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Abstract

:

Liquified natural gas (LNG) is a clean primary energy source that is growing in popularity due to the distance between natural gas (NG)-producing countries and importing countries. The large amount of cold energy stored in LNG presents an opportunity for sustainable technologies to recover and utilize this energy. This can enhance the energy efficiency of LNG regasification terminals and the economic viability of the LNG supply chain. The energy stored in LNG in the form of low temperatures is referred to as cold energy. When LNG is regasified, or converted back into its gaseous form, this cold energy is released. This process involves heating the LNG, which causes it to vaporize and release its stored energy. The current state-of-the-art techniques for LNG cold energy utilization, including power generation, air separation, traditional desalination, and cryogenics carbon dioxide (CO2) capture are discussed in this review. While most of the current LNG cold energy utilization systems are presented, potential future applications are also discussed. The commercialization of sustainable technologies, such as improvement strategies for LNG cold energy utilization, is becoming increasingly important in the energy industry.
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1. Introduction


The increasing demand for energy in recent years has been driven by factors such as increasing population and economic growth. As the world population is expected to increase by 22% in 2040 and the gross domestic product (GDP) is predicted to increase by 75% over the next 30 years, it is likely that global energy consumption will continue to rise [1]. While it is forecasted that energy consumption will increase by 0.6–1.5% per year between 2015 and 2040, this growth rate will be slower than what was seen between 2000 and 2013 [2]. It is important to consider the impact of greenhouse gas emissions [3], which contribute to global warming [4] and climate change, in relation to energy demand. The burning of fossil fuels, the main source of energy globally, leads to the release of greenhouse gases such as carbon dioxide (CO2), carbon monoxide, nitrogen oxide, and sulfur dioxide. In the past two decades, emissions have grown at a rate of 1.2% per year, with CO2 emissions increasing by over 50% worldwide in the past 25 years, with the power generation sector being the main contributor [5].



As the demand for energy continues to rise, it is important to consider the environmental impact of different energy sources. While fossil fuels, such as coal and oil, have traditionally been the primary sources of energy, natural gas (NG) is becoming increasingly popular [6] due to its cleaner burning properties [7]. NG emits lower levels of harmful greenhouse gases [8], such as CO2 [9] and sulfur dioxide, compared to other fossil fuels, making it a more environmentally friendly option [10]. NG is a convenient energy source that is easy to transport due to its specific density. It is also a high-energy source, making it an efficient choice for many uses. NG is often considered a clean and efficient energy source due to its low carbon emissions when compared to other fossil fuels. According to data from major gas companies, NG is expected to continue growing in popularity, with a projected increase of 1.7–2.2% per year [11]. It is projected that by 2030, it will become the second primary energy resource [12].



The transportation of NG is a critical aspect of the supply chain, and two main methods are currently used: pipelines and liquified natural gas (LNG). Pipelines are the traditional option and are most effective for shorter distances, usually less than 1000 km. LNG is better suited for longer distances, typically more than 3500 km [13]. In addition to traditional methods of natural gas transportation, there are new methods, such as Gas to Liquid (GTL), Gas to Wire (GTW) [14], Gas to Tank (GTT or CNG), and Gas to Solid (GTS), being developed, but they are not yet practical due to the need for further research and technological advancements.



LNG is produced by cooling NG to cryogenic temperatures, resulting in a liquid form that is easier to transport and store than NG in its gaseous form. LNG is primarily composed of methane, with a heating value of around 21–24 MJ/L [15]. Its density ranges between 400 and 500 kg/m3 [16], resulting in a lower density than water, and its volume is significantly reduced when compared to NG in its gaseous form. The LNG supply process involves the extraction, liquefaction, transportation, and regasification of NG [17], with the traditional method involving pipelines and LNG carriers. More recently, the use of floating liquefied natural gas (FLNG) has emerged as a way to extract, transport, and import LNG from offshore reserves, offering convenience and efficiency compared to traditional methods [18]. The safety of LNG has also been extensively researched [19], with no recorded incidents of accidents or spills in the transportation of LNG. Overall, LNG has the potential to play a significant role in meeting the increasing global energy demand while mitigating greenhouse gas emissions.



In order to deliver LNG to consumers, it is first shipped from the production location to a receiving terminal, where it is unloaded from carriers and transferred to storage tanks. Figure 1 illustrates the essential process of an LNG receiving terminal. From the terminal, LNG is pumped through a pipeline to vaporizers, where it is heated and returned to a gaseous state. This process, known as regasification, is important for ensuring the safe and efficient delivery of LNG to consumers. The regasification process is used to convert LNG back into its gaseous state so it can be transported through pipelines and used as a source of energy. The process involves heating the LNG to a temperature above its boiling point, typically around −162 °C, using a variety of methods, such as ambient air, seawater, or waste heat. The heat is transferred to the LNG, causing it to vaporize and release its stored cold energy. It is carried out in specialized facilities known as LNG receiving terminals, which are equipped with specialized equipment such as LNG arms [13] and vaporizers [20]. The regasification process is also carefully monitored to ensure safety, with measures in place to handle any excess gas that may be produced during the process.



While LNG is a clean and efficient energy source, the cold energy produced during the regasification process is often released into the environment through vaporizers and warmed by external substances. Furthermore, releasing cold energy into the surrounding environment can be problematic because it may harm aquatic life and the wasted energy could have been used to power other systems or processes instead [21]. This wasted energy can contribute to inefficiencies [22] in the overall energy system and increase the environmental impact of the LNG supply chain. By capturing and making use of the cold energy, it is possible to enhance the energy efficiency of LNG regasification terminals and the economic viability of the LNG supply chain. Additionally, utilizing cold energy can help to reduce greenhouse gas emissions [23] and contribute to a more sustainable energy system [24]. There have been many studies that reported applying this cold energy from the LNG regasification process [21]. Based on the last review article on the application of cold energy from the LNG regasification process published in 2019 [21], it has been identified that there has been recent advancement in terms of utilizing cold energy. Recent research has focused on the cost and power generated for power generation (combining cycle), as well as the efficiency of air separation units, the feasibility of CO2 capture, and the advancements in desalination process technology. Recent work on adapting LNG cold energy on data cooling centers and the efficiency of cold energy storage were also reviewed. Therefore, the purpose of this review is to fill these knowledge gaps by providing a comprehensive analysis of recent developments in these areas. Hence, this paper reviews the potential of utilizing the cold energy released during the regasification process of LNG based on recent developments and advancement in the past 5 years in utilizing LNG’s cold energy, especially in industrial sectors [25].




