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The beach-bar sand reservoir of the Sha 4 Member of the Shahejie Formation in the Dongying Sag is the main oil-bearing formation in this area. In recent years, its proven reserves have been getting lower and lower, and the poor petrophysical properties of the reservoir have made water injection development difficult. In turn, it results in a rapid decline in elastic development productivity and low oil recovery. In this study, the experimental evaluation and numerical simulation research on the adaptability of CO2 flooding in beach-bar sand reservoirs are carried out on the basis of fully investigating the successful examples of CO2 flooding conducted by the previous. According to the geological characteristics of the reservoir in the CL area of the Dongying Sag, the reasonable reservoir engineering parameters and surface injection procedures for the CO2 flooding have been formulated. Experiments show that after the completion of water flooding, the recovery factor of the CO2 continuous flooding is 85.64%. It proves that the recovery factor of the CO2 flooding is higher than that of the water flooding. Field tests have shown that CO2 molecules in beach-bar sand reservoirs behave in a supercritical state underground, which is easier to being injected into the reservoir than water. In addition, the displacement distance of the CO2 is obviously larger than that of the water injection development. The gas-oil ratio variation of different flooding types is different, and CO2 flooding can effectively increase the formation energy, and improve the oil recovery and economic benefits of this type of reservoir.
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INTRODUCTION
The average recovery factor of water-flooding reservoirs is usually only 30.0%, and its remaining oil saturation is high, so the potential of tertiary oil recovery is great (Dicharry et al., 1973; Al-Abri et al., 2009; Al-Bayati et al., 2019; Gao and Pu., 2021; Li et al., 2021). CO2 miscible flooding belongs to tertiary oil recovery technology. By injecting CO2 into the reservoir, the interfacial tension, viscosity and fluidity of the crude oil can be improved, and the ultimate recovery of the crude oil is enhanced. Because CO2 miscible flooding has good oil-increasing effect and wide adaptability, it has become the main measure for tertiary oil recovery in different oilfields (Al-Abri and Amin, 2010; Hu et al., 2015; Yongle et al., 2019; Chen et al., 2020; Qin et al., 2021). In the past 20 years, laboratory and field experiments of CO2 miscible flooding have been carried out in the Daqing, Jilin, Zhongyuan and Huadong Oilfields in China. However, there are few reports on field trials of CO2 miscible flooding in ultra-high water-cut reservoirs (Stalkup., 1978; Desch et al., 1984; Akbarabadi and Piri., 2013; Wang et al., 2019; Jia et al., 2021; Huang et al., 2022).
The CO2 injection development of low permeability sandstone reservoirs is a reliable and effective method to enhance oil recovery. The main mechanisms include the reduction of interfacial tension, the reduction of crude oil viscosity, the swelling effect of crude oil, and the extraction of light hydrocarbons (Song et al., 2012; Chen et al., 2017; Zhang et al., 2018; Chen et al., 2019; Hou et al., 2020). Under miscible conditions, CO2 and crude oil can be mixed in any ratio, thereby eliminating interfacial tension and obtaining high CO2 flooding efficiency. However, CO2 immiscible flooding is likely to cause early CO2 breakthrough. Crude oil is considered a colloidal system, the dispersion medium is saturated and aromatic hydrocarbons, and the asphaltenes are in a dispersed phase (Paxton et al., 2002; Golkari and Riazi., 2017; Fakher and Imqam., 2020). When CO2 is injected into the reservoir, it will dissolve into the crude oil, and its extraction of the light components of the crude oil will lead to changes in the composition of the crude oil system. Furthermore, the asphaltene molecules in the crude oil cannot continue to be stably dispersed in the crude oil. At this point, the asphaltene molecules collide with each other and flocculate into aggregates that eventually precipitate out of the crude oil and then solid precipitates are formed. The size of these precipitated particles will gradually increase as the fluid migrates in the rock pores (Lashkarbolooki et al., 2016; Ding et al., 2019; Du et al., 2021; Liu et al., 2022). When the size of the asphaltene precipitation particles approaches or exceeds the size of the pore throats, the particles can become trapped and form blockages at the narrow throats, and the pore throat connectivity of the rock will be reduced. At the same time, asphaltene precipitation is also continuously adsorbed on the surface of rock minerals, resulting in a gradual decrease in the size of pores and throats. Asphaltene precipitation particles are much more likely to block pore throats. In addition, the adsorption of these asphaltene precipitates on the pore surface can also cause changes in rock wettability. Therefore, asphaltene precipitation can change the pore-throat structures of the rock by forming plugging and adsorption, thereby impairing the reservoir permeability and increasing the water cut and residual oil ratio (Lv et al., 2015; Wang et al., 2018; Hong et al., 2020; Hu et al., 2020).
