

  energies-16-03101




energies-16-03101







Energies 2023, 16(7), 3101; doi:10.3390/en16073101




Review



Microseismic Monitoring Technology Developments and Prospects in CCUS Injection Engineering



Lingbin Meng 1[image: Orcid], Jing Zheng 1,*, Ruizhao Yang 1,*, Suping Peng 2, Yuan Sun 1, Jingyu Xie 3 and Dewei Li 1





1



School of Geosciences & Surveying Engineering, China University of Mining and Technology-Beijing, Beijing 100083, China;






2



State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology-Beijing, Beijing 100083, China






3



School of Resources and Geosciences, China University of Mining and Technology, Xuzhou 221116, China









*



Correspondence: zhengjing@cumtb.edu.cn (J.Z.); yrz@cumtb.edu.cn (R.Y.); Tel.: +86-135-8185-6455 (J.Z.); +86-137-0123-1296 (R.Y.)







Academic Editors: Reza Rezaee, Federica Raganati and Paola Ammendola



Received: 28 February 2023 / Revised: 16 March 2023 / Accepted: 27 March 2023 / Published: 29 March 2023



Abstract

:

CO2 geological storage projects are an essential tool for China to achieve the double carbon target of energy savings and emission reductions. In order to safely and effectively control the implementation of injection projects and monitor the dynamics of CO2 injection, multi-dimensional and multi-disciplinary monitoring tools are required. Among them, microseismic monitoring is a key technology for predicting reservoir dynamics and reflecting reservoir geomechanical behavior. Such monitoring has been carried out previously for reservoirs in other countries, but experimental projects are also gradually being developed in China. In this paper, we focus on the research and analysis results of microseismic monitoring of carbon storage projects in various work areas. For different reservoir conditions, we explore combinations of the monitoring implementation methods in China, comparing the differences in each work area. We propose a joint well and ground microseismic monitoring method and a multi-spatial and multi-physical field coupling research system for use in the implementation of domestic demo projects for the future research and development of microseismic monitoring of carbon storage projects. The monitoring program can meet the requirements for certain periodic repeated or continuous observations and can intelligently assess the risk and handle the alert behavior. The foundation is laid for the development of the future microseismic monitoring technology to achieve the goal of developing cost-controllable, permanent, and real-time monitoring equipment. The application of the monitoring system in China has been effective, and this experience can contribute to the development of injection engineering in the future.
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1. Introduction


CO2 capture, utilization, and storage (CCUS) is an increasingly significant approach to achieving the carbon peak and carbon neutrality. According to statistics, there are 122 CCUS projects in the world, including 51 projects in Europe, 36 projects in South America, 27 projects in Asia and Oceania, and 8 projects in the Middle East and other regions [1,2]. Carbon capture and storage (CCS) is an economically viable approach to address greenhouse gas emissions and mitigate global warming. The process involves separating CO2 from industrial or related sources, transporting it to pre-selected storage sites, and injecting it into underground geological structures to achieve long-term CO2 isolation from the atmosphere [3,4]. In order to implement the process of carbon storage more efficiently and economically, and based on the advantages of the geological site selection for storage, there are domestic and international trends to adopt the process of carbon capture, utilization, and storage (CCUS) to reuse CO2 and generate potential economic benefits [5].



Currently, there are two main forms of CCUS geological storage projects: CO2 injection into tight sandstone reservoirs to enhance oil and gas recovery, and CO2 injection into tight coalbed methane (CBM) reservoirs to replace CBM (CO2-EOR and CO2-ECBM). CCUS projects require not only the preservation of CO2 in deeper formations, but also operational monitoring of the overall engineering system at the start of CO2 injection (the measurement, monitoring, and verification system, MMV), to ensure that CO2 is safely and efficiently stored in the reservoir storage [6].



From the perspective of geology and geophysics, recent CCUS engineering is mainly divided into geological utilization and geological storage, where geological utilization includes enhanced oil extraction, replacement of coalbed methane, enhanced natural gas extraction, enhanced shale gas extraction, enhanced geothermal systems, uranium leaching, and enhanced deep saline aquifer extraction; on the other hand, geological storage means mainly include onshore saline aquifer storage, submarine saline aquifer storage, and depleted reservoirs [7,8]. The global CO2 storage capacity of major oil and gas fields is about 310.8 billion tons [5]. The geological formations that have been applied successfully in domestic and international projects to store CO2 mainly include depleted or economically unproductive oil and gas reservoirs, coal seams, and deep saline aquifers. Among them, geophysical monitoring techniques play an important role in ensuring the long-term stability of the CO2 storage process and predicting the plume extent of CO2 transport.



The United States is the country with the largest number of CO2 drive projects, with the largest and earliest CO2 drive study starting in 1972 in the SACROC field (Figure 1) [5]. In the middle to late periods of the last century, pioneering experiments on CO2 storage and oil drive were conducted in developed countries, such as the CO2 geological storage experiments in the Weyburn field in Canada, the geological storage project in the Sleipner gas field in Norway, and the project in In Salah in Algeria. These projects are also three of the most successful CCUS projects recognized internationally.



Through compilation, research and analysis, we summarize the research results of microseismic monitoring in CCUS projects that have received significant attention around the world in the past 20 years. This paper analyzes the application and current situation of microseismic monitoring in CO2 injection and storage projects and expounds the important role of microseismic monitoring technology according to the corresponding data. This study is expected to provide a valuable reference and targeted guidance for the construction, implementation, and development of CCUS projects in the future, as well as considerations and prospects of the problems faced by future microseismic monitoring technology in its development.




