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Carbon dioxide is a typical kind of greenhouse gases, and the oil and gas field recovery ratio could be significantly improved by injecting it into the formation. The main goal is to increase the recovery ratio in the early stage of studying gas injection miscible flooding. With the advancement of the “carbon neutral” strategy in China, the application of CO2 miscible flooding technology, which aims to enhance the oil recovery ratio in Chinese oilfields, has been further expanded. The development concept needs to change from simply improving the recovery ratio to improving both the recovery ratio and the CO2 storage ratio. In the current CO2 flooding research, people mainly focus on the improvement of the recovery factor, and less attention is paid to the underground storage of CO2. In order to further study the relationship between the displacement efficiency of CO2 and the storage situation, this paper innovatively combines the storage ratio and storage amount of CO2 with the recovery factor. A number of parameters under different injection methods in the study area were calculated, providing a new research angle for the study of CO2 displacement. Take Chang 8 reservoir in Block H of Ordos Basin as an example. Firstly, the minimum miscibility pressure (MMP) of CO2 at formation temperature was measured by the slim tube experiment according to the reservoir pressure status to judge the CO2 flooding status in the study area. Then, the numerical simulation model of the study area was established, and the historical fitting was completed according to the existing CO2 flooding test wells. The reservoir numerical simulation is used to study the recovery ratio and CO2 storage ratio under different CO2 miscible flooding, including different injection rates, injection sequences, and bottom hole pressures. The results show that the MMP of CO2 in the study area is between 12.65 and 14.80 MPa, which means the CO2 flooding state in this area is miscible flooding with high oil displacement efficiency. The CO2 storage ratio at 5–40 t/d CO2 injection rate is between 54.02% and 64.38% after 20 years, and the CO2 storage ratio is larger when the gas injection rate is 10 t/d. In combination with CO2 storage capacity and the oil recovery factor, it is recommended that the gas injection rate of a single well in the study area is 20–30 t/d. The CO2 storage ratio after 20 years under different gas injection sequences is 57.69%–61.27%. It is suggested that the study area should be injected with water and gas alternately after 2 years of gas injection. When continuous gas injection is used, the CO2 storage ratio under different production well bottom hole pressures is between 54.95% and 59.82%. It is recommended that the bottom hole flow pressure in the study area be maintained at between 9 and 10 MPa. The results show that the main factor that affects the annual CO2 storage ratio in the study area is the CO2 injection rate. Gas injection rate, injection sequence, and bottom hole pressure of production wells will all have an impact on the overall storage ratio. And alternate water and gas injection is quite significant. From the perspective of storage ratio, the optimal CO2 miscible flooding injection method has been optimized for the study area, which provides a reference for the implementation of CO2 underground storage technology in mines.
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INTRODUCTION
With the continuous development and progress of modern industrial technology, the use of primary energy such as oil, natural gas, and coal has been increasing, resulting in high global carbon emissions. Due to China’s vast land area and continuous deepening of modernization, its carbon emissions in 2020 will rank second in the world after the United States, which is inconsistent with China’s strategic thinking on sustainable development. Therefore, how to deal with carbon dioxide and other greenhouse gases has become the focus of attention (Global, 2018; I (2017). The Global, 2017). Carbon capture, utilization, and storage (CCUS) is one of the main methods to deal with greenhouse gases (BACHU, 2015), and carbon dioxide miscible flooding is one of the key technologies. On the one hand, it can improve the oil recovery of oil reservoirs, and on the other hand, it can store a large amount of CO2 underground to achieve a win-win situation for environmental protection and economic benefits (Jablonowski and SINGH, 2010; HU et al., 2018a).
According to the oil displacement mechanism, CO2 flooding can be divided into three types: miscible flooding, near-miscible flooding, and immiscible flooding. Miscible flooding has the most obvious displacement effect on crude oil (GOZALPOUR et al., 2005; KOOTTUNGAL, 2014; HU et al., 2018b; HOSSEINI et al., 2018). This is because CO2 and crude oil can effectively improve the viscosity index and gravity override under miscible conditions, thereby increasing the sweep coefficient; the interfacial tension of CO2 and crude oil disappears, the capillary force disappears, and the theoretical oil washing efficiency can reach 100% (BOOTH, 2010; Abedini et al., 2015). An important parameter in CO2 miscible flooding is the MMP (LIAO et al., 2014; Yang et al., 2019; Zareieshirazani and Behbahani, 2019). At present, there are many methods to determine the MMP, which can be divided into experimental methods and theoretical calculation methods. Experimental methods include classic slim tube test, bubble lifting apparatus, interfacial tension loss, etc. (Flock and Nouar, 1984; Rao and Lee, 2002; Zhang and Gu, 2016). Theoretical calculation methods include the empirical formula method, equation of state method, system analytical method, etc. (Yao, 2019). The slim tube experiment is usually used as a standard method to determine the MMP because of its reliable experimental results (Guangying, 2016).
