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Although China has enormous shale oil resource potential, oil recovery is limited at present, largely because its movable resource is not evaluated. In this study, an evaluation method for movable shale oil resources is proposed. The process first evaluates the total shale oil resource (Qtotal), and then two-dimensional nuclear magnetic resonance (NMR) technology is used to measure the free oil ratio (Rfree) and further define the quantitative relationship (F) between the movable ratio (Rm) in the free oil and centrifugal force. The movable oil resource is calculated by the total shale oil resource, free oil ratio, and movable oil ratio (Qm = Qtotal × Rfree × Rm). This method was applied to the Shahejie Formation of the Dongying Sag, Jiyang Depression, in Bohai Bay Basin, and the relationship between the free oil ratio (Rfree) and depth was established based on several core 2D NMR data. Based on the formation pressure, flowing bottom hole pressure, and relationship (F), the movable shale oil ratio (Rm) in the target area was determined. The results showed that the movable shale oil ratio (Rm) of the lower Es3 is approximately 18.9–20% in the depth range of 3,200–3,700 m, and the movable shale oil resource is approximately 2.52 × 108 t.
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INTRODUCTION
After decades of development, the global shale oil and gas boom led by the United States has entered an active period of discovery, and unconventional oil and gas has now become an important part of global oil and gas growth (Capuano, 2018; Us Eia, 2019). The successful exploitation of shale oil and gas has greatly improved the oil and gas self-sufficiency rates of the United States. In 2018, the total energy consumption of the United States was 28 × 108 t oil equivalent, total production was 21.1 × 108 t oil equivalent, and external dependence was only 8.3%. The country may achieve “Energy independence” in 2022 (Zou et al., 2020). In 2019, China’s crude oil import volume reached 505.72 million tons, and its degree of dependence on foreign countries reached 70.8%. To meet national energy security needs, China must strengthen its oil exploration and development (CEP, 2020). Currently, China has achieved remarkable results in unconventional oil and gas exploration and development, especially the rapid growth in tight oil, tight gas, and shale gas production, which makes the exploration and development of shale oil rise to national strategic prominence (Li and Zhu, 2020a).
In recent years, China's Ministry of Natural Resources (Ministry of Land and Resources), PetroChina, Sinopec, and other companies have launched shale oil resource evaluations. In 2014, the shale oil resource in Sinopec’s exploration area was approximately 204 × 108 t. In 2016, PetroChina estimated that the shale oil resource in its exploration area was approximately 145 × 108 t, and simultaneously, the evaluation by the Ministry of Land and Resources showed that the shale oil resource in China was 153 × 108 t. Specifically, continental shale oil in China is mainly developed in the Permian, Cretaceous, and Paleogene. The favorable shale oil area of the Permian Lucaogou Formation in the Jimusaer Sag, Junggar Basin is 11.12 × 108 t, where large-scale production began in 2019 (Wu B. C. et al., 2019; Guo et al., 2019; Lv et al., 2019; Zhi et al., 2019). The Paleogene Kongdian Formation and Shahejie Formation in the Cangdong Sag in Bohai Bay Basin also have good oil and gas resource potential, and the total shale oil resources of fifteen vertical wells in the second member of the Kongdian Formation are estimated to be 6.8 × 108 t (Pu et al., 2019; Zhao et al., 2019). Lu et al. (2016a) showed that the total amount of oil trapped in the Bonan Sag shale with an area of less than 1,000 km2 in the Shengli oilfield is as high as 88 × 108 t. Moreover, Song et al. (2013) estimated the shale oil resource of the lower Es3 in the Bonan Sag to be 5.47 × 108 t. In addition, Daqing oilfield performed a geological evaluation of the shale of the first Qingshankou Formation member in the Qijia–Gulong to Sanzhao area of the Songliao Basin and obtained many industrial flowing oil wells, such as Guyeyouping 1 (Wu H. Y. et al., 2019). Although high initial production can be obtained using fracturing technology from shale oil exploration wells, with time, shale oil production decreases rapidly, resulting in poor economic benefits from those wells (Chen F. et al., 2019; Wang et al., 2019; Lv et al., 2020). This is because under geological conditions, shale oil in the pores is not completely movable due to the limitations in reservoir physical properties and formation pressure.