2. Microseismic Monitoring Technology in CCUS Engineering


CCUS geophysical monitoring refers to a series of reliable geophysical monitoring tools developed for CCUS projects. Existing technology projects apply tools such as four-dimensional seismic surveys (time-lapse seismogram), logging and petrophysical analysis, and electromagnetic and gravity surveys. The principle of these technologies is to use the geophysical changes caused by the impact of injection on the subsurface strata as a direct basis for monitoring. The microseismic monitoring technology used in CCUS projects senses the changes occurring in the reservoir during the injection process (Figure 2) [9], which is both timely and accurate and can save significant costs.



In fact, geophysics is not the only monitoring tool. For the whole CCUS project, in order to monitor and accurately evaluate the reservoir and fluid behavior after CO2 injection, InSAR satellites can be used to observe the surface deformation rate and combined with geochemistry, environmental monitoring, hydrogeological difference analysis, isotope tracing, and other technical methods to sense CO2 dynamics. Together with geophysical monitoring tools, these methods can more comprehensively interpret the gas drive leading edge and reservoir dynamics, and even detect risk behaviors such as leakage.



2.1. Microseismic Event Triggering Mechanisms in Carbon Storage Engineering


There are several main triggering mechanisms that can induce (micro)seismic activity:



	1.

	
The evolution of the pore pressure or the effect of the nature of the injected fluid on the stability of fractures or faults: Once CO2 is injected into the target formation, whether during storage, replacement, or substitution, it will increase the pore pressure of the formation and change the original formation stability [10]. If the target formation is fractured or has small faults and fracture zones that are conducive to sequestration and replacement, the pore pressure of the target reservoir will be more susceptible to the influence of the injected fluids and disrupt the original stress equilibrium [11].




	2.

	
Non-isothermal effect: This effect usually occurs when the injected fluid reaches the injected formation at a lower temperature than the rock temperature, resulting in rock contraction, thermal stress reduction, and stress redistribution around the cooling zone. The injected CO2 is usually at a lower temperature than the surrounding rock, due to the fact that the CO2 has not yet reached thermal equilibrium with the ground temperature gradient during injection [12]. Therefore, reservoir cooling around the injected wells and lower thermal stresses can cause the stress field to approach an unstable state [13,14].




	3.

	
Presence of low-permeability faults: The presence of low-permeability faults in injected formations causes local stress distribution inequalities, reducing the stability of the injected formation and potentially leading to fault reactivation. Each (micro)seismic event induces stress redistribution around a fracture or fault that experiences shear slip [15,16].




	4.

	
Earthquake slip due to stress transfer: Not all shear slips occurring in fractures or faults trigger (micro)seismic events, and shear slips may accompany the occurrence of seismic resistance [17]. Such a seismic slip may induce (micro)seismic events away from the slip surface [18].




	5.

	
Geochemical effects (may be particularly relevant to carbonate formation): Geochemical reactions can change the frictional strength of faults, which can lead to local changes around faults when they are damaged [19], thus affecting the fault stability.








2.2. The Importance of Microseismic Monitoring Implementation


CCUS geological storage areas can trigger (micro)earthquakes due to the above factors. Undetected small faults exist in geological sequestration zones where they act as barriers to fluid injection and become sites of pressure build-up [20]. When shear stresses acting externally on a fracture or fault surface exceed its shear strength, fluid injection into the subsurface may result in activities such as shear tensioning of the rocks in direct contact, with the subsequent release of seismic energy, thereby triggering microseismic events [21]. Three major potential pathways for CO2 leakage from target geologic sequestration zones have been recognized: fluid injection through cap rupture, migration along an existing subvertical fault or fracture zone, or escape through a well with a poorly consolidated casing [22]. In principle, the increase in fluid pressure is the only mechanism by which a microseismic event can occur. At the start of the injection, a nearby injection well improves the stability; away from the position of the injection well, the fluid pressure continues to rise, and as a result of the injection pressure diffusion, (micro)seismic events can occur [23]. This phenomenon is often observed after EGS stimulation [24]. Although no high-magnitude seismic activity has been observed in geological carbon storage projects, the mechanism needs to be understood in order to avoid it. Therefore, full-space microseismic monitoring with a large coverage is particularly necessary in the whole system. Compared with environmental monitoring, surface deformation monitoring and time-shift seismic monitoring technologies, microseismic monitoring technology is less restricted by the surface environment (a small number of geophones can complete the task objectives), and the monitoring system has the ability to provide timely warnings in time and space. Mature and intelligent processing and interpretation algorithms can quickly obtain positioning results. Applying neural networks or deep learning methods, accurate positioning results can be obtained using the collected data. Furthermore, by analyzing the mechanism of microseismic events during fluid injection and evaluating the damage degree of the event to the reservoir, the project implementation is optimized to avoid the occurrence or expansion of leakage events.





3. Case Study of CCUS Microseismic Monitoring Engineering


The CCUS projects in Canada, Norway, Algeria, and the U.S. have constructed interdisciplinary and integrated monitoring systems that are valuable in the study of CO2 injection uncertainty determination, built confidence in carbon sequestration implementation, provided scientific guidance methods for China to achieve its dual carbon goals, and become successful models for many CCUS projects. The intersection of the expected modeling and monitoring of actual data analysis has led to continuous advancements and breakthroughs, resulting in less risky, more predictable, and increasing utilization and benefit rates of CO2 storage projects.



