







	[image: images]
	Fluid Dynamics & Materials Processing
	[image: images]






DOI: 10.32604/fdmp.2022.018227

ARTICLE

A Critical Analysis of Natural Gas Liquefaction Technology

Xiao Wu1,*, Zhaoting Wang1, Mei Dong2, Longfei Dong1 and Quan Ge1

1Shengli College China University of Petroleum, Dongying, 257061, China
2Qingdao Nuocheng Chemical Safety Technology Co., Ltd., Qingdao, 266101, China
*Corresponding Author: Xiao Wu. Email: slxywuxiao@163.com
Received: 08 July 2021; Accepted: 06 August 2021


Abstract: Liquefied natural gas (LNG) is an important energy source and occupies an important proportion in natural gas consumption, therefore, the selection of appropriate liquefaction processes and related optimization should be seen as subjects of great importance. Accordingly, in the present review, we provide a comparative and critical analysis of the current status of natural gas liquefaction technology through examination of the advantages and disadvantages associated with three natural gas liquefaction processes (namely, the cascade liquefaction cycle, the expander-based cycle and the mixed refrigerant cycle). It is shown that the energy consumption related to the cascade refrigeration cycle is the lowest. Compared with it, the mixed refrigerant cycle has the advantages of being a simpler process, with less units, low investment cost and low requirements in terms of refrigerant purity. The expander-based cycle can be started and stopped quickly and simply, but the power consumption is relatively high.
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	Nomenclature


	A:
	Auto consumption



	HF:
	Gross calorific value of feed gas after pretreatment



	HL:
	Gross calorific value of produced LNG



	HN:
	Gross calorific value of by-products



	P:
	Output of LNG



	WS:
	Specific power



	WTOT:
	Gas horse power



	Abbreviation




	3S:
	Supersonic separator



	DMR:
	Double mixed refrigerant



	LNG:
	Liquefied natural gas



	MRC:
	Mixed-refrigerant cycle



	NGL:
	Natural gas liquid




1  Introduction

With the increase of the environment concerns all over the world, the role of natural gas in the future is becoming increasingly important. As show in Fig. 1, the prediction of future demand and supply of natural gas suggests that world needs for importing natural gas in the future [1,2]. Liquefied Natural Gas (LNG), which is mainly composed of methane, is recognized as the cleanest fossil energy on earth. LNG is colorless, tasteless, non-toxic and non-corrosive. And its volume is merely about 1/625 of the volume of gaseous natural gas and the mass is only about 45% of that of the water at the same volume [3]. The environmental protection advanced countries in the world are promoting the application of LNG. In addition to being used as fuel for power plants, factories and household users, the methane contained in LNG can be used as chemical raw materials for the manufacture of fertilizers, methanol solvents and acetic acid synthesis. Besides, the ethane and propane contained in LNG can be cleaved to produce ethylene and propylene, which is an important raw material for plastic products.
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Figure 1: The prediction of different energy growth in the future by British Petroleum [1]

In recent years, with the rapid development of LNG industry in the world, the technology and equipment of liquefaction are also constantly developing and improving. Therefore, the study of liquefaction process of natural gas and equipment is of great significance to improve the efficiency of liquefaction plant and further promote its popularization and application. The technology of natural gas liquefaction comprises of pretreatment, gas-liquid separation, NGL (natural gas liquid) recovery, cryogenic process and heat exchange equipment [4,5], the schematic of the typical LNG plant is shown in Fig. 2. The essence of natural gas liquefaction is that natural gas in the heat exchanger can get enough cooling capacity, decreasing its temperature to 112 K under normal pressure, hence the liquefaction process is the core content of natural gas liquefaction. In order to reduce the investment and operation cost of natural gas liquefaction plant and improve the production capacity of LNG, an appropriate liquefaction process should be adopted. According to the different refrigeration methods, the process of natural gas liquefaction can be divided into cascade liquefaction cycle [6], expander-based cycle [7] and mixed refrigerant cycle [8].
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Figure 2: The schematic of the typical LNG plant [4]

2  Cascade Liquefaction Cycle

The working principle of cascading liquefaction process is that a separate refrigeration cycle composed of pure refrigerant is used to provide cooling capacity for natural gas at different temperature stages [9]. The flow chart of cascade liquefaction cycle is shown in Fig. 3.
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Figure 3: The cascade liquefaction flow chart

