

  atmosphere-13-01509




atmosphere-13-01509







Atmosphere 2022, 13(9), 1509; doi:10.3390/atmos13091509




Article



Study on Enhancing Shale Oil Recovery by CO2 Pre-Pad Energized Fracturing in A83 Block, Ordos Basin



Yang Xiao 1,2, Zhigang Li 1,*, Jiahao Wang 1, Jinyuan Yang 1, Zhonghui Ma 1, Shuyun Liu 1 and Chenhui Han 1





1



College of Energy, Chengdu University of Technology, Chengdu 610059, China






2



Sun-Energy Technology Co., Ltd. of Chengdu University of Technology, Chengdu 610059, China









*



Correspondence: cdutlizhigang@163.com







Academic Editors: Kumar Vikrant and Liang Huang



Received: 16 August 2022 / Accepted: 12 September 2022 / Published: 15 September 2022



Abstract

:

The Ordos Basin is rich in shale oil resources. The main targeted layers of blocks A83 and X233 are the Chang 7 member of the Yanchang Formation. Due to extremely low permeability, a fracturing technique was required to enhance oil recovery. However, after adopting the stimulated reservoir volume-fracturing technology, the post-fracturing production of the A83 block is significantly lower than that of the X233 block. For this problem, the dominating factors of productivity of the two blocks were analyzed using the Pearson correlation coefficient (PCC) and the Spearman rank correlation coefficient (SRCC), showing that the main reason for the lower production of the A83 block is its insufficient formation energy. To solve this problem, the CO2 pre-pad energized fracturing method was proposed. To study the feasibility of CO2 pre-pad energized fracturing in the A83 block, an integrated reservoir numerical simulation model of well A83-1 was established based on the idea of integration of geology and engineering. Additionally, the productions within five years after conventional volume fracturing and CO2 pre-pad energized fracturing were compared. The results show that compared with conventional volume fracturing, the cumulative oil production of CO2 pre-pad energized fracturing increases by 11.8%, and the water cut decreases by 16.5%. The research results can guide the subsequent reservoir reconstruction operation in the A83 block and provide new ideas for fracturing in the future.
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1. Introduction


To enhance the recovery of shale resources, many scholars and oilfields have developed more and more reservoir stimulation technologies. For shale reservoirs with sufficient formation energy but low permeability, large-scale volume-fracturing technology was recommended to form a complex fracture network and maximize production [1,2]. Xu et al. concluded that the central ideas of volume-fracturing technology were “maximum contact area, shortest flow distance and minimum pressure difference”; that is to say, it was hoped that the contact area between the fracture wall and the reservoir matrix was the largest, the flow distance of fluid from the matrix to the fracture was the shortest, and the pressure difference for the fluid flowed to the fracture was the smallest [3]. The multistage stimulated reservoir volume-fracturing technology for horizontal wells can “break up” the reservoir to the maximum extent and obtain the largest stimulated reservoir volume (SRV) [4,5].



In the case of high horizontal stress difference and strong heterogeneity and as an improvement for traditional hydraulic fracturing, temporary plugging and diverting fracturing can form new branch fractures in the previous fractures to form fracture networks and increase the SRV. Solid and degradable diverters were often used in temporary plugging and diverting fracturing and refracturing treatments [6,7]. The diverters can effectively block pre-opened fractures and improve the net pressure; thus, the fracturing fluid is forced to enter the high-stress area to generate new diverting fractures [8,9]. Chemical diverters were widely used in fracturing operations of unconventional oil and gas reservoirs because they would degrade after the treatments with less damage [10]. Wang et al. found in the tri-axial temporary plugging fracturing experiment that a complex diverted fracture network tended to be created at a small differential stress (2.5 MPa in their case), while new fractures tend to grow parallel to the initial fractures at a high differential stress (7.5 MPa in their case) [11]. It is believed that the composite structure is more suitable for unconventional reservoir development than the single plugging structure [12].



Compared with conventional hydraulic fracturing, CO2 fracturing is more suitable for reservoirs with higher contents of clay minerals, and it has less possibility to cause water sensitivity or water-blocking effects [13]. The interaction between CO2 and shale will change the pore structure and reduce the uniaxial compressive strength and Young’s modulus [14], which can reduce the pressure required to open fractures by more than 50% [15]. This fracturing technology can form complex fracture networks and play a significant role in improving shale production [16]. However, due to the low viscosity, CO2 fracturing fluid has poor proppant-carrying capacity, which limits its application in unconventional oil and gas reservoirs [17,18,19]. CO2 foam fracturing fluid has good properties of high viscosity and low fluid loss, but its overall cost is high [20,21].