Typical beach-bar sand reservoirs are developed in the Sha 4 Member of the Shahejie Formation in the CL area of the Dongying Sag, China. In recent years, the quality of the newly added proven reserves in the Sha 4 Member of the Shahejie Formation has been getting worse and worse. This is because the burial depth of the reservoir is relatively deep (between 2,700–3,500 m), and the permeability of the reservoir drops sharply from 10 to 0.3 mD. Due to the inability to achieve high-efficiency water injection development, oilfield engineers can only select some units with relatively good petrophysical properties to carry out large-scale fracturing (Kazemzadeh et al., 2015; Qiao et al., 2019; Xu and Gao., 2020; Yoshida and Santosh., 2020; Lan et al., 2021). From the perspective of development status, for low-permeability reservoirs developed only by natural energy, the average monthly decline rate of their productivity reaches 4%. Therefore, many newly discovered low-permeability reserves are poorly developed, resulting in a huge potential of remaining reserves in unproduced beach-bar sand reservoirs. For ultra-low permeability beach-bar sand reservoirs, water flooding development is greatly restricted (Li et al., 2020; Mahmud et al., 2020; Wang et al., 2020; Li., 2022; Wang et al., 2022). The development method that relies solely on elastic energy results in rapid decline in production and low recovery of crude oil. Therefore, it is necessary to find new energy supplement methods to improve the development level and production degree of low-permeability reservoirs.
In this study, the experimental evaluation and numerical simulation research on the adaptability of CO2 flooding in beach-bar sand reservoirs are carried out on the basis of fully investigating the successful examples of CO2 flooding conducted by the previous. According to the geological characteristics of the reservoir in the CL area of the Dongying Sag, the reasonable reservoir engineering parameters and surface injection procedures for CO2 flooding have been formulated. The research results have important reference value for formulating an efficient development plan for beach-bar sand reservoirs in similar areas.
MATERIALS AND METHODS
The target layer of this study is the beach-bar sand body in the upper part of the Sha 4 Member of the Shahejie Formation, which is widely distributed in the Dongying Sag. This set of sand bodies is located in the interlayer of the source rocks, and the thickness of the single layer is generally between 2 and 5 m, and it has the characteristics of large-area oil-bearing properties. The residual amount of original formation water in the sand body is extremely low, so the CO2 flooding technology is suitable for improving the oil recovery of this set of reservoirs.
Feasibility of CO2 flooding development
Usually, the waterflooding development effect of low-permeability and ultra-low- permeability beach-bar sand reservoirs is not ideal. When the petrophysical properties of the sandstone reservoirs are less than 3 mD, the development benefit of water flooding is quite poor, and the permeability of the Sha 4 Formation reservoir in the study area is between 0.3–10 mD, so it is not suitable for water flooding development. For the XX-1 Block with relatively good petrophysical properties of the target layer in the study area, the large-scale anti-swelling method is adopted, and the initial oil pressure via water injection is between 20–30 MPa. In a short period of time, the water injection pressure can be increased to more than 35 MPa, and the wellhead can meet the injection requirements after the booster pump is used. However, with the deepening of development, the excessive water injection pressure caused serious damage to the casing of the water injection well, and the reservoir began to suffer from under-injection and under-production in a large area (Mahmi et al., 2018; Wang et al., 2021; Li et al., 2022). Therefore, it is urgent to explore the development method of CO2 flooding for ultra-low permeability beach-bar sand reservoirs.
In this study, the reasons for the ultra-low permeability beach-bar sand reservoirs suitable for CO2 miscible flooding in the Sha 4 Member of the Shahejie Formation in the CL area are as follows:
(1) The research block is in the early stage of crude oil development, and the degree of crude oil recovery is high. Moreover, its crude oil basically does not contain water, which is conductive to the development of CO2 flooding technology.
(2) The connectivity of the beach-bar sand reservoirs in the study area is good, and the connectivity rate of the main sand bodies is 93%. At the same time, the beach-bar sand reservoir has no edge and interlayer water, which is conducive to reducing the corrosion of equipments, so it is suitable for CO2 injection.