The marine shale oil mobility was characterized by the geochemical parameter OSI (oil saturation index) = S1/TOC × 100. Some scholars also use this method to characterize the mobility of continental shale oil. It is considered that there is a certain lower limit for OSI in the study area, and shale oil can flow only when it exceeds this value (Jarvie and Daniel, 2012; Wang et al., 2015; Xue et al., 2015; Jiang et al., 2016). Zhou et al. (2016) analyzed movable fluids in marine shale reservoirs in southern China through NMR-centrifugal experiments and discussed the fluid mobility under optimal centrifugal force conditions. Wang et al. (2010) discussed the mobility of crude oil in low-permeability reservoirs by NMR displacement experiments on cores from the Yanchang Formation in the Ordos Basin. Zhang et al. (2014) analyzed continental shale oil mobility from the perspective of formation energy. The above research methods accelerated the understanding of shale oil mobility to accurately evaluate movable shale oil resources. However, due to the constraints of geological data and geological conditions, some methods need to be improved. When analyzing shale oil mobility by NMR centrifugation, only considering shale oil mobility under the condition of optimal centrifugal force is not an actual geological condition. Different driving forces of shale oil under different formation overpressures lead to different mobilities. Because of the smaller pore throat structure and stronger hydrocarbon–rock interaction in shale reservoirs, the feasibility and effectiveness of the displacement experiment technology remain debatable.
In this study, a new method for evaluating movable shale oil resources is proposed. The movable shale oil resource (Qm) was calculated using the total shale oil resource (Qtotal), free oil ratio (Rfree), and movable oil ratio (Rm). The application of this method is introduced by considering the Shahejie Formation in the Dongying Sag as an example. This method is of great significance for finding the “sweet spot” in shale oil, thereby guiding future exploration and development.
METHODS
The lacustrine shale reservoirs in China are characterized by large thickness, strong longitudinal heterogeneity, ultra-low porosity, ultra-low permeability, and ultra-strong hydrocarbon–rock interaction. Therefore, shale oil mobility should be fully considered while evaluating the degree of shale oil recovery (Lu et al., 2016a). For the above reasons, based on total shale oil resources (Qtotal) and free shale oil resources (Qfree), a new method for evaluating movable shale oil resources (Qm) is established in this study. The specific ideas are as follows.
First, combined with conventional logging curves and measured core data, an improved ΔlogR model was used to evaluate the organic heterogeneity and obtain the vertical variation in S1 (Huang et al., 2014; Lu et al., 2017). Then, the total shale oil resources (Qtotal) were calculated using S1 light and heavy hydrocarbon corrections (Wang et al., 2014; Li et al., 2016; Xue et al., 2016). Second, after clarifying the total resource calculation results, to calculate free shale oil resources (Qfree), it was necessary to use the nuclear magnetic resonance (NMR) T1–T2 spectrum to evaluate the free oil ratio (Rfree). Finally, the quantitative relationship (F) between the movable ratio (Rm) in free oil and centrifugal force (ΔP = formation overpressure—flowing bottom hole pressure) was further defined by a centrifugal experiment, and the movable oil resource was calculated using the total shale oil resource, free oil ratio, and movable oil ratio (Qm = Qtotal × Rfree ×Rm). The evaluation process is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Movable shale oil resources evaluation workflow.
[image: Figure 2]FIGURE 2 | Present day north to south structural section of Dongying Depression (modified after Song et al., 2014).