As can be seen from Fig. 3, in the tertiary refrigeration cycle, the tertiary heat transfer is adopted in each refrigeration cycle to gradually precool the refrigerants of other refrigeration cycles and gradually cool the feed natural gas. For instance, the primary propane refrigeration cycle can cool natural gas, ethylene and methane to about −35°C. The secondary ethylene refrigeration cycle can cool natural gas and methane to −85°C. The tertiary methane refrigeration cycle can cool natural gas to −160°C [10]. In the natural gas liquefaction process, natural gas is heat exchanged step by step in nine LNG heat exchangers respectively, thereby making the natural temperature-enthalpy curve closer to the temperature-enthalpy curve of refrigerant. Finally, the pressure of natural gas is reduced to the normal pressure state through throttling effect [11].

In the actual production, the compression stages should be carefully selected for the liquefaction process because it has a great influence on equipment investment and energy consumption. More stages used will increase the number of compressors and other equipment, which makes the initial investment increase. Yet the operation cost is decreased with the reduction of energy consumption, which is suitable for factories with large production scales; More stages used will make the equipment investment low and energy consumption more, which is suitable for small-scale factories [12].

The advantages of the cascade liquefaction cycle are: (1) The energy consumption is low and the refrigerant consumed by the production of unit LNG can be minimized with a reasonably-designed cascade process; (2) All refrigerants are pure components; (3) The technology is mature and the operation is stable. The disadvantages are: (1) The process is more complicated because there are more equipments; (2) There are more circulating pipes in the process, which increases the difficulty of control and maintenance.

3  Expander-Based Cycle

The expander-based cycle means that the temperature drop is generated to provide cooling capacity through the adiabatic expansion of high-pressure refrigerant or feed gas in the expander [13]. The two major characteristics of the process are: (1) The turbo expander can provide cooling capacity and meanwhile output shaft power, which can provide power to the compressor equipment in the process; (2) When a certain pressure difference between the feed natural gas and commercial gas is satisfied, there is no need to input external energy into the liquefaction process.

3.1 Natural Gas Expansion Liquefaction Process

Fig. 4 presents the schematic diagram of the natural gas expansion-based liquefaction process [14]. In this process, the natural gas transported from the gas pipeline network is used as feed gas and simultaneously used for refrigeration. The high-pressure natural gas undergoes adiabatic expansion in the expander to induce a temperature drop, which is used to cool another part of the natural gas. As presented in Fig. 4, it is called an open cycle because low-pressure natural gas is transported to the urban gas distribution network as commercial gas. If the low-pressure natural gas is pressurized to the pressure of the pipe network and re-enters the liquefaction process, it is called a closed cycle.
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Figure 4: The expansion liquefaction process

The advantages of this process are: (1) The pressure of the feed gas can be used as the power to provide cooling capacity, reducing the power consumption of the cycle; (2) No pretreatment is required because the part of the feed gas is used as a refrigerant. The disadvantages are: (1) Due to the limitation of natural gas pressure, the temperature obtained in the expansion is not low enough, resulting in lower LNG production and more flash steam in the storage tank; (2) In order to obtain a cooling capacity of lower temperature, the pressure difference before and after the expander needs to be increased, hence a compressor needs to be installed to increase the pressure of the natural gas, which increases the power consumption; (3) The composition and pressure fluctuations of the feed natural gas have a great impact on the working performance of the expander, thus the operating flexibility and safety of the system are poor.

3.2 Nitrogen Expansion Liquefaction Process

Fig. 5 presents the nitrogen expansion liquefaction process [15]. The nitrogen extracted from the feed gas is used as the refrigerant in this process. And the natural gas liquefaction process and the nitrogen refrigeration cycle are independent of each other.

In the nitrogen refrigeration cycle, after the high-pressure nitrogen is pre-cooled by the heat exchanger 2, it is cooled by two expanders respectively and used as the refrigerant of the heat exchangers 2, 4, and 5. The nitrogen separated from the nitrogen-methane separation tower 8 is mixed with the reverse flow refrigerant in the heat exchanger 5 to provide the refrigerant raw material in the refrigerant cycle. In the natural gas liquefaction process, the feed gas experiences pretreatment, pre-cooling, heavy hydrocarbon separation, liquefaction, nitrogen separation, and sub-cooling to obtain LNG products.