3.1. Long-Term CO2 Storage Monitoring in the Weyburn Field, Canada


The monitoring and storage project (Weyburn–Midale CO2-EOR) that operated from October 2000 until 2011 in the Weyburn field in Canada conducted CO2 monitoring activities and is the world’s largest CO2-EOR geological storage project with the objective of enhancing oil and gas recovery. The Weyburn reservoir is a thin (18–29 m total thickness) fractured carbonate rock at a depth of approximately 1450 m [25]. The average porosity and permeability are 15–26% and 10–20 mD [26]. The Weyburn oil field is adjacent to the Midale oil field, with similar geological reservoirs, and both are suitable for CO2-EOR engineering, with the Weyburn oil field starting CO2 injection 5 years earlier than the Midale oil field as an a priori implementation area. Both fields are expected to continue injecting for 30 years. The International Energy Agency (IEA) Greenhouse Gas Monitoring and Storage Program was established to evaluate and supervise the monitoring methods and processes associated with CO2 injection into subsurface geological reservoirs (Figure 3) [27].



A downhole monitoring array consisting of eight three-component geophones was first installed in 2003 [28]. At first, this monitoring array covered only a portion of the field in order to study the feasibility of microseismic monitoring in CCUS. At that time, time-lapse seismic (4D) monitoring was the primary geophysical monitoring tool in the CCUS project (2001–2007), with microseismic monitoring as a secondary tool. Injection activity was shut down in September 2010, and an additional 92 events were monitored in the month following the shutdown of the well. The event magnitudes ranged from −3 to −1 Mw, with the −2 magnitude events being detected 500 m from the reservoir (Figure 4) [29].



Verdon, J.P., et al. (2011) generated a numerical geomechanical model to simulate and predict the stress changes caused by CO2 injection [10]. Seismic activity within the reservoir suggests that no significant geomechanical deformation of the reservoir is occurring or that deformation is occurring in an extensional manner. Duxbury, A., et al. (2010) coupled fluid flow and geomechanical simulations based on the Weyburn model and concluded that seismic activity above the reservoir is likely due to stress arching effects rather than CO2 escape [30,31]. Khazaei, C., et al. (2016) simulated reservoir geomechanics using PFC3D to relate the energy consumed in the volume to the energy released by planar slips and found that microseismic events can occur at any stress destabilization surface, even when the injection pressure is lower than the pressure inside the reservoir, reaching the tolerance capacity of the cap [32]. Through geomechanical microseismic event mechanism studies, Verdon, J.P., et al. (2016) also confirmed that these events are not directly triggered by fluid injection, but are a response to stress transfer through the rock framework during production and injection [33].



Based on studies by related scholars and the perspective of overall project implementation monitoring, although no signs of CO2 leakage during construction and no impact on CO2 reservoir processes have been detected, continuous microseismic monitoring implementation is also quite necessary [21]. Simulation studies of reservoir geomechanics also need to be linked to actual observable deformation phenomena and (micro)seismic events and validated against each other in order to more accurately assess the risk of leakage occurring due to injection-induced rupture.




3.2. CO2 Geological Storage Project in the Sleipner Field, Norway


The injection project in the Sleipner field was started in 1996 and had injected 13 mt by the end of 2011.This project involves a water-bearing sandstone reservoir with a narrow fault distribution, an average porosity of 35–40% and a permeability above 1 D [34]. The sand body has a very large reservoir space. From the geomechanical point of view, the reservoir pressure changes are negligible, and no rock destruction due to the expansion of the injected gas transport will occur. The pressure is fairly stable and uniform at about 6.4 MPa during long-term continuous injection [29]. Therefore, instead of direct geomechanical deformation measurements, this project utilizes time-shifted seismic data to analyze the extent of the observed CO2 plume.




3.3. CO2 Storage Project in In Salah, Algeria


The CO2 capture and stratigraphic storage project in In Salah (Krechba site), located in the central region of Algeria, was launched in 2004 and was the first non-augmented recovery project to monitor microseismic activity. Between 2004 and 2011, more than 3.8 million tons of CO2 were stored in the subsurface [35]. Three wells, KB501, KB502, and KB503, inject into the Carboniferous saline formation along horizontal sections (Figure 5) [36] with a reservoir porosity of ~10–17% and a permeability of ~10 mD [37].



InSAR monitoring of surface deformation observations indicates that the CO2 injection process is accompanied by significant surface uplift. A wide elliptical NW uplift toward the surface can be clearly observed in the three injection wells, with slight subsidence in gas producing wells [38]. The size of the surface deformation is in the order of tens of millimeters (Figure 6). Of particular interest is the double-flap structure observed in the KB502 injection well that has caused widespread concern as it may be associated with tensile damage from stress-directed fractures [39].



To further explain the occurrence of surface deformation, the deployment of a microseismic monitoring system began in 2009 with six three-component geophones in wells near KB502, evenly distributed at 500 depth [36]. Although data from only one geophone are available, the frequency of events can be determined, with a total of 700 events manually identified in 2010, including up to 35 events in a single day. Verdon, J.P., et al. (2013) analyzed microseismic event waveforms and determined that event occurrence was associated with fluid injection activation of fracture zones [29]. Stress transfer from injection-induced fault activation plays an important role in inducing microseismic activity in the In Salah work zone, with shear slip stress transfer mechanisms being the main inducing factor.



Shi, J.Q., et al. (2019) also analytically studied the dynamic characteristics of fracture shear activation near the injection wells in wells KB501 and KB503 [40]. CO2 injection at well KB502 resulted in fracture reactivation in shear and tensile mode with extension in both the lateral and vertical directions. In the reservoir model of Cao et al. (2021), by modeling the simulated injection into the fault zone, the results of the study supported the reasonable explanation of shear slip and tensile tensioning of the fault during CO2 injection at well KB502 [41]. The analysis of the microseismic mechanism indicates that the microseismic activity potential of the area is greater than that of the non-fault reactivation area.



