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Abstract

:

Supercritical multi-source, multi-component thermal fluid is a heavy oil thermal recovery method independently developed by China National Offshore Oil Co., Ltd (Beijing, China). It uses waste liquid at the production end of the production well as the water source, the injection medium temperature exceeds 374 °C, 22.1 MPa, and all the produced flue gas is re-injected. Compared with steam huff and puff technology, supercritical technology has the advantages of high enthalpy value, high heat utilization rate, good oil displacement effect, and being green and pollution-free. In addition, its oil–water treatment cost is low, it can realize the reuse of organic matter, it has a good cost advantage of water treatment under the background of low carbon, and it is a thermal recovery method with great application potential for offshore heavy oil. Therefore, it is necessary to carry out research on the adaptability and application potential of supercritical multi-source, multi-heat flow thermal recovery technology in the sea. Based on the laboratory one-dimensional displacement experiment, this paper reveals the mechanism of heavy oil supercritical multi-source multi-component thermal fluid displacement and the contribution of supercritical components to the displacement effect, and establishes the supercritical multi-source, multi-component thermal fluid numerical simulation characterization method. Combined with the characteristics of offshore heavy oil reserves, the main control factors affecting supercritical multi-source, multi-component thermal fluid development were established by numerical simulation and orthogonal test methods, and the adaptive screening method of offshore supercritical technology was established. The application potential of 670 million tons of offshore heavy oil reserves was evaluated and sorted, and KL 10-2 oilfield was selected as the pilot test oilfield. The results show that supercritical technology has great advantages in oil displacement and water treatment cost reduction, and the results play an important guiding significance for the development of offshore heavy oil technology system and the iteration of new technology.
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1. Introduction


China’s offshore heavy oil reserves are huge, among which the reserves of heavy oil with a viscosity of more than 350 mPa·s are as high as 670 million tons. This type of heavy oil has poor water injection development effect and must be developed by thermal recovery. Since 2008, the CNOOC (China National Offshore Oil Co., Ltd.) has successively carried out pilot tests, expanded scale tests, and large-scale thermal recovery. By the end of 2023, the output of offshore heavy oil thermal recovery has exceeded 2 million tons, of which the output of heavy oil thermal recovery in 2023 has reached 850,000 tons. The CNOOC also makes China the world’s only country with offshore heavy oil thermal production capacity [1,2].



Offshore heavy oil thermal recovery is still dominated by steam injection, and the annual oil production by steam huff and drive technology will exceed 680,000 tons in 2023 [3,4,5]. However, traditional steam huff and puff technology have problems of high carbon emission and high cost [6,7,8,9]. Existing offshore thermal recovery boilers have high requirements for fuel and water consumption, high cost of oil–water treatment, high energy consumption, and large amount of CO2 emission [10,11,12]. At the same time, energy supplement is weak in the later stage of huff and puff, and with the consumption of natural reservoir energy, there is insufficient energy for reservoir pressure exhaustion in the later stages. After multiple cycles of steam huff and puff, water cut near the well is high, heat injection heating efficiency is low, and the heat utilization rate drops sharply. The low water recovery rate of steam huff and high specific thermal water near the well affect the effective utilization of injected heat [13,14,15].



Multi-component thermal fluids are used as injection mediums in some sites. Multi-component thermal fluid technology uses the combustion injection mechanism of space rocket engines to inject diesel (crude oil or natural gas) and high-pressure air into the combustion chamber to heat high-pressure injected water, forming a multi-component thermal fluid mixed with hot water, steam, nitrogen, carbon dioxide, etc. into the formation to exploit heavy oil [16,17]. Due to the characteristics of N2, CO2, and thermal oil recovery, the injection of multi-component thermal fluid can increase reservoir pressure, reduce crude oil viscosity, and improve the oil displacement swept area and heavy oil recovery efficiency. In addition, the equipment required by the multi-component thermal fluid technology has the advantages of small size and light weight, which is suitable for the installation of offshore platforms, and has achieved certain stimulation effects in the implementation of offshore heavy oil reservoirs [18,19,20].



However, the traditional multi-component thermal fluid technology has the following problems: (1) the production method has the characteristics of high energy consumption, low conversion rate, low heat utilization rate, and low energy efficiency of the total system; (2) it has a high dependence on diesel, crude oil, natural gas, and other fuels; (3) there is ineffective cross-flow of thermal fluid in the low oil saturation area, oil production gradually decreases in the late stage of development, the comprehensive water cut increases, and the production effect becomes worse; and (4) it produces a large amount of oil production wastewater/high concentration of oily sewage, which has a negative impact on the environment. Therefore, it is urgent to develop a new method of enhanced oil recovery with a high heat utilization rate and high interaction efficiency with heavy oil.