CASE STUDY
Geological Setting
The Dongying Sag is a secondary structural unit located in the Jiyang Depression in the Bohai Bay rift basin in eastern China, which is a typical dustpan structure with “north fault and south overlap” characteristics. The sag starts from Qingtuozi uplift in the east and ends at Qingcheng uplift in the west and starts from Luxi uplift in the south and ends at Chenjiazhuang uplift in the north. Overall, the sag trends east–west, and the northern fault activity is relatively developed, which controls the structural evolutionary characteristics of the entire sag (Figure 3). A large set of lacustrine shales in the lower sub-member of the Shahejie Formation (Es3x) developed in a brackish water environment (Zhang et al., 2014; Zhu et al., 2019). The lithology is mainly layered with laminar shales of high carbonate content. The organic carbon content of Es3x shales ranges between 1 and 5% and contain type Ⅰ and type Ⅱ1 organic matter, with a small amount of type Ⅱ2 kerogen. The shale burial depth is between 1,500 and 4,000 m, and most shales are mature. These characteristics define a set of favorable source rocks with high abundance and good organic matter qualities (Wang et al., 2019).
[image: Figure 3]FIGURE 3 | Location map of study area (A) schematic map of Bohai Bay Basin and its location in China. (B) Location of Dongying Depression (modified after Zhang et al., 2020).
According to the response characteristics of lithology and logging curves, the lower Es3 sub-member of the Dongying Sag is subdivided into four sub-layers (Li, 2012; Zhang S. et al., 2015; Liu, 2018). By estimating the thickness of each sub-layer, the thickness contour of each layer is established (Figure 4). Figure 4 shows that the thick center is the center of each depression, and the maximum thickness is between 100 and 150 m. An area of approximately 2,468.21 km2 is calculated as the effective area.
[image: Figure 4]FIGURE 4 | Thickness contour map of each sub layer in Es3x (A): first sub layer; (B): second sub layer; (C): third sub layer; (D): fourth sub layer).
Experiment
Pressure Saturation Experiment
Rock samples were dried at 60°C for 24 h to remove impurities and placed in a vacuum pressure saturator. First, the rock sample was held at a 1 × 10−4 Pa vacuum for 24 h. The sample was then saturated with n-dodecane at 20 MPa. The saturated samples were measured at different times and when the quality was stable (the test variability was within 0.5%), the rock samples were considered to be saturated.
Nuclear Magnetic Resonance Experiment
NMR experiments were performed using a micromr23-060h-1 instrument from Shanghai Niumag Company. The instrument was operated at a resonance frequency of 21.36 MHz and magnetic strength of 0.5 T using a 25.4 mm coil diameter; the magnet temperature was maintained at 32°C. When testing the T2 and the T1–T2 spectra, the Carr–Purcell–Meiboom–Gill (CPMG) sequence was used. For inversion recovery, the CPMG (IR-CPMG) sequence was detected for the T1-T2 spectrum. The measurement parameters used an echo time (TE) of 0.07 ms, waiting time (TW) of 1,000 ms, 90 pulse width (P90) of 5.4 μs, and included 32 scans and 6,000 echoes.
Centrifugation Experiment
In this centrifugal experiment, the saturated oil sample was placed in the rotor of a CSC-12 centrifuge for 8 h. The properties of the centrifuge were as follows: rotor radius, 13.5 cm; centrifugal temperature, 21°C; The centrifugal rotation speed was increased by 2000 rotations until the rotation speed was 12,000 rotations, and the corresponding centrifugal forces were 0.08, 0.33, 0.75, 1.34, 2.09, and 3.01 MPa. Six centrifugation experiments were performed.
Evaluation of Total Shale Oil Resource
The total shale oil resource is the total amount of shale oil contained in the shale reservoir. The total shale oil resource evaluation method is roughly divided into dynamic and static categories. The former uses the dynamic parameters during reservoir development to calculate shale oil resources through numerical simulation, decline curve calculations, and material balance, which uses static parameters to calculate the total shale oil resources. Because of the different calculation methods, they can be subdivided into analog, statistical, and genetic methods (Wang et al., 2014; Wright et al., 2015; Lu et al., 2016b; Chen et al., 2017).
The analog method is typically used to evaluate areas with low exploration degree. It considers an area with a high exploration degree as the analog area, mainly based on the estimated ultimate recoverable reserves (EUR) of production wells. It includes the FORSPAN model and its improved method from the U.S. Geological Survey (Schmoker, 2002; Salazar et al., 2010). In 2010, in Calgary, Canada, the Third International Symposium on oil and gas resource evaluation methods was held. Hood of ExxonMobil used this method to accurately evaluate reservoirs with continuous oil and gas distributions (Hood et al., 2012).