2. Trends of Current LNG Cold Energy Utilization


The cold energy in LNG holds unique properties that make it useful in various applications, especially in the oil and gas industry [26]. Cold energy is a valuable resource that is produced during the regasification of LNG. The process of vaporizing LNG in vaporizers generates a large amount of cold energy, which can be used in a variety of applications, such as power generation, air separation, desalination, CO2 capture, data center cooling, and cold storage [21]. However, it is important to consider the distribution pressure of natural gas when utilizing LNG cold energy, as the required pressure values can vary depending on the intended use of the gas. Additionally, while the amount of LNG cold energy produced is generally higher in larger systems, it is more beneficial to consider LNG cold exergy when designing cold utilization systems due to the inclusion of destruction and loss terms in the exergy concept [27].



2.1. Power Generation


The trade of LNG has seen a rapid growth in the past two decades [28]; however, with global warming on the rise, there is an increased need for sustainable solutions. Environmental policies are also becoming stricter, making it imperative to find ways to reduce greenhouse gas emissions. LNG cryogenic technology presents a solution to this problem, as it allows for the capture and utilization of the cold energy stored in LNG. This can be achieved by using cold energy to vaporize a working fluid, such as R-141b, which then expands through a turbine to generate electricity. This process can significantly increase the efficiency of the power generation process and reduce the overall costs, making it a promising opportunity for sustainable and cost-effective power generation. This not only increases the energy efficiency of LNG regasification terminals but also the economic benefit of the LNG supply chain. It can also be used for power generation [29], further reducing the dependence on fossil fuels and contributing to the reduction in greenhouse gas emissions.



2.1.1. Rankine Cycle


The Rankine cycle is a thermodynamic cycle that converts heat into work and is commonly used in power generation systems [30]. In the Rankine cycle, water is used as the working fluid and is heated to produce steam, which is then expanded through a turbine to generate power. The steam is then cooled, usually using cooled water or an air source, and condensed back into liquid form. The liquid that has undergone condensation is then pumped back into the heater to complete the cycle. On the other hand, the organic Rankine cycle (ORC) is a variant of the Rankine cycle that replaces water with an organic working fluid [31]. A study by Hung et al. [32] showed that the ORC is preferred over the Rankine cycle for the recovery of low-temperature waste heat due to the benefits it offers, such as increased efficiency and better performance, among others. ORCs can use a wider range of working fluids [33], allowing for a higher degree of flexibility in terms of operating conditions and waste heat source characteristics. In addition, ORCs can operate at lower temperatures [34] and pressures, making them more suitable for use with low-grade waste heat sources. ORCs also have higher exergetic efficiencies [35] compared to Rankine cycles, which means that more of the available thermal energy can be converted into useful work. ORCs typically have smaller and simpler components [36] compared to Rankine cycles, making them more compact and easier to maintain. Overall, ORCs are considered to be a favorable option in comparison to Rankine Cycles for recovering low-temperature waste heat. This is due to their ability to use a broader range of working fluids, operate at lower temperatures and pressures, and also exhibit higher exergetic efficiencies. Additionally, ORCs are relatively simple in terms of componentry.



As seen in Figure 2, the working fluid in an ORC undergoes compression, evaporation, expansion, and condensation to generate power. The condensation process uses LNG as a heat sink. The earliest ORC implementation in a practical engineering project that used LNG cold energy was in Japan in 1979. The ORC employing propane as the working fluid was claimed to have a power output of 1450 kW in the LNG terminal owned by the Osaka Gas business [37]. The investigations on using LNG cold energy in an ORC were primarily concerned with the choice of working fluid and cycle configuration in order to maximize the cold energy utilization [38]. The recent trends of utilizing cold energy from LNG in ORC are reviewed and summarized in this section.



The utilization of cold energy from the LNG regasification process to generate electricity through the use of cryogenic ORC and trilateral flash cycle (TFC) systems can be observed in a study by Daniarta et al. [40] in 2020. The authors examined the potential of utilizing cold energy from LNG regasification to generate electricity through the use of a cryogenic ORC and trilateral flash cycle (TFC)[40]. The performance of the systems was evaluated considering thermodynamic efficiency, environmental impact, and safety concerns. The results show that propane is the optimal working fluid for a single-stage cryogenic ORC system. It was found that single cryogenic ORC systems perform better in terms of net output power and efficiency compared to single cryogenic TFC systems. The study estimated that a net power output of around 320 MW could be recovered from cold energy by installing single-step cryogenic ORC units using propane as the working fluid in 26 novel LNG terminals.



Liu et al. [41] presented a method for utilizing the cold energy present in LNG during the regasification process at receiving terminals. The researchers found that an ORC system, which converts low-temperature heat into electricity, is the most promising technique for recovering cold energy compared to other different kinds of power generation technologies. However, the significant temperature difference between the low-temperature waste heat source and LNG caused a one-stage ORC system to struggle in effectively utilizing the available waste heat and cold energy from LNG. The researchers suggested an ORC system that utilizes a cascaded design as a solution. This system was improved through the use of a simulation-based optimization approach and a particle swarm optimization method. The highest net power output per unit of the integrated system was found to be 0.096 kWh per kilogram of LNG. This study highlights the potential for utilizing the cold energy present in LNG to generate electricity in a more energy-efficient and environmentally friendly way.



The study by Choi et al. [42] presented an optimization approach to investigate the potential of using an ORC in combination with a regasification plant of LNG to recover the cold energy. The focus of the optimization was on finding the optimal distribution of resources, such as thermal energy and equipment size, when there were limitations in both LNG cryogenic energy and the total heat transfer capacity of heat exchangers. In this study, it was established that as the overall thermal conductivity for the system design was increased, the ORC would need to handle a greater heat load and the total thermal conductivity would need to be focused on the evaporator. Additionally, when there is enough thermal conductivity for the system design, the priority order of heat exchanger sizes should be the evaporator, condenser, and trim heater. This research emphasized the significance of utilizing resources effectively in order to optimize the ORC systems in LNG regasification facilities.