In the absence of energy supplementation, the recovery ratio of shale reservoirs with low pressure is only 5–10% using horizontal well drilling and multistage hydraulic fracturing. To replenish formation energy, some fluids, such as water, natural gas, or other mixed fluids, are generally injected into the reservoirs [22]. According to different periods, there are generally three ways to supplement formation energy [23]. The first is to inject a large amount of fracturing fluid in the early stage for energy complement, which can not only improve the complexity of artificial fractures but also increase the residence time and volume of fracturing fluid to replenish formation energy. The second is to improve reservoir pressure by multi-cycle water injection in the middle-later stage. After hydraulic fracturing, it is difficult for fracturing fluid to reach the matrix far from artificial fractures; hence, the reservoir pressure is still very low. The recovery ratio can be effectively improved by conducting multiple cycles of “injection-shut in-production”. The third is to replenish formation energy by injecting gas in the late stage. The miscible gas injected into the formation will displace the crude oil remaining in the matrix by having mass transfer with fluid in the matrix through capillary pressure drainage and dispersion diffusion.



Compared with other fracturing methods, CO2 pre-pad energized fracturing (CO2-PPEF) technology has the advantages of both hydraulic fracturing and CO2 fracturing, which can not only increase the SRV but also improve the formation energy and has broad application prospect in the development of unconventional reservoirs [24,25]. The results of a series of laboratory tri-axial fracturing experiments and CO2 soaking experiments show that CO2 has a strong ability to break the rocks, while its ability to expand the fractures is weak [26]. For low-pressure reservoirs, CO2-PPEF can increase formation energy, improve the flowback rate of fracturing fluids, and reduce the damage to the reservoirs [27,28]. The use of CO2 fracturing technologies can not only improve oil production but also effectively realize the geological storage and utilization of carbon dioxide, thus greatly reduce the greenhouse effect [29].



The numerical simulation method was used to investigate the feasibility of CO2-PPEF in the A83 block. In recent years, the integration modeling technology has gradually become an important means of unconventional resources development. Cipolla et al. proposed an integrated workflow of geological engineering for unconventional reservoirs to achieve seamless integration of the whole process from seismic data interpretation to productivity simulation [30]. Porcu et al. investigated the variation of three-dimensional stress field after hydraulic fracturing of shale gas multi-well group, optimization design of well completion plan, refracturing plan, and well spacing by means of integrated geological engineering method [31]. Di et al. proposed an AI-based geology–engineering integration method, treating exploration and development as an organic whole [32]. Based on the idea of integration, the modeling can be divided into three steps, including the dynamic 3D geomechanical modeling, complex artificial fracture networks modeling, and integrated numerical simulation. After modeling, the post-fracturing productivity of conventional volume fracturing and CO2-PPEF can be predicted and compared to verify the applicability of CO2-PPEF in the A83 block.



The Chang 7 member of the Triassic Yanchang Formation in the Ordos Basin is rich in shale oil resources and is one of the most important shale reservoirs in China [33,34,35,36,37,38]. Both the A83 block and the X233 block have the Chang 7 member as the main targeted zone for exploration and development. The geological conditions of the two blocks are similar, and the same volume-fracturing method was used for reservoir stimulation. However, the production of the A83 block after stimulation was significantly lower than the X233 block. This indicated that the current reservoir stimulation method in the A83 block had a poor match with the actual conditions of the reservoir. Therefore, to solve the problem of the A83 block, based on the correlation analysis and difference analysis of dominating factors of productivity, the reason for the low post-frac production of A83 block was clarified, and the method of CO2-PPEF was proposed, and the feasibility of the technology was verified.




2. Materials and Methods


2.1. Data


The correlation analysis selected 337 sets of data, 241 of which were the field data of 197 wells from 2011 to 2020 in blocks A83 and X233, and the rest was interpreted and calculated by the researchers.



Production data (Y) includes cumulative production in the short term (three months and six months), cumulative production in the long term (twenty-four months and thirty-six months), average daily production, and final cumulative oil production of two blocks. To eliminate the effect of nozzles and take into consideration the combined effect of pressure and production, the dynamic reserves are calculated using the material balance method (FMB) [39] and the rate transient analysis, such as Agarwal–Gardner [40], Blasingame [41], and Fetkovich [42]. It can comprehensively evaluate the short-term production and long-term production potential of oil wells. At the same time, to eliminate the influence of horizontal section lengths, the dynamic reserves per 100 m were calculated as the basis for the difference analysis.