The statistical method, subdivided small area unit volume method, and stochastic simulation method are used to establish relevant mathematical models to predict future change processes according to the known system behavior. Among them, the small area unit volume method is often used by the International Energy Agency (EIA). Almanza used the small area unit volume method to evaluate the tight oil of the Bakken Formation in the Elm Coulee Oilfield in the Williston Basin in 2011 (Guo et al., 2015). In 2010, after summarizing the shortcomings of the traditional analog method, Olea et al. (2010) proposed a stochastic simulation method. Chen and Kirk (2013) used a stochastic simulation method to evaluate tight oil resources in the Cardium Formation of the Upper Cretaceous Colorado Group in the Western Canada Sedimentary Basin. The results showed that the total resources of tight oil in the work area were 29 × 108 m3.
The genetic method evaluation process embodies the principles of oil and gas generation, migration, and accumulation in reservoirs. The residual amount of oil and gas in the final stage is determined by calculating the generation, adsorption, discharge, and loss of hydrocarbons in the source rock. The genetic method can be divided into volume, material balance, and so on. The volume method is the most effective and applicable method for calculating shale oil resources by multiplying the residual hydrocarbon content in shale by the shale volume. Therefore, it is the most commonly used method in the shale oil exploration stage in China. Liu et al. (2013), Yang et al. (2013), Liu B. et al. (2014), Lu et al. (2016b) and Zhu et al. (2019) evaluated the shale oil resource of Malang sag of Santanghu basin, Ordos Basin, Qingshankou formation of Songliao Basin, Damintun Sag, and Dongying sag of Bohai Bay Basin, by volume method, respectively. To obtain the final resource amounts, the material balance method focuses on the calculation of hydrocarbon generation, expulsion, and loss through geochemical parameters (Jiang et al., 2002). Chen et al. (2020) evaluated the shale/tight oil resources of the Lucaogou Formation in the Jimusaer depression using the material balance method. However, the calculation models of hydrocarbon expulsion threshold, hydrocarbon generation conversion rate, and hydrocarbon expulsion efficiency involved in the material balance method are relatively complex, resulting in a low utilization rate of this method.
In practical applications, the volume method is subdivided into the chloroform pitch “A” method and pyrolysis S1 method (Song et al., 2013; Zhu et al., 2015; Li et al., 2020c). In this study, the pyrolysis S1 method was used to calculate the total shale oil resources. The pyrolysis parameter S1 represents the thermal evaporation of the rock below 300 °C during pyrolysis heating. It is the hydrocarbon that has been generated in the source rock but has not been discharged, which is the object of shale oil evaluation and exploration. The calculation formula is as follows:
[image: image]
where Qtotal is total shale oil resource, h is the effective shale thickness, S is effective shale area, ρ is shale density, measured density of the sample is 1.9–2.6 g/cm3 (Zhu et al., 2019), S1 is pyrolytic hydrocarbon content, KL is the light hydrocarbon correction coefficient of S1, and KH is the heavy hydrocarbon correction factor of S1.
In this study, the variable coefficient ΔlogR model was used to evaluate the vertical change in parameter S1. This method is based on the minimum error between the core measured data and the predicted log value and automatically selects the baseline and optimizes the scale factor K (Liu C. et al., 2014). Huang et al. (2014) and Li et al. (2020c) used this method to evaluate the organic heterogeneity of the Shahejie Formation in the Songliao Basin Bonan and Qingshankou formations, and the results were in good agreement with the measured data. The variable coefficient ΔlogR model calculation was completed by a computer. The calculation model is as follows:
[image: image]
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where R and Rbaseline are the measured value and the baseline value of the resistivity log(Ω·m); Δt and Δtbaseline are the measured value and the baseline value of the acoustic log(Ω·m); K is the proportion of the resistivity part in ΔlogR model, ranging from 0 to 1; and A and B are fitting coefficients.