Jahangiri and Zhang (2011) calculated the final recovery ratio and NPV of the reservoir under different CO2 injection methods by commercial numerical simulation software combined with a net present value (NPV) calculation model. The results proved that the recovery ratio and economic benefits of CO2 miscible flooding are greater than those of immiscible flooding. Torabi et al. (2012) evaluated the degree to which the oil recovery ratio is improved by the process of miscible, near-miscible, and immiscible CO2 huff and puff in a single matrix fracture system. They used a saturated light oil component simulator to conduct core analysis of CO2 huff and puff experiment to understand the effects of MMP and injection pressure on recovery ratio.
Zhang et al. (2008) conducted a numerical simulation comparative study on nine injection-production schemes of CO2 flooding reservoirs through commercial software and evaluated the feasibility of CO2 flooding in the study area. Their research aimed at the maximum oil recovery factor and did not consider the CO2 displacement form. Iogna et al. (2017) developed an extended black oil model based on the black oil model and performed an actual simulation with a gas reservoir in the South China Sea. The results are consistent with the complex establishment and complicated calculations of the component model. The sensitivity analysis of CO2 injection rate, reservoir initial pressure, and permeability to gas reservoir recovery factor was carried out. Liao et al. (2013) used low-permeability reservoirs in the eighth district of Xinjiang Oilfield as the research object, established a numerical simulation model, and analyzed the feasibility of the development plan by using commercial software to optimize development methods and gas injection parameters. Different from the traditional water–gas alternation, Cho et al. (2021) proposed the component model of CO2 and CH4 alternation injection and evaluated the reservoir recovery factor and CO2 storage ratio under different injection ratios and injection rates. Pranesh (2018) proposed a method to quantify the CO2 storage ratio of tight and shale gas reservoirs by the gas retention model and conducted sensitivity evaluation of different injection pressures, injection times, and fracture conductivity for recovery ratio. The results showed that injection pressure has the greatest influence on recovery and water–gas exchange is a proper way of CO2 flooding. Ma et al. (2015) used experimental methods to reach similar conclusions. They conducted CO2 flooding experiments on cores of low-permeability reservoirs. The experimental results showed that the injection rate, injection pressure, temperature, and other factors all have an impact on the oil recovery factor, and the injection pressure is the biggest influence factor. Maneeintr et al. (2017) used commercial software to evaluate the CO2 storage volume, reservoir pressure, and swept radius of the reservoir when the CO2 injection rate is 1,000, 2,000, 3,000, and 4,000 t/d. The results showed that the maximum amount of CO2 is stored under the condition of an injection rate of 1,000 t/d. Peck et al. (2018) gave a CO2 storage factor calculation model combined with the Michaelis–Menten calculation model and performed numerical simulations on 12 reservoir models with different depths and lithologies. The results proved that the storage of CO2 is also related to reservoir depth (reservoir temperature and pressure) and lithology (clastic rock and carbonate rock). Guo et al. (2019) analyzed the effects of natural fractures, diffusion phenomena, gas injection methods, etc. on CO2 storage volume in the study block through the long core experiment of CO2 flooding and the method of reservoir numerical simulation. Biagi et al. (2016) combined genetic algorithm and numerical solver to accurately obtain the CO2 recovery factor and optimize the CO2 injection rate. Chasset et al. (2011) simulated four scenarios by quantifying the influence of uncertain hydraulic parameters and formation on CO2 storage, and the results showed that formation uncertainty has a major impact on CO2 storage.
As shown in Table 1, scholars have made a lot of attempts and demonstrations on the characterization of CO2-driven oil and gas reservoir recovery and storage capacity and have achieved fruitful results. However, in the process of CO2 storage calculation, the displacement state of CO2 is rarely considered, which is not conducive to the study of the relationship between CO2 displacement efficiency and storage ratio. Furthermore, many of the CO2 flooding studies conducted in the characterization studies are only to demonstrate the feasibility of the method or simply calculate the recovery factor or storage volume of CO2 flooding, which limits the CO2 storage research to the level of theoretical research. Mine evaluation cannot be effectively combined with multiple parameters. In this paper, the CO2 miscible displacement condition with high displacement efficiency is innovatively introduced into the CO2 storage process, which is beneficial to the demonstration of the relationship between CO2 displacement efficiency and CO2 storage. First, the MMP experiment of crude oil in Chang 8 reservoir in Block H, Ordos Basin, was carried out, and then numerical simulation was used to calculate CO2 storage ratio and recovery rate under different injection modes under the CO2 miscible flooding state. The injection-production method and production parameters from the comprehensive perspective of CO2 storage ratio, CO2 storage capacity, and recovery factor were innovatively optimized, and suggestions for the subsequent development of the block and the environmental protection of CO2 miscible flooding. illustration are provided. Finally, limitations of this research and prospect in terms of the domain are discussed to the best of our knowledge, and several key insights are drawn.
TABLE 1 | Research status of CO2 flooding recovery factor and storage.