Joy et al. [43] aimed to determine the potential of a cascaded three-stage ORC system in utilizing the cold energy from LNG to generate power. The research found that while a three-stage system had the highest potential for power generation, a dual-stage system that only utilized the first stage resulted in a lower power generation of 8.6% compared to the three-stage system. However, it had the advantage of being simpler in design and operation, as well as reducing the heat exchanger surface area by 20%. The study used sea water as the heat source and the working fluids evaluated were ethene, ethane, and propane. The research found that the optimal distribution of surface area and heat transfer resulted in uneven temperature differences in the heat exchangers, which led to increased power output.



A recent study by Tian and coworkers [44] proposed the use of an ORC for power generation through the recovery of waste heat from natural gas combined cycles. The energy effectiveness of the power generation cycle that used R-141b as the working fluid was 12.49%. The study found that directing more of the heat source to the ORC cycle led to an increase in the total exergy efficiency of the system. The simulation results show that the proposed system can produce 892.4 MWh of electricity annually. Additionally, the study also evaluated the economic aspect and found that the proposed scheme has a total annualized cost of USD 1,559,491.11 and a return on investment of USD 598,833.11 per year. Besides the above-cited recent studies that used cold energy from LNG regasification for power generation based on ORCs, other newly published studies are summarized and tabulated in Table 1 based on their power output and working fluid.




2.1.2. Brayton Cycle


The Brayton cycle is a thermodynamic cycle used in gas turbine engines to convert thermal energy into mechanical work [51]. It involves a continuous process of compressing a working fluid, heating the compressed fluid, expanding the heated fluid through a turbine, and finally releasing the waste heat to the environment. One potential application of the Brayton cycle is the utilization of cold energy from LNG regasification to generate power [27]. As LNG is vaporized during the regasification process, the cold energy contained within the LNG can be harnessed to drive the Brayton cycle and generate electricity. By using LNG as a heat sink, the Brayton cycle can efficiently recover this cold energy and contribute to the overall efficiency of the LNG regasification process. There have been several studies investigating the potential of utilizing cold energy from LNG regasification in a Brayton cycle, with the aim of maximizing power generation and system efficiency while minimizing complexity and cost. However, most of the studies were found to combine Brayton cycle with other cycle types.



A study from Khadse et al. [52] in 2018 focuses on the use of supercritical CO2 (S-CO2) Brayton cycles for waste heat recovery (WHR) from a gas turbine. The researchers used a genetic algorithm (GA) to optimize the performance of recuperated (RC) and recuperated recompression (RRC) configurations of the S-CO2 Brayton cycle. The optimization aimed to maximize power output from the exhaust stream. The results show that the RRC configuration had a higher power output than the RC configuration for the chosen exhaust gas mass flow rate. The economic analysis also showed that the optimized RRC cycle had a lower cost compared to a steam Rankine bottoming cycle. Figure 3 shows the S-CO2 recompression Brayton cycle proposed in the study [52]. Overall, the study suggests that the choice of the best cycle for WHR depends on the mass flow rate of the exhaust gas, and that S-CO2 Brayton cycles may be a promising option for WHR due to their compactness, low capital cost, and ability to work with a wide range of heat source temperatures. Siddiqui et al. [53] reported on the use of S-CO2 Brayton cycles in a cascaded arrangement with a secondary cycle to recover heat from a variety of sources. The performance of different working fluids in the secondary cycle and the effect of pressure drop on the overall performance of the combined system were assessed. The results of the energy and exergy analysis were discussed in relation to the existing literature and simulation results for standalone S-CO2 Brayton cycles. The study concludes that the use of S-CO2 Brayton cycles in a cascaded arrangement with a secondary cycle can be an effective method for recovering heat from various sources and improving the efficiency of power generation.



Cha et al. examined the use of the CO2 cycle in power generation, specifically in relation to LNG cold energy recovery [54]. The study presented a new configuration, a gas turbine–CO2 combined cycle power plant (GT-CO2 CCPP) with a gas turbine inlet air cooling (TIAC) and heat recovery (HR) system when using LNG cold energy. The TIAC and HR system cools the gas turbine inlet air using condensate CO2 in order to improve power output and efficiency. The study performed a simulation of a 62 MW medium-size gas turbine, which is commonly used in LNG terminals. The results of the simulation were compared to a conventional GT-steam CCPP and a GT-CO2 CCPP without the TIAC and HR system. It was found that the proposed configuration increased power output by 14.9% and efficiency by 2.1% compared to the GT-CO2 CCPP without it. Additionally, it was found that it increased the power output and efficiency by 25.4% and 11.5%, respectively, in comparison to the conventional GT-steam CCPP. This effect was reported to increase with ambient temperature.



Taheri et al. proposed a new system for solar power generation that utilizes a solar power tower that works in conjunction with a molten salt cycle [55]. The system aims to increase energy efficiency by incorporating a closed S-CO2 Brayton cycle and an open-cycle LNG as a heat sink and uses a cascade organic Rankine cycle that can function at low temperatures. The LNG is then utilized as an input for a solid oxide fuel cell after cooling down the power generation systems and for power generation. The study also examines the economic and thermodynamic performance of the system, analyzes the destruction of exergy, and carries out parametric studies to determine how different factors influence the performance of the system. To optimize the system, a genetic algorithm is used, and two objectives are considered: total cost rate and exergy efficiency. The results of multi-objective optimization indicate that the optimized system has a total product cost rate of 115.3 USD/h and an exergy efficiency of 71%. Additionally, the study notes that the exergy analysis highlights that the molten salt heat exchangers and the LNG heat exchangers have the highest rates of irreversibility and must be given priority when it comes to optimization. The study by Chen et al. [56] proposed a novel method for utilizing LNG as a clean fuel source by using CO2 and N2 as working fluids in a parallel power generation system. To boost its efficiency, the system includes a solar heating component. Furthermore, it addresses the issue of the solar system’s discontinuous operation by incorporating two serial turbines with different inlet parameters. The results of the thermodynamic analysis and multi-objective optimization show that the proposed system is more efficient and has less exergy loss compared to other systems, such as the hybrid N2 and LNG system that can include or exclude a heat recovery component, the integrated CO2 and LNG system, and LNG direct expansion configuration. Additionally, it was found that the system is more effective than most ORC systems and has lower complexity. The best net power output generated by the system was 12.4816 MW, with an energy efficiency of 17.25% and exergy efficiency of 29.90%.