Since 2015, supercritical multi-source, multi-component thermal fluid independently developed by China National Offshore Oil Co., Ltd. Has gradually attracted attention as a new injection medium, which mainly consists of supercritical water, supercritical N2, and supercritical CO2. It is a new multi-component thermal fluid generation method with supercritical water oxidation technology as the core and heavy oil production liquid as the material and energy source. The design and development of a supercritical multi-component thermal fluid generating device is important in supercritical multi-component thermal fluid technology. By using supercritical water oxidation (SCWO) technology, organic matter and O2 will generate homogeneous reactions in supercritical water (T > 374.15 °C, P > 22.14 MPa), and C, H, and N in organic matter will be converted into harmless CO2, H2O, and N2. Heterocyclic atoms Cl, S, and P are converted into corresponding acids or salts, and a large amount of heat is released, which is mainly used in wastewater and sludge treatment. The main production methods of supercritical multi-source, multi-component thermal fluids are as follows: First, in the gasification reaction, organic waste liquid (such as diesel, gasoline, and sewage) is vaporized in the supercritical water environment to obtain gasification products such as hydrogen and supercritical CO2; then, thermal fluids (supercritical water, N2, and CO2) with higher temperature, pressure, and dryness are obtained by the combustion reaction of air and gasification products [21,22,23]. On the one hand, this preparation method effectively removes the high dependence of traditional multi-component thermal fluid on diesel oil and realizes the local use of fuel (crude oil, natural gas, etc.) for offshore heavy oil thermal recovery. On the other hand, the cost of water treatment for steam boilers and the cost of discharge treatment for oily sewage can be saved by using oily wastewater from offshore platforms [24,25]. The heat released by the oxidation reaction in the reactor can keep the reaction temperature above the critical temperature and can greatly reduce the sewage treatment block area. The advantages of supercritical technology are shown in Table 1.



The research on the mechanism of supercritical fluids have made some achievements in China and abroad. Zhang et al. [26], through laboratory core flooding experiments, found that supercritical water is more conducive to creating greater pressure differences compared to traditional steam flooding and improves the oil displacement efficiency and oil recovery speed in the initial stage of heavy oil thermal recovery. Zhao et al. [27] learned through experiments that the supercritical multi-component thermal fluid has both supercritical water miscible flooding and gas-assisted enhancement effects, and that the recovery rate is as high as 95%; compared with supercritical water, the thermal efficiency of the supercritical multi-component thermal fluid is increased by 16%, the produced oil viscosity of the supercritical multi-component thermal fluid is decreased by 32%, and the produced oil quality improved significantly in situ. Sun et al. [28] found that supercritical N2 can maintain its formation pressure and reduce heat loss by forming a gas cap, and that supercritical CO2 can improve the upgrading effect of heavy oil and improve the flow capacity of heavy oil through dissolution and extraction. Rong et al. [29] found through experiments that the increase in reaction temperature, pressure, and injection amount is conducive to the modification of heavy oil by supercritical gas. However, it should be noted that current research on the mechanism of supercritical technology is primarily based on laboratory evaluation experiments, with no assessment yet conducted regarding its potential application at field scale.



In this paper, the Bohai heavy oil field in China was taken as the research object. Firstly, the effect of supercritical multi-source, multi-component thermal fluid flooding was evaluated through an indoor one-dimensional displacement physical simulation experiment, and the contribution mechanism of supercritical components to oil production was revealed. A numerical simulation model considering four phases and seven components was established. By combining the numerical simulation method with the orthogonal test method, the main controlling factors affecting supercritical technology were evaluated, the adaptive screening method of supercritical technology was established, and the application potential of this technology was evaluated.




2. Experiment on Characteristics of Supercritical Multi-Source, Multi-Component Thermal Fluids Displacement for Heavy Oil


2.1. Experimental Purpose


By comparing the oil displacement processes of supercritical multi-source, multi-component thermal fluid flooding, multi-component thermal fluid flooding, supercritical water flooding, and steam flooding, the oil displacement effect of supercritical multi-component thermal fluid flooding was systematically evaluated by taking oil displacement efficiency, heat utilization rate, and cumulative gas production as evaluation indexes. The role of supercritical water, CO2, and N2 in supercritical multi-source, multi-component thermal fluids to enhance oil recovery are expounded, and the experimental scheme shown in Table 2 is designed.



The experimental gas samples were provided by Shanghai Shenkai Gas Co., Ltd. (Shanghai, China). The molar ratio N2:CO2 = 85:15. Solvents such as n-heptane, petroleum ether, toluene, ethanol, and alumina powder used in the experimental research were produced by Shanghai Titan Technology Co., Ltd. (Shanghai, China), with a purity of ≥99%; The typical heavy oil in LD oilfield of the Bohai oil field was taken as the research object. The viscosity of the formation crude oil was 2908.8 mPa·s, and the density was 0.985 g/cm3.




2.2. Experimental Apparatus


The one-dimensional supercritical multi-source, multi-component thermal fluid displacement experimental device was independently developed, including the fluid injection system, one-dimensional supercritical multi-source, multi-component thermal fluid sand pack model, measurement and control system, and production and separation system, as shown in Figure 1.



