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Liquefied natural gas (LNG) has become an important part in the energy industry on account of its high energy density, low carbon emission, and convenient transportation. In recent years, with the discovery of unconventional natural gas resources, the situation of the world’s natural gas liquefaction plants using conventional natural gas as feedstock is changing. Unlike traditional LNG plants, unconventional natural gas liquefaction processes require special considerations in design and manufacturing. This review summarizes and analyzes the characteristics and differences of several typical unconventional natural gas liquefaction processes compared to traditional natural gas liquefaction processes, including coalbed methane liquefaction, synthetic natural gas liquefaction, LNG-FPSO, and PLNG (pressurized liquefied natural gas). Moreover, a state-of-the-art review of the recent progress on design and optimization of unconventional natural gas liquefaction processes is presented.
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INTRODUCTION
Natural gas is a kind of high quality and clean fossil energy. It will play an important role in a long historical period before the human society reaches the stage where renewable energy is the main form of energy. Currently, natural gas accounts for about 23% of the world’s energy structure, which is a key to unlocking access to secure, clean, and modern energy. It can immediately reduce emissions and improve the quality of clean air by replacing coal, oil, and conventional biomass. According to the forecasts of BP, the International Energy Agency (IEA), and other agencies, natural gas consumption will surpass oil consumption to become the world’s second largest energy around 2035. In order to achieve high-density storage and long-distance transport, natural gas is usually liquefied into a cryogenic liquid called liquefied natural gas (LNG) near gas reservoirs in a large based-load plant, thereby reducing its volume by a factor of 600. Nowadays, as an important means of natural gas development and utilization, LNG has already become an important part of the energy industry.
From 2007 to 2017, world natural gas consumption increased from 2.96 × 1012 m3 to 3.67 × 1012 m3, with an average annual growth rate of 2.2%. At the same time, the international trade volume of LNG increased from 2.26 × 1011 m3 to 3.93 × 1011 m3, with an average annual growth rate of 5.7%, much higher than the growth rate of world GDP. In 2020, global LNG trade increased to 356.1 MT, a small increase by 1.4 MT versus 2019, but another year of consecutive growth in LNG trade despite COVID-19-related impacts on the supply and demand sides (IGU. 2021 World LNG Report, 2021).
After decades of development and application, liquefied natural gas technology has formed a variety of liquefaction processes. Also, further effort still continues for the purpose of improving the processes in efficiency, capacity, and reliability. Natural gas liquefaction is a kind of typical energy-intensive process. Many researchers have been devoted to the design of novel liquefaction processes and the optimization of existing liquefaction processes to minimize energy consumption (He and Ju, 2014a; He et al., 2018). In terms of refrigeration cycles, there are mainly three conventional LNG processes: cascade liquefaction process, mixed refrigerant liquefaction process, and liquefaction process with the expander. Natural gas is composed of different kinds of hydrocarbons and secondary gases. In the process of liquefaction, its specific heat varies significantly over temperature, depending on the pressure and composition. Unconventional gas sources are often quite different in composition from conventional gas. For example, coal-bed methane and shale gas are both poor gases with high methane content. As a result, unconventional natural gas liquefaction processes often need to be improved upon basic processes, which can also be a composite process using different combinations of parts of processes.
The mixed refrigerant (MR) liquefaction process is widely utilized in LNG plants. One dominant process (widely called C3-MR or propane-precooled mixed-refrigerant process) has been considered the reasonable choice for large-scale liquefaction. The variable temperature evaporation characteristics of the mixed refrigerant can match the distributed load in the cooling process of natural gas well, which has great reference significance for the design and optimization of unconventional natural gas liquefaction processes. The optimization of the mixed refrigerant composition is a multi-variable, nonlinear, and strong coupling issue, which can reach high exergy efficiency by making the heat exchange curves match rationally. Cao et al. (2016) carried out robustness analysis of the mixed refrigerant composition employed in the single mixed refrigerant (SMR) LNG process. The results showed that the robustness of the mixed refrigerant composition was very strong because the exergy efficiency was maintained at about 0.40, even though the ratio of the mixed refrigerant was restrained. Xu et al. (2013) and Xu et al. (2014) investigated the performance diagnosis mechanism for the single mixed refrigerant (SMR) process. A control strategy was then proposed to control the changes in the working refrigerant composition under different working conditions. By adjusting the flow rates, it is easy to decouple the control variables and automate the system. Finally, this approach was validated by process simulation and shown to be highly adaptive and exergy efficient in response to changing working conditions. He and Ju (2014b), He and Ju (2014c), He and Ju (2015), He and Ju (2016), and He et al. (2019) presented various natural gas liquefaction processes for small-scale LNG plants in skid-mount packages. Optimization analysis was carried out on the basis of the mixed refrigerant process and parallel nitrogen expansion process, along with dynamic simulation. In addition to the MR processes, the nitrogen expansion system is a commonly utilized process in the small-scale LNG plant. Yuan et al. (2014) presented a novel small-scale liquefaction process adopting single nitrogen expansion with carbon dioxide pre-cooling. The process can achieve a liquefaction rate of 0.77 with a unit energy consumption of 9.90 kW/kmol/h.