The study by Sun et al. in 2022 examined a system that combines cooling, heating, and power generation utilizing the cold energy from LNG and high-temperature flue gas waste heat [57]. The system was composed of a three-stage parallel Rankine cycle combined with a single-stage Rankine cycle and an S-CO2 Brayton cycle. The performance of the system was evaluated using a variety of methods, including the first and second laws of thermodynamics, a specific energy costing method, and an exergoenvironmental analysis method. The system was optimized using the nondominated sorting whale optimization algorithm and the technique for order preference by similarity to the ideal situation. The study’s findings reveal that, under initial conditions, the system’s thermal efficiency was 41.68%, its exergy efficiency was 48.50%, its total product unit cost was 112.293 USD/GJ, and its sustainability index was 1.75. Following optimization, the exergy efficiency rose by 2.4%, and the exergoeconomy dropped by 8.277 USD/GJ. Other similar works on using cold energy from LNG via integration with other systems with the Brayton cycle are as tabulated in Table 2.



The Brayton cycle is considered to be safer to operate and easier to configure compared to the ORC system. The higher power consumption of the compressor, however, results in a lower net power production from the Brayton cycle compared to the ORC. One way to improve the Brayton cycle’s thermal efficiency and lower energy loss during the heat transfer process using LNG is to use mixed gas as the working fluid [61].




2.1.3. Kalina Cycle


The Kalina cycle, which was first introduced in 1984 [62], is an alternative to the Rankine cycle for combined power generation using a multi-component working fluid. It is similar in structure to the Rankine cycle but features a two-phase heat addition process [63]. Using an ammonia–water solution as the working fluid, the Kalina cycle can effectively extract cold energy from LNG. Its higher exergetic efficiency compared to the Rankine cycle is attributed to its ability to vary the temperature of the working fluid during evaporation, which reduces irreversibility and improves overall efficiency.



A study in 2018, carried out by Ghaebi et. al, detailed the use of LNG cold energy in the Kalina cycle [64]. A cascade Kalina cycle (CKC) power plant was proposed as a promising methodology for recovering waste heat in power plants using geothermal energy as the heat source and LNG as the thermal heat sink. The proposed system consists of a high-pressure Kalina cycle (HPKC) as the topping cycle and a low-pressure Kalina cycle (LPKC) as the bottoming cycle. The proposed system was optimized using a genetic algorithm (GA) approach to maximize net power, thermal efficiency, exergy efficiency, and the total sum unit cost of the product in both single- and multi-objective optimizations. The results show that the optimal values for these performance measures are 9044 kW, 29.87%, 43.19%, and 127.8 USD/GJ, respectively. A parametric study was also conducted to explore the factors that influence the thermal and exergy efficiencies of the system. It was found that increasing the geothermal inlet temperature, ammonia concentrations, and expansion ratios of the turbines and decreasing the second heat exchanger temperature and vapor generator pinch point temperature difference can increase the thermal efficiency. On the other hand, increasing the geothermal inlet temperature, expansion ratios of the first and second turbines, ammonia concentrations of the HPKC, decreasing the temperature of the second heat exchanger, the expansion ratio of the third turbine, and vapor generator pinch point temperature difference can increase the exergy efficiency. The total sum unit cost of product can be reduced by implementing a combination of strategies, such as increasing the geothermal inlet temperature, second heat exchanger temperature, and ammonia concentrations of the HPKC and LPKC while simultaneously decreasing the vapor generator pinch point temperature difference and expansion ratios of the turbines.



Zhang et al. [65] proposed a new energy system that combines liquid air energy storage (LAES) with the Kalina cycle (KC) called the KC-LAES. The system utilizes surplus compression heat from the LAES process to drive a KC system, which generates additional electricity. The performance of the KC subsystem was evaluated, and it was found that the optimal working fluid concentration and operating pressure for the KC-LAES system are 85% and 12 MPa, respectively. The results also show that the introduction of the KC significantly improves the compression heat utilization ratio of the LAES, leading to an increase in the round-trip efficiency (RTE) of the KC-LAES system. With a liquefaction pressure value of 8 MPa and an expansion pressure value of 4 MPa, the RTE of the KC-LAES system is 57.18%, while that of the baseline LAES (B-LAES) system is 52.16%. Overall, this study shows that the KC-LAES system is a promising solution for power generation using surplus compression heat.



In 2020, a new concept for integrating municipal air conditioning, electricity, and gas supplies was proposed and analyzed by Eveloy et al. [66] for reducing the carbon intensity of these supplies. The proposed system makes use of low-grade renewable or surplus heat and waste exergy as its energy source from the vaporization of LNG for refrigeration and power generation in a Kalina cycle. The analysis revealed that the system was able to generate significant amounts of refrigeration and useful power, with an efficiency of 33% based on the first law of thermodynamics and 35% based on exergetic efficiency. The use of a cryogenic heat sink in the Kalina subsystem’s condenser was found to significantly increase the system’s useful electrical output. The implementation of the system could lead to significant yearly net power savings, NG savings, and CO2 emission reductions, with corresponding monetary savings and short payback periods. Fang et al. [67] then reported a combined cooling, heating, and power system that utilizes LNG cold energy and exhaust gas waste heat for energy recovery and utilization. The system consists of a three-stage ORC, a Kalina cycle, and LNG direct expansion. Through thermodynamic analysis, it was found that the system had a net output power of 1257.708 kW, a thermal efficiency of 43.43%, and an exergy efficiency of 70.4%. The effects of various parameters on the system performance were analyzed, and exergoeconomic analysis was used to calculate the total product unit cost of the system, which was found to be 51.1 USD/GJ. Single- and multi-objective optimizations of the system were also conducted, with the optimization results showing that the system had a maximum exergy efficiency of 80.49% and a minimum total product unit cost of 48.04 USD/GJ.



Ghorbani et al. [68] developed a two-stage ejector cooling system to produce continuous refrigeration at a temperature of 171 K. The system utilized propane and ethylene as working fluids in two separate ejector cycles, with the second cycle utilizing the refrigeration provided by the first cycle as a heat source. The Kalina power cycle was also utilized in the system to reduce the power consumption and increase the coefficient of performance of the refrigeration cycle. The system was powered by a simulated 48 MW grid-connected photovoltaic unit located in Chabahar, Iran, which had an annual performance ratio of 79.3% and produced an average of 80,224 MWh per year. Phase change material was also used to provide continuous cold duty to the end user. The exergetic evaluation of the system showed that the majority of exergy destruction occurred in the photovoltaic panels, followed by compressors, heat exchangers, and ejectors. The exergy efficiency of the total system was 28.97%. Sensitivity analysis revealed that increasing the operating pressure of the Kalina cycle to 1500 kPa resulted in a decrease in the power consumption of the system and an increase in the coefficient of performance of the refrigeration cycle.