Compared with the mixed refrigerant liquefaction process, the advantages of the nitrogen expansion liquefaction process are: (1) The process is simple and the cost is low; (2) The start-up is fast and the operation flexibility is high and flexible; (3) Due to the non-flammability of nitrogen, the safety is high. The disadvantage is that the power consumption of compressor is high [16].
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Figure 5: The nitrogen expansion liquefaction process

3.3 Nitrogen-Methane Expansion Liquefaction Process

Fig. 6 shows the schematic diagram of a typical nitrogen-methane expansion liquefaction process. The difference is that a mixture of nitrogen and methane is adopted as refrigerant, which makes the temperature-enthalpy curve of the refrigerant not a horizontal line. And the temperature difference between the hot and cold composite curves in the heat exchanger is reduced, which can decrease the power consumption by 10%–20% [17].
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Figure 6: The nitrogen-methane expansion liquefaction process (1-Pretreatment device; 2, 4 and 5-Heat exchanger; 3-Gas-liquid separator; 6-Turbo-expander; 7-Brake compression; 8 and 9-Water cooler; 10-Circulating compressor; 11-Storage tank; 12-Preheater; 13-Compressor)

4  Mixed-Refrigerant Cycle

The characteristics of the mixed-refrigerant cycle (MRC) is that a multi-element mixture composed of C1 (methane) to C5 (pentane) hydrocarbons and nitrogen is adopted as the refrigerant. And the refrigeration method is throttling refrigeration [18,19].

The major feature of MRC is that the boiling point of each component in the refrigerant is different, hence it can be condensed and evaporated step by step in different heat exchangers to provide cooling capacity at different temperature stages, which cools the natural gas to liquefy. Even in the same heat exchanger, as the composition of the refrigerant constantly changes while providing cooling capacity, its cooling temperature accordingly changes constantly, making the cold-heat composite curve in the heat exchanger closer and reducing the exergy loss in the heat exchange process. In the cascade refrigeration cycle, the evaporation temperature of the refrigerant composed of pure components remains unchanged in the heat exchanger or is reduced due to the pressure drop. MRC can be viewed as a cascade refrigeration cycle with infinite stages and has become the most dynamic liquefaction process since the 1970s because it combines the advantages of cascade refrigeration cycles and overcomes the disadvantages of more refrigeration cycles.

Compared to the cascade liquefaction cycle, the advantages of MRC are: (1) The number of compressors and other equipment is reduced with the fewer refrigeration cycles, which can save the equipment investment by 15%–20%; (2) The management is convenient. The disadvantages of MRC are: (1) The energy consumption of MRC process will increase by 10%–20% because the energy consumption of single-stage compression is higher than that of multi-stage compression. (2) The ratio of mixed refrigerants has a large energy consumption for the process, yet it is difficult to obtain the optimal ratio. (3) It is necessary to perform accurate phase equilibrium calculations for each node in the process when thermodynamic analysis of the process is performed and the calculation is more difficult.

4.1 Mixed-Refrigerant Cycle without Pre-Cooling

According to whether the natural gas liquefaction process and the mixed refrigerant cycle are independent, the mixed-refrigerant cycle without pre-cooling can be divided into closed MRC process and open MRC process [20].

4.1.1 Closed MRC Process

The closed MRC process refers to the process in which the natural gas liquefaction loop and the mixed refrigerant refrigeration cycle form an independent system respectively [21]. Fig. 7 presents the schematic diagram of the process.
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Figure 7: The closed mixed-refrigerant cycle

In the refrigeration cycle, the gaseous mixed refrigerant is pressurized by the compressor to about 0.4 MPa. After being cooled by the water, air or cold cycle, the heavy components in the refrigerant will condense out and then experience gas-liquid separation. In the subsequent process, the liquid phase enters the heat exchanger for sub-cooling and it is mixed with the reverse flow refrigerant to become the refrigerant of the heat exchanger of this stage after the throttling temperature drops. The gas phase becomes the gas-liquid two phase for separation after receiving the cooling energy to provide refrigerant for subsequent heat exchangers.

