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Abstract

:

Carbon Capture, Utilization and Storage, also referred to as Carbon Capture, Utilization and Sequestration (CCUS), is one of the novel climate mitigation technologies by which CO2 emissions are captured from sources, such as fossil power generation and industrial processes, and further either reused or stored with more attention being paid on the utilization of captured CO2. In the whole CCUS process, the dominant migration pathway of CO2 after being injected underground becomes very important information to judge the possible storage status as well as one of the essential references for evaluating possible environmental affects. Interferometric Synthetic Aperture Radar (InSAR) technology, with its advantages of extensive coverage in surface deformation monitoring and all-weather traceability of the injection processes, has become one of the promising technologies frequently adopted in worldwide CCUS projects. In this study, taking the CCUS sequestration area in Shizhuang Town, Shanxi Province, China, as an example, unmanned aerial vehicle (UAV) photography measurement technology with a 3D surface model at a resolution of 5.3 cm was applied to extract the high-resolution digital elevation model (DEM) of the study site in coordination with InSAR technology to more clearly display the results of surface deformation monitoring of the CO2 injection area. A 2 km surface heaving dynamic processes before and after injection from June 2020 to July 2021 was obtained, and a CO2 migration pathway northeastward was observed, which was rather consistent with the monitoring results by logging and micro-seismic studies. Additionally, an integrated monitoring scheme, which will be the trend of monitoring in the future, is proposed in the discussion.
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1. Introduction


According to the IPCC Sixth Assessment Report, a general consensus concluded that human activities cause climate change, and 1.5 °C global warming will become an inevitable fact [1]. This is supported by the fact that in 2019 atmospheric concentrations of carbon dioxide (CO2) reached its peak value within at least 2 million years, and concentrations of other two key greenhouse gases (GHG), methane (CH4) and nitrous oxide (N2O), were also at their highest in at least 800,000 years. With the continuous rise of these green-house gases, a potential risk that climate tipping points will be breached with devastating consequences, including the collapse of ice sheets [2], abrupt changes in ocean circulation [3], complex extreme weather events [4] and far greater global warming than projected [5,6,7].



Carbon Capture, Utilization and Storage (CCUS) is considered to be the only technology that can reduce greenhouse gas emissions on an industrial scale at present [8], and CCUS-Enhanced Coalbed Methane Recovery (CCUS-ECBM) is a typical application in the coal field [9,10]. After the highly volatile liquid CO2 is injected into the coal seam, the volume of CO2 rapidly expands hundreds of times after gasification between the coal seams, which results in the pressure-sealed coalbed methane reservoir overcoming the flow resistance in the low permeability coal seam, effectively increasing the driving force of coalbed methane flow to the wellbore, and speeding up the effective production of coalbed methane [11]. At the same time, CO2 has a high adsorption, and coal seam will gradually absorb it. A large amount of methane in the adsorption state is displaced from the pores of coal seam to the maximum extent, so as to improve the productivity and prolonging the stable production time of the coalbed methane wells [12].



During the implementation of CCUS-ECBM, the most concerned issue is the process of CO2 migration [13]. CO2 migration in the expected direction is not only a normal production guarantee, but also an important basis for leak monitoring [14,15]. However, CO2 injection is a long process, usually lasting at least a year, and a long migration response time after injection is needed, which can last 3–5 years, and the migration pathway cannot be observed in real time during the injection [16,17,18]. Therefore, CCUS monitoring is necessary over a long time series and usually at a large scale. As a kind of non-contact measurement, InSAR technology, with its advantages of extensive coverage in surface deformation monitoring and all-weather traceability of the injection processes, has become one of the promising technologies frequently adopted in worldwide CCUS projects [19,20]. Since InSAR technology was applied at first time in Carbon Capture and Storage (CCS) in 2002, considerable attention has been paid to the feasibility of such technology in CCUS projects [21]. At present, more than 20 demonstration areas all over the world have adopted InSAR technology to monitor surface deformation before and after CO2 being injected [22]. However, accuracy improvement for surface deformation observation to clearly show the CO2 migration pathway by using InSAR technology still remains a major concern at present, owing to its evident weakness in accuracy, which can easily be affected by many environmental factors.