[image: Table 1]OVERVIEW OF CHANG 8 RESERVOIR IN H BLOCK
Geological Features
Chang 8 oil reservoir in Block H of the Ordos Basin is located in Fengdikeng Township, Dingbian County, Shaanxi Province, and belongs to a low-permeability oil field. The reservoir mainly has seven channels of different sizes to control its depositional distribution characteristics, and a set of meandering river delta plains and frontal sedimentary subfacies have developed. The boundary between the plain subfacies and the front subfacies is set at the line of Huang 36–Huang 39–Chi 36–Chi 41–Yuan 172. Through a fine reservoir comparison, it is found that there are large structural gaps in some areas, and faults are inferred, which have been verified by seismic profile and water drive front edge tests. Judging from the imaging log, the scale of fracture development in this area is not large, and the degree of fracture development in the reservoir section is relatively low. The direction of the maximum horizontal principal stress is northeast east to southwest, and the anisotropy is generally strong due to the difference in the ground stress of Chang 8 formation. The distribution of sand bodies is shown in Figure 1. The width of the sand body is 35 km, and the distribution is stable in the vertical and horizontal directions. However, the heterogeneity of reservoir is strong, and the difference between layers is great.
[image: Figure 1]FIGURE 1 | Sand body distribution in the study area.
Reservoir Characteristics
The lithology of Chang 8 reservoir in Block H of the Ordos Basin is mainly fine sandstone, medium-fine sandstone, and silt-fine sandstone. The mineral composition is mainly lithic feldspar sandstone and feldspar sandstone, followed by feldspar lithic sandstone and lithic sandstone. Composition and structure maturity are medium-good. The pore structure is dominated by intergranular pores with small pores and fine throats, feldspar pores, and lithic pores. From top to bottom, it can be subdivided into four layers: Chang811, Chang812, Chang821, and Chang822. Among them, Chang 811 is the main reservoir group with well-developed sand body and good reservoir physical property. The buried depth of the oil reservoir is 2,600 m, the average sand body thickness is 17.5 m, the oil layer thickness is 15.7 m, the porosity is 8.3%, the permeability is 0.53 × 10−3 μm2, the average porosity is 3.3%, and the average pore size is 10–120 μm, which is a typical low-porosity–ultra-low-porosity, low-permeability–ultra-low-permeability reservoir. The original pressure of the reservoir is 18.2–22.6 MPa.
Reservoir Development Characteristics
The data at the early stage of development of this reservoir show that the oil–water distribution relationship of Chang 8 is relatively complicated, and most of the test well sections contain oil and water. In Chang 8 oil reservoir, not only does the high part of the structure produce water or both oil and water, but also the low part of the structure produces oil, and even the high part produces water but no oil, but the low part produces oil. This is a unique phenomenon of Yanchang Formation low-permeability and ultra-low-permeability oil reservoirs. Because the reservoir is tight, oil and water cannot be differentiated. The reservoir is controlled by lithology (sand body) and physical prop.
In the early stage of development, the reservoir was developed by water injection, but the contradiction was more prominent. (1) Affected by the heterogeneity between layers, the contradiction of the water absorption profile is prominent, and the degree of water driving is low. (2) The uneven distribution of reservoir physical properties leads to low pressure retention in local areas and high pressure and low production wells. (3) Local fractures are developed, and it is difficult to treat water breakthrough wells. In March 2020, there are a total of 387 wells in the reservoir, including 270 production wells and 117 water injection wells. The well location distribution map is shown in Figure 2. Since Chang 8 oil reservoir in Block H of the Ordos Basin is a typical tight oil reservoir and the heterogeneity of the reservoir is strong, the effect of traditional water injection development on the oil reservoir is not very obvious. Consider other approaches to development later. Due to the local micro fractures developed in the reservoir, the CO2 miscibility-driven method can be used to further develop the reservoir.
[image: Figure 2]FIGURE 2 | Well location distribution map in the study area.
RESEARCH ON MMP OF CHANG 8 RESERVOIR IN BLOCK H
The MMP is a key indicator to determine whether CO2 and formation crude oil can be miscible. There are four main experimental methods for determining the MMP: slim tube test, bubble lifting apparatus, interfacial tension loss, and interfacial tension disappearance method. It is generally believed that the slim tube test can give accurate results with repeatability, and it is the current method for determining the MMP at home and abroad.
Experimental Steps
The exact MMP of the sample is determined by the slim tube test, and the experimental device diagram is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flow chart of slim tube text. 1: Intermediate container; 2: Filter; 3: Injection pressure gauge; 4: Observation window; 5: Differential pressure gauge; 6: Slim tube; 7: Injection pump; 8: Pressure regulator; 9: B Back pressure gauge; 10: Liquid meter; 10: Gas meter.