Previous studies have shown that hydrocarbons with low molecular weights are lost during transportation, preservation, and sample preparation (Jarvie and Daniel, 2012; Michael, 2013; Wang et al., 2014). The methods of light hydrocarbon recovery include component hydrocarbon generation kinetics, formation volume coefficient, chromatography, experimental comparison, and material balance (Jarvie and Daniel, 2012; Michael, 2013; Wang et al., 2014; Zhu et al., 2015; Chen et al., 2018; Chen Z. et al., 2019). In addition, by comparing the pyrolysis experiments of the extracted and unextracted samples, it was found that when measured at 300°C, there were still some high carbon numbers that could not be pyrolyzed, resulting in a low measured S1 value (Delvaux et al., 1990). Heavy hydrocarbon recovery methods include the comparison of pyrolysis parameters of shale before and after extraction, comparison of the cumulative sum of the FID curve of pyrolysis before and after extraction, and comparison of hydrocarbon generation kinetic parameters of shale organic matter before and after extraction (Wang and Zheng, 1987; Wang et al., 2014; Li et al., 2019).
The heavy hydrocarbon correction of S1 is carried out by looking for the relationship between S1 and chloroform pitch “A.” As shown in Figure 5A, the heavy hydrocarbon correction coefficient (KH) is 2.588 in this area. For the light hydrocarbon correction coefficient of S1, this study adopts the relationship between the light hydrocarbon recovery coefficient (KL) and depth established by Zhu et al. (2015). As shown in Figure 5B, with an increase in depth, the light hydrocarbon recovery coefficient gradually increases, which can be interpreted as the maturity of the source rock increases with the increase in depth, resulting in more light components, which are more likely to be lost in the process of handling and preservation.
[image: Figure 5]FIGURE 5 | Heavy hydrocarbon recovery coefficient (A) and light hydrocarbon recovery coefficient (B) [modified after Zhu et al. (2015)]
Evaluation of Free Shale Oil Resource
It is generally considered that shale oil mainly exists in the adsorbed and free states in the reservoir, and the content of free shale oil plays a major role in shale oil productivity. Theoretically, the maximum movable shale oil resource is directly determined by the free oil content (Zhang et al., 2012; Zou et al., 2013; Jiang et al., 2016; Ning et al., 2017; Li et al., 2019; Wang et al., 2019). Therefore, the calculation of movable shale oil resources should first clarify the free oil content in shale reservoirs.
It is not easy to determine the free state of shale oil. Different scholars have analyzed extensively from different angles (Ribeiro et al., 2009; Zhang L. Y. et al., 2015; Jiang et al., 2016; Li et al., 2016; Qian et al., 2017; Li et al., 2018; Li et al., 2019). One approach is to directly determine the free state shale oil content through experimental methods such as stepwise solvent extraction, heating release, and NMR. The second method is to determine the adsorbed shale oil content and calculate the amount of free oil from the difference between the total and adsorbed oil contents. The main method in the laboratory is the adsorption experiment of an oil solution (swelling experiment). Compared with the complicated and cumbersome analytical process of the solvent stepwise extraction method, the heating release method is relatively simple and easy to implement (Jiang et al., 2016). However, it is debatable whether the thermally released hydrocarbons at a certain temperature in the heating release method are all adsorbed or free compounds are present (Li et al., 2019). In this study, the free shale oil content was determined using the NMR method according to the distribution position of different hydrogen components in the NMR T2/T1–T2 spectrum (Li et al., 2018; Li et al., 2020b).
Because the rock samples are stored in the laboratory after extraction, light hydrocarbon loss will occur. To determine the free oil content of the saturated shale under the formation conditions, the rock sample needs to be pressurized and saturated, and then the free oil content of the saturated shale can be calculated according to the NMR T1–T2 spectrum. Due to the limitations in the experimental equipment, the NMR T1–T2 spectrum test time is long (40 min), and the light components can be lost during the test. To avoid the above situation, this study combines the NMR T1 spectrum (1 min) and NMR T1–T2 spectrum technology to characterize the free oil content of saturated shale. The test process was as follows.