(3) The main reservoir of the ultra-low permeability beach-bar sand reservoir in the Sha 4 Member of the Shahejie Formation in the study area is buried between 2,700–3,400 m, and its original formation pressure is 32–45 MPa. Its ground saturation pressure difference is large, so it is easy to form miscible phase after CO2 injection into the formation. Therefore, it is beneficial to carry out CO2 miscible flooding.
Design of minimum CO2 miscible pressure experiment

(1) Model parameters
The experimental model adopts a thin tube model with a length of 16 m and a diameter of 6.34 mm. The air permeability was maintained at <9.9 mD, the porosity was 32.25%, the experimental temperature was 126°C, and the displacement speed was 0.873 m/h.
(2) Criteria for determining the minimum miscible pressure for CO2 flooding
When 1.2 times the pore volume of CO2 was injected, there was a sudden change in the slope between the pressure curve and the displacement efficiency. Moreover, the final recovery factor is >95%, and the breakthrough value is later than 0.74 PV. In addition, a transition zone formed by immiscible gas and liquid phases can be seen in the observation port, which gradually diffuses to form a single phase after complete miscibility.
Design of long core flooding tests
The long core displacement test adopts a long core displacement device, which is mainly composed of a displacement system, a constant temperature device, a long core holder system, a back pressure controller and an oil measurement and gas measurement device. The maximum working pressure is 50 MPa and the temperature is 150°C.
The displacement tests of long cores were carried out under the conditions of simulated formation temperature of 125°C and pressure of 30 MPa. A total of three different long core flooding experiments were carried out. The experiments were used to evaluate the effect of injection timing and injection method on the enhanced oil recovery effect of miscible flooding.
A total of 3 sets of plans have been designed:
(a) After the water is flooded to 100% water content, CO2 is continuously injected until no oil is produced;
(b) First, continuous injection of CO2 large slug initially, when no oil is produced, it is transferred to water flooding;
(c) Initially, alternate injection of CO2 and water is carried out, and when no oil is produced, it is transferred to the subsequent water flooding.
Numerical simulation of CO2 flooding scheme
The numerical simulation in this study was completed using the PVT analysis results of laboratory experimental fluids and the CMG reservoir numerical simulation software. The construction of the equation of state for the CMG reservoir is based on the phase equilibrium software package Winprop. Furthermore, it is used for fluid characterization, compositional fitting, regression fitting of PVT experimental data, and simulation of multiple contact processes. It generates the data required by the component simulator GEM by establishing the equation of state of the crude oil in the target layer.
RESULTS
Properties of CO2 and formation crude oil

(1) Variation of saturation pressure of formation crude oil
Indoor CO2 miscible flooding experiments show that the saturation pressure of formation crude oil will gradually increase after increasing the injection amount of CO2. Therefore, CO2 has strong mutual solubility in the formation crude oil in this block (Figure 1).
(2) Variation of volume expansion coefficient of formation crude oil
[image: Figure 1]FIGURE 1 | Relationship between CO2 solubility and saturation pressure of formation crude oil (125°C).
Through laboratory experiments, the relationship between CO2 solubility and formation oil volume expansion coefficient (Figure 2) was plotted. The expansion coefficient is basically positively correlated with the solubility of CO2, indicating that CO2 has a better expansion ability of the crude oil in the formation.
(2) Changes in the viscosity of formation crude oil
[image: Figure 2]FIGURE 2 | Relationship between CO2 solubility and volume expansion coefficient of formation crude oil (125°C).
In general, the greater the dissolved amount of CO2 contained in crude oil, the lower its viscosity (Paul et al., 1984; Santosh and Feng., 2020; Yin and Wu., 2020; Mirzaei-Paiaman and Ghanbarian., 2021). The relationship between the viscosity of crude oil and the solubility of CO2 in the study area shows that (Figure 3), the viscosity and solubility of crude oil are negatively correlated. Therefore, CO2 can improve the flowability of formation crude oil.
[image: Figure 3]FIGURE 3 | Relationship between CO2 solubility and viscosity of formation crude oil (125°C).
According to this study, the crude oil in the study area has a relatively strong dissolving ability to CO2, and the volume expansion and viscosity reduction of the crude oil are caused by the injection of CO2.