The fluid injection system includes a supercritical water generator (maximum pressure 35.0 Mpa, maximum temperature 450 °C), a high-pressure plunger pump, and a high-pressure intermediate vessel loaded with heavy oil, formation water, and supercritical CO2 and supercritical N2. Specific parameters of the experimental instruments are shown in Table 3. The supercritical water generator uses a 30 m long Hastelloy coil for heating. The first stage involves heating cold water to approximately 200 °C to produce wet steam, while the second stage is to heat the wet steam to about 350 °C dry steam, and the third stage is to further heat the dry steam to around 450 °C to produce superheated steam. In addition, a heat tracing device is added on to the connecting pipeline between the outlet of the supercritical water generator and the interface of the injection model to prevent loss of steam heat through the output pipeline.



The sand-filled tube model is made of Hastelloy C276, the inner diameter is 3.9 cm, the length is 48 cm, and the maximum working pressure is 50 Mpa and 450 °C. There are six belt heaters (1500 W) on the surface of the model. Prior to each set of experiments, a belt heater is used to maintain the formation temperature, and when steam or hot water is injected, the belt heater heats the model surface to compensate for heat loss. Compared to existing sand-filled models, six belt heaters can independently compensate for heat loss in the area, which is more precise and flexible. In addition, the model is equipped with a thermal insulation jacket, which can further reduce the heat loss of the model to the external environment.



The measurement and control system includes a temperature sensor and pressure sensor, and the computer automatically records the temperature and pressure measured by the temperature and pressure sensor in real time, so as to analyze the thermal recovery process. The temperature probe has an accuracy of ±1 °C in the range of 0 °C to 900 °C, and the pressure sensor has an accuracy of ±1 kPa in the range of 0 MPa to 30 MPa.



The output end is equipped with an automatic separation and metering device, which can automatically separate the output end fluid into the liquid phase and gas phase, and automatically transmit the liquid phase volume and quality of the output end to the data analysis system.




2.3. Experimental Process


Silica sand was poured into a clean one-dimensional core experimental model. After connecting the experimental device, the air tightness check and vacuum were completed. The temperature control system band heater heated the core model to 50 °C (reservoir temperature), following which water and heavy oil were injected into the sand-filled model to simulate the actual reservoir environment. Once the core model was prepared, supercritical water was injected into the model using a supercritical water generator at a certain injection speed, along with an injection of supercritical gas mixture at a specific rate. When the temperature of the one-dimensional supercritical multi-source, multi-component thermal fluid displacement model stabilized, injection was stopped. Each cycle involved 2 h for steam injection and production time. Model parameters and cumulative oil production were recorded in order to calculate displacement efficiency. This process was repeated multiple times with variations in injection temperature, pressure, PV number, and injection speed for numerous tests.




2.4. Experimental Results and Discussion


Currently, the percolation characteristics, production effect, and temperature and pressure distribution in supercritical multi-source, multi-component thermal fluid flooding are still unclear. Therefore, further analysis of the displacement characteristics of supercritical multi-source, multi-component thermal fluid was conducted through Experiment 13. In Experiment 13, a total of 4 PV (pore volume) supercritical multi-source, multi-component thermal fluids were injected. The experimental temperature distribution, pressure difference, and production curve are illustrated in Figure 2, Figure 3 and Figure 4.



As shown in Figure 2, the supercritical multi-source, multi-component thermal fluid displacement process can be delineated into three stages. During the initial phase of displacement (0–1.1 PV), upon injection, the temperature at measuring points TC1 to TC4 near the inlet rose rapidly. It is noteworthy that TC1’s temperature gradually increased, reaching 400 °C at this stage. The temperatures of the three measuring points on vertical plane 1 (Figure 3) were essentially identical, indicating uniform heating (with TC1 registering the highest temperature) due to rapid vertical heat transfer resulting from high injection temperature and a small vertical area. At this stage, the supercritical multi-source, multi-component thermal fluid significantly augmented the flow capacity of heavy oil near the inlet. However, despite this enhancement, the model’s exit temperature remained relatively low, leading to low oil flow capacity at the outlet and consequently causing a sharp increase in the inlet–outlet pressure differential during this stage (Figure 4).



In the middle stage of displacement (1.1–1.5 PV), with the continuous injection of supercritical multi-source, multi-component thermal fluid, the heating range gradually expanded, and the heating front basically reached the exit of the sand-filled model. Therefore, the temperature of TC1-TC3 measuring points reached 400 °C, and the temperature of TC4-TC7 measuring points began to rise (Figure 2). At this time, the heavy oil flow capacity increased and consequently, the heavy oil displacement efficiency began to rise rapidly. Vertical surfaces 1 and 4 exhibited a uniform temperature distribution (Figure 3). However, in vertical plane 7, there was non-uniformity in temperature distribution where TT7 was higher than TB7. The reason for this phenomenon may be that the supercritical multi-source, multi-component thermal fluid produces the overlap phenomenon, and a small amount of supercritical multi-source, multi-component thermal fluid moves to the top of the sand-filled model due to the action of gravity.