Additionally, the correlation parameters (X) were divided into five categories as follows.



	
Geological parameters, such as porosity, permeability, thickness, oil saturation, etc.



	
Geomechanical parameters, such as brittleness index, minimum horizontal principal stress, closure stress, etc.



	
Fracturing treatment parameters, such as pumping rate, fracturing liquid volume, sand ratio, etc.



	
Production characteristic parameters, such as bottom-hole pressure, produced gas-oil ratio, water cut, etc.



	
High-pressure physical property parameters, such as saturation pressure, dissolved gas-oil ratio, oil density under saturation pressure, etc.







2.2. Methods


2.2.1. Correlation Analysis Methods


Based on the research of correlation analysis methods, the Pearson correlation coefficient (PCC) and the Spearman rank correlation coefficient (SRCC) were used to study the effects of different types of parameters on production.



The Pearson correlation coefficient is a statistical method that quantitatively measures the correlation between variables. The characteristic of the method is that linear changes will not affect the results; thus, the change of the unit of the abscissa or the ordinate will not change the value of the correlation coefficient, r, so that the r values of data in different units are also comparable. The formula for calculating the Pearson correlation coefficient, r, is defined in Equation (1) [43]:


  r =   ∑ X Y −   ∑ X ∑ Y  N        ∑  X 2  −       ∑ X    2   N      ∑  Y 2  −       ∑ Y    2   N         



(1)




where,   ∑ X   is the set of  X  coordinates of all sample points,   ∑ Y   is the set of  Y  coordinates of all sample points, and  N  represents the total number of sample points.



The Spearman rank correlation coefficient (SRCC) is used to estimate the correlation between two variables. It has the advantages of being fast and stable because it does not need to consider the overall distribution pattern and sample size of variables. For two vectors,  X  and  Y , of dimension n,    X i    and    Y i   , respectively, represent their corresponding i-th (1 ≤ i ≤ n) elements. Arrange  X  and  Y  in ascending or descending order to obtain two new sets,   x =    x 1  ,  x 2  ,   ⋯ ,  x n      and   y =    y 1  ,  y 2  ,   ⋯ ,  y n     , where element    x i    is the rank of    X i    in  X , and    y i    is the rank of    Y i    in  Y . Accordingly, the difference set    d i  =  x i  −  y i    is obtained. Then the Spearman rank correlation coefficient of X and Y is defined as in Equation (2) [44]:


  r = 1 −   6   ∑   j = 1  n   d i    2    n    n 2  − 1      



(2)







When performing correlation analysis, the correlation between variables is determined by the value of r, which reflects the degree of linear correlation between two variables, and the value range of r ranges from −1 to +1. The standard of the correlation coefficient is shown in Table 1.




2.2.2. Method of Establishing an Integrated Model of Geology and Engineering


The conventional numerical simulation model is established directly based on the geological model, which ignores the influence of the actual in situ stress environment and complex artificial fractures on the post-frac productivity of shale reservoirs, and the simulation results are quite different from the actual production. However, the integrated modeling method can comprehensively consider the influence of geological conditions, the in situ stress environment, and natural fractures on CO2-PPEF; thus, it can simulate more realistic complex artificial fractures. Therefore, to make the simulation results closer to the real post-frac production, it is necessary to adopt an integrated modeling process (Figure 1).



Based on the idea of integration of geology and engineering, the modeling can be divided into the following three steps.



(1) On the basis of the previous 3D geological modeling, considering the impact of rock mechanical properties and the in situ stress environment on fracturing, a 3D geomechanical model is established based on the theory of deep diagenesis. The 3D geomechanical model can only reflect the current in situ stress conditions of the reservoir. During stimulation and production, the changes in temperature and pressure of the reservoirs will lead to deformation and displacement of the rock, thereby changing the stress. At the same time, the change of the stress will lead to the change of porosity and permeability, thus affecting the production of the reservoirs (Figure 1). Therefore, to simulate the dynamic production process of the reservoirs after fracturing, the iterative coupling method was used to establish the dynamic 3D geomechanical model, and the stress distribution characteristics of the reservoirs at different times can be obtained.