Experimental results of minimum CO2 miscible pressure
When the experimental pressure was gradually increased, the oil displacement effect of CO2 began to increase significantly. When the pressure was increased to 29.0 MPa, the oil displacement efficiency at 1.1 PV was over 97%, and it had reached complete miscibility (Figure 4). From the relationship between oil displacement efficiency and gas injection pressure at 1.1 PV, it can be concluded that the minimum miscible pressure in block XX is 28.94 MPa, and the corresponding oil displacement efficiency is 95.4% (Figure 5).
[image: Figure 4]FIGURE 4 | Relationship between oil displacement efficiency and injection multiple under different pressures.
[image: Figure 5]FIGURE 5 | Determination of minimum miscible pressure.
Therefore, it is easier to form a miscible state when the minimum miscible pressure is weaker than the original formation pressure.
Experimental results of CO2 miscible oil displacement efficiency
The results of three long core flooding experiments show that (Figure 6), when the pressure and temperature are kept constant, the water flooding recovery factor is 33.50%; after the completion of water flooding, the recovery factor of the CO2 continuous flooding is 85.64%; after CO2 continuous flooding, the recovery factor when changed to water flooding is 79.58%; after the initial alternate injection of CO2 and water, the recovery factor when changed to water flooding is 81.56%. The test results fully demonstrate that the oil recovery factor of the CO2 flooding is much higher than1 that of water flooding. Considering the actual situation of the Block XX, the optimal injection method is continuous CO2 flooding.
[image: Figure 6]FIGURE 6 | Oil displacement efficiency results for different injection methods.
DISCUSSION
Parameter optimization of CO2 flooding scheme
For the simulation of the CO2 flooding scheme in this study, the basic conditions of the production well are set as: the minimum limit bottom-hole pressure: 12 MPa; the minimum limit oil production: 3 t/d; the limit gas-oil ratio: 2000 m3/m3. The basic conditions of the gas injection well are set as: the maximum injection pressure at the bottom of the well: 60 MPa.
(1) Optimization of pressure maintenance level
It can be clearly seen from the curve of recovery factor versus formation pressure (Figure 7) that when the miscible pressure is lower than 28.95 MPa, the pressure rises. And the recovery factor increases linearly and the growth rate is large, which is much higher than the recovery factor after miscible pressure. Therefore, the oil-reservoir pressure must be maintained above the miscible pressure (Trevisan et al., 2014; Qie et al., 2021; Wang and Wang., 2021).
(2) Optimization of CO2 injection amount
[image: Figure 7]FIGURE 7 | Variation characteristics of recovery factor with formation pressure.
According to the relationship among the PV value of CO2 injection, the recovery factor and the daily oil production rate, it can be seen that the oil recovery factor increases with the increase of the injected PV value, and the daily oil production rate shows a slight downward trend. When the daily oil production rate dropped to 0.33, its changing trend began to stabilize, and the maximum value of the PV of injected CO2 was 0.33.
(3) Optimization of gas injection and oil recovery rates
The optimization simulation results of different gas injection and oil recovery rates show that the oil recovery efficiency is the best when the oil recovery rate is maintained at 2% and the gas injection rate is maintained at 20 t/d.
Field application and effect analysis of CO2 miscible flooding
In this study, we carried out the pilot experiment of CO2 flooding and enhanced recovery in the study area. The three-stage test development mode of single well experiment-well group expansion-block implementation was adopted. The application uses procedures implemented from individual wells to groups of wells to blocks.
The first stage: single-well test injection of CO2 in well A1.
Well A1 in the middle of Block XX is selected as the CO2 injection test well. The well spacing between this well and the surrounding 6 production wells is 350–700 m, the daily gas injection volume is 30–60 m3, and the gas injection pressure in the initial stage is low and maintained at 2–8 MPa. Except for the one well with the farthest distance of 700 m, which was not effective, the other five wells were all effective to varying degrees (Table 1).
TABLE 1 | Statistical results of productivity effectiveness of A1 well group.
[image: Table 1]The second and third stages: After the measure wells in the first stage are effective, the well group expansion will begin. 2 gas injection wells and 1 production well were newly drilled in Block XX, forming 4 central gas injection wells and 6 surrounding production wells. After that, the injection-production well pattern was gradually improved, and the overall development of the XX Block was realized.