As a cost-effective tool, unmanned aerial vehicles (UAVs) have the advantages of flexibility, easy operation, rapid response, high mapping accuracy and rich products [23]. With the development of photogrammetry and computer technology, UAV 3D modeling has been widely used in geological mapping [24], forestry survey [25], smart city [26], cultural relic archaeology [27] and so on. In 2018, a UAV equipped with the environmental background sensor capable of measuring CO2 concentrations successfully monitored the CCS-simulated leakage field, demonstrated the feasibility of UAV remote sensing in observation of the leaked CO2 in an actual CCS leakage accident [28]. The present study aims to monitor the surface deformation and migration pathway caused by CO2 injection with InSAR in association with UAV technology for this duration of CCUS project, with a focus on feasibility studies on Earth observation technology in CCUS monitoring, by comparing the performances with using conventional techniques. Unmanned aerial vehicle (UAV) photogrammetry was attempted to generate a 3D model of the study area and extract a high-precision digital elevation model (DEM) in coordination with InSAR technology to more clearly display the results of surface deformation monitoring in a CO2 injection area.




2. Study Area


Located in the southeast of Shanxi Province, China, Southern Qinshui Basin is one of the earliest experimental areas for coal-gas field mining, and also the most heavily invested and explored area in China [29]. Shizhuang town is located in the Qinshui oblique zone of the Yanshan movement, with low terrain in the southeast and high terrain in the northwest. It has a warm temperate monsoon climate, with rainfall concentrated from July to September, and the annual average temperature is 10.3 °C. The local vegetation is mostly forest land and grassland, and the natural soil is mountain cinnamon, which is rich in mineral resources. Since 1997, China United Coalbed Methane Company began to deploy production test wells in this area, and the reported daily gas production of the well group was about 10,000–15,000 m3, and the proved geological reserves of coalbed methane reached to about 402.19 × 108 km3 [30,31,32].



The experimental site selected for CCUS is in the southern block of Shizhuang, a small village as shown in Figure 1. This site tectonically locates on the northwest slope zone in the southeastern margin of the Qinshui Basin [33]. A few faults developed in this area, among which the main fault was the Sidou normal fault, which spread across the whole Shizhuang village from southwest to northeast. The coal-bearing strata developed in Carboniferous Permian, where the coal seam is buried at 492.30–855.50 m in depth with a gas content of about 5.73–19.60 cm3/g and the mudstone roof around 2–14 m. The reservoir pressure here is approximately 2.40–4.07 MPa, belonging to the low pressure type. The permeability of major coal seams is around 0.04–1.095 mD but mostly less than 0.1 mD, which negatively impacts the later drainage process. Therefore, since 2004, China United Coalbed Methane Company has started to carry out a pilot experiment of CCS-ECBM, in which CO2 was injected to replace coalbed methane for increasing gas production and reducing CO2 emissions.



A new phase of injection began in June 2020, lasting about a year with 2000 tons of liquid CO2 injected, which was produced from nearby factories. At early stage of CO2 injection, a small volume of injection with a long injection interval was attempted due to the weather and site constrains. Before February 2021, the daily average injection was about 10 tons. From February to June 2021, a rapid and large volume of CO2 at an average injection of 25 tons per day was conducted. After a year of injection, the methane recovery was improved by 10%.




