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Securing energy means grasping the key link in the national development and security strategy. Under the goals of carbon peak and carbon neutrality, the overall tendency of energy development is to increase the proportion of natural gas while stabilizing oil consumption, and the global primary energy is entering the era of natural gas. Gas hydrate in deep seabed shallow strata and extremely cold permafrost regions has piqued the interest of researchers due to its abundant resources, widespread distribution, and high energy density. Although the drilling of hydrate wells is still fraught with unknowns and challenges due to the technological barriers between countries, complex on-site working conditions, and unique physical chemical properties, accumulation forms, and occurrence characteristics of gas hydrate, more than ten successful trial productions around the world have opened the door of hope for the development of this potentially new energy. The gas hydrate reservoir drilling technique is the frontier and hotspot of scientific and technological innovation and competitiveness around the globe today, reflecting the level of oil and gas technical advancement. At the national level, it possesses strategic and revolutionary features. Innovative drilling techniques, scientific well location layout, appropriate wellbore structure and well trajectory design, efficient drilling fluid, qualified drilling and completion equipment, and successful pressure-temperature preserved coring may all provide a strong guarantee for the successful completion of gas hydrate wells. This review comprehensively reviews the drilling techniques and engineering measures that can be used to develop gas hydrate. It focuses on the research advancement of important hydrate drilling technologies and the enlightening significance of these developments in the application of hydrate drilling. This work will deliver valuable experience as well as comprehensive scientific information for gas hydrate exploration and drilling.
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INTRODUCTION
The primary issue of energy development has always been how energy-consuming countries efficiently secure national energy security as well as national economic and social development. Exploring alternative energy is critical for the demand for clean energy at present due to the depletion of traditional energy and the increase in energy demand (Li et al., 2016a; Thakur, 2010). However, alternative energy sources such as electricity, nuclear energy, and geothermal energy are insufficient to supply the world’s fast-increasing energy demand. Accordingly, fossil fuels such as oil and natural gas are expected to remain the fundamental energy sources in the future. Deep oil and gas, offshore oil and gas, unconventional oil and gas, low-grade oil and gas, and enhanced oil and gas recovery of developed fields are the key areas of oil and gas resource exploration and development in the future (Heidari et al., 2022; Li et al., 2020a; Isaac et al., 2022). Natural gas, as the fastest-growing fossil fuel in the twenty-first century, will not only help us achieve a low-carbon future but will also serve as a link between today’s primary fossil fuels and future renewable energy (Sahu et al., 2020). According to the BP Statistical Review of World Energy 2022 (71st edition), the global oil consumption in 2022 is still lower than the level in 2019, while natural gas consumption is greater than in 2019, breaking the 4 trillion cubic meter threshold for the first time (BP, 2022). The trend of weak oil and strong gas is more obvious. With the consumption of conventional gas reservoirs, unconventional natural gas sources such as gas hydrate, shale gas, and tight gas have become increasingly significant due to their high potential (Song et al., 2014; Vedachalam et al., 2015; Zou et al., 2018). Gas hydrate, also known as combustible ice (see Figure 1), is one of the most elusive natural hydrocarbons (John et al., 2020). They can pose a significant danger to deep-water oil and gas operations while also representing a potentially huge untapped clean energy supply (Pelley, 2008; Dong and Zeng, 2017). As an important alternative energy, its commercialization will play a major role in driving the energy production and consumption revolution, as well as providing a way to handle the challenges of security, the economy, and low-carbon energy.
[image: Figure 1]FIGURE 1 | Gas hydrate produced in laboratory.
It is estimated that 97–99% of the discovered gas hydrate resources in the world are located in the ocean, and only 1–3% are distributed on land (Merey and Chen, 2022). Gas hydrate also exists in deep-water areas of some inland seas and lakes, such as the Black Sea and Lake Baikal (Gerivani et al., 2020; Yevgeny et al., 2021). Nevertheless, people are more concerned about the gas hydrate stability zone (GHSZ) with considerable thickness in the ocean because the thick layered hydrate-bearing sediments generally do not appear in the inland seas and lakes. Deepwater drilling is one of the key elements of offshore oil and gas engineering (Li et al., 2020b). Although the globe has extensive expertise in conventional oil and gas drilling operations, deep sea drilling experience in unconventional oil and gas deposits, particularly gas hydrate, remains limited (Wang and Gao, 2022). In the past decades, many drilling expeditions for gas hydrate in marine sediments have been successfully carried out around the world. The well-known hydrate drilling expeditions include the Deep Sea Drilling Project (DSDP), the Ocean Drilling Program (ODP), the Integrated Ocean Drilling Program (IODP), the International Ocean Discovery Program (IODP), the Gulf of Mexico Gas Hydrate Joint Industry Project (GOM JIP), the National Gas Hydrate Program (NGHP), the program of Guangzhou Marine Geological Survey (GMGS), the program of Ulleung Basin Gas Hydrate (UBGH), and the hydrate investigation activities carried out by the Research Consortium for Methane Hydrate Resources in Japan (MH21), and the Ministry of Economy, Trade and Industry (MITI) (Winters et al., 2008; Hsiung et al., 2019; Zhong et al., 2021; Park et al., 2022; Xu et al., 2022). Although these drilling operations are located on the shallow surface of the seabed, drilling hydrate wells is considered extremely challenging due to the complex environment in deep water and the thermodynamic properties of the hydrate. From October 2019 to April 2020, the China Geological Survey organized and carried out the second offshore gas hydrate pilot production with the depressurization method (Ye et al., 2020). Based on the previous depressurization pilot production, this round of pilot production broke through horizontal well drilling and production techniques, making China the first country in the world to deploy this technique for offshore gas hydrate pilot production. Nonetheless, there is a significant gap between this trial production and the goal of long-term, safe, stable and efficient industrialized development and utilization of gas hydrate reservoirs. Therefore, international research teams are working hard to develop efficient drilling techniques to exploit gas hydrate sources in a long-term and stable manner. It is known with certainty that laboratory, virtual simulation, and fieldwork have provided an impetus for the development of gas hydrate drilling technology. However, when it comes to the current situation of drilling technology, it is found that only a few reviews comprehensively summarized the development of hydrate drilling techniques.
In this review, the latest gas hydrate drilling technologies and further research and development opportunities are summarized and introduced, including the gas hydrate drilling techniques, wellbore structure, drilling fluid system, equipment and tools, coring techniques, and field application, etc. Meanwhile, we point out the gaps and put forward some suggestions for future studies, which can provide insightful guidance for comprehensively understanding the drilling of the gas hydrate reservoirs.
OVERVIEW OF GAS HYDRATE
Under high pressure and low temperature, methane and/or other small non-polar or slightly polar hydrocarbons can form hydrates with water. Some inorganic small molecules, such as CO2 and H2S, are also very efficient hydrate formers. Gas hydrate reservoir development typically requires four basic conditions, namely the presence of a water phase, a channel and/or space for fluid migration and accumulation (Zhang et al., 2021a), as well as a low-temperature and high-pressure environment and a suitable gas source. Therefore, one of the prerequisites for the production of large-scale gas hydrate deposits is the geological structure that faults, fractures, and porous strata may deliver hydrocarbon gases from deep (Liang et al., 2019). The formation of faults and fractures is closely related to tectonic activities, sedimentary responses, and over-pressurized fluids. Non-local gas sources along fault paths have been confirmed to play a role in gas hydrate formation in the South China Sea, the Gulf of Mexico, etc. (Zeng et al., 2022). The analysis of gas hydrate systems and environmental assessment in these areas rely heavily on fluid flow migration, accumulation process, and sealing integrity. For example, the widely distributed faults in Baiyun Sag in the Pearl River Mouth Basin have strong geological activity, which has experienced three evolutionary stages of rifting, transition, and subsidence (Liang et al., 2022a). Natural gas diffusion and advection in deep sediment supply a significant amount of gas to the Shenhu area. In Woolsey Mound in the northern Gulf of Mexico, hydrocarbon fluids migrate from deep reservoirs thousands of meters deep through faults and fractures to shallow sediments with high porosity and/or fractured formations (Macelloni et al., 2015). Deep fluid seepage channels typically penetrate the overlying strata in these locations, producing hydrocarbon gas and causing geochemical anomalies such as isotope anomalies, pore water ion concentration anomalies, organic carbon and water content abnormalities (Hu et al., 2017; Monteleone et al., 2022). To identify gas hydrate, geophysical methods such as multi-channel seismic surveys, seabed profiles, and controlled source electromagnetic (CSEM) are frequently used (Minshull et al., 2020; Liang et al., 2020; Crutchley et al., 2010). Bottom-simulating reflectors (BSR), a special physical interface generated by seismic profiles, are the earliest and most widely used, reliable, and intuitive geophysical markers to confirm the occurrence of gas hydrate (Foschi et al., 2019; Colin et al., 2020). Seabed geological sampling, microbial exploration techniques, and seabed visual exploration techniques such as remotely operated vehicles (ROV), ocean floor observation systems (OFOS), TV grabs, and deep-towed systems provide a more robust foundation for determining the presence of gas hydrate (Su et al., 2020). Logging while drilling (LWD) has been widely used in drilling to acquire parameters such as resistivity, acoustic waves, porosity, radioactivity, electromagnetic characteristics, and saturation (Saumya et al., 2019; Boswell et al., 2020; Kim et al., 2022). Whereas pressure coring is the most direct, accurate, and persuasive method in gas hydrate exploration, which is primarily used to recover unspoilt rock columns to study the formation mechanism, shape, accumulation type, and physical chemical properties of gas hydrate, etc. (Gaafar et al., 2015; Wang et al., 2020a; Singh et al., 2022a).