The experimental operation process is as follows: ① After installation of the experimental system, use the pump drawer to vacuum state, adjust the temperature of the thermostatic control box to the formation temperature and the pressure to the formation pressure, at the same time saturate the crude oil in the slim tube, and then fill the intermediate container for displacement gas sample and to keep the balance. ② Utilize the back pressure regulator to control the back pressure and adjust the pressure to the pressure value required by the experiment. ③ Use the American Ruska automatic injection pump to displace the gas sample to 1.2 times the pore volume (HCPV) at a constant rate of 0.12 ml/min; the entire displacement process is ended. ④ The produced oil sample is measured by an automatic liquid collector at regular intervals, and the produced gas is measured with an automatic gas meter. ⑤ Choose different pressures and repeat the above steps; generally, select six pressure points, three miscible pressures or more, and three miscible pressures or less. ⑥ Calculate the recovery factor and draw the relationship curve between pressure and recovery ratio. The pressure corresponding to the inflection point of the curve is the MMP.
In order to make the measured MMP as close as possible to that of Chang 8 reservoir in Block H of Ordos Basin, 19 groups of experiments were carried out. The 19 oil samples are from wells in different areas of Chang 8 reservoir in Block H of the Ordos Basin, with different basic parameters such as density, composition, and temperature. Before each experiment, the slim tube must be thoroughly cleaned with petroleum ether. The cleaning is completed when the petroleum ether injected from the inlet of the slim tube is the same color and composition as the petroleum ether flowing out of the outlet of the slim tube. Generally, the slim tube needs to be cleaned at least three times. After the cleaning is completed, the clean slim tube is dried with nitrogen and placed in an oven for more than 6 h at the same time. After the slim tube is dried, the porosity and permeability are measured, and the pore volume PV is calculated.
Experimental Materials
The parameters of the slim tube model used are shown in Table 2.
TABLE 2 | Basic parameters of slim tube model.
[image: Table 2]The preparation process of the formation crude oil sample for the experiment is as follows. ① Put an appropriate amount of ground degassed oil into the sample cylinder, seal and heat it to the formation temperature, and stabilize it for about 4 h. ② After the temperature becomes stable, calculate the gas sample dosage according to the weight of the loaded oil sample and the original dissolved gasoline ratio. ③ Inject the required gas sample into the sample cylinder, pressurize it to the formation pressure, maintain the formation temperature and pressure, fully stir, make it a single phase, and stabilize it for more than 4 h. ④ Determine the saturation pressure and gas–oil ratio of the compound crude oil. If the saturation pressure differs greatly from the actual saturation pressure of the formation oil, adjust the dissolved gas volume of the oil in the sample cylinder until the measured saturation pressure and dissolved gas–oil ratio are the same or similar to those of the original formation oil.
RESULTS AND ANALYSIS
At the experimental temperature (58.9°C) and the predetermined displacement pressure (9, 11, 13, 15, 17, and 19 MPa), the CO2 gas is injected at a constant rate of 0.12 ml/min to displace the sample 1 formation oil in the slim tube model. Every time a certain amount of CO2 is injected, collect and measure the volume of output oil and gas and record pump readings, injection pressure, and back pressure. Observe the fluid phase and color changes through the high-pressure observation window. After the cumulative injection of 1.2 times the pore volume of CO2, the displacement is stopped, and the crude oil production in the slim tube is calculated. Figure 4 shows the relationship curve between the pressure of sample 1 and the recovery ratio. The pressure corresponding to the inflection point of the curve is the MMP.
[image: Figure 4]FIGURE 4 | The relationship between the CO2 displacement recovery ratio and displacement pressure in the slim tube test of sample 1.
From Figure 4, it can be seen that the MMP of formation crude oil sample 1 at a temperature of 58.9°C is 14.35 MPa for carbon dioxide flooding. Continue to perform the same steps to obtain the CO2 MMP of other samples as shown in Table 3.
TABLE 3 | Test results of the slim tube of CO2 minimum miscibility pressure for samples.
[image: Table 3]From the results of the slim tube test, it can be seen that the miscible pressure of CO2 and crude oil in Chang 8 reservoir in Block H is between 12.65 and 14.80 MPa, which is lower than the original formation pressure of 18.2–22.6 MPa. In the subsequent gas injection development process, the injection of gas or liquid will also supplement the formation energy to ensure the stable miscible flooding of CO2 underground. Therefore, the subsequent CO2 injection development can achieve miscible flooding. On the one hand, it effectively improves the recovery of crude oil. On the other hand, CO2 can be dissolved into the residual oil of the oil reservoir as much as possible to realize the underground storage of CO2.
RESEARCH ON CO2 STORAGE RATIO UNDER DIFFERENT INJECTION METHODS IN THE STUDY AREA
Oil exploitation is characterized by a complex physicochemical process and dynamic parameters. Therefore, the developed production test methods are often unable to accurately predict the changes in future production data and parameters of oil and gas reservoirs and have certain limitations. With the rapid development of computing technology in recent years, some partial differential equations that are traditionally considered to be unsolvable have been numerically solved with the aid of computers. As a result, the numerical simulation method has become a very important and commonly used technology for oil and gas reservoir development. This paper established the numerical simulation model and carried out the simulation calculation of CO2 storage ratio.