In the late displacement stage (1.4–5.0 PV), the maximum heating range was achieved, with the temperature at each measuring point reaching 400 °C (Figure 2 and Figure 3) After the breakthrough of the supercritical multi-source, multi-component thermal fluid, the pressure difference of the inlet and outlet was basically stable, and the cumulative gas production increased sharply. Consequently, the growth rate of oil displacement efficiency in this stage slowed down. The above reasons indicate that supercritical multi-source, multi-component thermal fluid breakthrough has adverse effects on heavy oil production.



As illustrated in Figure 4 and Table 4, the displacement efficiency reached as high as 85.15% when the injection volume of supercritical multi-source, multi-component thermal fluid reached the end of 4 PV. Furthermore, the light color of the cross-section of the inlet and outlet indicated a low remaining oil saturation in the model after supercritical multi-source, multi-component thermal fluid displacement. A comparison of the inlet and outlet cross-sections revealed similar remaining oil saturations due to the high sweep range and displacement efficiency. Therefore, it can be concluded that supercritical multi-source, multi-component thermal fluids have significant potential in offshore heavy oil development.



As can be seen from Figure 4 and Table 5, the displacement efficiency of Experiments 1, 4, 7, and 13 were 59.87%, 73.48%, 78.52%, and 85.15%, respectively. It can be seen that compared with steam flooding, supercritical water flooding, and supercritical water and gas, the development effect of supercritical multi-source, multi-component thermal fluid flooding was better. In addition, it can be seen from Table 4 that the color of the end face of the entrance and exit of Experiment 13 is lighter than that of Experiments 1, 4, and 7, indicating that Experiment 13 has the lowest remaining oil saturation.



By comparing the oil displacement efficiency, heat utilization rate, and core end color of Experiment 1, and Experiment 4, it can be seen that supercritical water displacement effect is better than steam. The reason is that supercritical water has a stronger effect on the upgrading of heavy oil, and it is not easy to produce overlap breakthrough phenomenon. Compared with steam, supercritical water thermal cracking reaction can significantly reduce the viscosity, density and molecular weight of heavy oil, and inhibit the formation of coke. In addition, compared with steam, supercritical water can dissolve weakly polar substances in heavy oil effectively, resulting in miscible flooding effect.



By comparing the results of Experiments 13 and 4 (Figure 4 and Table 5), it can be seen that the presence of supercritical N2 + CO2 is helpful to improve the oil displacement efficiency and relative heat utilization rate of supercritical water flooding and reduce the remaining oil saturation. Therefore, supercritical N2 and supercritical CO2 play an important role in heavy oil production. In addition, it can be seen from Figure 5 that after the injection of 1.5 PV, the advance of the supercritical multi-source, multi-component thermal fluid front is slower than that of the supercritical waterfront. Therefore, the injection of supercritical N2 and CO2 can effectively inhibit the breakthrough of supercritical water. This is due to the large amount of supercritical CO2 dissolved in heavy oil, resulting in heavy oil expansion, and reducing the viscosity, density, and molecular weight of heavy oil.





3. Adaptability Analysis of Supercritical Multi-Source, Multi-Component Thermal Fluid Development


3.1. Establishment of Numerical Simulation Model of Supercritical Multi-Source, Multi-Component Thermal Fluid


In the numerical simulation study, the STARS module, a Canadian CMG (2022 version) numerical simulation software, was adopted to simulate the one-dimensional displacement experiment of supercritical multi-source, multi-component thermal fluid. Experimental parameters and results are shown in Section 2, and a one-dimensional numerical simulation model was established, as shown in Figure 6. In order to improve the accuracy of numerical simulation, the size and number of grids were adopted as the extreme value that the computer could perform convergence operations. The number of grids was 48 × 19 × 19 (17,328), and the size of the grids was 1 cm (X) × 0.2 cm (Y) × 0.2 cm (Z). The dissolution capacity of the gas was characterized by the K-value relation. The reaction kinetic parameters were characterized according to the key Aronius parameters fitted by one-dimensional physical simulation experiments.



The model adopted constant pressure production, and considering the reliability of the model parameters, the following parameters adjustment principles were determined when fitting the experimental production data: since the experimental core size, porosity, permeability, production dynamics, production conditions, etc., are known parameters in the experiment, in principle, the above parameters should not be adjusted during the fitting process; the oil-water relative permeability curve, gas–liquid pair permeability curve, and chemical reaction rate (including reaction activation energy and pre-exponential parameters) have high uncertainties in the model, so the parameters are adjusted in order to fit the process.