According to the research, about 90% of the ocean and about 27% of the land have favorable conditions for the generation of gas hydrate (Ruan et al., 2012), thus the ocean is the primary target of gas hydrate exploration and development. Fracture systems through the sealing structures, which connect to the ocean and bring in seawater will lead to hydrate dissociation due to the low concentration of CH4 in seawater (Kvamme and Saeidi, 2021). If the seafloor openings of the fractures are at hydrate-forming depths and temperatures are within the range of hydrate generation, hydrate mounds will form on the seafloor. This type of seafloor hydrate mound can be found all over the world and gives rise to bio-geo ecosystems. Large-scale active cold spring outcrops, for instance, were found on the seafloor of the W01 and Haima sites in the Qiongdongnan Basin, as well as a large number of live mussels, shrimp, crabs, and buried authigenic carbonates, carbonate crusts (He et al., 2022). Gas hydrate occurs in submarine sediments on the active and passive continental margins in nature, as well as permafrost. It is found most commonly in accretionary wedges on active continental margins and geological structures such as mud volcanoes, mud diapirs, gas chimneys, structural faults, polygonal faults, and pipes on passive continental margins (Hu et al., 2021). The hydrate reservoirs found in marine environment are distributed around the world (Chong et al., 2016; Ruppel, 2020; Hu et al., 2021), as shown in Figure 2. Data from seismic observation and gas hydrate drilling projects show that gas hydrate resources are abundant throughout the world, with an estimated 0.2–3 × 1018 m3 (Singh et al., 2022b). Table 1 shows the estimation of gas hydrate resources in some parts of the world (Sain and Gupta, 2012; Liu et al., 2019a; Sahu et al., 2020; Chibura et al., 2022). According to the conservative estimation of Pang et al. (Pang et al., 2022), the amount of technically recoverable gas hydrate resources on the planet could range from 190 × 1012 m3 to 700 × 1012 m3.
[image: Figure 2]FIGURE 2 | Schematic diagram of gas hydrate distribution (reproduced from Ruppel (Ruppel, 2020)).
TABLE 1 | Distribution of gas hydrate resources (Sain and Gupta, 2012; Liu et al., 2019a; Sahu et al., 2020; Chibura et al., 2022).
[image: Table 1]PRODUCTION METHODS AND DRILLING CHALLENGES
Depressurization, thermal stimulation, inhibitor injection, CO2 replacement, and solid-state fluidization methods are currently being used in field experiments for gas hydrate development (Olga et al., 2022; Wei et al., 2022; Zhou et al., 2022). The depressurization method refers to the dissociation of gas hydrate into gas by reducing the pressure of the hydrate reservoir in equilibrium (extracting formation fluid or exploiting underlying free gas). This method has a simple process and low cost, but there are problems such as slow production, sand production, and geological stability (Liu et al., 2019b; Yang et al., 2019; Liu et al., 2022; Olga et al., 2022). The thermal stimulation method refers to the dissociation of gas hydrate into natural gas by increasing the reservoir temperature to break the phase equilibrium (heating by hot fluid, microwave, electromagnetic energy, or solar energy) (Roostaie and Leonenko, 2020a; Roostaie and Leonenko, 2020b; Liu et al., 2022). This approach is easy to control, efficient, and pollution-free, however, it is expensive due to high energy consumption, heat loss, low injection rate, and weather sensitivity. The inhibitor injection method makes the gas hydrate easier to decompose into natural gas (Sung et al., 2002; Demirbas, 2010). This method is simple and convenient, and the energy consumption of injection at the initial stage of production is low, but it has the problems of high cost, slow reaction, low efficiency, environmental pollution, etc. In an environmentally friendly way, CO2 or other gas that is more likely to form hydrate under reservoir conditions is used to replace the methane molecules in the hydrate crystal structure. This CO2 replacement method can reduce geomechanical hazards, reduce water yield, and be environmentally friendly, but it has problems such as slow speed, low injection rate, low replacement rate, etc. (Uchida et al., 2005; Fakher et al., 2019; Heydari and Peyvandi, 2020). The solid-state fluidization method breaks the solid gas hydrate in the formation first and then fluidizes it into hydrate slurry by mechanical means, and then lifts it to the surface treatment facilities through the transmission pipeline (Zhou et al., 2018; Wei et al., 2019a; Zhou et al., 2022). This method constructs an artificially closed area with controllable hydrate dissociation, which can realize the exploitation of gas hydrate in deep water and shallow sediment. However, the key theory, process, and technology are still in the experimental stage. Technical feasibility, market acceptance, and environmental permission are the three decisive factors for the realization of commercial exploitation of resources. To ensure production safety and the improvement of development efficiency, new mining techniques or combined mining techniques like the depressurization-solid fluidization combined method, CO2 replacement assisted depressurization method, electric heating assisted depressurization method, and inhibitor injection-replacement combined method should be further studied.
In permafrost and marine environments, many gas hydrate drilling operations have been completed successfully during the past decades (Dallimore et al., 2002; Chuvilin et al., 2020; Zhang et al., 2020; Liang et al., 2022b). Presently, over 150 gas hydrate wells have been drilled around the world (Makogon, 2010; Zhang et al., 2020). Most gas hydrate drilling activities, including those in the United States, China, India, and South Korea, aim to demonstrate the presence of hydrates in the target area and identify their properties. Hence, most of the hydrate wells deployed around the world are exploration wells, with only a few pilot production wells scattered throughout the Mackenzie Delta in Canada, the North Slope of Alaska in the United States, the Messoyakha in Russia, the Nankai Trough in Japan, the Qilian Mountains in China, and the South China Sea (Sun et al., 2021; Sun et al., 2022). The drilling of these pilot production wells has provided valuable experience for the production operations of the whole industry. However, the technological barriers between countries, complex on-site working conditions, and unique physical chemical properties, accumulation forms, and occurrence characteristics of gas hydrate make the drilling of hydrate wells still full of unknowns and challenges. So far, the natural gas produced in the trial production has not yet crossed the industrialization threshold (Wu et al., 2021; Chen et al., 2022), as shown in Figure 3.
[image: Figure 3]FIGURE 3 | The daily production capacity of gas hydrate pilot production has not yet crossed the industrialization threshold (modified from (Wu et al., 2021; Chen et al., 2022)).
Most hydrate drilling operations are offshore, so the risks and challenges faced by drilling hydrate wells are similar to those of most deep-water drilling operations. In addition to the formation stability problems of weak formation cementation, poor diagenesis, and low strength, there are numerous other problems caused by deep-water drilling tripping fluctuation pressure, deep-water string vibration, shallow gas, shallow water flow, and deep-sea harsh environment (Khabibullin et al., 2011a; Khabibullin et al., 2011b; John et al., 2020; Huang et al., 2020; Li et al., 2021a). The gas hydrate in the Shenhu area of China occurs 203–277 m below the mudline. The predicted equivalent density of fracture pressure of the target layer is only 1.14–1.15 g/cm3, and the equivalent density of pore pressure is 1.03–1.05 g/cm3 (Hou et al., 2022). The narrow mud density window, or perhaps a zero density window, induced by high collapse pressure and low fracture pressure in shallow formation makes controlling downhole pressure difficult, and it is very easy to create downhole mishaps such as leakage and collapse. We must consider the occurrence as well as the specific physical and chemical features of gas hydrate when drilling the hydrate reservoirs. The change of phase equilibrium increases the danger of gas hydrate dissociation. So when drilling hydrate wells, great attention should be paid to maintaining the low temperature and high pressure state of the reservoir, or making it more stable by changing the phase equilibrium of gas hydrate. Some common problems and challenges related to gas hydrate dissociation recorded in previous drilling operations include but are not limited to the following (Prassl et al., 2004; Khabibullin et al., 2011b; Li et al., 2018a; Wang et al., 2020b; Li et al., 2021b; Hou et al., 2022). The extremely narrow safe density window, for example, makes downhole temperature and pressure control more difficult than in other deep-water operations; Temperature and pressure fluctuations (swabbing, surge, etc.) during tripping or downhole tool movement lead to hydrate dissociation; Hydrate dissociation leads to a loose reservoir framework and aggravates wellhead/wellbore/formation stability problems; Environmental and engineering disasters caused by gas escape and leakage after hydrate dissociation; The secondary formation of gas hydrate near or in the wellbore; Complex multiphase flow of hydrate containing fluid in a wellbore; Rheological property of the drilling fluid; Gas hydrate form around the drill string (riser and casing) or on surface equipment (wellhead, BOP, kill line, and choke manifold). In a nutshell, hydrate drilling seeks to be successful, good, fast, and economical. All engineering measures should be taken to prevent gas hydrate dissociation or secondary formation during operation and to ensure that secondary disasters caused by gas hydrate dissociation are under control.
GAS HYDRATE DRILLING TECHNIQUES
Drilling a gas hydrate reservoir can generally use the slightly overbalanced drilling method, which means keeping the pressure in the borehole slightly higher than the formation pore pressure (but less than the formation fracture pressure) to prevent the wellbore instability caused by the dissociation of gas hydrate and subsequent methane overflow. Driven by the pressure difference between the bottom hole and the formation, the drilling fluid continuously seeps into the formation during the invasion process. In this process, there is not only fluid migration and material transfer but also changes in temperature, pressure, and pore water salinity (Ning, 2005; Fereidounpour and Vatani, 2014; Dong et al., 2022). The change in salinity will cause the deviation of the hydrate phase equilibrium curve, and the change in equilibrium conditions will cause the dissociation of gas hydrate, which is likely to cause uncontrollable drilling risks (Ning et al., 2013a; Ning et al., 2013b). Therefore, in order to effectively protect the reservoir and avoid gas hydrate dissociation during drilling, the drilling technique must be strictly evaluated for necessity, feasibility and technical economy according to the actual situation of the target area.