Model History Matching and the Calculation Method of CO2 Storage Ratio
Geological software PETREL was used to establish the 3D model. According to the spacing of horizontal well pattern and the distribution frequency of sand body thickness in the working area, the geometric size of the grid was defined as 20 × 20 m. The current four layer groups, Chang811, Chang812, Chang821, and Chang822, were divided into 115 grids vertically, and the height of each longitudinal grid was controlled between 0.5 and 1 m. The original discrete point data of the reservoir structure model came from the formation comparison of well logging interpretation. Lithofacies modeling mainly uses sequential indicator simulation methods for simulation. The reservoir parameter model refers to the three-dimensional spatial distribution of parameters such as porosity, permeability, and oil saturation reflecting the physical properties, lithofacies, and oil content of the reservoir. It is performed based on drilling data, logging data, core analysis data, and production performance data. There are 270 production wells and 117 water injection wells.
The entire reservoir in the study area is conventional oil. Taking into account the accuracy of CO2 calculation and the geological reservoir characteristics of the study area, this paper selects the E300 component simulation module of Schlumberger’s Eclipse simulation software for simulation calculation. In the process of oil reservoir history fitting, the relative error of static reserves fitting is controlled within −1% to 3%. The initial pressure of the reservoir is also fitted to the production data. The fitting ratio of the whole area and single well has reached more than 90%. The remaining oil distribution of Chang 8 reservoir in Block H is mainly affected by lithology, development well pattern, sand body edges, structures, and faults. The current remaining oil saturation distribution in the simulation area is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Current remaining oil saturation distribution in the study area.
The annual storage ratio and total storage ratio of CO2 in this paper are calculated by the following formula:
[image: image]
[image: image]
SRa: Annual storage ratio of CO2,%;EVa: Annual production capacity of CO2, m3;IVa: Annual injection capacity of CO2, m3;SR: Total storage ratio of CO2 during the study period, %;EV: Total production capacity of CO2 during the study period, m3;IV: Total injection capacity of CO2 during the study period, m3.
The CO2 production and injection in the above formulas are derived from the Eclipse software for numerical simulation of commercial reservoirs.
CO2 Storage Ratio Under Different Gas Injection Rates
According to the current development status and reservoir characteristics of Chang 8 reservoir in Block H, five schemes are designed to study the gas injection rate. The production well is produced at a constant bottom hole pressure, and the injection well is injected at a constant injection rate for a total of 20 years of simulation. The gas injection method adopts continuous gas injection, the bottom hole flow pressure of the production well is set to 8 MPa, and the CO2 storage ratio is obtained when the single injection well rate is 5, 10, 20, 30, and 40 t/d.
By solving each model, we can get the 20-year CO2 storage ratio under five gas injection rates as shown in Figure 6. The storage ratio of the five schemes in the first 4 years generally showed first an increasing trend and then a decreasing trend. This is because the CO2 has not yet spread to a large enough volume in the first few years after the injection of CO2. The CO2 protrudes into the production well along a small part of the formation, and the contact formation area, formation water, and residual oil volume are small, preventing it from being effectively adsorbed into the formation or dissolved into the fluid. Later, as the formation pressure in the area not affected by CO2 gradually decreased, the CO2 continuously entering the formation spread to a larger volume under the injection pressure, so the annual CO2 storage ratio gradually increased. After that, the increase rate of the swept volume of the reservoir slowed down. As the gas was adsorbed in the reservoir matrix, the dissolved gas in the formation water, irreducible water, and residual oil gradually became saturated, and the CO2 storage ratio decreased significantly. In the comparison of the changes in the annual CO2 storage ratio of the five schemes, it can be seen that the greater the injection rate, the greater the storage ratio in previous years, and the more obvious the subsequent decline in the storage ratio. This is related to the swept volume of injected CO2; the greater the injection rate, the greater the supplementary formation energy; the first area to be reached is larger, and the subsequent swept volume advancing speed slows down. The smaller the injection rate, the lower the supplementary formation energy; the first arriving swept volume is smaller, and the subsequent swept volume increased, where the increasing speed is higher than when the injection speed is large. Accumulating the CO2 storage volume and injection volume over the years can get the 20-year total CO2 storage ratio of the five schemes, as shown in Figure 7. When the injection flow rate of a single well is 5 t/d, the CO2 storage ratio is relatively small, the maximum of 10 t/d is 64.38%, and the storage ratio decreases gradually from 10 to 40 t/d. It is speculated that when the injection volume of a single well is 5 t/d, the supplementary formation energy is small, so the affected volume is the smallest, resulting in a small overall storage ratio. When the injection volume of a single well is 40 t/d, the first part of the affected volume is large, which no longer dissolves or adsorbs CO2, and this part of CO2 returns to the ground, resulting in a small volume of newly contacted CO2 every year after the first 5 years; that is, the spread volume advances slowly. In contrast, when the injection volume of a single well is 10 t/d, the slower the injection rate after the first 5 years, the faster the advancing speed of the swept volume. Therefore, in general, the higher the injection speed, the lower the overall CO2 storage ratio.