In the liquefaction loop of natural gas, the natural gas is pre-cooled, condensed and sub-cooled through three LNG heat exchangers, finally reducing to storage pressure after the throttle valve 4. Generally, the liquefaction rate of natural gas cannot reach 100%, hence LNG needs to pass through the third separator for gas-liquid separation. The liquid phase is stored as a LNG product in a cryogenic and normal-pressure storage tank. And the gas phase can be used as commercial gas or fuel gas after the cooling capacity is recovered.

4.1.2 Open MRC Process

Fig. 8 shows the diagram of the open MRC process. As can be presented, the natural gas simultaneously plays the two roles of refrigerant and feed gas, which is similar to the closed cycle in nitrogen expansion refrigeration. There is no need to consider the ratio of the refrigerant because the ratio of the mixed refrigerant is the same as that of the feed gas [22,23].
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Figure 8: The open mixed-refrigerant cycle

The feed natural gas and low-pressure natural gas used as a refrigerant are simultaneously compressed by the compressor and enter the two-phase separator after cooling. Part of the heavy hydrocarbon is separated. The gas phase is transformed into a gas-liquid two-phase again after receiving the cooling capacity and then the two-phase separation is carried out to provide the refrigerant for the subsequent process. In the whole process, the low-pressure liquid phase is used as the refrigerant and the gas phase is gradually cooled, finally becoming LNG.

4.2 Mixed-Refrigerant Cycle with Pre-Cooling

The MRC with pre-cooling fully absorbs the advantages of the cascade cycle and reduces the total power consumption by adding the pre-cooling link. Both APCI and Shell of the United States can adjust the amount of liquid refrigerant by controlling the temperature of the mixed refrigerant after pre-cooling, which greatly increases operation flexibility and boosts cooling efficiency [24–26].

4.2.1 Propane Mixed-Refrigerant Cycle (C3/MRC)

The refrigerant used in the pre-cooling cycle of the C3/MRC is propane and the final pre-cooling temperature can reach about −35°C, which shortens the temperature range of the mixed refrigerant cycle, as shown in Fig. 9. Therefore, the power consumption of the C3/MRC is lower than that of the MRC. Because the C3/MRC combines the advantages of MRC and cascade refrigeration cycle, it is currently the most dynamic liquefaction process in the world. Both the APCI and Shell of the United States have their own patents in this process [27,28].
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Figure 9: The propane mixed-refrigerant cycle

In the propane pre-cooling cycle, triple-stage heat exchange is employed to reduce power consumption. Because the propane is a pure refrigerant, its evaporation temperature remains unchanged when the pressure drop of the heat exchanger is not considered. Thus, the more heat exchangers are used, the more heat transfer losses and power consumption are decreased. The cooling capacity provided by each refrigerator is controlled by the amount of liquid propane. And the liquid propane is all vaporized in the refrigerator to provide maximum cooling capacity.

The difference is that the refrigeration temperature range of the C3/MRC is from −35°C to −160°C, hence the mixed-refrigerant only needs four components, thereby reducing the molecular weight of the refrigerant and enhancing the efficiency of the compressor.

4.2.2 Double Mixed Refrigerant (DMR)

Fig. 10 presents the schematic diagram of the DMR cycle. The DMR cycle is an improvement of the C3/MRC. The natural gas and the mixed refrigerant can be cooled to about −60°C to −80°C after the refrigerant of pre-cooling cycle is changed to a mixture [29]. In the DMR cycle, as the composition of the cold and hot streams in the pre-cooling heat exchanger is similar, the temperature-enthalpy curves of the cold and hot composite curves are closer, thereby reducing energy loss.
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Figure 10: The double mixed-refrigerant cycle

4.3 New Technology of Natural Gas Liquefaction and Pre-Cooling

The supersonic separator (3S technology) technology is an emerging natural gas liquefaction technology in recent years. In comparison to traditional technology of natural gas liquefaction, it has the advantages of compact and lighter structure, convenient operation, supporting unmanned operation (suitable for subsea natural gas processing), little dependence on hydrate inhibitors and low costs of investment and operating [30]. The basic principle of natural gas liquefaction or pre-cooling through the Laval nozzle is to use the expansion and refrigeration effect of the nozzle to achieve the temperature of natural gas liquefaction, or to achieve the purpose of decreasing the temperature of natural gas [31].