According to the above fitting principles, the fitting results of the one-dimensional displacement experiment are shown in Figure 7, Figure 8 and Figure 9 by repeatedly adjusting the uncertain parameters. As shown in Figure 7, the experimental cumulative oil production is 244.36 g, the fitting result is 240.13 g, and the average error of 3.24% is less than 5%. Figure 8 and Figure 9 show that the temperature field and pressure difference curves of the model are basically consistent with the actual conditions, which proves the reliability of the established model.




3.2. Reservoir Adaptability Evaluation


3.2.1. Evaluation Principle


In order to assess the development adaptability of supercritical multi-source, multi-component thermal fluids, a numerical simulation mechanism model was utilized. The physical property parameters in the mechanism model are presented in Table 6. The primary control factors of reservoir static parameters and dynamic parameters were evaluated separately (Table 7 and Table 8), and all relevant parameters were based on the actual parameter distribution range of the Bohai oil field. There are two evaluation methods. The first method is the cumulative oil production evaluation method, which calculates the cumulative oil production after the direct injection of supercritical multi-source, multi-component thermal fluid without considering reservoir fracture pressure. The second method is the cumulative increased oil production evaluation method, which takes into account the fracture pressure of reservoirs with different buried depths, as well as the increased oil production from supercritical multi-source, multi-component thermal fluid injection after cooling and depressurizing pressure, and saturated steam development as the basis for evaluation.



The main control factors were evaluated using the orthogonal test method, a de-sign approach for studying multiple factors and levels [30,31]. In this study, SPSS 26 software was used to conduct an orthogonal experimental design of static parameters and dynamic parameters. The simulation results of cumulative oil production and cumulative increased oil production from supercritical steam huff and puff numerical simulation were utilized as evaluation criteria. General linear univariate analysis was performed on the static and dynamic simulation results separately to investigate the impact of static parameters and dynamics on the development outcomes of supercritical steam huff and puff. The main control parameters for both static and dynamic conditions were defined.




3.2.2. Influence Parameter Evaluation


	(1)

	
Static parameter evaluation







The static parameters of supercritical multi-source, multi-component thermal fluid reservoir were evaluated, including formation oil viscosity, reservoir permeability, reservoir pressure, water multiple, and reservoir thickness. Significance level refers to the probability that the estimated population parameters fall within a certain interval and may make mistakes. DOF represents the number of degrees of freedom, which is the number of variables that can take an unlimited value when calculating a unified measurement. The larger the F-value of the parameter, the higher the degree of influence and the lower the significance level [32]. From the orthogonal test results (Table 9 and Table 10), it can be seen that reservoir pressure and reservoir thickness are the main factors affecting the development effect of supercritical technology, regardless of the cumulative oil production evaluation method or the cumulative increased oil production method, with high significance level and F-value less than 0.05. This is because the formation energy becomes stronger after the reservoir pressure increases. With the increase in reservoir thickness, the reserves and drainage area become larger.



	(2)

	
Dynamic parameter evaluation







When carrying out a dynamic parameter evaluation of supercritical multi-source, multi-component thermal fluid reservoir, the evaluation parameters include the cyclic steam injection volume, the temperature of the steam injection, the speed of the steam injection, the gas–liquid ratio, and the liquid production volume. According to the orthogonal test results (Table 11 and Table 12), both the oil production evaluation method and the oil increase method are highly significant, with an F-value of less than 0.05.



Based on the analysis results of the main control factors of static parameters and dynamic parameters, influence degree charts of the main control factors were established, as shown in Figure 10, which provided a reference for the analysis of the development effect of supercritical multi-source, multi-component thermal fluid variable parameters.



	(3)

	
Analysis of the impact degree of associated flue gas channeling and suggestions on control measures







Supercritical multi-component thermal fluid technology will inject an extremely large amount of non-condensate gas (N2 + CO2) when injecting high-temperature water. According to the implementation experience of NB 35-2 field in the Bohai oil field, the injection of non-condensate gas will cause gas channeling and seriously affect the development effect, so it is necessary to analyze the influence degree of channeling flow and study the limits and means of channeling prevention.



Therefore, “cross-flow coefficient” is introduced to quantitatively characterize the degree of cross-flow, which provides a design basis for the application of supercritical technology for offshore heavy oil thermal recovery. According to the factors that may affect gas channeling, the main control factors are screened, the channeling influence chart is established, and the injection mode of experimental and industrial prototypes is optimized.