In other words, microseismic events are likely to occur in areas of fluid connectivity or in areas of unbalanced stress conduction, and if the reservoir contains potential fracture zones, the probability of microseismic events is greatly increased. Therefore, the previous experience of the project tells us that the injection pressure needs to be accurately controlled during the injection period to ensure the integrity of the reservoir unit and cap rock. Since the overburden in the In Salah work area is about 950 m thick, CO2 injection does not pose a leakage threat to the reservoir. From the implementation of the whole monitoring system and the experience of previous research results, microseismic monitoring technology can not only better monitor underground activities and assist in detecting valuable information from injection to storage, but also provide more sensitive early warnings than other monitoring methods.




3.4. CO2 Injection Monitoring Project in the Pembina Field, Alberta, Canada


Geophysical and geochemical monitoring techniques have been used in the Alberta region for subsurface gas storage and enhanced oil recovery. These techniques can be used to monitor changes in water chemistry due to CO2 injection, the phase distribution of the produced fluids, and gas drive leading edges. Geochemical monitoring is short-term, with a monitoring period of about 10 years, while microseismic monitoring for identifying shear deformation and reservoir pressure and temperature control is the most direct method [42].



In 2005, a multidisciplinary pilot study established by the Alberta government injected supercritical CO2 in the Pembina field to enhance recovery. In this area, CO2 was injected into sandstone reservoirs of the Cardium Formation at a depth of approximately 1650 m. Most of the Cardium Formation is contained within three sandstone layers with an average porosity ranging from 14.8% to 16.4% [43]. The permeability of the sandstones increases with porosity, with the lowest average permeability of 9.5 mD in the lower section and average permeability values of 21.4 mD and 19.8 mD in the middle and upper sections, respectively. The Cardium Formation at Pembina is located in the 650 m thick Colorado Formation shales with an effective and intact overlying shale sequence and a shale thickness of more than 300 m, which is conducive to the long-term storage of CO2 [44].



From 2005 to 2008, a monitoring well was set up at a horizontal distance of 300 m from the injection well, and passive seismic monitoring (PSM) was carried out using eight three-component borehole geophones. The signal-to-noise ratio of the borehole geophone was higher than that of the ground. The sensor could detect microseismic activity greater than −1.5 Mw.



Martínez-Garzón P et al. (2013) also searched for microseismic information on slow slip processes in monitoring data [45]. Microseismic signals generated by slow slip were investigated in the studies of Das and Zoback (2011) and Kumar et al. (2018), where similar seismic signals were monitored during hydraulic fracturing and CO2 injection in the Barnett and Wolfcamp shales in Texas, USA [46,47]. Long-period and long-duration (LPLD) events typically last tens of seconds and have signal frequencies in the range of 10–80 Hz. They resemble conventional tectonic shaking that occurs in subduction zones and slip margins [48]. Using data from a 15 Hz monitoring array, Caffagni, E., et al. (2015) determined that regional seismic and LPLD events have similar waveform characteristics and need to be distinguished to ensure the reliability of reservoir deformation interpretation [49].



The absence of microseismic signals in the CO2 project in the Pembina field in Alberta may be related to the hydraulic fracturing work carried out prior to injection, which was more thorough in transforming the reservoir to ensure smooth CO2 injection and enhanced recovery. On the other hand, it is also possible that the pore pressure and the state of the ground stress field in the reservoir were at a low and stable level when the monitoring was conducted due to the relative depletion of the reservoir.




3.5. CO2 Injection Monitoring Project in the Illinois Basin, USA


The Illinois Basin-Decatur Project (IBDP) is the first demonstration-scale carbon capture and storage site established by the U.S. Department of Energy to explore the technical and economic feasibility of long-term CO2 storage using geologic formations. The first phase injected 1 mt of supercritical CO2 between November 2011 and November 2014 at an average injection rate of 1000 t per day into the Lower Simon Sandstone at 1920–1940 m below sea level. At a distance of 1100 m to the northeast of the original injection well, a second phase of injection began. This injection will continue until 2020 at a depth of 1810–1870 m in another high permeability and porosity profile in the Lower Mount Simon formation [50].



The IBDP base includes an injection well (CCS1), a deep monitoring well (VW1), a dedicated geophysical well (GM1), and various near-surface monitoring wells and equipment (Figure 7) [50,51]. In the CCS1 well, CO2 was injected into the lower part of the Simon Sandstone, which has the highest porosity, averaging 22%, and an average permeability of 200 mD to 1000 mD (Leetaru and Freiburg, 2014). The IL-ICCS base includes an injection well (CCS2), a deep monitoring well (VW2), a dedicated geophysical well (GM2), and various near-surface monitoring wells and equipment (Figure 7) [51].



The microseismic monitoring array consists of two independent geophone observation systems. The permanently buried monitoring wells each contain an observation array of 31 geophones at depths ranging from 624 to 943 m. Between December 2011 and July 2018, more than 19,000 signals were monitored in the wells [50], of which 5397 were microseismic events thought to have occurred within the reservoir. Of these, 4848 events occurred during the first injection phase, and the remaining 549 events occurred during the post-injection phase of CCS1 (from December 2014) and after the start of the second injection phase of CCS2 (from April 2017), with the two sets of microseismic events occurring in different spatial clusters. The source depths are distributed from the Lower Simon Reservoir toward the Upper Precambrian basement. Dando B D E et al. (2021) used an improved double difference algorithm to relocate microseismic events to the locations of microseismic events recorded by the IBDP and IL-ICCS projects. A total of 4293 events were relocated from the original catalog of 5397 events. The relocated microseismic event point clouds (microseismic event clusters) are more aggregated and exhibit new linear features oriented close to the NE–SW direction [51].