Nabat et al. [69] recently presented a novel energy storage system that combines LAES with the Kalina cycle and a thermoelectric generator. This hybrid system aims to address the low efficiency of LAES and enhance the stability of renewable energy sources through peak shaving and peak shifting. It was found that the system had a round trip efficiency of 61.6% and a total storage energy density of 109.4 MJ/m3. Based on an economic study of the system in California, it was demonstrated that it would take 3.5 years for the system to pay for itself, with projected profits exceeding USD 26 million during its economic book life.



In conclusion, all three cycles—the ORC, the Brayton cycle, and the Kalina cycle—have the potential to effectively utilize cold energy for power generation. The ORC has the ability to recover low-grade waste heat and convert it into electrical power, with efficiencies ranging from 8 to 13%. The Brayton cycle, which is also known as the gas turbine cycle, is a widely used power generation technology that can utilize high-temperature heat sources such as fossil fuels or nuclear reactions. The Kalina cycle, which is a variant of the Brayton cycle, can utilize low-grade heat sources such as waste heat or solar energy, and has demonstrated efficiencies of 25–40% in waste heat recovery applications. All three cycles have their own advantages and limitations, and the most suitable cycle for a particular application will depend on the specific heat source and the desired level of efficiency.





2.2. Air Separation


A distillation column is used in the cryogenic air separation process to lower the temperature of the air to the cryogenic temperature (below −195 °C at atmospheric pressure) and then separates the air into its component gases, such as oxygen and nitrogen. Because the procedure takes place at such a subzero temperature, the refrigeration cycle requires a substantial amount of power in order to function properly. Therefore, the exploitation of LNG cold energy in the air separation process can decrease the amount of energy that is consumed while concurrently reconverting LNG to NG.



Figure 4 illustrates the air separation process that makes use of the cold energy provided by LNG. By taking the place of the traditional refrigeration cycle, LNG is now employed to bring the temperature of the air down.



A study by Kim and coworkers [70] looked into incorporating an air separation unit (ASU) with LNG vaporization at import terminals as a method for utilizing the cold energy from LNG. Two different options for integration were proposed by the researchers, and the performance was evaluated based on the energy and exergy analyses. The findings indicate that utilizing an LNG stream for precooling results in a decrease in specific power consumption and a higher exergy efficiency in comparison to the alternative, which utilizes a liquid nitrogen production cycle. This suggests that the integration of an ASU with LNG vaporization can be a useful way to utilize LNG cold energy and improve energy efficiency. In 2019, a study by Chen and colleagues proposed the use of a vapor recompression column (VRC) in an air ASU that utilizes the cryogenic energy of LNG [71]. The study compared the thermodynamic characteristics of three different types of cryogenic rectification columns for air separation using the first and second laws of thermodynamics. The outcome of the study revealed that the VRC (variable reflux column) was the most appropriate column for the ASU when utilizing LNG cold energy, as it had the lowest energy demand for shaft work and the lowest energy consumption during the separation process. Furthermore, it was found that by utilizing cryogenic energy from the product to cool the reflux and feed air, the efficiency can be increased. The proposed process had the potential to produce liquid oxygen and had a lower power consumption of 6.9% and 11.1% in comparison to earlier studies [72] when producing both vapor and liquid product. The use of LNG cryogenic energy also resulted in an improvement in the minimum energy of separation.



A study by Wu et al. [73] proposed a new method for producing high-purity oxygen through a cryogenic air separation process that utilizes the cold energy released during LNG regasification. The proposed system employed strategies such as utilizing waste N2 fully, cascading heat transfer, and multi-column air distillation to reduce power consumption. The results of the thermodynamic analysis show that the specific power consumption of liquid oxygen and liquid nitrogen are 0.252 kWh/kg and 0.258 kWh/kg, respectively, and the overall exergy efficiency and LNG cold exergy utilization efficiency are 0.7165 and 0.5318, respectively. The study also includes an analysis of the sensitivity of the system to changes in the outlet temperature of sub-coolers and the number of stages in the low-pressure column in order to assess their impact on the total power consumption and equipment investment. Overall, the proposed process has the potential to be cost-effective for producing high-purity oxygen in the industrial field. Han et al. [74] proposed various design options and evaluated them to combine LNG regasification and air separation, as a way to harness the low-grade cold energy of LNG and decrease power consumption. Four external circulation designs were compared, using energy and exergy thermodynamic models, to traditional and existing systems using the Linde cycle with LNG precooling. The results show that these proposed schemes were able to greatly decrease the energy consumption per unit of liquid product, with the most efficient design consuming 0.189 kW·h·kg−1. According to the study, the external circulation scheme utilizing high-pressure LNG and low-pressure circulating nitrogen was found to be the most efficient option. It had the smallest demand for LNG, the least exergy loss, and the highest exergy efficiency of 0.869, as well as the best utilization rate of LNG cold energy.



He et al. [75] proposed an air separation unit with energy storage and air recovery (ASU-ESAR) that was designed to fully recycle the high-purity air produced during energy release from LAES technology, as well as energy in the form of low temperature and high pressure. The ASU-ESAR was expected to improve the energy conservation efficiency and economic benefits of air separation processes, and potentially reduce the peak-valley ratio of China’s power grid and CO2 emissions by 13% and 12.53–27.71 Mt per year, respectively. The payback period for an LAES system with a power capacity of 70.70–74.38 MWh/day is estimated to be 2.2–2.9 years.



In 2022, Hamayun et al. [76] proposed a new process for the production of high-purity nitrogen by harnessing the cold energy from LNG regasification. Results show that the integrated process between ASU and cold energy from LNG regasification was more efficient in terms of power consumption and exergy destruction compared to the standalone process. An advanced exergy analysis also revealed that 44.3% of the total exergy destruction in the process was preventable, and 91.7% of this destruction was of endogenous nature, suggesting that improving the efficiency of individual pieces of equipment should be the top priority for process improvement. This study highlights the potential for integrating LNG regasification with air separation as a way to recover cold energy and improve the efficiency of nitrogen production.