3. Materials and Methods


In this study, the Sentinel 1 SLC spaceborne SAR images from the European Space Agency (ESA) were selected as the data source for surface deformation monitoring with InSAR processing. For monitoring the surface deformation after CO2 injection, surface deformations in the year prior to and after injection were estimated by using InSAR technology in association with UAV photography measurement technology. 14 Sentinel 1 images were selected every 24 days since 25 June 2019 for InSAR processing to monitor surface deformation in the year prior to CO2 injection. Similarly, 14 Sentinel images were selected every 24 days since 2 June 2020 for InSAR processing to monitor surface deformation in the year after CO2 injection. At the same time, for improving accuracy in surface deformation monitoring and intuitively visualizing the underground migration pathway of injected CO2, the UAV photography measurement technology with 3D surface modelling at a resolution of 5.3 cm in the study area was adopted to extract the DEM of the study site. The flow chart for surface deformation retrieval in high accuracy is illustrated in Figure 2 below.



3.1. UAV 3D Surface Model Construction for DEM Extraction


UAV 3D modeling has a wide range of applications in the field of terrain monitoring with high-precision DEM construction for surface topographic and geomorphological analysis owing to its special capability in investigating and observing the object from various angles through a high-precision 3D model.



In the process of UAV 3D modeling, for ensuring the modeling accuracy and data integrity, the UAV flying route should be planned prior to guarantee that the flying route between two neighboring flights that horizontally overlap exceeds 80%, and vertically exceeds 70%. In this study, a DJI Phantom 4 RTK drone was used to build the UAV 3D model at the relative flight altitude of 100 m, and the DJI Terra software was used for data processing and 3D model generation. As shown in Figure 3, the establishment of UAV 3D model is divided into two parts: field data acquisition and indoor processing. First, through the literature data and on-site investigation, the appropriate route is designed. Ground control points (GCP) were selected in the appropriate area and measured with real-time kinematic (RTK). After the field UAV data were acquired through several processes, the UAV 3D surface model thus could be constructed through two essential processes, i.e., data inspection for image quality assessment and aerial triangulation with images in good quality for 3D model constructions.




3.2. InSAR Surface Deformation Information Based on UAV High-Precision DEM


InSAR technology has been adopted for monitoring surface deformation over the CO2 sequestration area with many years of successful experience, in which small baseline subset InSAR (SBAS-InSAR) technology is considered the most suitable deformation detection technology for CCS projects for its advantages in minimizing differences in time and perspective to maximize reference to trend surface and noise effects [34]. The basic principle for SBAS-InSAR technology is to use the deformation result obtained by a single D-InSAR that can provide centimeter- to millimeter-level records of terrain topographic changes and surface deformations as the observation value, and then estimate a high-precision deformation time series based on the least squares rule. The D-inSAR technique utilizes phase information in two or more SAR images taken at different times in the same area to form interferometric pairs. However, D-inSAR has a weakness limited to signal de-correlation at the specific land cover, which interferes with interpreting deformations [35]. For minimizing the effect of de-correlation, interferometric data with a short or small baseline are needed [36,37]. Therefore, the present study adopted the SBAS-InSAR approach in association with several essential processes currently being implemented, including removal of the influence of the atmosphere phase with high-pass filtering in the time domain and low-pass filtering in the space domain, and the elimination of phase differences caused by topographic relief with high-resolution DEM. A workflow mainly consisting of UAV-derived DEM data preprocessing, SBAS-InSAR processing and data process for refinement, as presented in Figure 4, was followed in this study. The relative coordinates are used in the interference processing, so it is necessary to extract the real surface deformation information through the geocoding of geographical coordinates.





4. Results


4.1. DEM Extraction by UAV


During the field work season, 1070 UAV images were acquired. Figure 5 shows the 3D UAV model of the CCUS site. According to 20 significant ground markers and control points, the calibration results suggested that the horizontal error of calibration points is about 0.053 m, and the elevation error is around 0.037 m.