At the IBDP site, only low-magnitude seismic events (moment magnitude less than 1.2 Mw) were detected during the injection process, which started two months after the start of CO2 injection. Approximately 90% of the microseismic events occurred within 280 m below the injection layer, with the two highest magnitudes recorded being 1.07 and 1.17 Mw [50]. In a CO2 injection and storage project in Illinois lasting nearly 10 years, significant differences in the reservoir response to fluid pressure changes were obtained from microseismic monitoring in the same reservoir selected for injection at different locations.




3.6. Microseismic Monitoring of CO2 Injection Projects in Other Regions


Approximately 10,000 t of supercritical CO2 was injected at a depth of 1050 m in the Bass Island Dolomite (BILD) field in the Michigan Basin, which will be used for enhanced crude oil recovery (EOR), and over 200 microseismic events were monitored. By locating the source of these events, analyzing the frequency characteristics, and classifying the seismic mechanisms, it was found that most of the events were close to the borehole, and all of the event mechanisms were different from those of fault-slip injection-induced seismicity. It was found that these microseismic events were generated by the expansion of the CO2 gas mixture oscillating in fluid-filled fractures, which in turn indicates that the CO2 phase transition seems to trigger oscillations that are located very close to the borehole where the monitoring array is deployed; thus, many microseismic events were recorded [52,53].



At the Aquistore site in Saskatchewan, Canada, where CO2 is injected for enhanced recovery operations, more than 105 kt of CO2 was injected over a two-year period from 2015 to 2017 into a brine formation around 3.2 km below ground. The site has one injection well and one monitoring well and implements various monitoring techniques. Among them, time-lapse 3D seismic and passive seismic monitoring techniques are carried out [54].



Passive seismic tomography (PST) is a geophysical exploration technology that uses natural microseismic activity (microseismic activity with −1 to 2 Richter magnitude that occurs almost everywhere) as the source. In CO2 injection projects, passive seismic monitoring techniques mainly use environmental noise seismic imaging methods so they can accurately reflect subsurface structures at certain depths, and most studies aim at extracting surface wave properties from environmental noise [55,56,57]. There are also some studies that extract body wave reflection information from noise to invert deep subsurface structures [58,59,60].



In the Aquestore project, a permanent monitoring array consisting of 650 geophones is deployed on a 2.5 × 2.5 km grid at a depth of 20 m. The purpose of the array is to test “sparse array” seismic imaging and to provide continuous passive monitoring. As of 2018, analysis of passive seismic activity in this area has not detected any microseismic events associated with CO2 injection. This may be due to the small injection volume in this area, coupled with the low effective stress in this area, which is not susceptible to shear damage. However, with further injection in this work zone, the risk of fault reactivation (induced seismicity) occurring will be increased and continuous seismic monitoring is necessary to provide alerts of any fault reactivation [61].





4. Case Study of Carbon Sequestration Injection and Microseismic Monitoring Engineering in China


Among the many energy-saving and emission-reducing technologies, CCUS is the most suitable for China’s national conditions and can achieve low-carbon utilization of fossil fuels on a large scale. CCUS is the most mature technology but it is still in its infancy in industrial applications and is still in the demonstration stage in China.



4.1. CCUS-EOR Project in Jilin


The CNPC Jilin CCUS-EOR project is only 1 of the 21 large-scale CCUS projects in operation in China. It is also the largest and earliest CCUS-EOR project in Asia. In 2009, microseismic fracture monitoring was carried out only in the CO2 injection block. In order to detect possible microseismic events during CO2 injection, 12 three-component receiver arrays were placed on the ground near the well with a spacing of 5–10 m [62]. The CO2 scanning profile inverted by microseismic events and the density of microseismic events monitored at different locations can be used to describe the migration direction of CO2 in reservoirs. Microseismic technology can effectively monitor the CO2 flow and preferential sweep consistency in the reservoir [63]. The CO2 preferential flow drawn can predict the production of CO2 and even breakthrough (Figure 8), which provides a basis for guiding injection–production control strategies and optimizing reservoir injection–production plans.




4.2. CCUS-ECBM Project in Shanxi, China


In recent years, China has established efficient clean coal utilization and new energy-saving projects led by the China Union Coalbed Methane Company in order to reach the double carbon target and reduce CO2 emissions in industrial production. In 2018, a 3-year project of CO2 injection was started to drive coalbed methane to improve the coalbed methane extraction rate while permanently sequestering CO2 in the target reservoir as much as possible. The project objectives are to effectively bury CO2 in coal seams and inject CO2 to effectively replace methane to improve the actual demand of the coalbed methane extraction rate. Further objectives are to investigate the pore permeability change law and main control factors in the process of CO2-driven coalbed methane, as well as promote the industrialization process of CO2-driven coalbed methane through field demonstration and application evaluation results.



In order to monitor the transport and storage of CO2 before, during, and after injection, the project designed and proposed a “space–sky–ground–well” monitoring system, which consists of four geophysical monitoring techniques at different scales and in two time dimensions for a small area with multiple production wells from a single injection. The four geophysical monitoring techniques are space satellite remote sensing, sky unmanned aerial vehicle (UAV) scanning imaging, near-surface microseismic monitoring, and deep-well VSP, along with other injection-sensitive parameter monitoring methods using fiber optic acquisition (Figure 9) [64].



The porosity of the injected target coal seam averages 4.96%, with small overall variation. The results of the single-phase injection and pressure drop test wells show that the overall permeability of the coal seam in this area is low. The permeability shows a gradually increasing trend from east to west, generally ranging from 0.01 to 1.10 mD, with an average of 0.47 mD and obvious non-homogeneity, all of which are features of low-permeability reservoirs. The coalbed methane test well pressure is 1.75–6.14 MPa.