(2) Based on the true 3D geological and geomechanical properties, the complex artificial fracture networks model is established using the unconventional fracture model (UFM). UFM can simulate the initiation and propagation of artificial fractures in the presence of natural fractures, while considering the effect of “stress shadow” [45]. “Stress shadowing” refers to the phenomenon that different artificial fractures extend and intersect each other at the same time, and the formed hydraulic fractures will generate additional stress on adjacent fractures.



For hydraulic fractures to pass through natural fractures and generate new fractures, the maximum hoop tensile stress at the stress concentration point needs to be greater than the tensile strength of the rock [46]:


     σ  θ θ        x j  ; r ;  θ j      r <  δ T      ≤    T 0     



(3)







At the same time, according to the energy criterion, the elastic strain energy released by new fractures needs to be greater than the critical energy required for the rock rupture:


   G  i n c     δ l   >  G  I C   =    K  I C  2    E ′   ,     δ l <  δ T   



(4)




where,    σ  θ θ     is the maximum hoop tensile stress, MPa;    x j    is the stress concentration point;    θ j    is the angle between the maximum hoop tensile stress and the natural fracture, degree;  r  is the range of potential initiation crack lengths, m;    δ T    is the radius of critical stress area, m;    T 0    is the tensile strength of the rock, Mpa;   δ l   is the length of the new fracture, m;    G  i n c     is the energy release rate, MN/m;    G  I C     is the critical energy release rate for the rock rupture, MN/m;    K  I C     is the plane-strain fracture toughness of the rock,   Mpa    m  1 / 2    ;   E ′   is the average value of plane-strain modulus of the rock, Mpa.



(3) Productivity evaluation of fractured wells is a very important part of post-fracturing evaluation, and numerical simulation is the most commonly used method of productivity evaluation. The traditional evaluation methods mostly use preset simple fractures for numerical simulation. It is simple and fast, but it is difficult to characterize the stimulation effect of complex fractures. Therefore, the simulation results are usually quite different from the production data. To accurately simulate the development effect after fracturing, unstructured grids are used to describe the seepage channel of the complex artificial fracture network after CO2-PPEF. On this basis, the integrated numerical simulation is carried out to complete the post-fracturing evaluation.






3. Results and Discussion


3.1. Correlation Analysis of Dominating Factors of Productivity


3.1.1. The Dominating Factors of the Production Capacity of Blocks A83 and X233


To eliminate the influence of different horizontal section lengths and nozzles, the dynamic reserves per 100 m were calculated as the basis for the difference analysis. The average length of the horizontal section of the X233 block was nearly twice that of the A83 block (Figure 2a), while the dynamic reserves per 100 m of the X233 block were still twice that of the A83 block (Figure 2b). It indicated that the length of the horizontal section was not the main reason for the difference in post-frac productivity. It is necessary to carry out a productivity correlation analysis of the two blocks to clarify the main controlling factors of productivity and to propose an effective fracturing method for the A83 block based on the difference analysis.



The results of the correlation analysis showed that the dominating factors of the production capacity of the two blocks were similar. Those parameters that had higher degrees of correlation with the production data included: thickness, porosity, oil saturation, brittleness index, minimum horizontal principal stress, closure stress, water cut, and dissolved gas–oil ratio (Table 2).




3.1.2. Difference Analysis of Dominating Factors of Productivity of Blocks A83 and X233


From the five aspects of geological parameters, geomechanical parameters, fracturing treatment parameters, production characteristic parameters, and high-pressure physical property parameters, the dominating factors of productivity of blocks A83 and X233 were compared, and the reasons for their differences in production capacity were analyzed (Table 3).



After comprehensive comparison, it was found that there was little difference between blocks A83 and X233 in geological parameters and engineering parameters. However, in terms of geomechanical parameters, there was a certain difference between them. The average brittleness index of the X233 block was 0.9 higher than that of the A83 block, the minimum horizontal stress of the A83 block was 1.7 MPa higher than that of the X233 block, and the closure stress of the A83 block is 3.1 MPa higher than that of the X233 block. It meant the compressibility of the X233 block was better, and it was easier to form a complex fracture network. Nonetheless, the differences in geomechanical parameters were not enough to cause the gap of dynamic reserves per 100 m of the two blocks.