Several review articles (Khan et al., 2017; He et al., 2018; Zhang et al., 2020; Yin and Ju, 2022) on LNG technology have been published in recent years. Zhang et al. (2020) presented a quantitative technical and economic review of the status of LNG processes for onshore large-scale, onshore small-scale, and offshore applications based on industrial practices in optimization results in academic literature works and technical reports. Khan et al. (2017) provided a retrospective review of natural gas liquefaction technologies and optimization methodologies. He et al. (2018) summarized natural gas liquefaction progresses on the design and optimization in recent years for onshore and offshore LNG devices. Yin and Ju, (2022) presented an overview of recent progresses on the design and optimization of BOG re-liquefaction processes, which are classified into indirect re-liquefaction processes and direct re-liquefaction processes. In recent years, many researchers have paid attention to the study of the unconventional natural gas liquefaction process. This article reviews the liquefaction process of unconventional natural gas sources, including coalbed methane liquefaction, synthetic natural gas liquefaction, LNG-FPSO, and PLNG (pressurized liquefied natural gas). Otherwise, the characteristics and differences of unconventional natural gas liquefaction processes compared to traditional natural gas liquefaction processes are summarized and analyzed.
COALBED METHANE LIQUEFACTION
Coalbed methane (CBM) is a primary type of unconventional natural gas adsorbed in coal seams. Its amount around the world is estimated to be 26 × 1012 m3 (Flores, 1998). Different from conventional natural gas, CBM usually has a low concentration of methane and contains a high proportion of nitrogen, which cannot be removed by purification procedures applied in conventional LNG processes. As a result, for the liquefaction of coalbed methane with low-methane concentration, the key is the extraction process. At present, the main extraction methods are cryogenic distillation and pressure swing adsorption (PSA).
Cryogenic distillation separation technology uses boiling point difference to separate methane and nitrogen/oxygen. This is the most efficient technology to achieve the separation of methane from oxygen and nitrogen from the perspective of thermodynamics. PSA technology has the advantages of low-energy consumption, flexible and convenient operation, and continuous operation at room temperature. At present, the separation effect is the main factor restricting the practical application of PSA.
The safety of oxygen is also an important problem in the process of low-methane concentration coalbed methane liquefaction. No matter the extraction is carried out by cryogenic distillation or PSA, the safety problems faced by methane, oxygen, and nitrogen separation could not be fundamentally avoided because the concentration in local space could not be controlled. Some researchers believe that oxygen in CBM must be removed safely at the beginning of the process (such as combustion deoxygenation) and not in subsequent adsorption, liquefaction, or distillation processes to ensure the safety of actual industrial plants. To this end, they focused on methane concentration and liquefaction of deoxygenated coalbed methane (CH4/N2 mixture). The liquefaction system performance and the heat transfer characteristics differ from those of conventional natural gas liquefaction processes and depend on the nitrogen content.