At present, this technology has been successfully applied in the field of natural gas dehydration and heavy hydrocarbon removal [32]. In recent years, relevant scholars have proposed to apply this technology to the field of natural gas liquefaction [33]. The supersonic liquefaction process is simple, less equipment, easy to maintain, and no additional energy is needed [34,35].

5  Analysis and Comparison of Natural Gas Liquefaction Cycle

Specific power (WS) is a key index to measure the thermodynamic efficiency of liquefaction process, which is defined as:


Ws=WtotP
(1)

The composition of feed gas, the type and design of liquefaction equipment, the selection of refrigerant and refrigeration cycle, the temperature of cooling medium, the approach temperature of cold and hot medium in heat exchanger, and the compressor efficiency will affect the specific power.

Auto consumption (A) is another index to measure the efficiency of liquefaction process, which is defined as:


A=(1−HL−HNHF)×100%
(2)

Table 1 presents the comparison of energy consumption among three common liquefaction cycles and their improved processes under the production of unit LNG. The specific power consumption of classical cascade liquefaction cycle is minimum (0.33 kwh/kg), which is set as the comparison value 1 [36–38]. The specific power consumption of the expander-based cycle is the largest because the expansion working fluid is a low-density gas, which produces a very low temperature drop. In order to make natural gas decrease to the required temperature, it is necessary to increase the refrigerant flow rate and the pressure ratio of compressor, thereby making it the largest energy consumption in all cycles. The specific power consumption of the MRC or the expander-based cycler decreases with the increase of the stages, which is the result of reducing the pressure ratio of compressor.
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Table 2 shows the comparison of characteristics of DMR, C3/MRC and cascade liquefaction cycle provided by Shell. As can be presented, the cascade liquefaction cycle has the advantage in the design and construction cycle and has the disadvantage in terms of liquefaction cost of unit LNG, equipment investment cost, thermal efficiency and adaptability. The DMR is similar to the C3/MRC in terms of liquefaction cost of per unit LNG and is superior to the C3/MRC in the rest of performances. It can be seen that the cascade liquefaction cycle is gradually being eliminated. And the C3/MRC and the DMR are widely used in large-scale LNG plants due to their low operation cost and high efficiency. In the next step, each liquefaction cycle can be further optimized in combination with optimization algorithms. the objective functions considered include total energy consumption, specific energy consumption, capital costs, operation costs, etc. [39–41].
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6  Summary

In this paper, based on the research status of natural gas liquefaction refrigeration cycle, the advantages and defects of three widely-used natural gas liquefaction refrigeration cycle, including the cascade liquefaction cycle, expander-based cycle and mixed-refrigerant cycle, are emphasized. And the optimization of the process is achieved through comparative analysis.

The cascade liquefaction cycle has the advantage in the design and construction cycle and has the disadvantage in terms of unit LNG liquefaction cost, equipment investment cost, thermal efficiency and adaptability. The DMR is similar to the C3/MRC process in terms of unit liquefaction cost and is superior to the C3/MRC process in the rest of performances. The cascade liquefaction cycle is gradually being eliminated and the C3/MRC and the DMR are widely used in large-scale LNG plants due to their low operation cost and high efficiency.

As for the large-scale LNG plants built in tropical regions, it is reasonable to adopt the C3/MRC. And MRC can be used for other cases. The nitrogen expansion liquefaction with pre-cooling cycle is not the most economical option for large-scale plants built on land. Yet it is more suitable for small-scale natural gas plant in remote areas and offshore processing plant due to its simple process, small number of equipment, easy access to refrigerants and replenishment.

In the next step of the study, in order to achieve the purpose of improving the liquefaction equipment and further promoting its popularization and application, each liquefaction cycle can be further optimized in combination with optimization algorithms.
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Table 1: Comparison of energy consumption in liquefaction process

Type of cycle Energy consumption compared
with cascade liquefaction cycle

Cascade liguefaction cycle 1.00

Single-stage MRC 1.25

Multi-stage MRC 1.05

C3/MRC 1.15

Single-stage expander-based cycle 2.00
DMR 1.70
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Table 2: Characteristics of C3/MRC, cascade and DMR liquefaction cycle

Compared content C3/MRC Cascade cycle DMR
Design and construction cycle Long Short Short
Liquefaction cost of per unit Low High Low
Equipment investment cost Medium High Low
Thermal efficiency High Low High
Adaptability to gas source and environmental conditions Medium Poor Good
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