With the comparison of production characteristic parameters and high-pressure physical property parameters of two blocks, it could be found that the dissolved gas–oil ratio of the A83 block decreased by 2.1 times that of the X233 block after one year’s production, and the ultimate water cut of the A83 block was 53.75%, while that of the X233 block was 38.97%. That indicated that the formation energy in the A83 block was insufficient; thus, a large amount of the light components in the crude oil were precipitated after production, resulting in an rapid rise in water cut, which inhibited the production after fracturing.




3.1.3. The Mechanism of CO2 Pre-Pad Energized Fracturing in A83 Block


As an emerging reservoir stimulation technology, CO2-PPEF has been successfully conducted in the Jinlin Oilfield and the Yanchang Oilfield in China and has enhanced the stimulation and production of shale oil reservoirs [27,28]. CO2-PPEF can not only promote the opening of natural fractures and improve the complexity of artificial fractures but also promote the reaction between CO2 and rocks to increase the porosity and permeability of the reservoirs [26,29]. In addition, due to the high compressibility of CO2, it can improve the flowback rate of the fracturing fluid, replenish the formation energy, and restrain the increase of water cut. The effects can be summarized as follows.



	
After CO2 is dissolved in water, it will dissolve with fillings in natural fractures (such as calcite), which can reduce the fracturing pressure and promote the activation of natural fractures to form complex hydraulic fractures.



	
The shale matrix can be corroded by CO2 solution under reservoir temperature and pressure, which can expand the original pores and even form new pores, in-creasing the porosity and permeability of the matrix.



	
CO2 will be dissolved in crude oil after injection; it can reduce the viscosity of crude oil and improve the formation energy.



	
CO2 has high compressibility; it will form the “gas cap” in the reservoir after injection and continuously occupy the volume after crude oil discharge, inhibiting the invasion of water and restraining the increase of water cut. If CO2 is injected after fracturing, it will drive oil from near wellbore to the far end, which will reduce the recovery factor.






Through the difference analysis, it can be concluded that the low production after fracturing in the A83 block was mainly due to the low formation energy which cannot effectively suppress the rapid intrusion of interlayer water. Aiming at the reasons for the low production in the A83 block after stimulation, the CO2-PPEF technology was suggested. The interaction between CO2 and rocks can promote the rupture of natural fractures, thereby increasing the complexity of the fracture networks. After the CO2 fluid was injected, a high viscosity water-based fracturing fluid with proppant was injected subsequently to further extend and prop artificial fractures. At the same time, after CO2 was injected into the formation, it would gasify and expand due to the increase of temperature, which can supplement the formation energy and reduce the incremental rate of water cut, thereby increasing the post-frac productivity of the A83 block.





3.2. Establishment of a Geo-Engineering Integrated Model of Well A83-1 after Conducting CO2 Pre-Pad Energized Fracturing


The key production well A83-1 is an example used to study the feasibility of CO2-PPEF technology in the A83 block. The main production layer of well A83-1 is the Chang 72 layer of the Yanchang Formation, the reservoir was buried at a depth of 2250 m, the original formation pressure is 16.9 MPa, and the pressure coefficient is 0.75. The average porosity of the reservoir is 8.9%, and the average permeability is 0.12 mD. After conducting conventional volume fracturing (Table 4), the initial oil production of well A83-1 was considerable, which can reach more than 40 sm3/d. But the daily oil production dropped very fast, and in only half a month it seemed to drop to about 16 sm3/d.



Based on the method of establishing an integrated model of geology and engineering, the dynamic 3D geomechanical model of the Chang 7 member of the Yanchang Formation in the A83 block was established based on the 3D geological model. As shown in Figure 3, before reservoir development, the average minimum horizontal principal stress of the Chang 7 member of the Yanchang Formation in the A83 block was about 30 MPa, but after one year of production, the average stress dropped to 23 MPa and to even only 20 MPa in some areas, which indicated that the formation energy is insufficient; thus, the reservoir stress dropped rapidly after production.



The complex artificial fractures model of well A83-1 was established using the unconventional fracture model (UFM); thus, phenomena, such as “stress shadow” and inter-well interference between fractures, can be simulated. As shown in Figure 4, after considering natural fractures and stress shadow, the morphology of artificial fractures is very complex rather than the simple double-wing symmetrical fractures.



Ultimately, to accurately simulate the actual development effects after fracturing, an integrated reservoir numerical simulation mode (Figure 5) can be established based on the unstructured grids of the networks model, which is helpful to compare the productivity difference of the well A83-1 after conducting different fracturing methods.