First, core samples with different lithofacies and maturity were selected to test the NMR T1–T2 spectrum, and the signal values of kerogen, adsorbed water, free water, and structural water were quantitatively evaluated. Second, the rock samples were saturated under pressure, and the samples after saturation were analyzed by NMR T2 spectra. According to the signal difference of kerogen, adsorbed water, free water, and structural water evaluated by the NMR T2 and NMR T1–T2 spectra, the adsorbed oil and free oil contents in saturated samples were obtained.
Based on the results of Li et al. (2020b), the 1-ms relaxation time in the T2 spectrum was determined as the boundary between the adsorbed oil and free oil, and then the evolution chart between the free oil ratio (Rfree) and the depth of saturated oil shale was established according to the relationship between oil/water signal intensity and volume/mass in the NMR T2/T1–T2 spectrum (Figure 6). Finally, according to this chart and the total shale oil resources calculated above, the free shale oil resources were estimated.
[image: Figure 6]FIGURE 6 | Evolution trend of free oil ratio with depth.
Evaluation of Movable Shale Oil Resource
As mentioned above, the resource potential of free shale oil represents the theoretical maximum movable resource potential. However, restricted by factors such as the size and shape of pores throats, free shale oil cannot drain completely. Therefore, an accurate evaluation of the movable shale oil resource potential is of great significance in the exploration for “sweet spots.” The important factor that restricts the evaluation accuracy of movable shale oil resources is shale oil mobility (Lu et al., 2016a; Chen F. et al., 2019). Hence, as the introduction describes, many scholars have conducted extensive research on shale oil mobility.
Based on previous research results and considering the actual formation conditions, to retain the residual oil and water in shale, this study performed the pressure saturation treatment on the unwashed oil shale samples and established an evolution chart of the shale oil movable ratio (movable oil/free oil) under different centrifugal forces according to the NMR centrifugal experiment. As shown in Figure 7, the relationship between the shale oil movable ratio and centrifugal force conforms to a Langmuir shape, that is, a curve passing through the origin. With the increase in centrifugal force, the shale oil movable ratio increases, and the rate of increase gradually decreases. The model can be expressed as follows:
[image: image]
where Rm is the movable ratio, ΔP is the centrifugal pressure, Rf is the theoretical maximum movable ratio, and ΔPL is the median pressure.
[image: Figure 7]FIGURE 7 | Relationship between movable ratio and centrifugal force.
The above equation is further rewritten as follows:
[image: image]
By plotting the relationship between 1/movable ratio and 1/centrifugal force, the theoretical maximum movable ratio (Rf) and median pressure (ΔPL) of shale oil can be obtained. When applied to the target horizon in the study area, Rf was 20.83 and ΔPL was 1.09. Therefore, the mathematical expression of the shale oil movable ratio is as follows (Eq. 6):
[image: image]
Eq. 6 shows that the difference in production pressure, that is, the difference between the formation overpressure evaluation and flowing bottom hole pressure, needs to be determined when calculating movable shale oil resources by the movable ratio. Hence, this study performed a formation overpressure evaluation and bottom hole flow pressure evaluation. At present, some scholars have explored different quantitative evaluation methods for overpressure caused by different origins; however, they mainly rely on logging methods to analyze the relationship between porosity (acoustic curve, density) and stress (depth) to determine the reason of overpressure. The main methods for the quantitative overpressure prediction are direct estimation, effective vertical stress, effective horizontal stress (e.g., Eaton method), and other effective stress methods (e.g., Bowers method) (Hottmann and Johnson, 1965; Magara and Kinji, 1978; Bilgeri and Ademeno, 1982; Eaton and Eaton, 1997; Dutta, 2002; Xue et al., 2004; Wen, 2019). This study comprehensively analyzes the advantages and disadvantages of the above methods and their applicable conditions and combines the characteristics of the stratigraphic development in the study area to use the Bowers method for overpressure evaluation. The Bowers method is divided into loading and unloading curves. The normal compaction and under-compacted formations are on the loading curve, and the fluid expansion-causing formations are on the unloading curve. The corresponding mathematical expressions were established as follows:
Loading:
[image: image]
Unloading:
[image: image]
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where v is acoustic velocity (m/s), vmax is acoustic velocity at the inflection point (m/s), σ is vertical effective stress (kPa), A and B are constant parameters, P0 is overburden pressure, PP is pore pressure, σmax is effective stress at the unloading point (kPa), and U is the elastic coefficient.