Gao et al. (2010), Gao et al. (2011a), Gao et al. (2011b), and Lin et al. (2018a) established, optimized, and evaluated liquefaction processes for the nitrogen/methane mixture with the nitrogen mole fraction ranging between 0 and 70%. Two separation technology schemes, adsorption–liquefaction and distillation–liquefaction, were considered in the processes, and the effects of different nitrogen content on the separation–liquefaction processes were investigated. Considering that the presence of a large amount of nitrogen may affect the solubility of CO2 in LNG, Gao et al. (2012) and Shen et al. (2012) conducted experimental tests and theoretical calculations on the cryogenic solubility of CO2 in the CH4–N2 mixture, and the results are of practical value for considering the CO2 removal index in high-nitrogen-content natural gas liquefaction engineering. Li et al. (2010) and Li et al. (2011) proposed a liquefaction process designed for the specified oxygen-bearing CBM and analyzed the flammability limits for the liquefaction process. In the process, oxygen and nitrogen are nearly removed completely, achieving a high-purity liquefied natural gas product with a high methane recovery rate. The applicability and safety of the liquefaction process were also analyzed. Du et al. (2011) explored the heat transfer characteristics of supercritical cooling in the process of coalbed methane liquefaction.
SYNTHETIC NATURAL GAS LIQUEFACTION
In the industrial production process, mixed gas products or by-products with methane–hydrogen as the main active ingredient are often obtained, such as synthetic natural gas (SNG), coke oven gas (COG), and synthetic ammonia tail gas. The separation and liquefaction of the mixture into LNG is convenient for storage and transportation and can improve economic benefits. However, the presence of hydrogen has a significant effect on SNG and COG liquefaction processes.
Lin et al. (2017) proposed a separation method combining rectification and flash distillation to separate hydrogen from SNG to produce LNG. Under the same operating parameters, the liquefaction rate of this method is higher than that of distillation–separation alone, and the unit energy consumption is 7%–10% lower than that of other conventional processes. The influence of hydrogen content on the liquefied process of COG is also discussed in the article (Lin et al., 2014). An improved nitrogen expansion refrigeration cycle is proposed and optimized to produce LNG from COG. With the increase of hydrogen content in COG and the improvement of methane recovery, the energy consumption increases. The unit energy consumption of the distillation process is about 10% lower than that of the non-distillation process.
Gu et al. (2019) developed a coal-based coproduction process of liquefied natural gas and methanol (CTLNG-M), and key units are simulated. The simulation results show that the CTLNG-M process can obtain a carbon utilization efficiency of 39.6%, bringing about a reduction of CO2 emission by 130,000 tons/a compared to the CTSNG process. However, the energy consumption of the new process increased by 9.3% after detailed analysis of energy consumption.
Xu et al. (2018), Xu and Lin (2021a), and Xu and Lin (2021b) constructed and optimized cryogenic processes to produce LNG and liquid hydrogen at the same time from COG. Methane and hydrogen were separated through the distillation column, and the different refrigeration cycles were simulated to provide the cooling capacity for the cooling and liquefaction process before and after the rectification. Thus, high-purity LNG and liquid hydrogen were obtained. The recoveries of LNG and hydrogen are both greater than 97%.
LNG-FPSO
The sea is rich in oil and gas resources. However, for the natural gas resources in the deep sea, the cost of LNG production is too high, whether it is delivered by submarine pipelines or the construction of large permanent offshore platforms. A more practical solution is to produce LNG on floating platforms such as FPSO. The small and shaky space presents many special challenges to the production of FLNG: 1) rocking caused by waves and wind must be considered in the design of process equipment. On the one hand, the strength and fatigue resistance required depends on the severity of the shaking. On the other hand, process equipment with two-phase flow may be affected by the swaying of the hull, resulting in performance degradation. 2) Compared with onshore installations, the narrow space on board also presents difficulties in the equipment design and layout. 3) It is difficult to strictly separate the fuel storage area from the personnel activity area. Therefore, the storage of fuel on board should be reduced as much as possible. Proper process selection can reduce the space required for storing combustible materials. 4) More corrosion-resistant materials are required for offshore installations.
From the perspective of the liquefaction process, the C3MR process, which performs well in onshore installations, was ruled out first because it requires large quantities of propane storage, which is highly hazardous. The nitrogen expansion process, which is rarely considered in large- or medium-scale onshore plants due to its low energy efficiency, is considered to be a reasonable choice for FLNG installations with a capacity of less than 1.5 Mt/a because of the inherent safety of nitrogen refrigerant. The AP-N process is the nitrogen expansion process for FLNG developed by APCI, which has two pressure levels and three expander temperatures. In addition, if the hydrofluorocarbon (HFC)-class refrigerant is used for pre-cooling, it evolves into the AP-HN process, which can increase the suitable capacity of the nitrogen expansion process to 2.0 Mt/a. For large-scale FLNG units above 3 Mt/a, DMR is the best choice. For small-scale FLNG devices, SMR is a better choice if high efficiency and few devices are preferred. In terms of safety, the nitrogen expansion cycle shows the best performance.