The development of drilling technology is changing with each passing day. At present, the developed drilling techniques applicable to gas hydrate reservoirs mainly include managed pressure drilling (MPD), casing while drilling (CWD), coiled tubing drilling (CTD), LWD, etc. (Wu et al., 2021; Merey and Chen, 2022). By actively managing the annulus pressure profile, MPD, an adaptive drilling method, can considerably improve drilling controllability, solve the issue of a narrow density window, and lower the likelihood of accidents (Pui et al., 2017). Compared with overbalanced drilling, MPD can effectively reduce reservoir damage, wellbore instability and operating costs. Halliburton, Schlumberger and Baker Hughes have more than 40 years of theoretical and practical experience in this field. In the field experiment of gas hydrate exploration well Hot Ice #1 in the Arctic region of Alaska, the well control and blowout preventer equipment (BOPE) stack was managed by MPD technique (Kadaster et al., 2005). Dual gradient drilling (DGD), a method of MPD, limits the total hydrostatic pressure through the density of two different annular fluids in the wellbore to avoid exceeding the fracture pressure gradient. Thereinto, riserless DGD is an economical, efficient, and safe gas hydrate drilling method, which can improve the integrity and safety of drilling (Rosenberg et al., 2022). The drilling vessel or platform used in the riserless drilling has lighter loads, allowing drilling in deeper oceans. It has low drilling cost and less likely to jam the drilling tools. However, some unavoidable problems need to be solved. For example, the exposed drill pipe has a long suspension section in the sea water, so high-strength drill pipe shall be selected; The drilling rig shall be provided with the function of drilling string motion compensator. China and other developing countries are still in the early stages of research and development in this field. With the acceleration of the development of deep-sea oil and gas resources in various maritime sovereign countries, the research and development of DGD and key equipment are imminent. International commercialization of DGD techniques has occurred, and the DGD system represented by Riserless Mud Recovery (RMR), Subsea Mudlift Drilling (SMD), DeepVision, Subsea Pumping System (SSPS), and Hollow Glass Spheres (HGS) has been established (Chen et al., 2007; Naser et al., 2022). Concentric drill pipe reverse circulation DGD technique, riser level control DGD technique, riserless subsea pump lifting DGD technique, dual density drilling technique, and other DGD schemes have been developed at the same time. To employ DGD to produce deep-water oil and gas hydrate safely and effectively, we need to create a dual gradient drilling technique with more versatility. Southwest Petroleum University has proposed a new technology for safe drilling of deep-water gas hydrate with double-layer pipe DGD system and structural scheme, but it has not yet reached the level of commercial application (Wang et al., 2019a).
As early as around 2004, Hannegan et al. (Hannegan, 2005; Hannegan et al., 2005; Todd et al., 2006) put forward the view that MPD is suitable for gas hydrate drilling, and believed that CWD may have a unique application in gas hydrate drilling. CWD applies torque and weight on bit (WOB) by replacing drill pipe with casing, and runs casing while drilling, thus saving time and operation cost (Sánchez and Al-Harthy, 2011). The CWD and casing-bit system allows drilling through the problem area at a relatively low flow rate and setting casing to avoid hole enlargement (Motghare and Musale, 2017). The lower flow rate also makes it possible to use smaller and lighter drilling equipment. In addition, the plastering effect in CWD can form a filter cake with low porosity and low permeability on the wellbore. This effect can reduce or prevent leakage, expand the safe density window of drilling fluid, improve borehole stability and reduce formation damage effectively, which is critical for the design of gas hydrate drilling engineering (Briner et al., 2015). CWD has been verified by a large number of practices and has been successfully applied to gas hydrate drilling operations in the Canadian Arctic permafrost (Vrielink et al., 2008). Managed pressure casing drilling (MPCD) is built on MPD and leverages CWD techniques to handle the problem of downhole high pressure management in the process of open hole logging after tripping out, ensuring that the pressure control mechanism is in place (Balanza et al., 2015). At present, MPCD has been successfully applied in well Gao 124 - Geng 30, well Gao 132 -Geng 33, well Bei 3 - Ding 5 - Geng P34 and well Bei 3-342 - Geng P51 in Daqing Oilfield (Liu et al., 2020; Liu et al., 2021), and it is expected to be applied to gas hydrate drilling in China in the future.
CTD technique also shows its potential in this field. In 2016, the small hole (small diameter) directional drilling technique, one of the CTD techniques, was first applied to the gas hydrate production wells in the Muli permafrost area, Qinghai (Li et al., 2017a), making China the first country to successfully connect two wells in high-altitude areas using this technology. CTD technique is also used in the drilling of gas hydrate well during the solid fluidization production in the South China Sea. Moreover, LWD, which can drill and log at the same time, is extremely useful in identifying and evaluating producible gas hydrate deposits, as well as acquiring and quantifying critical parameters of gas hydrate production. Due to its widely application in the mineral exploration, it is also recommended to use reverse circulation drilling (RC) technology in gas hydrate drilling (Zhang et al., 2015). As summarized in Table 2, these drilling techniques have their pros and cons. Specific techniques and processes need to be selected according to the actual situation.
TABLE 2 | Characteristics of drilling technologies suitable for gas hydrate exploration and development.
[image: Table 2]WELLBORE STRUCTURE AND WELL TRAJECTORY
Because gas hydrate mostly occurs in the semi-consolidated or even unconsolidated mud and sand layer on the seabed, the reservoir after hydrate dissociation is likely to cause wellbore instability. Proper wellbore structure, wellbore trajectory, and borehole reaming are not only conducive to the stability of the wellbore but also help to improve the productivity of gas hydrate. Before designing the well structure and well trajectory, it is necessary to ascertain the potential drilling location of exploration wells or production wells according to the exploration and research results of BSR, GHSZ, formation temperature and pressure, reservoir properties, plume, hydrate mound, etc. Thereafter, design the casing program based on the downhole pressure profile and pressure balance.
Gas hydrate development is currently at the exploratory and pilot production stages worldwide. The chosen drilling location’s geological characteristics are not very complicated. Most exploration wells adopt open hole drilling without a riser, and the designed well type and well structure are relatively simple. Only China has so far broken through in the drilling and production techniques of horizontal wells in the gas hydrate field experiment. For comparison, other explorations or pilot production wells are vertical wells. During the second gas hydrate production test in the South China Sea with the depressurization method, the maximum bending degree of the horizontal wellbore reached 15.2°/30 m (Ye et al., 2020). By increasing the contact area between the wellbore and the reservoir and expanding the gas hydrate dissociation area, the hydrate dissociation rate and productivity were greatly improved during this field experiment.
Both domestic and international academics have theoretically analyzed and demonstrated different well types and well layouts strategies, such as vertical wells, horizontal wells, and multilateral branch wells. Moridis et al. (Moridis et al., 2008) studied the productivity improvement of horizontal wells in different types of hydrate reservoirs compared with vertical wells at the earliest. Since then, a large number of experiments and theoretical studies have emphasized the advantages of horizontal wells in gas hydrate production. Li et al. used the parallel version of the TOUGH+HYDRATE code to simulate the gas production of the two-point horizontal well system of permafrost hydrate in the Qilian Mountains and evaluate its commercial feasibility (Li et al., 2015). The stimulation measures under different well structures have been compared by many scholars since the production efficiency of gas hydrate is one of the most concerning issues. Jin et al. recently used TOUGH+HYDRATE and GMS software to research the new radial multi-branch horizontal wells in the Shenhu area to improve the gas production rate (Jin et al., 2022). It was found that as the well’s overall length increases, radial branch horizontal wells produce more water and gas. The production of gas and water from multi-branch wells is greatly influenced by depth, while the rate at which hydrates dissociate is hardly affected.
Figures 4, 5 show the information of wellbore structure and well trajectory adopted in several gas hydrate pilot production experiments. Figures 4A–E respectively show the structure of production wells of the first offshore pilot production in Japan, the second offshore pilot production in Japan, the first offshore solid fluidization pilot production in China, the first offshore depressurization pilot production in China, and the second offshore depressurization pilot production in China. It can be seen from these trial productions that the current drilling depth of offshore gas hydrate is about 1000–1400m, the test depth is 200–500 m. Except for the solid fluidization production well, 914.4 mm conductors are used in the first spud, and 339.7 and 244.5 mm casings are used in the second spud and the third spud, respectively. Figures 5A–C depict the well Ignik Sikumi # 1 in Alaska, the well Mallik 5L-38 in Mackenzie Delta, and the well SK in Qilian Mountains. Similarly to marine hydrate drilling, hydrate drilling in permafrost regions mainly adopts vertical well structures at present. For example, the vertical well Mount Elbert # 1 on the North Slope of Alaska was drilled to the hydrate formation using a 12 1/4-inch bit, water-based mud, and LWD tools (Sun et al., 2011). The 9 5/8-inch diameter casing was fixed slightly below the bottom of the permafrost (594 m). The drilling of gas hydrate layer was further drilled with a 7 7/8-inch bit and oil-based mud. Coring from the bottom of the casing to a depth of 760 m, then the drilling was deepened to 914 m. The hole was reamed to a diameter of 8 3/4 inches at last.
[image: Figure 4]FIGURE 4 | Wellbore structures of offshore gas hydrate pilot production wells. (A) the first offshore pilot production well in Japan, (B) the second offshore pilot production well in Japan, (C) the first offshore solid fluidization pilot production well in China, (D) the first offshore depressurization pilot production well in China, and (E) the second offshore depressurization pilot production well in China. (Matsuzawa et al., 2014; Yamamoto et al., 2014; Li et al., 2019; Yamamoto et al., 2019; Ye et al., 2020).