Figure 6 presented the DEM extracted from the 3D model of UAV. Along with topographic presentation of CCUS site, the geo-locations of injection wells, monitoring wells, and production well groups in the study site are marked clearly in the figure. The well marked as TS-634 in the middle of the CCUS site was selected as the injection well, and a nearby well marked as TS-634J, which was drilled in the east, was settled for monitoring with the many logging instruments deployed. For investigating the CO2 migration pathway and gas channeling after CO2 being injected, eight production wells were selected for pressure, temperature and gas composition analysis along the processes of the CCUS project being implemented.



The topography of the CCUS project site in the present study tends to be undulating with an elevation difference of about 250 m. Gentle hills dominate the landscape of the study site, accounting for about 64.45% in coverage. The topographic relief amplitude is classified as flat (0–10 m) and micro-relief (0–20 m), accounting for 79.72% and 20.28% of the area, respectively. However, the central part of the sequestration area, where the well groups are located, is flat and terraced with less vegetation covered, which ensures the accuracy of the InSAR technology being used. Moreover, due to the perennial coal-bed methane mining area, artificial influences such as construction and farming in this area are less, which is conducive to the analysis of InSAR deformation results.




4.2. Temporal InSAR Monitoring of the Study Area


The DEM extracted by UAV was input into InSAR processing as the reference data, and the deformation background value before the injection was calculated. Figure 7 shows the accumulated surface deformation superimposed on the UAV model of 25 June 2019 for every 24-day interval for about a year before the CO2 was injected. No significant changes can be observed in the vicinity of the injection well TS-634 during the year prior to injection. However, on the southwest side of the injection area, there was some cumulative deformation, mainly in the vicinity of the production well TS-633, which was caused by production activity during the monitoring period. The maximum cumulative heaving in the area is about 10.598 mm. It can be considered that the study area was relatively stable before injection, especially near injection wells and monitoring wells, without obvious deformation.



Similarly, taking the surface status on 7 June 2020 as the benchmark, the accumulated surface deformation superimposed on the UAV model of 25 June 2019 for every 24-day interval for about a year after CO2 was injected is exhibited in Figure 8. The injection began on 15 June 2020. It can be seen that, in September 2020, when the injection volume reached 500 tons, deformation began to occur in the well and gradually spread to the northeast. As the injection continued, in March 2021, when the injection volume reached 1500 tons, a highly deformed channel was formed towards TS06-4D, with the maximum cumulative deformation up to 21 mm. However, in the later stage of injection, a large deformation was found in the southeast and southwest sides of the study area. Referring to the benchmark condition and the accumulative surface deformation of the study site in the year before injection, we believe that it is the surface morphological change caused by the production process. Meanwhile, the other important reason leads us to make this conclusion is that no high deformation channels were found connected to the injection well, which does not conform to the law of CO2 migration.




4.3. Verification of Multiple Monitoring Methods


InSAR monitoring results showed that the CO2 migration pathway did not form in the expected direction of the monitoring well TS-634J according to the early exploration of the China United Coalbed Methane Company. In order to analyze and verify the InSAR monitoring results, we conducted a comparative analysis with various on-site monitoring results, as shown in Figure 9.



Figure 9A exhibited the cumulative surface deformation rate derived by InSAR during injection. The overall migration trend of CO2 is northeast, with the largest cumulative deformation around the injection well, gradually migrating towards well TS06-4D and bypassing the monitoring well TS-634J. According to the previous analysis, the high deformation in the southwest and southeast is the surface morphological change caused by the production activities.



Figure 9B presented the measured stress direction and bottomhole pressure data in the field well, in which the red arrow refers to the minimum closing pressure direction and fracture development, the yellow one indicates the direction of low closing pressure and the blue one is the direction of high closing stress. It was observed that the low-stress areas all occurred in the north, northeast and east directions, which implies that the possible CO2 migration pathway should exist over there; moreover, the connect between the TS-634 and TS06-4D well is perpendicular to the direction of minimum principal stress, which also support that this direction is more conducive to form fractures as the CO2 migration pathway. From the perspective of well pressure, the stable pressure of TS-634 after injection was 12.5 MPa, and the pressure of the north and northeast wells TS-637, TS06-4D and TS-634J were all lower than that of the TS-634, but the pressure of the wells in the west and south were significantly higher, which also suggested that the wells in the north and northeast were more conducive to the migration of CO2 to a certain level.