Based on the above method combined with actual geological data, this study establishes an overpressure identification equation for the work area (Eq. 10 and Eq. 11). Using this method, the formation pressure coefficient of each well position was calculated, and the formation pressure of the target layer was predicted.
Loading:
[image: image]
Unloading:
[image: image]
The flowing bottom hole pressure is an important parameter for calculating the movable ratio. There has been considerable research on the evaluation of flowing bottom hole pressure in conventional gas and coalbed methane, and the common methods are the average temperature average deviation coefficient, Cullender–Smith, Chen Jialang–Yue Xiangan, Podio modified “s” curve, and Hasan Kabir analytical methods (Cullender and Smith, 1956; Aziz and Khalid, 1967; Hasan and Kabir, 1988; Mccoy et al., 1988; Chen et al., 1994). For the flowing bottom hole pressure calculation in shale oil wells, good correlation was observed between oil layer depth and flowing bottom hole pressure through intuitive statistics of several well test reports and completion reports in oilfield geological production data (Figure 8), thereby establishing the calculation formula for the flowing bottom hole pressure.
[image: Figure 8]FIGURE 8 | Variation in flowing bottom hole pressure with depth.
RESULTS AND DISCUSSION
The total shale oil, free shale oil, and movable shale oil resources were calculated through the above process. The results show that the total oil resource of the Es3x in the Dongying Sag was 50.7 × 108 t, free oil resource was 12.87 × 108 t, and movable oil resource was 2.52 × 108 t. The second and third layers were more abundant, accounting for 74% of Es3x (Table 1). The movable ratio of shale oil (movable oil/free oil) was approximately 18.9–20% within a buried depth of 3,200–3,700 m. According to the plane distribution characteristics of the total shale oil resource abundance in the Es3x in Dongying Sag (considering the first lower layer of Es3x as an example), shale oil resources were mainly distributed in each sag belt, gradually decreasing from the center to the edge of the sag, and Lijin Sag was the most abundant, with relatively small resource potential near the Boxing and Niuzhuang depressions (Figure 9). From the plane distribution characteristics of free resource and movable resource abundances, compared with the total shale oil resource abundance, the shale oil enrichment area basically remains unchanged.
TABLE 1 | Statistics of resources of each small layer in Es3x.
[image: Table 1][image: Figure 9]FIGURE 9 | Resource abundance contour map of the Shahejie Formation Es3x in the Dongying Sag (A): total resource abundance; (B): free resource abundance; (C): movable resource abundance).
CONCLUSION

(1) This study explores the relationship between different centrifugal forces and movable ratios through NMR centrifugal experiments and proposes a new method for evaluating movable shale oil resources. When applied to geological conditions, the movable ratio of shale oil can be determined by evaluating the formation pressure and flowing bottom hole pressure, and then the movable oil resource can be estimated. The above method provides new insights for future shale oil resource evaluations.
(2) Considering the Dongying Sag as an example, this study calculates that the movable ratio of shale oil (movable oil/free oil) within the range of 3,200–3,700 m in Es3x is approximately 18.9–20%. The shale oil resource is 50.7 × 108 t, free shale oil resource is 12.87 × 108 t, and movable shale oil resource is 2.52 × 108 t, of which the resources of the second and third layers account for approximately 74% of the resources of the Es3x.
(3) From the distribution of Es3x in Dongying Sag, the movable shale oil resource is mainly concentrated in the Lijin Sag, and the potential of movable shale oil resources near Boxing and Niuzhuang sags is low. The Lijin Sag is a favorable exploration area in the Es3x of the Dongying Sag.
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