[image: Figure 6]FIGURE 6 | Annual CO2 storage ratio under different injection rates.
[image: Figure 7]FIGURE 7 | Total CO2 storage ratio under different injection rates.
It can be seen from Figure 7 that the 20-year final recovery ratio and CO2 storage ratio when the injection volume of a single injection well is 5 t/d are both small. The greater the injection rate from 10 t/d, the greater the recovery factor, which is inversely proportional to the CO2 storage ratio. Therefore, in the follow-up development of the study area, it is recommended to choose a single well with a daily injection rate of 20–30 t/d to ensure the CO2 storage ratio and maximize the oil reservoir recovery factor.
In the comparison of the 20-year CO2 storage volume of the five schemes, as shown in Figure 8, it can be seen that the CO2 injection rate is proportional to the storage volume. The more CO2 injected into the formation, the more CO2 is stored underground. This is because the greater the injection rate, the greater the supplementary formation energy, the greater the volume of the affected formation, and the more CO2 will be adsorbed and dissolved.
[image: Figure 8]FIGURE 8 | CO2 storage volume under different injection rates.
The CO2 storage volume and ratio of the five schemes are actually controlled by the volume of CO2 spilled. When the injection rate of a single well is 5 t/d, the swept volume, storage ratio, and storage volume are relatively small. When the injection rate of a single well is greater than 10 t/d, the storage ratio is inversely proportional to the storage volume and directly proportional to the growth rate of the swept volume.
CO2 Storage Ratio Under Different Gas Injection Sequences
In the actual CO2 flooding process of oil reservoir development, viscosity fingering will affect the swept volume of CO2 flooding. Therefore, the method of alternating gas and water is often used in the production process to effectively reduce the CO2 viscosity fingering and increase the swept volume. The sequence of alternating gas and water injection is also an important factor affecting the CO2 storage ratio. Five schemes were designed to study the sequence of gas injection. The production wells used constant bottom hole pressure for production, and the injection wells used constant injection volume. The bottom hole flowing pressure was set to 8 MPa, and the daily injection rate of the injection well was set to 30 t/d. Five schemes were respectively simulated for 20 years.
Case 1. continuous gas injection;
Case 2. water and gas 1:1 alternate after 2 years of continuous gas injection;
Case 3. water and gas 1:2 alternate after 2 years of continuous gas injection;
Case 4. water and gas 1:1 alternate;
Case 5. water and gas 1:2 alternate.One month is 30 days as an alternate time. The water injection volume of a single well is 35 m3/d.From Figure 9, it can be seen that the storage ratio of the five schemes in the first 4 years also increases first and then decreases, which is the same as the above-mentioned change trend under different injection flow rates. This is because at the beginning, the CO2 rushed from the channel of the previous water flooding, and the affected volume was not large. In the comparison of the annual CO2 storage ratios in Case 1 versus Cases 2 and 3, the CO2 storage ratio coincides in the first 2 years. After 3 years, the annual storage ratio of Cases 2 and 3 are first lower than that of Case 1, and then at 2–3 years, it is greater than that of case 1. This proves that alternate injection of water and gas reduced the viscosity index during CO2 flooding during the subsequent increase in swept volume, so that CO2 can enter a larger displacement volume to complete adsorption or dissolution. The annual storage ratios of Cases 2 and 3 are not much different. Cases 4 and 5 were direct water and gas alternate injection. The CO2 storage ratio in the first 2 years is lower than that of Cases 1, 2, and 3. This is because the formation energy supplemented by water injection was smaller than that of gas injection, and the increase rate of swept volume is smaller. The annual storage ratio of the two cases is not much different, and the annual storage ratio of these two cases is greater than the first three cases after the fifth year. The total CO2 storage ratio can be obtained by adding up the storage volume after 20 years and the injection volume as shown in Figure 10. Case 2 has the largest final storage ratio, 62.11%. It can be seen that the storage ratio of alternate gas and water injection is greater than that of continuous gas injection. This is because, on the one hand, the injection of water reduced the viscosity index of CO2 and, on the other hand, part of the injected water stayed in the formation and increased the dissolved volume of CO2, which had a positive effect on the storage of CO2. At the same time, alternate water injection reduced the injection energy compared to continuous gas injection, which had a negative effect on CO2 storage. The positive effect was greater than the reverse effect in the storage process. Although the injected gas and water volumes are different in Cases 2 and 3, they are similar from the point of view of the total storage ratio. This is similar to the above-mentioned reason for the difference between continuous gas injection and alternate water and gas injection and is caused by the combined effect of positive and negative reasons.The pink broken line in Figure 10 is the oil reservoir recovery change diagram. It can be seen that in Case 1, although the oil field recovery is relatively high, the buried CO2 ratio is low, which does not meet the requirements of buried CO2. Under the same water–gas alternating cycle, the recovery factor and buried CO2 ratio of Cases 2 and 3 in the early continuous cycle are respectively greater than those of Cases 4 and 5. Therefore, in the development process of water–gas alternating injection in the study area, continuous gas injection in previous years should be considered when carrying out water–gas alternating injection.The CO2 storage capacity of the five schemes is shown in Figure 11. Although the storage ratio of case 1 is small, it has the highest amount of CO2 because of the large amount of injected CO2. The final storage ratio of Cases 2–5 is not much different, so the more CO2 that is injected, the more it will be stored. In combination with the previously discussed reservoir recovery and CO2 storage ratio, Case 3 is the best choice for gas injection sequence in the study area.It can be seen from the comparison of storage sequence schemes that alternate water and gas injection is very important during the CO2 injection process, which also proves the effect of water on reducing the viscosity index during the CO2 flooding process. The specific water–gas alternation ratio has little effect on the CO2 storage ratio. However, it has a significant influence on recovery factor and CO2 storage ratio.