Figure 9C illustrates the surface energy data obtained by the field micro-seismic measurement. Passive seismic tomography mainly uses the first break travel time tomography algorithm by means of its sensitivity to the energy change caused by shallow fragmentation due to CO2 injection for cross-well seismic and near surface velocity analysis, which is simple, intuitive and stable. Passive seismic monitoring was performed 30 days after CO2 injections in the TS-634 well (1 June 2021 to 30 June 2021). After normalized processing, the banded energy display in the south of well TS-634 was observed many times, which was an obvious indication that natural fractures or small faults exist there. These natural fractures or small faults are mainly NEE strike with the fault length about 700~800 m. These faults may form a barrier for CO2 migration to the south, which explains the reason why there is no CO2 migration pathway to the south. The stacking results of energy indicated that strong energy distribution from well TS-634 to TS06-4D existed, which was inferred as the main migration pathway of injected CO2. This phenomenon can also be explained from the perspective of in situ stress observations. With an increase of injected CO2 pressure, the northeast–southwest and north–south striking cracks in the coal seam, roof and floor began to open to form CO2 hypertonic channels due to the pressure exceeding the minimum principal stress in the northwest–southeast direction (11–12 MPa). Compared with InSAR results, it can be seen that the formation energy spreads along the fracture to the northeast side of the injection well, and its morphology and trend are basically consistent with InSAR monitoring results.



Figure 9D shows the formation contour diagram. From the topographic perspective, well TS06-4D is a higher formation area near the injection well. After gas is injected into the formation, it migrates to a place with lower pressure and higher ground, which further supports why the main migration pathway of CO2 is TS-634 to TS06-4D. Therefore, based on the comprehensive analysis of various monitoring results, we believe that the migration pathway from TS-634 to TS06-4D is relatively credible, and the InSAR monitoring results are reliable.



In the result analysis, the UAV model has its unique advantages. Superimposing a variety of monitoring results on the UAV model can intuitively display the migration of CO2 at the injection site. At the same time, in order to verify the results of different monitoring methods, we pay more attention to the migration direction rather than the specific deformation value. Therefore, we normalized the data of different monitoring results. In the InSAR monitoring results, the red area represents the heaving area, and the red area in the vertical seismic profiling (VSP) represents the strong energy field area, as shown in Figure 10. After the superposition of the results of the two monitoring methods, a migration pathway from injection well TS-634 to production well TS06-1D is more clearly displayed.





5. Discussion


InSAR monitoring is a unique method of tracking the entire CCUS injection process. Its wide monitoring range that is independent of weather and low monitoring cost will be important advantages for the future application in CCUS projects. However, there are still many aspects to be improved in the application of InSAR Technology in CCUS projects. First, most storage sites are far away from cities, which means that high vegetation coverage is inevitable. How to effectively remove the impact of vegetation on InSAR results is still an urgent problem to be solved. Secondly, the resolution of spaceborne data is still low, so it is difficult to obtain subtle changes near the study area. How to obtain more accurate data or choose more effective downscaling methods remains to be further explored.



Similarly, UAV, as a monitoring method that has developed by leaps and bounds in recent years, has the advantages of being flexible, fast and intuitive. The establishment of a three-dimensional model has an important and special contribution in the whole CCUS process. It can provide a layout reference for decision-makers during the design period. Real-time temperature, progress and leakage monitoring can be carried out in the injection process, and high-precision data can be provided for deformation monitoring after CO2 injection. Further, UAV photogrammetry is the best supplement and complement to the other traditional monitoring methods. The autonomous control of flight frequency makes it have more flexible and diverse monitoring scheme options than spaceborne satellites. The larger monitoring field of UAV is more efficient than the traditional surface monitoring method. UAV is a ‘bridge’ linking satellite base monitoring and ground base monitoring. In addition, the UAV can carry more environmental sensors, such as thermal infrared sensors, CO2 concentration sensors, hyperspectral sensors, etc., to monitor the CCUS storage site in an all-around way.