[image: Figure 5]FIGURE 5 | Wellbore structures of permafrost gas hydrate pilot production wells. (A) the well Ignik Sikumi # 1 in Alaska, (B) the well Mallik 5L-38 in Mackenzie Delta, and (C) the well SK in Qilian Mountains. (Merey, 2016; Li et al., 2017b; Merey, 2019; Zhu et al., 2020).
So far, the most complex gas hydrate production wells are SK-0, SK-1, and SK-2 in the Muli permafrost area of the Qilian Mountains. The well trajectory is divided into three sections, as shown in Figure 5C, namely the vertical section, the build-up section, and the horizontal section. The measuring while drilling (MWD) technique was used to control the wellbore trajectory in butt joint horizontal well drilling, and the drilling in the build-up section and horizontal section was completed by a single-bend positive displacement motor (PDM) and a polycrystalline diamond compact (PDC) bit (Li et al., 2017b). The build-up section of well SK-1 started from the depth of 95 m. In the first curve section, the buildup rate was controlled at about 10.5°/30 m. When drilling to a depth of about 300 m, the inclination angle increases to 64°. The buildup rate in the later curve section was controlled at about 9°/30 m until the hole depth reached 340 m and drilling passed through the first layer of gas hydrate. The maximum inclination angle of well SK-1 was 83, and the length of the horizontal section was designed to be short. Lastly, SK-1 extended to the bottom hole butt-joint area of SK-0. The build-up section of the SK-2 well was designed to continuously increase the inclination angle. The kick-off point was set at a well depth of 80 m, and the buildup rate in the curve section was controlled at about 10°/30 m. The SK-2 connected with SK-1 and SK-0 in the butt-joint area at last. The completion of SK-1 and SK-2 has greatly promoted the development of hydrate experimental technology and numerical simulation technology under different well types in China and even other countries in the world.
Generally speaking, marine hydrate drilling faces softer formation, poorer drillability, and greater difficulty in casing running when compared to hydrate drilling in permafrost. In the weakly cemented formation on the seabed, the orientation of horizontal wells and the extension of horizontal sections are more difficult. We therefore need to accelerate the progress of marine hydrate drilling and production. It will be important to build a theory of increasing production and a technology system to address the issue of gas hydrate development efficiency. Complex wells significantly enhance the exposed area of gas hydrate as well as the controlled reserves of wells, thus increasing output and also the production efficiency of single wells. Directional wells, multi-branch wells, cluster wells, complex well patterns, etc., as shown in Figure 6, may be the main ways to increase the production of gas hydrate in the future (Ning et al., 2022), (Mahmood and Guo, 2021), (Zhang et al., 2022), (Yu et al., 2021), (Li et al., 2013), (Ye et al., 2021), (Li et al., 2011). Accordingly, the complex wells also put forward higher requirements for gas hydrate well structure and well trajectory.
[image: Figure 6]FIGURE 6 | Wellbore structure model of gas hydrate production well to improve gas production efficiency. (A) Single vertical well, (B) dual vertical wells, (C) radial lateral well, (D) fishbone well, (E) single horizontal well, (F) dual horizontal wells, (G) dual fishbone well, and (H) dual branch multilateral horizontal well.
DRILLING FLUID SYSTEM
During the drilling of hydrate reservoirs, the drilling fluid in the wellbore will exchange material and energy with seawater. The original pressure and temperature field will be disturbed by the circulating drilling fluid interacting with the hydrate particles when it enters the hydrate deposit through holes and throats (Chen et al., 2019). As drilling fluid penetrates into the formation, the physical characteristics of the hydrate-bearing sediments will change as a result of the superposition of numerous causes. One of the fundamental characteristics of drilling fluid invasion into hydrate formation is the phase change of gas hydrate, which is also the primary distinction between drilling fluid invasion into gas hydrate formation and conventional oil and gas reservoir. The interaction process between drilling fluid and formation is a process involving the coupling of drilling, rock mechanics, rock mineralogy, chemistry, and dynamics of fluids in porous media (Teymouri et al., 2020; Ruan et al., 2021). This process has an impact on the mechanical, electrical, thermal, and permeability properties of the formation around the wellbore. At the same time, it also changes the geomechanical stability of the formation, the reliability of resistivity logging during drilling, heat transfer, the following gas production rate, etc. (Ning et al., 2013b). This is closely related to many complex downhole issues and is a world-class problem that has not been well solved on a worldwide scale. It is vital to prevent drilling fluid from entering the formation during the deep water drilling and gas hydrate development processes because it poses a severe danger to safe and successful drilling. In the process of Qilian Mountain drilling exploration, for instance, the boreholes of QTZK2 and SK-2 collapsed and were buried due to drilling fluid problems (Gao et al., 2017). Even if the formula and performance of the drilling fluid are adjusted, the wellbore is still unstable during subsequent operations. It can be seen that research and development of drilling fluid systems to solve the key technical challenges of hydrate drilling, whether on land or at sea, is the development direction, frontier subject, and good opportunity for drilling fluid technology.
At present, the commonly recognized method is to maintain the thermodynamic stability of gas hydrate by increasing the well pressure and reducing the mud temperature. This method primarily employs water-based drilling fluid, oil-based drilling fluid, and synthetic-based drilling fluid systems for gas hydrate exploration and drilling (He et al., 2021; Das et al., 2022a). Oil-based drilling fluid is generally used in hydrate drilling activities in permafrost, such as the production well of the Ignik Sikumi oilfield in the United States (Grigg and Lynes, 1992; Schoderbek et al., 2013a). It provides excellent hydrate inhibition performance and antifreeze properties, and will not induce hydrate dissociation. However, there are several drawbacks, such as environmental pollution, excessive costs, and safety issues. It is highlighted that the drilling fluid should have low toxicity, no bioaccumulation, and be harmless to the environment after discharge. Consequently, from the standpoints of inhibitory effects, environmental protection, and cost management, the water-based drilling fluid system is still the best choice for gas hydrate exploration (Liu et al., 2016a). Table 3 shows the gas hydrate drilling fluid system used in some drilling operations. It can be seen that water-based drilling fluids with hydrate inhibitors such as sepiolite, KCl polymer, lecithin, and attapulgite are widely used.
TABLE 3 | Gas hydrate drilling fluid system (Burger et al., 2006; Collett et al., 2015; Merey, 2016; Merey, 2019; Wu et al., 2021).
[image: Table 3]As we know, drilling fluids play an important role in hydrate drilling engineering because they have many functions, such as preventing ice blockage, wellbore lubrication, wellbore cleaning, controlling filtration, and maintaining wellbore stability, etc. (Rana et al., 2021). Reasonable mud density, sufficient inhibition, and sealing ability are the basic indicators for evaluating gas hydrate drilling fluid. Therefore, a low-temperature hydrate drilling fluid system with strongly inhibitive ability, good sealing ability, and enhanced wellbore stability is the key research direction. Currently, the innovation of water-based hydrate drilling fluid mainly focuses on gas hydrate inhibitors, fluid loss control additives, and rheology modifiers. Gas hydrate inhibitors, one of the most concerned groups, are divided into thermodynamic hydrate inhibitors (THIs), kinetic hydrate inhibitors (KHIs), and antiagglomerant hydrate inhibitors (AAs) (Ke and Chen, 2019; Kiran and Prasad, 2021). The functional mechanism of THIs is to change the thermodynamic balance between water molecules and gas molecules by changing the chemical potential of the aqueous solution or hydrate phase to avoid hydrate generation (Kiran and Prasad, 2021). Methanol, ethylene glycol, sodium chloride, calcium chloride, potassium chloride, potassium formate, and amino acids are typical THIs (Sa et al., 2011). However, oil and gas fields are finding it more difficult to endure the pressures of heavy use and the high cost of THIs. For comparison, injection of low-dose KHIs can reduce the cost and harm to the environment compared with injection of high-dose THIs. KHIs are adsorbed on the surfaces of hydrate particles at the initial stage of hydrate crystallization, nucleation, and growth. Shortly afterwards, the cyclic structure of KHIs combines with the hydrate cavity structure through hydrogen bonds, delaying and interfering with hydrate crystal nucleation and preventing further crystal growth (Mozaffar et al., 2016). KHIs are mostly low molecular weight polymers dissolved in the aqueous phase, including polyvinylpyrrolidone (PVP), polyethylene caprolactam, poly-N-vinyllactam polymers, and hyper-branched polyesteramides (Mozaffar et al., 2016; Roostaei et al., 2021). Another kind of low-dosa agent, AAs, such as quaternary ammonium surfactants, alkylaryl sulfonates, and phosphonium salt surfactants, can emulsify the oil-water phase and disperse the water in the oil phase into small water droplets (Chua and Kelland, 2013; Nagappayya et al., 2015). Although the emulsified water droplets in the oil phase can also form hydrates with gas, the generated hydrates are difficult to agglomerate. Thus, gas hydrate cannot be formed normally. Low dosage hydrate inhibitors (LDHIs), including KHIs and AAs, have attracted more and more attention from the oil and gas industry in recent years because of their low consumption, high economy, and good environmental benefits (Kelland, 2006).