[image: Figure 9]FIGURE 9 | Annual CO2 storage ratio under different injection sequences.
[image: Figure 10]FIGURE 10 | Total CO2 storage ratio under different injection sequences.
[image: Figure 11]FIGURE 11 | CO2 storage volume under different injection sequences.
CO2 Storage Ratio Under Different Bottom Hole Pressures of Production Wells
The bottom hole pressure of production wells determines the speed of CO2 and crude oil flowing into the bottom of the well and has an important impact on the volume of CO2 swept. Five schemes were designed to study the bottom hole flow pressure of production wells. The production well was produced at a constant bottom well flow pressure, and the injection well was produced at a constant injection rate, which was simulated for a total of 20 years. The gas injection sequence was continuous gas injection, the daily injection rate of single injection well was 30 t/d, and the bottom hole flow pressure of the production well was set to 6, 7, 8, 9, and 10 MPa, respectively.
The annual CO2 storage ratio under different bottom hole pressures of production wells is shown in Figure 12. The change trends of the annual storage ratio obtained by the five schemes are relatively similar and generally show a gradual decreasing trend. In the same year, the bottom hole pressure is proportional to the annual storage ratio. This is because when the bottom hole flow pressure was smaller, the pressure differences between injection well and production well and between formation boundary and production well were larger, resulting in the injected CO2 entering the production well too quickly and being unable to contact as many layers as possible, resulting in a low storage ratio. The obtained histogram of accumulated storage in 20 years is shown in Figure 13. The cumulative storage ratio is also proportional to the bottom hole pressure, and the storage ratio varies greatly. When the bottom hole pressure of the production well is 10 MPa, the storage ratio is the largest, reaching 59.82%. As can be seen from the schematic broken line of oil reservoir recovery shown in Figure 13, when the bottom hole flow pressure of the production well is 6 MPa, although the recovery factor is large, the CO2 storage ratio is small. The recovery ratio is similar when the bottom hole flow pressure is 7–10 MPa, but the CO2 storage ratio is significantly different. The recovery ratio is not quite low when the bottom hole flow pressure is 10 MPa, and the CO2 storage ratio is the largest.
[image: Figure 12]FIGURE 12 | Annual CO2 storage ratio under different bottom hole pressures.
[image: Figure 13]FIGURE 13 | Total CO2 storage ratio under different bottom hole pressures.
The CO2 storage volume obtained under different production well bottom hole pressures is shown in Figure 14. It can be seen that the storage volume is proportional to the storage ratio. The pressure differences between the production well and the injection well and between the production well and the formation boundary were the smallest when the bottom hole flowing pressure was the largest. Therefore, more injected fluid can contact the reservoir, thereby increasing the swept volume of the reservoir and increasing the storage capacity.
[image: Figure 14]FIGURE 14 | CO2 storage volume under different bottom hole pressures.
Combining the analysis of the CO2 storage ratio, storage capacity, and oil reservoir recovery factor, CO2 miscible flooding in the study area has the best effect when the bottom hole flow pressure is 9–10 MPa. Thus, it is suggested to choose 9–10 MPa as the bottom hole pressure of production wells for CO2 miscible flooding development in the research area.
The Best CO2 Injection Scheme
The injection parameters of CO2 miscible flooding were optimized through the above steps. The gas injection rate single well 10 t/d, water and gas 1:1 alternate after gas injection for 2 years in injection sequence, and bottom hole flow pressure of production wells 10 MPa at the maximum CO2 buried storage ratio of CO2 miscible flooding in the research area were used for modeling and solving again. The annual CO2 storage ratio obtained is shown in Figure 15. Compared with the above-mentioned experimental schemes, the storage ratio in previous years is not much different, but the storage ratio decline rate under the best injection method is relatively low. The final volume of CO2 stored is 2.40 × 106 t, the reservoir recovery factor is 15.47%, and the final 20-year cumulative CO2 storage ratio reaches 66.88%, which is the largest CO2 storage ratio compared with the above-mentioned schemes.