Microseismic monitoring technology has been effectively applied in this project. This monitoring and observation system includes 30 5 Hz three-component geophones placed above the injection target, with three main monitoring periods: before, during, and after CO2 injection. This system was in the smooth injection stage up to November 2022, with the cumulative injection volume reaching 2000 t and the daily injection volume reaching about 13 t. A total of 38 events were monitored during the microseismic monitoring period. The magnitude of the event points was less than −0.6 Mw, distributed in the middle and lower parts of the reservoir and around the injection wells. Combined with other monitoring methods, the CO2 transport trend can be effectively identified (Figure 10). Since the replacement of CBM with CO2 is the first target, the CO2 transport direction is consistent with the pressure drop trend direction, and also coincides with the production-dominant orientation of the production wells.



The CO2-replaced CBM project in Shanxi, China, is one of the CBM reservoir applications. Coal is a dense rock with small-pore reservoirs, and there is low permeability and low rupture pressure in the target coal seam. These are important reasons for the induction of microseismic events within this reservoir. Since the pressure may be transmitted farther than the fluid, the microseismic event location does not necessarily represent the range reached by fluid transport, but the trend of the dense distribution of events can approximately depict the range of the fluid plume. The monitoring data of the work area are applied to the passive seismic processing process. Aiming at unobvious microseismic events, this technique describes the possible time-spatial locations of fractures by similar stacked waveforms. During the injection period, the gas production pressure trend of the production well is also consistent with the monitoring results.



To enhance gas replacement and repulsion, it is necessary to increase the CO2 injection rate, which in turn increases the bottomhole pressure. However, this changes the stress state of the reservoir, increasing the risk of seam fracture and the chance of microseismic events, and more CO2 will be produced later in the gas recovery. Therefore, the number of microseismic events monitored during injection can be more effectively evaluated in this process and assist in controlling the injection parameters to achieve a better CBM recovery while avoiding a risky implementation mode.




4.3. CCUS-EOR Project in Shaanxi, China


A CO2 injection project to improve the oil and gas recovery rate was led by Yanchang Group in 2018, jointly with several research units and universities. As of November 2022, the average daily injection volume of the well field in the oil area was 60 t, and the total injection volume was 3000 t. The highest injection pressure reaches 15 MPa. The surface is covered with loess, and the elevation difference of the ground can reach 150–120 m. The topographic conditions are complex. The distribution of the mountain beam is spread in a north–south direction. The submerged divergent river sand body at the delta front of the Long 6 oil formation group is a lithic-tectonic reservoir and a lithic oil and gas reservoir. The average porosity value of the Long 6 reservoir in the study area is around 10%, and the permeability is around 1 mD.



For the attenuation of seismic waves in the loess plateau landscape, a combined monitoring mode of surface shallow well and in-well monitoring was used (Figure 11). The surface monitoring stations were deployed on a larger scale, and in-well monitoring instruments were placed near the two injection wells. A total of 28 microseismic events were monitored during the injection period. The event point locations were all located inside the reservoir and were much smaller than the rupture intensity of the cap layer in the injection area; further, the events occurred over a large span with weak correlation between events, which were considered as episodic internal reservoir disturbances during the injection process (Figure 12).



The microseismic event processing and interpretation operation processes apply the team’s self-developed intelligent processing algorithm for joint well and ground data to harvest data in real time from the field to the laboratory. This allows complete automated localization and interpretation to further evaluate the impact of each event on the reservoir based on factors such as location, source mechanism, event magnitude size, and the relationship between the event and injection rate variation. Due to the low-speed layer factor, the ground signal quality is poor in this area. The event location is dominated by the well data and assisted by ground direction. This is because the timing of travel in space is more accurate. This processing method is different from that of the other work area. Each located event point is returned to the geological model of the site.



The project is a pilot test project in the study area with a small injection volume. By evaluating reservoir tolerance and recording reservoir behavior changes, the demonstration project has gradually been established, and the engineering behavior standards and specifications for CO2 injection into tight sandstone layers have been formed. Among them, microseismic monitoring plays a practical role in the efficient, accurate, and intelligent evaluation of reservoir geomechanical behavior.





5. Discussion and Prospects


5.1. Data Processing and Interpretation of CCUS Engineering Microseismic Monitoring


Whether it is water injection fracturing or CO2 injection, large earthquakes may occur. The main concern is that even a small degree of microseismic activity may threaten the sealing integrity of CO2 reservoirs. The reservoir conditions, monitoring schemes and monitoring results of each work area are recorded to ensure the safety of the reservoir and prevent leakage, and the monitoring and target prediction of the reservoir geomechanical behavior are carried out (Table 1).



The microseismic data of each work area are collected by observation instruments, and the underground induced source is quantitatively analyzed by denoising, effective event picking, seismic phase identification, source location and focal mechanism inversion. Identifiable microseismic events are the basis for studying microseismic location algorithms. Research has been performed for most of the work areas on the applicability of microseismic algorithms. Microseismic events are also the basis of studying reservoir geomechanics. The focal mechanism information of the event can be used to quickly determine the current local stress state of the reservoir and understand the fluid trend in the reservoir. Microseismic positioning and focal mechanism inversion algorithms have become quite mature. Due to the long injection cycles, the enormous amount of data will be a large challenge in the future.



In recent years, deep-learning-related microseismic data denoising [65], event picking, and seismic phase identification have been used [66,67,68,69,70]. In regard to data processing, algorithms for artificial intelligence or deep learning integration, the processes use the feature recognition capabilities of computers to complete a large number of repetitive manual operations to further extend the data processing and interpretation capability.