Other recent studies that consider cold energy from LNG regasification for air separation process are tabulated in Table 3.




2.3. Desalination of Seawater


Desalination is a process that involves the removal of mineral components found in seawater through the use of a significant amount of energy [83]. Because both the desalination facility and the regasification terminal of LNG are situated near the shore, it is possible to make use of the LNG cold energy during the desalination process, which in turn will lower the amount of energy that is required [84]. The desalination process can be achieved through two common methods, reverse osmosis (RO) [85] and multi-stage flash distillation (MSF) [86], each with their own advantages and disadvantages. In addition to these two methods, there is a third technique known as freeze desalination (FD) [87], which involves the creation of ice crystals that are resistant to the effects of salt. This method is used to remove minerals from saltwater. Because the latent heat of ice formation (335 kJ/kg) is approximately seven times lower than the heat of vaporization (2260 kJ/kg), FD is more effective in terms of the utilization of energy when compared to the thermal desalination processes [88].



Figure 5 presents the FD process, which makes use of the cold energy provided by LNG based on work carried out by [89]. As shown in Figure 5, LNG cold energy can be used to precool saltwater and provide a low-temperature working environment for the freeze tower.



Using LNG as a source of cold energy, Ong et al. [90] assessed the technical and economic feasibility of a direct-contact type of seawater freezing desalination (SFD) process, in which cold energy from the regasification of LNG is used to generate freshwater ice from seawater. The researchers carried out process analysis, integration, and optimization using detailed material and energy balance models. They also looked at the influence of various operating variables on the efficiency of the process, such as inlet temperatures and flow rates. The study found that the optimized process was able to produce 1.64 kg/s of freshwater using 7.83 kg/s of seawater, while consuming 1.66 kW of electric power. The researchers also examined the effect of electricity and water prices on the cost and income of the process in different regions. Overall, the results suggest that the SFD process using LNG regasification cold energy as a technically and economically feasible option for seawater desalination. Ghorbani et al. [91] presented a report on an integrated system that generates electricity and fresh water simultaneously by utilizing a multi-stage thermal water desalination system and an ORC. The system utilizes parabolic trough solar collectors and the regasification of LNG to provide input heat and condenser cooling for the ORC, respectively. The system, which was simulated based on climatic data from Tehran and Iran, can produce 3628 kgmol/h of fresh water and 459.9 MW of electricity, with an ORC efficiency of 12.47% and a gain output ratio of 2.918 for the multi-effect desalination system. An exergy analysis revealed that the total exergy efficiency of the system is 87.11%, with heat exchangers and collectors contributing the largest shares of exergy destruction at 50.23% and 38.18%, respectively.



Lee et al. [92] proposed a dual-expander organic Rankine cycle hydrate-based desalination (ORC-HBD) process as a hybrid desalination system that uses LNG cold energy to generate electricity and pure water. The process consists of two expanders and a reverse osmosis system and can be optimized for use with various liquid-phase and gas-phase hydrate formers, including propane, R125A, R141B, and cyclopentane. The process was found to be highly energy and exergy efficient, with a negative product cost and profit of up to 3.095 USD/ton of pure water when using free external heat. Based on the research conducted, it holds significant potential as a solution for addressing water shortages and energy crises. Recently, Salakhi et al. [93] examined the feasibility of using the cold energy from LNG to desalinate seawater through FD. By directly utilizing the cold energy of LNG in an appropriate temperature range, the process eliminates the need for a secondary refrigerant and its refrigeration cycle. The optimization aimed to find the optimal conditions for maximizing ice production while minimizing the salt content in the resulting ice. The results indicate that as the LNG inlet temperature decreased from −10 to −60 °C, the ice mass production increased from 60.9 to 977.6 g, but also decreased the quality by 90%. Increasing the Reynolds number of LNG from 4000 to 32,000 also increased the ice production by 492 g, but also increased the ice salinity from 1.22 to 1.56%. It was also found that potable water could be produced through three-stage desalination with Reynolds numbers below 16,000. These findings suggest that the use of LNG cold energy has the potential to be a sustainable solution for desalination. Several other similar works on integrating seawater desalination with cold energy from LNG regasification are as tabulated in Table 4.



It is clear from the studies reviewed that the use of cold energy from LNG in desalination processes has the potential to be a sustainable and cost-effective solution to the increasing demand for fresh water. By utilizing the cold energy from LNG in processes such as FD, it is possible to produce high-purity water with low energy consumption. However, further research is needed to optimize and commercialize these technologies in order to make them a viable option for large-scale desalination.




2.4. CO2 Capture Using Cryogenic Process


Liquification is the first step in the cryogenic CO2 capture process, which is a method for extracting CO2 from exhaust gas [99]. The standard cryogenic CO2 capture method calls for an external refrigeration cycle to be used in order to chill and liquefy CO2, which necessitates a large power consumption [100]. Using NG or LNG as a fuel source for power plants, by merging the regasification process of LNG with cryogenic CO2 capture, could lead to substantial energy savings while simultaneously reducing the plant’s carbon footprint [101]. Figure 6 depicts a cryogenic method for the extraction of CO2 that also makes use of the cold energy that LNG provides. In order to obtain liquid CO2, LNG is used to cool the flue gas that is emitted from the boiler to a temperature that is lower than the temperature at which CO2 will condense in the condenser. The regasified NG is then introduced as combustion fuel into the boiler at this point.



A cryogenic CO2 capture system for small-scale power generation systems was proposed by Kanbur et al. in 2018 [102]. The system captures liquid CO2 during the regasification process of LNG and produces byproducts such as condensed water and a mixture of nitrogen and oxygen. The proposed system was simulated for microturbines with capacities of 30, 65, and 200 kW. The results of thermodynamic, environmental, and enviroeconomic evaluations show that the system is feasible for the 30 and 65 kW models, with low power decrement rates of 1.81% and 3.15%, respectively. The 200 kW model was found to be infeasible due to higher power decrement rates. The proposed system was also evaluated in a case study for Singapore, showing annual money savings through the capture of liquid CO2 and production of water. Later in 2019, Wang et al. [103] proposed a system for utilizing the cryogenic exergy of LNG in a cascade nested ORC. The system captures CO2 from flue gas while also producing power and utilizing LNG as a heat sink. The performance of the system was evaluated based on exergy efficiency, cold energy utilization efficiency, power generation, and CO2 capture. The research found that the utilization of an appropriate mixed working fluid and the inclusion of a regenerator can greatly improve the system’s performance, but also discovered that increasing the LNG regasification pressure leads to higher exergy efficiency and cold energy utilization efficiency, but also a decrease in CO2 capture quantity and power generation.