(1) Gradual recovery of formation energy
The static pressure measured in Well A1 was 14.78 MPa at the time of transfer injection, and it changed to 25.628 MPa after 2 years, with an increase of 10.848 MPa and an average monthly increase of 0.638 MPa. For another gas injection well of Well A-16, the static pressure measured at the start-up stage was 26.03 MPa, and the static pressure measured after 2 years of gas injection was 28.3 MPa. It can be seen from the pressure tests of a single well that the formation pressure in the block is gradually recovered. According to the numerical simulation results, the formation pressure recovers faster near the bottom of the injection hole (Zekri et al., 2009; Zhang et al., 2020; Zhao et al., 2021).
In the design scheme, when the designed oil production rate of the central well group scheme is 2% and the injection-production ratio is 2.0, the time for the pressure to recover to miscibility is 1.25 years. At present, the oil production rate in the central well area is 1.76%, and the injection-production ratio is 1.23. The estimated time to start pressure recovery to miscibility at current production rates is 1.5 years. If the injection-production ratio is 2.0 according to the design, the pressure recovery time is 1 year (Figure 8).
(2) Analysis of oil-increasing effect
[image: Figure 8]FIGURE 8 | Variation law of designed pressure curves in different oil production rate schemes. The production methods include elastic development and development methods with oil recovery rates of 1.1–3.0% respectively.
Judging from the effective time of a single well of the gas injection well group in the Block XX, the effective time is 2–8 months, the average effective time is 4.4 months, and the effective time is positively correlated with the well spacing. In addition, the decline of gas injection well groups is 15% slower than that of elastic development well groups. According to the production status and monitoring results of the oil wells, the surrounding wells have seen very significant oil increases. According to the calculation results of the exponential decreasing method, the cumulative oil increase of the well group is 10,200 t. Comparing the effects of water injection and gas injection, the first-line well with gas injection effect has a stable daily production of 10 t, and the single well with water injection effect has a stable daily production of 3–5 t. After the gas injection took effect, the liquid volume increased by an average of 2 times; and after the water injection took effect, the liquid volume increased by 0.5 times.
(3) Analysis of economic benefit
Of the three development stages, the oil change ratio was 4.2:1 in the first stage, 5.9:1 in the second stage, and 3.8:1 in the third stage. Currently, the block has an overall oil change ratio of 4.9:1. The second stage is mainly due to the reduction of oil change rate due to the phenomenon of gas channeling. With the increase of CO2 injection amount, the formation energy gradually recovered and the oil change rate increased (Zhao et al., 2015; Xue et al., 2021; Yang et al., 2021).
Under the condition of production time of 6 years, the CO2 gas injection in the XX block is compared with the water injection in the adjacent block. Under the same conditions of single well investment, the cost per 1 m3 of water injection is 11 yuan, and the cost per 1 m3 of gas injection is 300 yuan. There are 7 water injection wells corresponding to the 7 production wells in the adjacent block, while there are 7 CO2 injection production wells in the XX Block, which corresponds to 4 gas injection wells. According to the current decreasing calculation of the block, the accumulated oil of water injection and gas injection after 6 years is 7.1736 × 104 t and 11.6916 × 104 t respectively, the income is 179.52 million yuan and 292.58 million yuan respectively, and the input-output ratio is 1:3.05 and 1: 2.95 respectively. It shows good economic benefits, and with the extension of time, the economic benefits of gas injection will be better than water injection.
CONCLUSION

(1) In this study, the experimental evaluation and numerical simulation research on the adaptability of CO2 flooding in beach-bar sand reservoirs are carried out on the basis of fully investigating the successful examples of CO2 flooding conducted by the previous. According to the geological characteristics of the reservoir in the CL area of the Dongying Sag, the reasonable reservoir engineering parameters and surface injection procedures for CO2 flooding have been formulated.
(2) Experiments show that after the completion of water flooding, the recovery factor of the CO2 continuous flooding is 85.64%. It proves that the recovery factor of the CO2 flooding is higher than that of water flooding. Field tests have shown that CO2 molecules in beach-bar sand reservoirs behave in a supercritical state underground, which is easier to being injected into the reservoir than water.
(3) The displacement distance of the CO2 is obviously larger than that of the water injection development. The gas-oil ratio variation of different flooding types is different, and CO2 flooding can effectively increase the formation energy, and improve the oil recovery and economic benefits of this type of reservoir.
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