figure 9. It is observed that there is a small increase in the capital cost of about 2.5% in case study 1 in comparison to the base case due to the extra load of feed stream in cold box 1. However, there is a sharp decrease of nearly 18 and 22% in the capital cost for case studies 2 and 3, respectively, due to the lower size of absorption and adsorption units. The decrease in temperature to an acceptable minimum level for maximum recovery of LPG, refrigeration process, and chilling process will have a greater effect on the overall capital cost.
[image: Figure 9]FIGURE 9 | Capital cost comparison of studied cases with the base case for LPG recovery.
The detailed cost of each unit of the LPG recovery plant for the base case and three different case studies for comparison is presented in Figure 10. It is observed that case study 3 will have the least cost in comparison to the base case and case studies 1 and 2. It must be kept in mind that these cost numbers are estimates obtained through modelling and simulation. However, their trend will remain the same.
[image: Figure 10]FIGURE 10 | Detailed cost of each unit for the base case and three case studies.
CONCLUSION
This research work clearly focuses on the energy optimization and cost optimization for the recovery of LPG from natural gas by utilizing different process configurations of equipment and their positioning while keeping the process parametric conditions the same as in the base case. In case study 1, the natural gas is rerouted through cold box 1. In case study 2, the chiller position is in the separation section while it is in the dehydration section for case study 3. It is observed that case study 3 is the optimized configuration in the context of the process and economic parameters when compared with all the other case studies. In case study 3, gas cooling is accomplished just after the separation, and it is upstream of the dehydration section with optimized size specification of the molecular sieve dehydrator bed and low temperature absorber. Furthermore, the turbo expander and low temperature absorption configuration system produced greater recovery of liquefied petroleum gas, i.e., 1910 lb/hr of LPG was obtained out of 5 MMSCFD raw natural gas with a maximum purity of 99.9%. Therefore, the present research work will contribute toward the process improvement by a change in the process flowsheet and observing better utilities and economic values.
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