[image: Figure 15]FIGURE 15 | Annual CO2 storage ratio under the best injection scheme.
When we compare the annual CO2 storage ratio of five different gas injection flow rates, five different gas injection sequences, five different bottom hole pressures of production wells, and the best scheme, it can be seen that what is decisive for the change trend is the gas injection rate, and the bottom hole flow pressure and gas injection sequence have relatively little influence, and but they add up to change the overall storage ratio. Therefore, the main controlling factor of the annual CO2 storage ratio is the gas injection rate. Changing the gas injection sequence and bottom hole flow pressure cannot significantly change the annual storage ratio. The overall CO2 storage ratio is related to the gas injection rate, gas injection sequence, and bottom hole pressure of the production wells. The injection rate and the bottom hole pressure have a significant influence on CO2 storage ratio. The gas injection sequence is only higher when the water and gas alternate when the fluid is injected, and there is no high requirement on the alternate ratio. The optimized injection scheme has slowed down the reduction in the annual CO2 storage ratio to a certain extent.
In general, the ultimate purpose of optimizing injection speed and gas injection sequence, or optimizing bottom hole flow pressure, is to increase the sweep volume of CO2 and thus increase the matrix adsorption and dissolution amount of CO2 to realize the increase of CO2 storage ratio. Therefore, in the follow-up study of CO2 storage ratio, the method of increasing the volume of CO2 should be considered.
Limitations and Prospects
It is very meaningful to study the storage potential of CO2 for the current world environmental protection. How to ensure the effective storage of CO2 under the premise of enhancing oil recovery is an important topic discussed by scholars in the petroleum and natural gas industry today. In this study, the production parameters of different injection methods in the CO2 miscible flooding state were used to explore the feasibility of parallel oil recovery and CO2 storage in the process of CO2 injection and development. The relationship between the storage ratio and the storage capacity provides a development plan for the study area that takes into account both the recovery rate and the CO2 storage. However, there are several limitations here, and interested scholars can continue to investigate further. First of all, more parameter improvements are needed, not only limited to the injection rate, injection sequence, and production well flow pressure mentioned in the article itself. In the actual development process of injected CO2 reservoirs, the bottom hole flow pressure of the injection well, the ratio of water, its injection amount when water and gas are alternated, etc. have a great influence on the recovery rate and CO2 storage ratio. In future research, these influencing factors can be factored based on the statistical law of the parameters of different CO2 development methods, directly indicating the degree of influence of these parameters on the recovery factor, CO2 storage ratio, and integrated quantification, so as to provide information for other oil and gas reservoirs. This provides a reference for CO2 injection optimization of other oil and gas reservoirs. Secondly, the displacement mechanism of CO2 miscible flooding and the storage mechanism when CO2 and water are injected alternately need to be further clarified. The commercial software Eclipse used in this paper calculates the sequestration rate of CO2 miscible flooding that keeps CO2 dissolved in water or residual oil and adsorbed on the solid surface. There is no more objective consideration of the complex physical and chemical reactions of CO2 with crude oil and water in the formation at different temperatures and pressures (Gao et al., 2021). It is necessary to propose a more accurate calculation method of CO2 underground storage ratio.
CONCLUSION

(1) The MMP of the indoor slim tube shows that the MMP of the crude oil in the study area for CO2 is between 12.65 and 14.80 MPa, which is lower than the current formation pressure of 18.2–22.6 MPa. Therefore, miscible flooding can be achieved in the subsequent development of CO2 injection.
(2) To carry out the comprehensive consideration of CO2 storage ratio, storage volume, and oil reservoir recovery factor in the study area, the best gas injection scheme is as follows: the single well gas injection is 20–30 t/d; the gas injection is performed 2 years before the gas injection sequence, followed by alternate water and gas injection; and the bottom hole flow pressure of the production wells is 9–10 MPa.
(3) The gas injection rate will obviously change the change trend of the annual CO2 storage ratio in the study area. The biggest influence on the annual CO2 storage ratio is the fluid gas injection rate. The gas injection sequence and bottom hole flow pressure will not significantly change the annual CO2 storage ratio.
(4) The overall CO2 storage ratio in the study area is significantly related to the gas injection rate, injection sequence, and bottom hole pressure of the production wells. The water–gas alternation is very important, and the specific alternate ratio has little effect on the final CO2 storage ratio.
(5) The key point that affects the CO2 storage ratio in the study area is the CO2 swept volume. The larger the affected volume, the larger the overall CO2 storage ratio and annual storage ratio.
(6) Chang 8 reservoir in Block H of Ordos Basin has good CO2 storage potential, and an optimal CO2 injection scheme has been optimized. After 20 years of CO2 injection, the CO2 storage ratio is up to 66.88%, and the storage volume is 2.40 × 106 t.
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