Considering the main and secondary factors of screening and based on the reservoir fluid parameters of different types of reservoirs, the supercritical multi-source, multi-component thermal fluid gas channeling warning chart after cooling and pressure reduction was established (Figure 11). The gas channeling identification factor (Formula (1)) of the change rate of injection of non-condensate gas is derived.
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(1)







In the formula, C is the gas channeling identification factor; C < 0.36 means strong gas channeling, 0.36 < C < 0.60 means weak steam channeling, and C > 0.6 means non-steam channeling; ps and pt are saturated steam pressure and temperature; μm(ts) is the viscosity of the mixed fluid; μo(ts) is the mixed viscosity at the front edge of the cavity; ρs(ps) is the density of the mixed fluid; Hw(ts) is the enthalpy of saturated liquid phase; x is steam dryness; Lv(ts) is the latent heat of steam; ti is the original reservoir temperature; Ω is the permeability stage difference; Sor(ts) is the residual saturation of mixed fluid after injection; Ehs is the thermal efficiency of the top and bottom cover; and MR is the reservoir volumetric specific heat capacity.



The introduced cross-flow identification plate was brought into the actual development effect of multi-component thermal fluid huff and puff in NB35-2 oilfield to verify the accuracy of the plate. The verification results are shown in Table 13.



Based on the “Latin Hypercube” multi-factor orthogonal experiment, with oil production as the optimization objective and channeling coefficient as the independent variable, the active channeling prevention methods under different channeling coefficients are investigated, and the proposed active channeling prevention methods with different channeling coefficients are drawn (Figure 12). As can be seen from the Figure 12, the larger the well spacing and the smaller the gas injection rate, the smaller the probability of steam channeling, and no plugging is necessary at this time. The smaller the well spacing and the higher the steam injection rate, the more easily steam channeling occurs. In this case, two gas injection wells can be used to simultaneously inject gas to reduce the risk of steam channeling.






4. Evaluation of Application Potential of Supercritical Technology in Offshore Heavy Oil Reservoirs


Based on the evaluation method of main control factors and the evaluation method of supercritical fluid adaptability, three kinds of evaluation methods for the development and application potential of supercritical multi-source, multi-component thermal fluid was established, namely, the evaluation method of cumulative oil production of a single well, the evaluation method of cumulative increased oil production, and the evaluation criteria of supercritical thermal fluids after cooling and depressurizing. The application potential of supercritical technology in China’s offshore heavy oil was analyzed by a potential evaluation method. The geological parameters of offshore heavy oil reservoirs are shown in Table 14.



4.1. Cumulative Oil Production Evaluation Method


By using a multiple linear regression method, a multiple regression model was established between y function of adaptability evaluation of different reservoir types and key parameters such as oil viscosity, reservoir permeability, reservoir pressure, and reservoir thickness; the formula is shown in Formula (2). Based on the cumulative oil production evaluation method, the application potential of supercritical technology in offshore heavy oil reservoir is ranked (Table 15).


y = −0.00114 a + 0.00084 b + 0.53766 c − 0.11004 d + 0.22176 e + 0.49122



(2)







In the Formula (2), y is the cumulative oil production, 104 m3; a is the formation oil viscosity, cP, b is reservoir permeability, mD, c is the reservoir pressure, MPa, d is the multiple of water, and e is the effective reservoir thickness, m.




4.2. Cumulative Increased Oil Production Evaluation Method


By using a multiple linear regression method, a multiple regression model was established between y function of adaptability evaluation of different reservoir types and key parameters such as oil viscosity, reservoir permeability, reservoir pressure and reservoir thickness. Based on the cumulative increased oil production evaluation method, the application potential of supercritical technology in offshore heavy oil reservoir is ranked (Table 16).


y = −0.000892 a + 0.00034 b + 0.182 c − 0.154 d + 0.061 e + 1.053



(3)







In the Formula (3), y is the cumulative increased oil production, 104 m3, a is the formation oil viscosity, cP, b is reservoir permeability, mD, c is the reservoir pressure, MPa, d is the multiple of water, and e is the effective reservoir thickness, m.



The cumulative oil production and cumulative oil increase evaluation methods were used to grade the application potential of the reservoir. The evaluation criteria are as follows: Class I reservoirs: cumulative oil production > maximum cumulative oil production × 60.5%, including LD 21-2 IV oil group, LD 16-3, etc. Class II reservoirs: maximum accumulative oil production × 60.5% > accumulative oil production > Maximum accumulative oil production × 31.3%, including LD 27-2, etc. Class III reservoirs: the highest accumulative oil production × 31.3% > accumulative oil production, including LD 32-2, and so on. Of the 670 million tons of proven offshore heavy oil reserves, Class I reserves adapted to supercritical technology reach 280 million tons, Class II reserves reach 160 million tons, and Class III reserves reach 220 million tons.




4.3. Adaptive Screening Evaluation Method


4.3.1. Establishment of Economic Boundary Evaluation Model


Compared with conventional development, the investment of supercritical development is larger, and the price of heavy oil is lower than that of light oil, so it is necessary to determine the minimum economic oil production limit as the basis for development. The minimum oil production is calculated according to the input–output method. When the economic benefit of input and output is 0, the oil production obtained is the minimum oil production limit.