In the application of CCUS demonstrations project in China, in order to meet the timeliness and multidimensionality of engineering feedback, and in view of the large amount of data collected by observation instruments and the diversified data structure and characteristics, a set of intelligent microseismic data processing and interpretation processes and platforms based on artificial intelligence have been developed through continuous verification and practice. The platform includes microseismic data input, first arrival picking and microseismic phase identification, event location, and focal mechanism inversion. According to the focal mechanism inversion information, the discrete fracture network or continuous fracture network is obtained, and then the in situ stress state and permeability distribution under the current state are explained. The platform operates on a server, and the cloud is equipped with a large number of seismic data databases for the artificial intelligence network to extract features and satisfy the test requirements of various deep learning algorithms. Combined with the 5G communication network, the platform has a high level of real-time processing ability. Continuously collected data are transmitted from the field to the data processing laboratory, and the results of processing and interpretation are projected onto 3D geological models, which makes the visualization more intuitive.




5.2. Effectiveness and Safety Evaluation of Microseismic Monitoring in CCUS Projects


At present, the most popular risk assessment for induced earthquakes is the “traffic lights” system. The “traffic lights” system was originally developed to control seismic activity disasters caused by geothermal projects [71]. The data obtained from seismic network monitoring are the basis for constructing “traffic lights”. Modifying the fluid injection parameters [72,73,74] allows for responding to possible induced earthquakes [75]. The “traffic lights” system is designed based on the threshold of decision variables (earthquake magnitude, peak ground velocity, etc.) and the measures taken above the threshold. The current threshold setting is mainly based on local regulations [71,72,74,76], and the measures taken are usually temporary reductions in the fluid injection volume or injection rate to reduce the seismic risk.



The microseismic monitoring method of CO2 injection and storage projects is able to provide timely warnings through an intelligent processing flow in case of an emergency such as a leakage. Different from natural earthquakes, the microseismic activity induced by fluid injection into reservoirs has strong temporal and spatial correlations and is influenced by the injection rate, injection pressure, and injection volume. Effective and harmless microseismic information can sufficiently reflect the current reservoir state. The application of microseismic monitoring technology in CO2 injection engineering can also detect the occurrence of natural earthquakes. Compared with the local seismic network, it is helpful to screen whether there are natural earthquakes induced by fault slips caused by injection, that is, the correlation between natural earthquakes and reservoir engineering. Quantitative analysis of the magnitude, location, and time series related to natural earthquakes and the frequency of microseismic events in a certain period of time in the injection project, combined with geological information such as reservoir structure, can determine whether the injected CO2 significantly changes the current reservoir state. This analysis can guide the monitoring to further evaluate the integrity of the caprock and reservoir safety and thereby avoid greenhouse gas leakage and the induction of major earthquakes and other emergency events.




5.3. Selection and Integration of CCUS Engineering Geophysical Techniques


In order to achieve large-scale capacity of CO2 storage, it is necessary to explore the injection and storage engineering of abandoned reservoirs and tight reservoirs outside the brine layer. Microseismic monitoring technology can provide long-distance or non-contact measurement capabilities, and the response of microseismic events monitored by this technology can be used to evaluate the geomechanical behavior of reservoirs. This type of monitoring is suitable for various types of reservoirs and relies on data processing and interpretation to obtain intuitive results and evaluation. It still needs to rely on more accurate models and further reservoir geological information to enable more accurate reservoir state change evaluations.



Through continuous experiments and exploration in the process of two CCUS demonstration projects, a set of microseismic monitoring systems based on multi-physical field coupling of well–ground joint monitoring is proposed (Figure 13). The system starts from the study of reservoir rock properties and adapts the monitoring task to different reservoir types. The array mode of the well–ground combination is used to adapt to various near-surface conditions. Finally, combined with the intelligent processing and interpretation platform, the data processing work is completed quickly and accurately, and the risk assessment and warning processing are monitored by the multi-threshold setting.



The occurrence and magnitude of microseismic events are closely related to the injection pressure and rock properties, and the injection of CO2 will also cause changes in rock physical properties. Coupling processes should be considered when assessing the potential for (micro)seismicity or subsurface state changes induced by CO2 storage projects. These include reservoir rock physics, fluid mechanics, and even thermodynamic and chemical factors. These not only provide accurate parameters and a change basis for model simulation, but also introduce an effective model basis for microseismic monitoring data processing. The selection of multiple technologies and the coupling and superposition of multi-scale and multi-physical systems in time and space are conducive to the establishment of a fusion reservoir cap rock and fault monitoring and evaluation system, which provides a more accurate assessment of underground stability after injection.





6. Conclusions


	1.

	
The microseismic monitoring results of CCUS engineering need to analyze the magnitude, mechanism, spatial and temporal frequency, and distribution of events to accurately reflect the geomechanical changes in injected reservoirs. In China’s projects, passive ambient noise imaging results can also better reflect the plume results. The relationship between the space–time law of the event distribution and the strength of the cap rock can effectively identify the breakthrough or even leakage behavior of CO2. The distribution of microseismic energy release can show the dynamic behavior of fluid in the reservoir.




	2.

	
CCUS project needs to establish a reliable process of CO2 geological and geophysical injection analysis. The CCUS engineering microseismic monitoring technology can monitor (micro-)earthquakes that inject into the front edge or induce fault activation. It is necessary to combine the numerical simulation of reservoir fluid and rock physics modeling, and the numerical simulation of microseismic wave fields to form an important process in CO2 geological storage analysis. To achieve this, a direct means is to evaluate and analyze the plume distribution and reservoir geomechanical changes formed by CO2 injection.