As mentioned above, fluid loss control additives and rheology modifiers are the focus of drilling fluid research. Fluid loss control additives such as bentonite, carboxymethyl cellulose (CMC), polyanionic cellulose (PAC), and starch are the materials in drilling mud to reduce filtration rate and improve mud cake characteristics. Rheology-modifier additives such as xanthan gum (XG), guar gum (GG) and polyacrylamide (PAM) have a great impact on the rheological properties of the drilling fluid formula. Some rheological modifier additives can also be good fluid loss control additives; for instance, the widely used and environmentally friendly additives GG and XG can effectively improve the viscosity of the drilling fluid and reduce the filtration. In recent years, some new materials have been widely used to improve the performance of hydrate drilling fluids. On the one hand, it has been discovered that drilling fluid with nanoparticles has a tiny particle size and a large surface area, which has a promising future. The nanomaterials can effectively seal the pore throat of the reservoir and enhance the stability of the wellbore, thus realizing the role of reservoir protection (Ngata et al., 2022; Zamora-Ledezma et al., 2022). On the other hand, the drilling fluid with polymers has also become one of the most widely used drilling fluid systems after years of development. It has good rheological properties and the ability to maintain wellbore stability (Ghozatloo et al., 2015; Gupta and Sangwai, 2019). Therefore, there are many reports about nanoparticles and polymers in the hydrate drilling fluid in recent years. Liu, Das, Maiti et al. (Liu et al., 2016b; Wang et al., 2017; Zhao et al., 2019; Zhang et al., 2021b; Maiti et al., 2021; Yuha et al., 2021; Das et al., 2022b) have developed some drilling fluids with hydrate inhibition, respectively, and compared and verified the effects of these drilling fluids through experiments. See Table 4 for details. A glance at open sources indicates that some traditional ideas and old formulations are not suitable for the new application scenario of hydrate drilling, and new ideas and formulations are emerging. When encountering various complex downhole conditions, only by studying and improving the corresponding drilling fluid technology can we effectively solve the above-mentioned technical problems and challenges encountered in the drilling process. It is necessary to draw on existing experience and comprehensively apply multidisciplinary knowledge to deeply study the mechanism and internal laws behind these problems. The new technology emerging as the times require may effectively solve and improve the overall level of hydrate drilling fluid and completion fluid technology.
TABLE 4 | Gas hydrate drilling fluid developed in recent years.
[image: Table 4]DRILLING EQUIPMENT, TOOLS AND INSTRUMENTS
Gas hydrate drilling is mainly carried out with the help of general technical equipment in the conventional oil and gas industry, and downhole data is mostly obtained by LWD. The drilling technologies for permafrost hydrate and marine hydrate are distinct because of their varied environments, and as a result, so are the drilling equipment, tools, and instruments that are employed. In most cases, risers are required in the process of marine hydrate pilot production and offshore drilling, but considering the factors such as cost, efficiency, operation window, drilling success rate, etc., most gas hydrate exploration wells are operated on floating drilling vessels or platforms with dynamic positioning systems (DPS) by using riserless drilling technology (i.e., open hole drilling, and the rock cuttings generated are scattered on the seabed), such as the GMGS1 survey missions (Merey, 2016; Cheng et al., 2019; Merey, 2019). In the process of riserless drilling, the drill bit is directly lowered to the seabed through the drill pipe for drilling, and the drilling fluid is injected through the drill pipe and then directly discharged into the sea water or recovered after returning to the seabed (Aird et al., 2019; Cheng et al., 2019; Hancock et al., 2019; Chen et al., 2021; Kulkarni and Heinze, 2022). The main equipment used includes drilling equipment, DPS, and a mud treatment system. The drilling equipment includes a drilling control system and a lifting system. The DPS includes three modes: DP1, DP2, and DP3(DNV, 2013; Hogenboom et al., 2020). The mud treatment system includes a desilter, a desander, a vibrating screen, a centrifuge, a degasser, and other tools and instruments. As the carriers for these devices, jack-up drilling platforms, semi-submersible drilling platforms, and drilling vessels have become the main platforms for marine resource exploration and development with their flexibility and good adaptability. Therefore, regardless of the drilling technology utilized to explore gas hydrate deposits, large-scale drilling platforms or drilling vessels are indispensable.
Large-scale deep-water rigs are mobile national territory and strategic weapons, and people from all walks of life have paid great attention to them. So far, the drilling vessels or platforms used in hydrate drilling internationally include JOIDES Resolution, Fugro Synergy, Fugro Voyager, Chikyu, REM Etive, Helix Q4000, Hai Yang Shi You 708, Uncle John, Helix Q-4000, Blue Whale I and II, etc. Table 5 displays the parameters of some vessels or platforms (Graham and Reed, 1969; Rabinowitz and Garrison, 1985; Gabitto and Barrufet, 2009; Li et al., 2018b; FUGRO SYNERGY, 2021; Graber et al., 2021; Jin, 2021; Liang et al., 2021). Thereinto, Fugro’s geotechnical engineering vessel is a modular drilling unit (FUGRO SYNERGY, 2021), which can provide high-quality geotechnical data and play an important role in several gas hydrate field surveys and scientific drilling activities. And JOIDES Resolution is a specifically designed ODP drilling vessel that is outfitted with laboratories for on-board cores and borehole data processing and analysis. Drilling and coring with ship heave up to 4.9 m is possible with the Active and Passive Heave Compensator (AHC/PHC) systems on JOIDES Resolution (Graber et al., 2021). The schematic diagram of drilling equipment on the JOIDES Resolution is shown in Figure 7. Furthermore, compared to the specifically designed drilling vessels JOIDES Resolution and Chikyu, sister drilling platforms Blue Whale I and Blue Whale II adopt the more advanced DP3 dynamic positioning system, which has reliable, efficient, and sufficient drilling capacity. In addition to those that have been put into commercial operation, some new drilling vessels or platforms are under construction. Recently, China is building a scientific drilling vessel, Meng Xiang, which can be used for gas hydrate exploration and development. In any case, gas hydrate drilling in the ocean is mainly done by large-scale drilling vessels, which virtually increases the exploration cost. In the future, small drilling vessels and submersible drilling equipment with rolled casing shall be developed and improved to reduce costs. MPD, UBD, CWD, and insulated riser drilling, etc., shall be fully applied to solve the problems such as wellhead collapse, wellbore instability and submarine landslide that may be caused in the process of gas hydrate drilling.
TABLE 5 | Parameters of some drilling vessels (platforms) used for offshore gas hydrate drilling.
[image: Table 5][image: Figure 7]FIGURE 7 | Schematic diagram of drilling equipment on R/V JOIDES Resolution (reproduced from (Graber et al., 2021)).
Drilling efficiency, well quality, coring quality, and coring efficiency are closely related to the performance of the bit during gas hydrate drilling. To ensure the coring speed and drilling efficiency of the bit, the commonly used drill bits at present include solid carbide bits and polycrystalline diamond composite (PDC) bits. In addition to selecting the drill bits according to the characteristics of formation lithology before drilling, it is also necessary to carry out targeted design and calculation for drill bit contour, hydraulic parameters, tooth layout, tooth cutting parameters, etc. Many research teams have made great contributions to the development and selection of drill bits for hydrate drilling. In 2002, the Mallik 3L-38 well drilled in the Mackenzie Delta used 7.87-inch Reed PMCKP TJ3210 and TJ3212 bits. The Mallik 4L-38 well used 7.87-inch Reed PMCKP TJ3224 and Hughes JG4XP bits and the Mallik 5L-38 well used 8.74-inch Reed PMCKP Hughes GIHXP and Hughes JD4XP bits (Zhang and Zhu, 2011; Merey, 2016; Wu et al., 2021). The Mount Elbert # 1 well in the North Slope of Alaska used 12 1/4-inch bits between the depths of 0 and 594 m. Due to the defects of water-based mud, oil-based drilling fluid and 7 7/8-inch bits were used below the bottom of the permafrost, effectively improving the drilling rate. Similar operations occurred in the Ignik Sikumi field. The target horizon of the Ignik Sikumi #1 well is between 525 and 740 m, and oil-based drilling fluid and 9 7/8-inch Smith XR + PS5130 and Smith XR + CPS5126 bits are used for drilling (Schoderbek et al., 2013; Merey, 2016). Ignik Sikumi #1 well is designed for hydrate production experiments by the replacement method and the depressurization method. A state-of-the-art gas mixing skid (GMS) designed by ConocoPhillips was used in the experiment (Boswell et al., 2017). During the production of Ignik Sikumi #1, the specially designed GMS, line heater, pump system, and low gas-rate measurement skid ensure the success of the test. In addition, the research institutions led by Jilin University have successfully applied their wear-resistant bionic coupling impregnated diamond bit to the drilling experiment of the MK-2 hole in Mohe County, China. The non-smooth surface of this bionic bit imitates the characteristics of pits in the front chest and back plates of dung beetles. The bottom surface of the drill bit is designed and manufactured into a non-smooth surface (as shown in Figure 8) (Wang et al., 2016; Gao et al., 2018), which makes the bit more wear-resistant and then improves the rock crushing efficiency and service life. Field tests show that the bionic coupling impregnated diamond bit is more suitable for the exploration and drilling of gas hydrates than the ordinary diamond bit. The average drilling rate is increased by about 30%, and the service life of the bit is increased by more than 37% (Sun et al., 2012). Other hydrate drilling bits also include atypical water jet mining heads specially designed for deep-sea shallow surface weak cemented hydrate solid-state fluidization mining (Wang et al., 2019b; Wang et al., 2020c), the straight-rotating mixed nozzles and the porous and rotating porous jet nozzles for cavitating jet drilling radial horizontal wells (Li et al., 2020c).
[image: Figure 8]FIGURE 8 | Bionic coupling impregnated diamond bit and normal diamond drill bit samples (modified from (Sun et al., 2012)). (A) A new bionic coupling impregnated diamond bit, (B) a used bionic coupling impregnated diamond bit, (C) a new normal diamond drill bit, (D) a used normal diamond bit, and (E) the front view of bionic coupling impregnated diamond bit samples.
To open up the laboratory-exploration-drilling-completion-production-transportation-user chain of gas hydrate development, it is imperative to strengthen the research and application of production equipment systems. For example, the deep-water geotechnical drilling vessel is a major piece of equipment in offshore oil engineering. The design and manufacture of drilling vessels is the integration of many technologies, including ship technology, offshore geophysical exploration technology, drilling technology, and experimental equipment. At present, the drilling of gas hydrates in the ocean is mostly done by large-scale drilling vessels, which virtually increases the cost. In the future, efficient and low-cost drilling equipment combinations should be improved and developed to reduce costs. Devices that should be studied more in the future include but are not limited to economic semi-submersible drilling and production platforms suitable for hydrate exploitation; small drilling vessels; deep-water light drilling systems; seabed drilling tools, riser systems, logging and coring systems, as well as supporting equipment for complex well construction, well trajectory control, pressure control, downhole sand control and other drilling technologies. Table 6 shows the typical technical equipment for offshore gas hydrate drilling (Fu et al., 2020). In the current situation, there is a lack of special equipment for gas hydrate drilling. Conventional oil and gas production equipment plays an important role in hydrate drilling and development and yet they are not perfectly compatible. Moreover, whether the mining technology and equipment used in the short-term pilot production can withstand the test of long-term commercial mining still needs further verification. There will be tougher tests to come.
