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INTRODUCTION
In China, the dependence on foreign oil and gas reached 70 and 45.3% in 2018 (Du et al., 2014; Zou et al., 2015; Zhao et al., 2020). The resource evaluation and the latest statistics show that the geological resources of shale oil in China reach 27 billion tons and are mainly oriented to continental basins. For shale oil reservoirs, due to the characteristics of complex lithology, strong heterogeneity, large horizontal stress difference between two directions, undeveloped natural fractures, and low effective production rate of oil reservoirs (Li et al., 2020a; Li et al., 2020b), it is necessary to take an effective development technology for shale oil reservoirs. The small-spacing stereo-staggered well pattern deployment technology is the key technology. To break through the current theoretical understanding of the bottleneck of tight fractured formation and interwell interference and to develop and innovate key development technologies such as well pattern deployment, interference control and utilization, fracturing optimization, and multiple cooperation, these technologies are matched with the small-spacing stereo-staggered well pattern deployment technology and constantly tested and improved them in practice. This article focuses on the theoretical understanding and key technologies of three-dimensional efficient development of horizontal wells with small spacing as shown in Figure 1, reviews the influencing factors of development of shale oil, and puts forward the key problems of application, prospects, and challenges that should be paid attention to in the future.
[image: Figure 1]FIGURE 1 | Small-spacing stereo-staggered well pattern deployment technology and CO2 injection (Pankaj et al., 2018; Li et al., 2020b; Tao et al., 2020).
Influencing Factors
From the field development effect, there are many factors affecting shale oil productivity, including geological factors and engineering factors.
Geological factors: The research results show that shale oil production mainly depends on the abundance of movable reserves. In the field exploitation practice of shale oil, the area with high abundance of movable reserves in the sweet spot should be preferred for well location deployment.
Engineering factors: The application of rotary steering technology (Janwadkar et al., 2009; Yan et al., 2021; Al Amri et al., 2021) and element logging technology (Zhu et al., 2018; Zhang et al., 2021) has greatly improved the drilling rate of horizontal wells. Research shows that the foundation of high shale oil production is to make the horizontal section as much as possible in the reservoir, especially in the area with high reserves. At the same time, the large displacement, large amount of fluid, and close-to-cut volume fracturing have now become a major means of horizontal well to increase production capacity but should be considered on a reasonable fracturing scale than the input and output. The optimal combination should be selected by considering economic cost and other constraints.
Small-Spacing Stereo-Staggered Well Pattern Deployment Technology
Based on the theoretical understanding and the early application of small-spacing infusing well pattern in North America, Xinjiang Oilfield has developed the small-spacing three-dimensional-staggered well pattern deployment technology in recent years. The small-spacing stereo-staggered well pattern deployment technology has been mentioned by Li et al. (2020).
One well pattern deployment: The distribution of small well spacing can fully utilize reserves, provide favorable conditions for the positive effect of stress interference to be fully utilized in the original stress field, and the development effect is better than the infill well pattern.
Well spacing-coordinated design: Based on the single-well EUR prediction (Valko, 2009; Clark et al., 2011) and life-cycle economic model (Chitwood et al., 2005), the single-well control range can be estimated; a reasonable initial well spacing can be set based on lateral length, and fracture length can be determined based on fracturing simulation and reservoir engineering evaluation.
Refine the development layer: The flow units are divided based on geomechanics. For single-layer reservoirs, several horizontal well networks were vertically divided based on their thickness and geomechanical flow units, and the landing position of each well network was optimized. In the case of vertical multi-thin layers, the combination mode of multi-thin layers and the best landing layer in each combination are optimized. The principle of division is with the existing main body technology, with the minimum of layers to achieve effective vertical use.
Three-dimensional-staggered well: The three-dimensional-staggered well arrangement (Cheng, 2021) can effectively reduce the adverse vertical stress interference, strengthen the favorable stress interference, enhance the complexity of fracture network, and achieve the goal of integral fracturing.
Prospects
Jimsar shale oil is a typical representative of China’s land-phase shale oil and is the first national land-phase shale oil demonstration area established in China, featuring with extremely low physical properties, thin oil layers, high viscosity, strong non-homogeneity, and large burial depth. In order to realize economic and effective exploitation of shale oil, starting from strengthening the evaluation of the sweet spot quality and selecting the right target area for development, we recognized the advantages of the lower sweet spot in terms of moveability and compressibility and put forward the idea of building production with the main force in the lower sweet spot. Drawing on the experience of the small-well spacing demonstration area in the Mahu oilfield and aiming to improve the program efficiency, eight test wells for the development of the 58th platform volume were deployed in the lower sweet spot category I area. The 200-m well spacing was used to stagger the use of two sets of reservoirs with a 10-m height difference to achieve full utilization of the reserves; the segmented cluster design was optimized to reduce the cluster spacing of the fracturing section and increase the fracturing intensity to further improve the production and recovery rate of a single well. The initial production data showed that during the fracturing period, the wells were fully communicated to achieve full control of the seam network and stress interference, and after production, the fractures in the distant wells gradually closed and the inter-well production interference weakened, which initially confirmed the rationality of the three-dimensional well network deployment. The oil recovery rate in this area was increased from 5 to 7%, and the predicted recovery rate was close to 20%, which achieved good results.
Issues, Opportunities, and Challenges
On the whole, Chinese shale oil exploration and development is still facing many problems. Chinese onshore shale oil has a complex reservoir structure, which makes it difficult to predict the location of the sweet spot accurately; most of the wells are deep, and anomalous high pressure is frequent, which makes it difficult to effectively recover; rapid sedimentation changes, strong inhomogeneity, insufficient theoretical understanding, and lack of reasonable and effective evaluation tools and diverse crude oil burial states make it difficult to develop reasonable development parameters; strong reservoir toughness easily causes insufficient complexity of the seam network; low organic matter maturity, high fluid viscosity, insufficient driving capacity, and other factors lead to poor flow ability and difficult extraction.
In view of the aforementioned problems, it is necessary to carry out research for reasonable solutions, such as establishing a comprehensive evaluation system, preferably selecting the best exploitation area and exploration target, clarifying the dessert geophysical response characteristics and establishing a systematic and complete dessert prediction identification method and system, improving shale oil drilling and completion technology, complex seam network modification technology, shale oil reservoir numerical simulation technology and effective shale oil production enhancement, stabilization technology, and continuously improving the improvement on shale oil mobility, designing the best well deployment plan, and establishing pilot areas for reservoir exploration and development.
Meanwhile, supercritical CO2 (Sc-CO2) has begun to be used in oil and gas reservoir development due to its unique physical and chemical properties. Miscibility, extraction, dissolution, and other phenomena will occur in the Sc-CO2 displacement process, which greatly improves oil displacement efficiency and can realize CO2 storage in the process of oil displacement (Jin et al., 2017; Pankaj et al., 2018), as shown in Figure 1.
CONCLUSION

(1) From the field development effect, there are many factors affecting shale oil productivity, including geological factors and engineering factors. The complex reservoir structure, strong reservoir toughness, low organic matter maturity, high fluid viscosity, insufficient driving capacity, and mainly fracture interference lead to poor flow ability and difficult extraction for shale oil.
(2) Small-spacing stereo-staggered well pattern deployment technology makes the interwell interference, which is the effective measure to improve the joint network complexity and also is the key to improve the single-well production.
(3) CO2 injection can not only enhance oil recovery of shale oil but also realize carbon capture, utilization, and storage.
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