    Q   m i n   =     C   f o n       P   0     R   0   ( 1 −   T   a x o   ) −   C   v o      



(4)







In Formula (4), Qmin is the lowest oil production, 10 thousand tons; Cfon is the additional drilling and surface investment, 10 thousand dollars; Po is the oil price, 10 thousand dollars; Ro is the crude oil commodity rate; Taxo is the comprehensive tax rate; and Cvo is the operating cost, 10 thousand dollars. Among them, the crude oil price is calculated according to 60 USD/barrel, the comprehensive tax rate is 7%, and the operating cost adopts the average reference design of the current offshore thermal production oil field.



Combined with the current offshore oilfield development engineering scale [33,34], the engineering of offshore heavy oil developed by supercritical fluid injection can be divided into two conditions: (1) Relying on development, building the new offshore wellhead platform and mixed transmission manifolds, and relying on other oilfields central processing platforms for power and oil processing. (2) For further exploitation, considering the technical maturity of supercritical technology, the technology is applied in the production field, and the further development is explored by using the original platform.




4.3.2. Establishment of Adaptive Screening Criteria


	(1)

	
Relying on development screening criteria







The investment of the new wellhead platform is 600 million yuan, and the cycle operation cost is consistent with the multi-component thermal fluid. In this model, the development scale and investment of supercritical technology is close to that of mature multi-component thermal fluid technology, and the injection and production integrated string is adopted. According to the calculation of Formula (4), if the economic development of supercritical technology is realized, the oil increase of 8 cycles of supercritical huff and puff should not be less than 59,000 cubic meters per single well. Basic evaluation parameters are shown in Table 17.



	(2)

	
For further exploitation screening criteria







With reference to the offshore platform floor flue gas reinjection scheme, the initial engineering facility investment is 140 million yuan without considering the replacement of thermal production string and the cycle operation cost is consistent with other thermal production methods. According to Formula (4), if the economic development of supercritical technology is to be realized, the oil increase in 8 cycles of supercritical huff and puff should not be less than 0.93 million cubic meters per single well. Basic evaluation parameters are shown in Table 18.





4.4. Development and Application Potential Evaluation Based on Different Evaluation Methods


Based on the comparison of steam huff and pressure drop of supercritical fluid after different reservoir types and different reservoir fluid parameters, combined with the simple evaluation economic model, the screening criteria of supercritical thermal fluid application after temperature drop and pressure drop under different reservoir types and different engineering models are given (Table 19).



Through the cumulative oil production evaluation method, cumulative increased oil production evaluation method, and adaptive screening criteria method, the three methods were integrated. A total of 6 oil fields with the most application potential were selected, respectively:




	(1)

	
LD 21-2 IV oil group;




	(2)

	
PL 19-3 11/13 area;




	(3)

	
KL 10-2;




	(4)

	
QHD 27-3;




	(5)

	
KL 16-1 2 well area;




	(6)

	
LD 21-2 V oil group.









The total proved reserves are 96 million tons, of which the single sand-body reservoir is the main reservoir, accounting for 84% of the reserves.





5. Design of Supercritical Technology Pilot Test Area


5.1. Overview of Pilot Test Area


The pilot test area was selected KL10-2 oilfield. KL10-2 oilfield is located in the south of Bohai Sea. The oil bearing layers are mainly in the lower Ming Member IV and V oil groups, and the reservoir thickness is 3~17 m. The porosity is 30%, the permeability is 2906 mD, and the crude oil viscosity is 328~604 mPa·s.



The ODP program designed 24 thermal recovery wells, which were developed by chemical assisted steam flooding after 8 rounds of steam huff-puff, with a reserve of 18.8776 million square meters, a peak production capacity of 428,000 square meters, and a cumulative oil production of 3.166 million cubic meters with a recovery rate of 18.8%.




5.2. Pilot Test Well Plan


	(1)

	
Injection parameters: Considering the supercritical multi-source, multi-component hot fluid injection after cooling and depressurization, the design wellhead injection pressure is 15.7 MPa, injection temperature is 353 °C, daily gas injection is 5000 m3/d, and 4 wells are used for simultaneous injection and foam sealing channeling technology.




	(2)

	
Index prediction: The predicted production profile of the supercritical technology in KL10-2 oilfield is shown in Figure 13. The bars in the figure represent the annual oil production, while the points and lines depict the cumulative oil production. A total of 24 thermal production wells were designed to carry out the development of supercritical multi-source multi-component thermal fluid huff and puff/sidetrack/transfer supercritical multi-component thermal fluid flooding, and the cumulative oil production of the platform was predicted to be 3.57 million cubic meters with a recovery rate of 20.6%. Compared with steam huff and puff development, the oil increase is 404,000 square meters, and the oil increase is 17,000 square meters per well.









6. Conclusions


	(1)

	
Supercritical multi-source, multi-component thermal fluid offers the advantages of high temperature, high dryness, and a high heating utilization rate. And supercritical fluid technology can economically and efficiently treat organic waste liquid, making it highly applicable in offshore heavy oil exploitation and environ-mental governance with great prospects for application.