TABLE 6 | Typical equipment system for gas hydrate drilling [modified from 186].
[image: Table 6]GAS HYDRATE DRILLING CORING
Gas hydrate sampling technology consists of seabed sampling and geotechnical drilling (Day, 2006; Ren et al., 2013; Su et al., 2020). The former is used to collect samples of hydrate-bearing sediments on the seabed or in shallow strata, and is a direct method of locating gas hydrate on the sea floor. Seabed samplers mainly include gravity samplers, box samplers, grab samplers, vibration piston samplers, gravity piston samplers, etc. (Su et al., 2020). The recoilless piston corer Advanced Piston Corer (APC) used in ODP, the stationary piston corer STACOR developed by France, the Multiple Autoclave Corer (MAC) and Dynamic Autoclave Piston Corer (DAPC) used in R.V. SONNE cruise in Germany, and the pressure tight piston corer (PTPC) developed by Zhejiang University in China all belong to the above categories (Lunne and Long, 2006; Tommasi et al., 2019). The maximum depth that can be reached by seabed sampling is between a few and tens of meters, but the actual sampling depth is influenced by the geological environment in addition to sampler performance. These samplers frequently fail to sustain pressure during sampling and are unable to assist researchers in getting in-situ samples from deep hydrate reservoirs. High-quality samples can be taken hundreds of meters underground using gas hydrate drilling and coring techniques. On this account, gas hydrate coring technology is considered to be the most direct way to identify and recover gas hydrate in the deep ocean.
The physical properties of hydrate cores under atmospheric temperature and pressure will be very different from native hydrate-bearing sediments (Xie et al., 2016). However, the geotechnical coring tools used in the past are not equipped with the pressure and temperature preservation (PTP) devices, so it is difficult to obtain gas hydrate cores under natural conditions. This situation calls for stringent technical requirements for coring tools, core analysis and transfer systems. So as not to change the physical and chemical characteristics of samples, these devices must be able to prevent gas hydrate from dissociation. Pressure core analysis is considered to be the keystone of hydrate investigation (Schultheiss et al., 2008), but more importantly, the premise of pressure core analysis is to deploy the pressure coring system in hydrate exploration (Sun et al., 2015a; Li et al., 2016b; Hu et al., 2022). The pressure coring system can maintain the pressure of gas and liquid in the rock sample. Compared with traditional methods, pressure coring can improve the evaluation accuracy and avoid more than 50% gas loss (Li et al., 2021c).
The United States and European countries almost monopolize the development and sales of pressure coring technology and equipment. These professional core samplers usually allow drilling to be controlled from the seabed, drilling vessel or drilling platform. Several representative wireline pressure coring systems have been successfully deployed, including the Pressure Coring Barrel (PCB) developed in DSDP (Peterson, 1984; Sun et al., 2015a); The Pressure Coring Sampler (PCS) (Pettigrew, 1992; Dickens et al., 2000) designed by Pettigrew to replace the PCB, which applies to the drill string size used on JOIDES Resolution; The Hydrate Autoclave Coring Equipment (HYACE) developed by the EU-sponsored HYACINTH program, which is a coring tool system developed based on the experience of using PCS during ODP navigation (Amann et al., 1997); Two wireline coring tools, the HYACE Rotary Corer (HRC) for cutting rotary cores in lithified sediment and the Fugro (Rotary) Pressure Corer (FPC or FRPC) for sampling unlithified sediments, are included in the HYACE; The Pressure Temperature Coring System (PTCS) invented by Aumann & Associates Inc. (AAI) and the Japan National Oil Corporation (JNOC: now the Japan Oil, Gas and Metals National Corporation, JOGMEC) (Qin et al., 2016); Pressure Core Tool with Ball Valve (PCTB) developed by Geotek. Because the core size of PTCS does not match the widely used Geotek’s Pressure Core Analysis and Transfer System (PCATS), JAMSTEC and AAI designed and manufactured the Hybrid Pressure Coring System (Hybrid PCS) using PTCS technology (Kubo et al., 2014; Yamamoto, 2015). Other drilling coring devices used in the field include the pressure and temperature preservation system (PTPS) developed by the China University of Petroleum (Beijing) and Southwest Petroleum University (Zhu et al., 2013), Wire-line pressure and temperature core system (WPTCS) developed by the Chinese Academy of Geoscience (Zhang et al., 2014), SUGAR corer (SUCO) in South Korea, and MeBo-Druckkern-Probennehmer (MDP) used in Nigeria Delta during the SUGAR 1 (Abid1 et al., 2015). See Table 7 for the comparison of their operation conditions (Kubo et al., 2014; Zhu et al., 2013; Zhang et al., 2014; Abid1 et al., 2015; Zhu et al., 2011; Bohrmann et al., 2007; Chen et al., 2013; Dickens et al., 2003; Inada and Yamamoto, 2015; Yang et al., 2017; Schultheiss et al., 2009; Ryu et al., 2013; Flemings et al., 2019). A glance at open sources indicates that FPC, HRC, Hybrid PCS, and PCTB are the main coring tools used in large hydrate drilling activities in the past decade. In 2010, the researchers recovered 25 pressure cores using FPC, FRC, and FRPC equipped on the D/V Fugro Synergy during UBGH2 (Ryu et al., 2013). In June 2012, MH21 used Hybrid PCS equipped on the D/V Chikyu to conduct pressure coring (Yamamoto, 2015). During the NGHP2 in 2015, 17 holes were drilled and/or cored with conventional coring tools (HPCS/ESCS) or pressure coring tools (PCTB) equipped on the D/V Chikyu (Kumar et al., 2019). During the GMGS5 in 2018, the conventional coring tools and PCTB on the Fugro Voyager drill vessel were used to coring at four drilling sites: W01, W07, W08, and W09 (Wei et al., 2019b). Here we can see that the driving force for the continued development of pressure coring technology comes largely from national programs.
TABLE 7 | Comparison of operation conditions of different pressure coring systems.
[image: Table 7]Delivering high-quality, pressure-sealed, temperature-preserved gas hydrate samples is the tireless pursuit of exploration drilling. However, it is found that there are still many deficiencies in the coring tools after a rough comparison. Due to the limitations of the harsh environment in the drilling process, the use of the coring tools is restricted by the mechanical strength and tightness (Abid1 et al., 2015; Wang et al., 2015; Sun et al., 2015b). The most likely situation is that mechanical valves, sealing rings, and other seals cannot seal in-situ gas hydrate samples effectively, resulting in partial or complete loss of physical, chemical, and biological information. The pressure bearing range of the commercially used coring tools is 20–30 MPa and the maximum pressure does not exceed 70 MPa. The ice valves developed based on in-situ drilling fluid can improve the pressure-preserved performance of the valve to the level of 25 MPa or even higher 47 MPa (LuoPeng et al., 2015; Li et al., 2016b; Zhang et al., 2016). Although there have been some new designs that claim to increase the maximum bearing capacity of pressure corers above 100 MPa in recent years (Li et al., 2021c), they have not been applied in engineering. On the other hand, to reduce the influence of temperature change on the core, temperature preservation devices are added to the pressure-preserved drilling tools. This poses another world-class difficulty. That is, the key to the temperature preservation coring technology of gas hydrate is to prevent the temperature from rising, which is contrary to the previous temperature preservation technology. PCS, PCB, FPC, HRC, MAC, and DAPC do not have the function of temperature preservation, and the later developed PTCS, Hybrid PCS, PCTB, PTPS, WPTCS, and hole-bottom freezing sampling (HBFS) drilling tools (Sun et al., 2018; Guo et al., 2020) use vacuum insulation, thermal insulation material, cooling medium, thermoelectric-refrigeration technique, or external cooling device for temperature preservation. The heat preservation effect is limited. Higher core recovery needs to overcome pressure-related defects, and gas hydrate temperature-preservation coring techniques should be further developed, especially the active temperature-preservation techniques.
CONCLUSION
Drilling techniques are a series of practical technologies that combine empirical rules, qualitative judgment, and semi-quantitative interpretation. Successful, good, fast, and economical has always been the goal of drilling. However, with the development of oil and gas exploration and development of unconventional, low permeability, deep-water, and other complex oil and gas fields, drilling engineering is facing a series of problems and challenges in terms of safety, economy, and efficiency. Risks and challenges such as temperature and pressure fluctuations, drill string vibration, shallow water and gas flow, safe mud density window, wellhead/wellbore stability, flow assurance, methane leakage, etc. are still and will be difficult problems faced by hydrate drilling for a long time. Although the focus of this paper is to drill gas hydrate in the marine environment, especially in deep water, these situations also apply to drilling gas hydrate on land. The measures taken by the drilling project, whether on land or in the ocean, are to minimize the changes in the in-situ temperature and pressure of the reservoir to prevent hydrate dissociation. Thus, to avoid accidents such as wellbore instability and reservoir collapse. It is recommended to adopt the micro overbalance drilling method and develop drilling fluid with excellent performance to deal with the risk of drilling fluid invasion and hydrate dissociation in drilling activities.
Over the years, certain experience has been accumulated in scientific theory, technical equipment, engineering construction, environmental impact assessment in the field of gas hydrate. However, it is still necessary to develop advanced drilling technology and innovative drilling systems for use in the challenging conditions of drilling hydrate reservoirs. Through reasonable well layout, scientific well design, qualified casing and tubing, efficient drilling fluid, pressure-temperature preserved hydrate coring, successful completion, and sustainable development measures, methane can be produced safely and efficiently from hydrate reservoirs. Anyway, we must give full play to the advantages and characteristics of industry, universities, and research institutes. Multidisciplinary knowledge and the latest achievements in other fields should be comprehensively applied to overcome these difficulties. Only by deeply studying their mechanisms and internal laws can they be effectively solved. This requires proposing new scientific problems, establishing new theoretical viewpoints, developing new methods, new materials, new tools, and forming new technologies.
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GLOMAR
CHALLENGER
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CHIKYU