3.3. Numerical Simulation of Productivity of Well A83-1


According to the integrated numerical simulation model of well A83-1, the productivity after actual volume fracturing and the CO2-PPEF were simulated, respectively. The production data of different fracturing methods were compared to evaluate the feasibility of CO2-PPEF for enhancing oil recovery in the A83 block.



3.3.1. History Matching and Production Prediction of Well A83-1 after Actual Volume Fracturing


Based on the integrated reservoir numerical simulation model, the numerical simulation study of well A83-1 after conventional volume fracturing was carried out. To verify the reliability of the model, the method of matching production dynamic data was usually used to make the model closer to the actual reservoir situation as to predict the production progress after fracturing precisely. The oil production was well fitted, and the water cut can also reflect the actual production law (Figure 6).



By analyzing the production data (Figure 6), it was found that the water cut of well A83-1 was as high as 45% in the first month of production after fracturing, and the daily oil production at the initial stage could reach the highest level of 43.5 sm3/d, which proved that good reservoir stimulation effects had been achieved. However, the daily oil production dropped by 50% within only half a month, and the water cut rose to more than 50%, which indicated that the formation energy of well A83-1 was insufficient to restrain the rise of water cut, resulting in a rapid decline in oil production.



Based on the history matching of production data, the oil production and water cut of well A83-1 within five years after the conventional volume fracturing were predicted (Figure 7). In the first year of prediction, the daily oil production dropped rapidly from the highest 43.5 sm3/d to 7.5 sm3/d, and after five years of production, it dropped to about 3 sm3/d, and the cumulative oil production for five years was about 11,000 sm3. Water appeared immediately after production, and ultimate water cut was about 79%.




3.3.2. Production Prediction of Well A83-1 after CO2 Pre-Pad Energized Fracturing


According to the design scheme of CO2-PPEF (Table 4), the complex artificial fracture network model was generated. Based on the artificial fracture network model, a new reservoir numerical simulation model was established, and the production prediction results of A83-1 after CO2 pre-energized fracturing were obtained.



The oil production and water cut of well A83-1 within five years after CO2-PPEF were predicted (Figure 8). The maximum daily oil production could reach 46 sm3/d in the early stage of production, it would drop to 8.5 sm3/d after the first year of production, finally drop to about 3.5 sm3/d after five years of production, and the cumulative oil production for five years was about 12,300 sm3. Water appeared about one month after production, and ultimate water cut was about 62.5%.




3.3.3. Comparison of Stimulation Effects of Two Fracturing Methods


By contrasting the production prediction of conventional volume fracturing and CO2-PPEF in well A83-1 (Table 5), it was found that due to the energizing effect of CO2, the initial maximum production was slightly increased from 43.5 sm3/d to 46 sm3/d, the production decline rate slowed down, and the cumulative oil production increased by about 11.8% compared with conventional volume fracturing. In the early stage of production, due to the “gas cap” effect of CO2, the time of water breakthrough was delayed by one month, and the final water cut also dropped from 79% to 62.5% at the end of five years. In general, compared with conventional volume fracturing methods, CO2-PPEF has a better stimulation effect. It also proved that the CO2-PPEF has good feasibility in the A83 block.






4. Conclusions


The current stimulation method in the A83 block is poorly matched with the actual conditions of the reservoir, resulting in low production after fracturing. Through the correlation analysis, the differences in the dominating factors of productivity of the A83 block and the X233 block were analyzed. The reason for the low production of the A83 block was clarified. Therefore, CO2-PPEF technology was proposed, and the feasibility of the technology was verified by numerical simulation based on the integrated modeling method of geology and engineering. The main conclusions are as follows:




	
The dominating factors of the production capacity of blocks A83 and X233 include thickness, porosity, oil saturation, minimum horizontal principal stress, water cut, and dissolved gas–oil ratio. The result of difference analysis showed that the main reason for the low productivity of block A83 was its insufficient formation energy. Therefore, it was recommended to utilize CO2-PPEF technology to supplement formation energy and to improve the oil production.



	
Based on the integrated modeling method of geology and engineering, an integrated reservoir numerical model of well A83-1 was established, and the production of conventional volume fracturing and CO2-PPEF was predicted. The simulation results showed that after CO2 pre-energized fracturing, the decline rate of oil production in the early stage slowed down significantly, the cumulative production increased by 11.8% within five years, the water breakthrough time was delayed by one month, and the final water cut decreased by 16.5%.