Zhao et al. (2012) and Zhao et al. (2013) carried out an experimental and numerical investigation of the hydrodynamic interaction and the response of a single point turret-moored floating liquefied natural gas (FLNG) system, which is a new type of a floating LNG (liquid natural gas) platform that consists of a ship-type FPSO hull equipped with LNG storage tanks and liquefaction plants. Chen et al. (2015) developed liquefaction technology and a key device of FLNG topside for the South China Sea with an appropriate capacity of 2 million ton/year. It contains the new process of twin columns and two circulations of amine solution, the improved DMR liquefaction process, particularly for FLNG, uses the aviation derivative gas turbine to drive the refrigerant compressor and power generation. The self-developed FLNG aluminum coil-wound heat exchanger (CWHE) is used as the pre-cooling and cryogenic main heat exchanger.
Yan and Gu, (2010) and Gu and Ju, (2011) studied the effect of parameters on the performance of the LNG-FPSO offloading system in offshore-associated gas fields. The offloading system for LNG transportation from LNG-FPSO to LNG carriers is one of the most important parts in LNG-FPSO. The results showed that there was an economic mass flow rate for the practical design on the balance of the cost in pump head and BOG. The height difference of the pipeline must be considered for the increase of required pump head and harms from pressure changes. The effects of LNG-tank sloshing on the FLNG system and on shell-side pressure drop and offshore adaptability of the LNG-FPSO spiral-wound heat exchanger have also been investigated by researchers (Hu et al., 2017; Sun et al., 2019a; Sun et al., 2019b).
PRESSURIZED LIQUEFIED NATURAL GAS
Pressurized liquefied natural gas (PLNG) is a liquefied natural gas stored at a higher pressure (1 MPa–2 MPa). The liquefaction temperature is about −100°C to −120°C. The higher liquefaction temperature not only reduces the energy consumption of the liquefaction process but also greatly increases the solubility of CO2 in LNG (the solubility of CO2 in LNG is less than 100 ppm under atmospheric pressure but can increase to 3%–6% under PLNG conditions). The increase of CO2 solubility makes it possible to remove pretreatment equipment, which occupies a large area in the LNG process, making it possible to implement LNG on offshore platforms with very limited sites. Xiong et al. (2015), Xiong et al. (2016) and Lin et al. (2018b), Lin et al. (2018c) studied the optimization of PLNG processes and proposed a novel PLNG process combining CO2 condensation–separation, which made the PLNG process completely break through the limitation of CO2 content and realized zero CO2 emission in the LNG process.
CONCLUSION
With the exploitation and application of unconventional natural gas sources, research on unconventional natural gas liquefaction will be an important development direction in the future. Several potential developments in the unconventional natural gas liquefaction process design and optimization in the future may include:
1) Research on heavy hydrocarbon separation technology suitable for lean gas; study on safety characteristics of oxygen-containing coalbed methane; safe and efficient removal of oxygen from coalbed methane; efficient separation of methane/nitrogen (adsorption, distillation); efficient separation of methane/hydrogen; research and development of unconventional natural gas liquefaction processes to realize the overall energy optimization of separation and liquefaction processes.
2) Offshore natural gas liquefaction mainly needs to face problems such as narrow site and platform shaking, and its development direction includes: safe and compact process design suitable under offshore shaking conditions; study on the influence of sloshing conditions on the performance of the liquefaction unit; research and development of key equipment of the liquefaction unit suitable for sloshing conditions; study on transportation characteristics of LNG in sloshing hose.
3) Development directions of basic research related to natural gas liquefaction include: gas–liquid equilibrium, solubility, condensation heat transfer characteristics, and supercritical fluid cooling heat transfer characteristics of different components of natural gas; study on the gas–liquid equilibrium and condensing and evaporating heat transfer characteristics of different refrigerant mixtures.
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