For the CCUS project, it is necessary to ensure the long-term safety and effectiveness during and after injection. Therefore, monitoring needs to include short-term monitoring and long-term monitoring. As shown in Figure 11, multi-method 3D monitoring is the development trend. Underground vertical seismic profiling (VSP) monitoring and microseismic monitoring can monitor the fracture and energy change caused by injection, so as to calculate the CO2 movement direction, while the UAV and spaceborne InSAR technology can monitor the surface deformation from the air, find the migration pathway through the heaving channel, and combine the field logging data to superimpose the results of various monitoring technologies on the UAV model, so as to realize clear 3D monitoring. At the same time, mutual verification also strengthens the accuracy of the results.




6. Conclusions


CO2 migration has always been a concern of CCUS projects. Traditional logging methods can only obtain the point monitoring results centered on the well. The micro-seismic method can predict the migration direction through fractures, while InSAR technology can intuitively and dynamically reflect the pathway of CO2 migration through surface deformation, which complements the important monitoring process. In this study, combining InSAR deformation detection technology with UAV three-dimensional model technology, the pathway of CO2 migration is clearly and stereoscopically displayed. Taking Shizhuang town, Jincheng City, Shanxi Province, China as an example, the formation and changes of CO2 migration pathway during CO2 injection were traced by monitoring the changes of surface deformation in the area before and after CO2 injection. Meanwhile, the results are superimposed on the UAV model to visually display the dynamic changes of surface deformation in the sealed area. The migration pathway from the injection well TS-634 to TS06-4D was monitored with a cumulative surface profile of 21 mm. Through the analysis and comparison of logging, micro-seismic and other monitoring results, it not only proved the accuracy of InSAR monitoring results and verified the reliability of the migration pathway, but also explained the reason why CO2 did not migrate to the monitoring well as expected. With the increasing global attention to carbon reduction, a complete set of commercializable CO2 storage and monitoring systems throughout the injection process and after injection is urgently needed. Multi-source and multi-scale air and space monitoring and mutual comparison and verification of various results can accurately identify dynamic and static changes in the CO2 sequestration area, which must be an important trend of CCUS project monitoring in the future.
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Figure 1. Geographical location and optical image of the study area in southeast of Shanxi Province, China. 
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Figure 2. Flow chart of CCUS deformation monitoring. 
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Figure 3. Workflow for UAV 3D modeling. 
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Figure 4. Workflow for InSAR surface deformation extraction. 
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Figure 5. 3D UAV model of Shizhuang research area. 
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Figure 6. Digital elevation model extract by UAV 3D model of the Shizhuang research area. 
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Figure 7. The accumulated surface deformation superimposed on the UAV model of 25 June 2019 for every 24-day interval for about a year before CO2 was injected. 
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Figure 8. The accumulated surface deformation superimposed on the UAV model of 25 June 2019 for every 24-day interval for about a year after CO2 was injected. 
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Figure 9. Comprehensive comparisons and verification graph of various methods. (A) Cumulative surface deformation derived by InSAR during CO2 injection, (B) field stress distribution and bottom hole pressure for wells, (C) micro-seismic detection results during injection and (D) contour map of underground reservoir. 
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Figure 10. (A) UAV 3D model with well distribution, (B) UAV 3D model with microseismic monitoring results, (C) UAV 3D model with InSAR monitoring results and (D) UAV 3D model with monitoring results superposition. 
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Figure 11. Schematic diagram of multi-method monitoring at the CCUS project. 
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