The results show that CO2 pre-pad energized fracturing has a promising prospect in enhancing shale oil recovery in the A83 block.
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Figure 1. The workflow of establishing integrated model of geology and engineering. 
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Figure 2. Comparison of horizontal section length (a) and dynamic reserves per 100 m (b) of blocks A83 and X233. 
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Figure 3. The dynamic 3D geomechanical model of the Chang 7 member of the Yanchang Formation in the A83 block: (a) the minimum principal stress model before production and (b) the minimum principal stress model after one year’s production. 
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Figure 4. The complex artificial fracture network model of well A83-1. 
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Figure 5. The integrated numerical simulation model of well A83-1 by using unstructured grid. 






Figure 5. The integrated numerical simulation model of well A83-1 by using unstructured grid.



[image: Atmosphere 13 01509 g005]







[image: Atmosphere 13 01509 g006 550] 





Figure 6. History matching of well A83-1 after actual volume fracturing. 
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Figure 7. Production prediction of well A83-1 after actual volume fracturing. 
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Figure 8. Production prediction of well A83-1 after CO2 pre-pad energized fracturing. 
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Table 1. The standard of correlation coefficient.
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	Range of |r|
	Degree of Relevance





	0.0 ≤ |r|< 0.2
	Extremely weak correlation or irrelevant



	0.2 ≤ |r| < 0.4
	Weak correlation



	0.4 ≤ |r| < 0.6
	Moderate correlation



	0.6 ≤ |r| < 0.8
	Strong correlation



	0.8 ≤ |r| < 1.0
	Extremely strong correlation
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Table 2. The results of correlation analysis of the production capacity of blocks A83 and X233.
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Parameters

	
Degree of Correlation with Production of A83 Block

	
Degree of Correlation with Production of X233 Block






	
Geological parameters

	
Thickness

	
0.610

	
0.703




	
Porosity

	
0.740

	
0.663




	
Permeability

	
0.492

	
0.403




	
Oil saturation

	
0.603

	
0.728




	
Geomechanical parameters

	
Brittleness index

	
0.715

	
0.526




	
Minimum horizontal principal stress

	
0.686

	
0.621




	
Closure stress

	
0.654

	
0.523




	
Fracturing treatment parameters

	
Pumping rate

	
0.427

	
0.335




	
Fracturing liquid volume and

	
0.483

	
0.542




	
Sand ratio

	
0.413

	
0.495




	
Production characteristic parameters

	
Water cut

	
0.726

	
0.609




	
High-pressure physical property parameters

	
Dissolved gas–oil ratio

	
0.668

	
0.615




	
Saturation pressure

	
0.531

	
0.419




	
Oil density under saturation pressure

	
0.558

	
0.426
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Table 3. Comparison of dominating factors of productivity of blocks A83 and X233.
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Blocks

	
X233

	
A83




	
Parameters

	






	
Thickness (m)

	
21.85

	
20.86




	
Porosity (%)

	
9.54

	
9.41




	
Oil saturation (%)

	
52.13

	
53.75




	
Brittleness index (%)

	
62

	
53




	
Minimum horizontal principal stress (MPa)

	
24.76

	
26.46




	
Closure stress (MPa)

	
31.51

	
34.61




	
Water cut (%)

	
38.97

	
53.75




	
The descent of dissolved gas–oil ratio after one year’s production (m3/t)

	
14.84

	
31.33
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Table 4. Comparison of design parameters between conventional volume fracturing and CO2 pre-pad energized fracturing.
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	Fracturing

Methods
	Volume of CO2

per Stage (m3)
	Pumping Rate of CO2 (m3/min)
	Volume of Fracturing Liquid per Stage (m3)
	Volume of Proppant per Stage (m3)
	Pumping Rate of Fracturing Liquid (m3/min)





	Conventional volume fracturing
	/
	/
	1050
	125
	6~8



	CO2 pre-pad energized fracturing
	110
	2
	940
	125
	6~8
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Table 5. Comparison of stimulation effects of two fracturing methods.
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	Fracturing

Methods
	Maximum Production Rate after Fracturing (sm3/d)
	Production Rate after the First Year (sm3/d)
	Cumulative Oil Production for Five Years (sm3)
	Ultimate Water Cut (%)





	Conventional volume fracturing
	43.5
	7.5
	11,000
	79



	CO2 pre-pad energized fracturing
	46
	8.5
	12,300
	62.5
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