FUGRO
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FUGRO
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HAI YANG SHI
YoU 708
BLUE WHALE |

BLUE WHALE Il

Year
of
built

1968

1978

198

2005

2009

013

2011

016

2017

Size, m

Length 121 Beam
19 Derrick
height 43

Length
1433 Beam 213

Length 858 Beam
168 Depth 8.43

Length 210 Beam
38 Depth 162

Length 1037 Beam
197 Depth 106

Length 829 Beam
218 Depth 8.15

Length 105 Beam
234 Depth 9.6 m
Length 117 Widih
92.7 Height 118

Length 117 Width
927 Height 118

Draft, m

61

55

56

92

63

566

74

Gross
Tonnage, t

10500

8817

s6752

6593

4644

7847

43,000

3725

Maximum
operating
water
depth, m

~6100

5235

2000

2500 (upgradeable
04000 m)

3000

3000

3000
3658

3658

drilling
depth, m

7000

8385

2000

10000

Not available

Not available

Number
of power
thrusters

Number
of crew

6

n

NA

200

8

%

Not
available

Not
available

DP
system

P2

P2

P2

DP2

pP2

P2

DP3

DP3

Drilling
mode

Riserles driling

Riserless driling

Riserless driling

Riser drilling,
riserless drilling

Riserles driling

Riserless driling

Riserless driling

Riser drilling,
riserless drilling

Riser drilling,
riserless drilling

Scientific
influence

Glomar Challenger is the only special
drilling vessel of DSDP and the world's
Sirst vessel that can drill n waters with a
water depth greater than 6000 m

JOIDES Resolutionis the anly specal
drilling vessel of ODP. It is now one o the
scentiic diling platforms of I0DP, and
once served NGHP.

One of the most advanced exploration
and driling vessels in Russia, and once
served GMGS.

“The scientific drilling vessel with a riser
drilling system installed for the frst time
in the world, and once served MH21 and
NGHP.

Fugro Synergy s an ultra-deepwater
geotechnical driling vessel, and once
served NGHP and UBGH.

Fugro Voyager i an ultra-decpysater
geotechnical drilling vessel, and once
served CMGS.

“The first deepwater engineering research
vessel in China

“The largest ultra-deepwater semi-
submersible drilling patform in the world
Sister platform of Blue Whale 1. The
largest and deepest ultra-decpwater semi-
submersible drilling platform in the world
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Drilling fluid formula

Seawater + 2% Nano SiO, + 3% Bentonite + 1% Sodium CMC
+ 3% Sulfomethylated phenolic resin + 1% PVP (K90) +
2% KCl

Distilled water + 0.4% CMC + 0.4% PAC + 0.4% XG + 5%
KCl + 1% Sarcosine

Distilled water + 4.0% Bentonite + 3.5% NaCl + 6.0% CaCO;
+0.7% PVP (K90) + 0.4% GG + 0.4 Boron nitride
nanoparticles

2.0% Sodium bentonite + 0.15% XG + 0.2% Hydroxyethyl
cellulose + 0.2% Carboxymethyl starch + 2.0% Polyetheramine
+1.5% Liquid Lubricant + 1.0% Ultrafine Calcium Carbonate
+25% NaCl+ 20% Ethylene glycol

Freshwater + 3.0% NaCl, 3.0% KCI and 0.8% XG and 1% of
Tetrametylammonium chloride

Base mud + 20% NaCl + 0.1% NaOH + 3% Sulfonated
phenolic resin + 4% Sulfonated lignite + 0.3% XG

Deionized water + 2.0% Bentonite + 0.25% Amphoteric
polymer + 0.5% Low-viscosity PAC + 2.0% Sulfonated
phenolic resin +5.0% KCI + 10.0% NaCl (Ethylene glycol) +
0.1% PVP + 0.5% Lecithin

Drilling
fluid type

Water-based
drilling fluid

Water-based
drilling fluid

Water-based
drilling fluid

Water-based
drilling fluid

Water-based
drilling fluid

Water-based
drilling fluid
Water-based
drilling fluid

Features and advantages

With the best density, good low-temperature rheology and
sufficient shale hydration inhibition. The hydrate inhibition
performance is good. The cost of the gas hydrate drilling fluid is
15-20% lower than that of the drilling fluid used in the South
China Sea

Sarcosine is an environmentally friendly inhibitor. Compared
with polyvinyl caprolactam (PVCap) and PVP, the drilling fluid
containing sarcosine has better inhibition efficiency, shorter
aggregation time, and less fluid loss

Boron nitride nanoparticles can improve the rheological
properties of drilling fluid, and reduce fluid loss and cake
thickness