Ghorbani et al. [104] developed a novel approach for simultaneous power generation, cooling, and production of fresh water using solar energy and heat loss. The approach involves the use of a hybrid system consisting of an ORC, a refrigeration cycle using a mixture of ammonia and water to produce LNG and liquid CO2, a CO2 capture process, and a multiple-effect distillation desalination system. The system has the capacity to produce 14.5 tons/h of LNG, 1.693 tons/h of desalinated water, and 2.611 tons/h of liquid CO2. The exergy analysis showed that the overall exergy efficiency of the process was 88.97%, with the highest exergy destruction occurring in the towers and the lowest in valves and drums. The economic analysis of the hybrid system determined that the investment would be recouped within 6 years and the cost of the product would be 24.2 cents/kg LNG. A sensitivity analysis was also conducted to identify the key parameters that impact the performance of the developed hybrid system.



Kim et al. [105] recently presented a new method for capturing and storing CO2 using the cold energy from LNG in a NG combined cycle (NGCC) power plant. The proposed process is a cryogenic solid-phase method that uses LNG cold energy to reduce the energy-intensive thermal treatment of the monoethanolamine-based absorption process and the power consumption needed to compress CO2 to 150 bar. The process also requires minimal equipment installation in the NGCC power plant by integrating the LNG cold energy utilization and CO2 capture processes. The proposed method reduces the efficiency penalty of the NGCC power plant from 14.34% to 3.51% and has a 99.93% CO2 capture rate. The study offers a potential solution for reducing the efficiency penalty of cryogenic CO2 capture and storage (CCS) processes and overcoming the challenges of conventional methods. Several other similar works on integrating CO2 capture with cold energy from LNG regasification are as tabulated in Table 5.



In summary, using LNG cold energy for CO2 capture has the potential to effectively reduce the energy consumption and efficiency penalty associated with traditional CO2 capture processes. By integrating LNG cold energy utilization and CO2 capture processes, the equipment installation requirements for CO2 capture can be minimized. The cryogenic solid-phase CCS process using LNG cold energy has been shown to be effective in reducing the efficiency penalty in NG combined cycle power plants, with a 99.93% CO2 capture rate and a reduction in the efficiency penalty from 14.34% to 3.51%. This approach can provide a promising solution for mitigating CO2 emissions while also utilizing a readily available energy source.





3. Exploring the Potential and Future Applications of LNG Cold Energy in Various Sectors


While there are currently various available solutions for LNG cold energy consumption, there are also several potential and future application targets, such as data center cooling and cold energy storage. With the expansion of the LNG industry, further emerging novel uses of LNG cold energy have recently been proposed and are reviewed in this section.



3.1. Data Center Cooling


One requirement for many commercial/residential structures and industrial processes is air conditioning. This can be one of the main sources of energy use in buildings, particularly in tropical nations [112], where there is a strong demand for cooling. One of the largest power consumers in the construction industry is the data center [113], which necessitates the effective removal of heat produced by the chips and other hardware while also requiring a substantial amount of power to operate the cooling system. Due to the global digital economy’s rapid growth, more and more data centers are being developed today [114]. Alternative methods of cooling the data center that do not consume a lot of power could greatly decrease energy consumption and greenhouse gas emissions. One of the options is to create a cooling medium for data center cooling using LNG cold energy as the source.



A comparison between conventional and LNG-based cooling systems for data centers is shown in Figure 7. A study by Sermsuk et al. [115] discovered that cold energy from LNG could potentially reduce operating costs and carbon emissions in data centers. The use of LNG cold energy as a source of cooling can lead to cost savings of over USD 9.87 million per year and a reduction in CO2 emissions by 34,772 t per year. This is because LNG cold energy can be used to produce cold water at 7 °C, which can then be used to replace the conventional cooling systems in data centers. The adoption of LNG cold energy as a cooling source in data centers has a short payback period and a high return on investment for both the LNG receiving terminal and digital companies. Another recent study by Sermsuk et al. in 2022 [116] found that combining a Rankine cycle with a direct expansion cycle at an LNG receiving terminal can produce a sufficient supply of cold water for a data center with a capacity of 5345 racks, resulting in cost savings of over USD 23.87 million per year and a reduction in CO2 emissions by 83,859 t per year. The exergy efficiency of this approach was also found to be 78.94%, with a payback period of 1.60 years and an internal rate of return (IRR) of 62%. As global data center power demands are expected to increase from 286 TWh in 2016 to around 321 TWh in 2030, the use of LNG cold energy in data centers could be a promising solution to meet this demand while minimizing environmental impacts [117].



It can be seen that utilizing cold energy from LNG as a source for cooling data centers has the capacity to drastically decrease operating costs, energy consumption, and greenhouse gas emissions. However, the distance issues in using LNG cold energy for data center cooling may introduce a problem which can be overcome by establishing the data center near an LNG terminal, allowing for direct access to the cold energy source without the need for long-distance transport.




3.2. Storage of Cold Energy


Another aspect of utilizing LNG cold energy is storing the cold energy for later use. The cold energy of LNG cannot be stored since LNG regasification is a continuous process [118], and hence must be transferred into an appropriate form of storage. It would be ideal to convert LNG cold energy into other types of cold energy that can be kept frozen for a long time. When the energy demand rises quickly, the energy storage system can release chilled energy by producing electricity or chilling directly. For instance, a study in 2018 by Zhang et al. [119] demonstrated that a hybrid LAES system that utilizes LNG cold energy could enhance the efficiency of LAES systems. The system combines the LAES system with an ORC system, which allows for the utilization of the cold energy of liquid air and excess compression heat to generate additional electricity during the discharging process. A mathematical model was developed to analyze the performance of the proposed system and the influence of key parameters, and it was found that the proposed system has a simplified cold energy storage system and higher electricity storage efficiency and density compared to standalone LAES systems. This makes the proposed system a promising solution for LNG terminals due to its stability and ease of implementation. Park et al. [120] presented a new design for a power management system that combines LAES and LNG regasification to enhance flexibility in addressing power demand, improve energy efficiency, and increase capacity. The put-forth concept uses LNG cold energy in two different ways during high and low electricity demand times. LNG is recovered and stored using liquid propane during high demand, while during low demand times, both LNG and liquid propane cold energy are used to increase flexibility and enhance the process. The proposed system, which combines LAES and LNG regasification, showed promising results in terms of energy efficiency and capacity, with an electrical round-trip efficiency of 187.4% and an exergy efficiency of 75.1%. Its high energy capacity of 12.14 MW makes it suitable for large power management systems and highlights the potential for utilizing LNG cold energy in combination with other technologies for efficient energy storage and management.