	3.

	
China’s CO2 injection monitoring has achieved good results thanks to a comprehensive monitoring strategy. CO2 geological storage monitoring is in the stage of testing and evaluation in China. Through two projects with obvious differences, a set of well–ground joint multi-array microseismic monitoring systems with high applicability and strong practicability are proposed, which are combined with artificial intelligence integration, and data processing and interpretation platforms. In future engineering work, it is necessary to further optimize and mature the technology and specifications. With the progress in optical fiber technology, the development of cost-controllable and permanent acquisition equipment will enable microseismic monitoring to meet the requirements of a certain period of repeated or continuous observations, and intelligently assess risks and deal with early warnings.
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Figure 1. CCUS geological storage reuse project operations up to 2022 (size of circles represents injection size, modified from Global CCS Institute, 2022 [5]). 
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Figure 2. Schematic diagram of reservoir changes after CO2 injection into the reservoir (modified from Rutqvist J, 2012 [9]). 
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Figure 3. Technical tools applied in CCUS projects (modified from Whittaker S et al., 2011 [27]). 
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Figure 4. Microseismic events cloud distribution during project operation (modified from Verdon J P et al., 2013 [29]. (A) is the XY view of the monitoring area. (B) is the XZ view of the monitoring area. The pentagram are injection wells. The triangle is the monitoring well. Events are colored by occurrence time: yellow dots are before CO2 injection, dark blue dots are during the initial injection stages, green dots during a period of elevated injection in summer 2004, light blue dots are during the second phase of monitoring in 2005–2006, and red dots are after injection well shut in September 2010). 
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Figure 5. Schematic of the Krechba field showing the location of injection and production wells (modified from Stork A L et al., 2015 [36]; the figure shows injection wells in blue and production wells in orange, and star symbol is the monitoring well). 
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Figure 6. Surface deformation observed in CO2 injection and production wells at the Krechba site (cited in Mathieson A et al., 2010 [38]). 
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Figure 7. IBDP project site monitoring system and event distribution (cited in Bauer et al., 2019 [50] and D E Dando et al., 2021 [51]). 






Figure 7. IBDP project site monitoring system and event distribution (cited in Bauer et al., 2019 [50] and D E Dando et al., 2021 [51]).



[image: Energies 16 03101 g007]







[image: Energies 16 03101 g008 550] 





Figure 8. A schematic diagram of microseismic monitoring results in the Jilin work area in China (modified according to Ren B et al., 2016 [63]; white dots are injection wells and black dots are production wells). 
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Figure 9. Schematic diagram of the monitoring system of the Shanxi project (cited in Tian Z et al., 2022 [64]). 
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Figure 10. Passive seismic monitoring results in the work area. 






Figure 10. Passive seismic monitoring results in the work area.



[image: Energies 16 03101 g010]







[image: Energies 16 03101 g011 550] 





Figure 11. Combined well and ground observation system (red dot in the figure is the position of instruments in the well, and yellow dots are the positions of instruments on the ground). 
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Figure 12. Location of microseismic events (green dots are microseismic events). 
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Figure 13. CCUS geological and geophysical comprehensive monitoring technology. (a) Reservoir rock experiment. (b) Numerical simulation. (c) Combined well–ground monitoring system. (d) Intelligent processing interpretation platform. 
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Table 1. Statistics of microseismic monitoring parameters in each work area.
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	Project
	Total

Injection Volume
	Injection Pressure
	Duration
	Reservoir Type
	Porosity and Permeability
	Microseismic Monitoring Results
	Event Mechanism
	Observation System





	Weyburn Oilfield, Canada
	18 mt
	20+ MPa
	2000–2010
	Fractured carbonate reservoir
	15–26%, 10–20 mD
	200
	Injection center fracture activation, stress diffusion
	Single borehole array



	Sleipner, Norway
	13 mt
	6.4 MPa
	1996–2011
	Water-bearing sandstone reservoir
	35–40%, >1 D
	/
	/
	/



	In Salah, Algeria
	3.8 mt
	25 MPa
	2004–2011
	Water-bearing sandstone reservoir
	10–17%, ~10 mD
	700
	Shear activation of fault zone
	Single borehole array



	Pembina Oilfield, Alberta, Canada
	/
	/
	2005–2008
	Sandstone reservoir
	14.8–16.4%, ~9.5 mD
	/
	/
	Single borehole array



	Illinois Basin–Decatur Project (IBDP)
	1 mt
	/
	2011–2014
	Sandstone reservoir
	10–30%, high permeability
	4000+
	Fracture shear activation
	Two independent single borehole arrays



	Bass Island Dolomite (BILD)
	0.01 mt
	8.5 MPa
	2006–2009
	Dolomite reservoir
	~13%, ~22 mD
	200
	Oscillation caused by fluid phase transition near wellbore
	Single borehole array



	Jilin, China
	0.2 mt
	11–14 MPa
	2008–2014
	Sandstone reservoir
	~12.7%, ~3.5 mD
	some energy disturbances
	Fluid injection into production dynamics
	Surface array



	Shanxi, China
	0.02 mt
	13 MPa
	2018–2021
	Coalbed methane reservoir
	3.65–5.96%, 0.01–1.10 mD
	38
	Depict fluid production path
	Multiple arrays of borehole-ground joint geophones



	Shaanxi, China
	0.03 mt
	15 MPa
	2018–2021
	Tight sandstone reservoir
	~10%, ~1 mD
	28
	Internal activation of injection layer
	Dense array of borehole-ground joint geophones
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