It has good ultra-low temperature rheology, hydrate inhibitive
property and environmental protection, shale inhibition
performance and low thermal conductivity, which is conducive
to the wellbore stability of Arctic permafrost

Tetramethylammonium chloride and PVP can delay the
formation of gas hydrate in the same order of magnitude, but
the former has higher thermal stability in drilling mud than the
latter and can provide suitable shear thinning behavior

Excellent rheological property and low fluid loss. Itis a polymer
drilling fluid suitable for hydrate drilling in permafrost

Stable rheological performance, filtration performance and
hydrate inhibition performance. The combination of 0.1 wi%
PVP and 0.5 wt% lecithin provided the best inhibitory effect

Reference

Liu et al. (Liu et al,
2016b)

Das et al. (Das et al,
2022b)

Maiti et al. (Maiti
etal, 2021)

Zhang et al. (Zhang
et al,, 2021b)

Yuha et al. (Yuha
et al, 2021)

Wang et al. (Wang
etal, 2017)

Zhao et al. (Zhao
et al, 2019)
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Coring Institutions Core Core Maximum Sealing Coring history
tools liner diameter, bearing methods
length, m  mm capacity,
MPa
PCB DSDP 6 578 35 Ball valve DSDP 19/42/44//62/76, Blake Outer Ridge
e obp 1 432 68.97 Ball valve ODP 124/139/141/146/164/196/201/204, IODP
311, NGHP1
FPC EU- sponsored 1 58 25 Flapper valve  ODP 194/201/204, IODP 311, JIP Leg 01, NGHPI,
HYACINTH program GMGS1, GMGS2, UBGH1, UBGH2, Gumusut-
Kakap project
HRC EU- sponsored 1 51 25 Flapper valve  ODP 194/201/204, IODP 311, NGHP1, UBGHI,
HYACINTH program UBGHI1
PTCS JOGMEC 35 73 2413 Ball valve Mallik 2L-38 well, Kashiwazaki field, MITI Nankai
‘Trough exploration well, 2004 METI Tokai-oki to
Kumano-nada drilling campaign, SONNE cruises
Hybrid PCS ~ JAMSTEC and AAT 35 51 3448 Ball valve Nagaoka onshore field test well, Nankai Trough
ATI-C, Expedition 802 in Nankai Trough Project,
GOM JIP 03
PCTB Geotek Ltd., 3 si a5 Ball valve GMGS3, GMG$4, GMGS5, NGHP2, UT-GOM2-1
United Kingdom
PTPS China University of 10 60 30 Flapper valve ~ HY4-2006-03 voyage
Petroleum, Bejjing
WPTCS Chinese Academy of 135113 3828 20 Ball valve Qilian mountain gas hydrate exploration well,
Geoscience Qiangtang basin gas hydrate exploration well
SUCO TU Clausthal i2 50 21 Flapper valve ~ Gas hydrate campaign in Korea
MDP Corsyde 13 45 20 Flapper valve  The expedition of Guineco-MeBo in 2011
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Pilot production

Production

Equipment system

Development direction

area method
and time
Nankai Trough, Japan, ~ Depressurization Chikyu + riser + drill pipe + bit + casing + BOP + electric  Improve sand control system, separation system, and

2013 and 2017

Shenhu area, South
China Sea, 2017

Shenhu area, South
China Sea, 2017

Shenhu area, South
China Sea, 2020

Depressurization

Solid state
fluidization

Depressurization

submersible pump + sand control tool + packer + lifting
separator

Blue Whale I + riser + drill pipe + bit + coiled tubing +
BOP + hydraulic slotting tool + electric submersible pump
+ sand control sieve tube + packer

HAI YANG SHI YOU 708 + drill pipe + coiled tubing +
jet crushing nozzle + + cyclone desander + coring bit

Blue Whale II + suction anchor + drill pipe + bit + coiled
tubing + BOP + new bypass pre filling sieve tube + electric
submersible pump + gas-liquid separator + packer

monitoring system; Reduce the weight of the drilling vessel
Produce gas hydrate by gradient decompression

Develop a technique for reservoir stimulation in low
permeable gas hydrate reservoirs; Sand control; Investigate
narrow-density window drilling technology; Solve the
problem of dynamic monitoring of hydrate mining

Invent and manufacture high-efficiency crushing tools,
special mining tools, special transmission pipes, lifting
pumps, and other underwater tools and equipment; Develop
multilayer production techniques and equipment

Study the technical equipment for large-scale hydrate
development; Design safe and sustainable production
strategy
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Location ~ Well name ‘Well type ‘Water depth, Buried depth, m Drilling fluid

type
Permafrost Mallik 3L-38 Production well - 810-1105 Lecithin water solution
Permafrost Mallik 4L-38 Production well - 800-1095 Lecithin water solution
Permafrost Mallik 5L-38 Production well - 805-1105 Lecithin water solution
Permafrost Qilian DK-1 Exploration well ~ — 133.5-135.5+1429-147.7+165.3-1655  Water-based drilling fluid
Permafrost Ignik Sikumi #1 Production well - 525-740 Oil-based drilling fluid
Permafrost Mount Elbert #1 Production well - 614-628+649-666 Oil-based drilling fluid
Sea NGHP 1 7-A Exploration well 1285 130-150 Sepiolite - seawater
Sea SHSC-4 Production well 1266 201-251 Water-based drilling fluid
Sea SHSC2-6 Production well 122523 203-277 Water-based drilling fluid
Sea ATI1-P2 Production well 995 261-321 KCl polymer - sepiolite mud
Sea ATI-P3 Production well 9945 259.5-320.5 KCl polymer - sepiolite mud
Sea GOM JIP 1 ATI3-1 Exploration well 12905 30-246.3 Attapulgite-seawater
Sea GOM JIP 1 AT14-1 Exploration well 13002 180-220 Attapulgite-seawater
Sea GOM JIP 2 WR313-G  Exploration well 2000 231-424 Attapulgite-seawater






OPS/images/feart-10-997337-t002.jpg
Name

MPD

CWD

Strengths

1) accurately control of borehole pressure, 2) reduce the well construction cycle,
3) reduce formation instability and collapse, 4) prevent lost circulation and well
kick, 5) reduction in casing number and hole size, 6) reduce damage to reservoir,
and 7) the drilling cost is reduced significantly

CWD can 1) shorten the well construction cycle, 2) reduce downhole accidents,
3) improve hydraulic parameters, annulus upward velocity, and wellbore
cleaning conditions, 4) simplify the structure and reduce drilling rig volume, and
5) reduce drilling costs, compared with drill pipe drilling

1) equipped with electric logging lines or other signal telemetry options, 2) small
footprint and greater mobility, 3) continuous circulation without stopping the
pump and the well control stack makes the safety performance better, 4) suitable
for the underbalanced drilling (UBD), gas-liquid multiphase drilling and air
drilling, and 5) fewer service personnel are needed; 6) Quicker trip times

‘Weaknesses

1) adifficult operation procedure; 2) no samples or logs obtained; 3) potentially a
large amount of drilling fluid; and 4) difficulties in removing the drilling strings
from the hole

1) capital investment for CWD rig is still high, 2) fatigue failure most likely to
ocur in casing string with high doglegs, 3) high torque and drag, 4) hydraulics
system problems for CWD in deeper intervals, and 5) lighter and more durable
drill bits are required

1) inability to rotate, 2) short service life caused by coiled tubing fatigue, 3)
reduced pump rates, torque, and WOB, 4) restricted wellbore size, 5) short
service life caused by coiled tubing fatigue, 6) higher costs to change the coiled
tubing and maintain a drilling-fluid system, and 7) limited equipment and
limited experience manpower base
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Study areas Investigative Estimated  Study areas Investigative Estimated

techniques gas techniques gas

reserves, m* reserves, m*
Blake Ridge, BSR and amplitude blank zone 570 x 10" South Shetland Islands on the edge of BSR 230 x 10"
United States Antarctica
North Slope of Alaska,  BSR and gas and fluid bursts 240 x 10° Nankai Trough, Japan BSR 110 x 102
United States
Offshore Gulf of BSR and gas and fluid bursts 114 x 104 Qinghai-Tibet Plateau, China Digital bathymetry along  1.20 x 10"*-2.40 x
Mexico with BSR 10
Offshore the eastern ~ BSR and gas and fluid bursts 2,68 x 10 Pearl River Mouth Basin, China Digital bathymetry along 650 x 10"
United States. with BSR
Mackenzie Delta, BSR with deep-tow acoustics/ 024-870 x 10" Qiongdongnan Basin, China BSR and amplitude 570 x 10"
Canada geophysics system (DTAGS) blank zone
Canadian Arctic BSR with DTAGS 0.19-620x 10" Indian Exclusive Economic Zone Digital bathymetry along ~ 1.90 x 10'*
Islands (including Bay of Bengal and with BSR
Andaman Sea)

The edge of the BSR with DTAGS 190-7.80 x 10 Mesoyaha, Russia BSR 24 % 10"
Atlantic Canada
The edge of the BSR with DTAGS 032-240 x 10" Ulleung Basin, South Korea BSR 248 x 10

Canadian Pacific
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