Recently, Wu et al. [121] put forward a combined system for power generation and energy storage to address the fluctuation in LNG supply and power demand. The system consists of a standalone power generation subsystem and LAES subsystem, which utilizes the surplus cold energy of LNG for storing energy during low-demand periods and releases it as power supplement during peak times. The system was simulated using a Gaussian distribution model to account for uncertainties in power supply and demand. The results show that the energy storage subsystem had a network output of 138 kW per unit mass flow of LNG, with an improvement of at least 29%. The system was able to store a maximum of 148 MW/day and was able to meet power shortages under certain boundary conditions. The combined system had a net present value of USD 326.7 million and a dynamic payback period of 3.6 years.



Based on the studies reviewed, it is clear that utilizing cold energy storage, specifically through the use of LNG, can be an effective method for improving the efficiency and performance of various systems. This can be achieved through various means, such as integrating LNG cold energy with other energy storage systems, such as LAES, or utilizing it to power generation systems. These approaches can result in significant energy savings, improved exergy efficiency, and cost benefits. However, it is important to carefully consider the specific application and design of the system in order to maximize the benefits of utilizing LNG cold energy.





4. Conclusions


In conclusion, the utilization of LNG cold energy offers a promising opportunity to increase energy efficiency and reduce costs while also contributing to a cleaner and more sustainable future. The various applications of LNG cold energy, such as for power generation, air separation, CO2 capture, and desalination, have their own unique benefits and potential for further development. Power generation is one of the most promising utilizations of LNG cold energy as it offers a significant increase in the overall efficiency of the system while also reducing greenhouse gas emissions and dependency on fossil fuels. Similarly, air separation units can also benefit from the utilization of LNG cold energy as it allows for the recovery of high-purity air that would otherwise be lost. LNG cold energy application for desalination process offers a sustainable solution for water scarcity via the production of fresh water from seawater. The cryogenic properties of LNG make it particularly suitable for this application. While all the above applications have a promising future, it is important to note that the choice of which application to use should be based on the specific needs and capabilities of the industry or facility in question. Therefore, it is recommended that further research be conducted to optimize and improve the efficiency of each application, as well as to explore potential new applications for the utilization of LNG cold energy.



In addition, LNG cold energy utilization in industries and facilities is recommended as it can help to reduce costs, increase energy efficiency, and contribute to a cleaner and more sustainable future. As the research progresses, the trend in utilizing cold energy from LNG regasification process can be seen getting diverse and more traditional method may be replaced by exploiting this cold energy instead. Furthermore, with the increasing demand for clean energy and stricter environmental policies, the utilization of LNG cold energy will likely become increasingly important in the future. It is important to have a deep understanding of the technical aspects of LNG cold energy utilization, including the regasification process, in order to make informed decisions and achieve maximum efficiency.
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Figure 1. Overall LNG processing from refinery to end user. 
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Figure 2. Exploiting LNG cold energy in the Rankine cycle for power generation [39]. 
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Figure 3. S-CO2 recompression Brayton cycle [52]. 
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Figure 4. Air separation with LNG cold energy utilization [39]. 
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Figure 5. Diagram of FD process utilizing LNG cold energy [21]. 
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Figure 6. Cryogenic CO2 capture using LNG cold energy [21]. 
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Figure 7. Cooling system for data centers: (a) conventional cooling system and (b) cooling system based on LNG cold energy utilization [115]. 
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Table 1. Other works utilizing LNG cold energy for ORC power generation.






Table 1. Other works utilizing LNG cold energy for ORC power generation.





	Power Generated (MW)
	Working Fluid
	References





	3.773
	R290, R170, and R1150
	[45]



	31.67
	R290
	[46]



	2.456
	R290, R170, and R1150
	[47]



	0.470
	R290 and R1270
	[48]



	N/A
	Binary mixture (R1270 and C2H6)
	[49]



	9.24
	R290
	[50]
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Table 2. Other works utilizing LNG cold energy for Brayton cycle in power generation.
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	System
	References





	Hydrogen liquefaction with dual-pressure Brayton cycle
	[58]



	Compressor inlet cooling of closed Brayton cycle (CBC)
	[59]



	Hydrogen liquefaction process using reverse Brayton cycle with steam methane reforming
	[60]
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Table 3. Other works on standalone and integrated ASU systems.
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	System
	Working Fluid
	References





	ASU
	Neon, argon, oxygen, and nitrogen
	[77]



	LNG powered ship with ASU
	Nitrogen and oxygen
	[78]



	ASU
	Nitrogen and oxygen
	[79]



	ASU and hydrocarbon recovery
	Nitrogen, oxygen, and argon.
	[80]



	ASU with power cycle
	Oxygen
	[81]



	ASU
	Oxygen
	[82]
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Table 4. Other works on desalination system using cold energy from LNG regasification.
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	System
	References





	FD plant integrated with combined gas power cycle plant
	[94]



	FD plant integrated with floating storage regasification unit (FSRU)
	[95]



	Desalination unit integrated with compressed air energy storage (CAES)
	[96]



	Integration of Kalina cycle, Stirling engine, desalination unit, and magnetic refrigeration system
	[97]



	Desalination and power generation
	[98]
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Table 5. Other works on CO2 capture system using cold energy from LNG regasification.
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	System
	References





	ASU integrated with CO2 capture
	[106]



	Solar dish collectors with CO2 capture
	[107]



	Power generation with CO2 capture
	[108]



	CO2 capture and storage
	[109]



	Power generation with CO2 capture
	[110]



	Allam cycle power plant with CO2 capture
	[111]
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