	(2)

	
A numerical simulation model considering four groups of seven components was established, and the simulation accuracy was over 95%. Based on the fitted numerical simulation model of supercritical fluid reservoir, the evaluation of the main control factors under different injection parameters of single sand reservoir was carried out, and the influence degree chart of the main control factors under the influence of static and dynamic parameters was established by using the single well cumulative oil production method.




	(3)

	
Through orthogonal test and numerical simulation, the sequencing of main controlling factors affecting the development of supercritical multi-source multi-component thermal fluids in heavy oil offshore was clarified, and the influencing chart of gas channeling degree and the suggested chart of gas channeling control measures were established.




	(4)

	
The application potential of 670 million tons of heavy oil reserves in the Bohai oil field was sorted based on oil production evaluation, oil increase evaluation and adaptive screening standard methods, and the reserves suitable for supercritical technology reached 280 million tons. Taking KL 10-2 oilfield as an example, after replacing the traditional steam boiler with supercritical technology, the residual production increased by 404,000 cubic meters and the recovery rate increased by 1.8%, which verified the great potential of this technology in the overall promotion of offshore.
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Figure 1. Flow of supercritical multi-source, multi-component thermal fluid displacement experimental device. 
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Figure 2. Relationship between temperature and injection volume at each point in the model axis. 
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Figure 3. Relationship between temperature and injection volume at inlet face (upper left); mid face (upper right) and outlet face (down). 
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Figure 4. Comparison of pressure difference (a) and recovery efficiency (b). 
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Figure 5. Temperature field diagram of each experiment. 
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Figure 6. One-dimensional numerical simulation mechanism model. 
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Figure 7. Fitting results of displacement experiment. 
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Figure 8. Comparison of experimental (left) and simulated (right) temperature field results. 
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Figure 9. Pressure difference fitting results. 
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Figure 10. Static parameters control factors influence degree chart (left) and dynamic parameters control factors influence degree chart (right). 
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Figure 11. Warning chart of supercritical multi-source, multi-component thermal fluid gas channeling after temperature and pressure reduction. 
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Figure 12. Supercritical fluid injection control chart under different well spacing and gas injection intensity. 
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Figure 13. Section diagram of predicted production by supercritical technology in experimental oilfield. 
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Table 1. Comparison between supercritical technology and conventional thermal recovery technology.






Table 1. Comparison between supercritical technology and conventional thermal recovery technology.





	Technology Type
	Fuel
	Water Quality

Requirement
	Enthalpy (kJ/kg)
	Generating Equipment Thermal Efficiency





	Supercritical multi-source multi-component thermal fluid
	Heavy oil, crude oil, diesel oil, heavy oil production water
	Production water or organic wastewater
	2867.33

(23 Mpaa, 400 °C)
	No smoke loss,

low generator temperature



	Traditional multi-component thermal fluid
	Diesel
	High water quality requirements
	1401.41

(270 °C)
	High generator temperature



	Steam
	Diesel or crude oil
	High water quality requirements
	2385.05

(350 °C, steam

quality 80%)
	High generator temperature










 





Table 2. Supercritical multi-source, multi-component thermal fluid experiment scheme.






Table 2. Supercritical multi-source, multi-component thermal fluid experiment scheme.





	Numbers
	Injection Fluids
	Injection Pressures
	Injection Temperatures
	Water

Injection Rate
	N2

Injection Rate
	CO2

Injection Rate





	1
	steam
	10 MPa
	315 °C
	10 mL/min
	0 mL/min
	0 mL/min



	2
	steam
	12 MPa
	330 °C
	10 mL/min
	0 mL/min
	0 mL/min



	3
	steam
	14 MPa
	340 °C
	10 mL/min
	0 mL/min
	0 mL/min



	4
	supercritical water
	23 MPa
	400 °C
	10 mL/min
	0 mL/min
	0 mL/min



	5
	supercritical water
	23 MPa
	374 °C
	10 mL/min
	0 mL/min
	0 mL/min



	6
	supercritical water
	24 MPa
	400 °C
	10 mL/min
	0 mL/min
	0 mL/min



	7
	supercritical water + N2
	23 MPa
	400 °C
	10 mL/min
	2 mL/min
	0 mL/min



	8
	supercritical water + N2
	23 MPa
	374 °C
	10 mL/min
	2 mL/min
	0 mL/min



	9
	supercritical water + N2
	24 MPa
	400 °C
	10 mL/min
	2 mL/min
	0 mL/min



	10
	supercritical water + CO2
	23 MPa
	400 °C
	10 mL/min
	0 mL/min
	2 mL/min



	11
	supercritical water + CO2
	23 MPa
	374 °C
	10 mL/min
	0 mL/min
	2 mL/min



	12
	supercritical water + CO2
	24 MPa
	400 °C
	10 mL/min
	0 mL/min
	2 mL/min



	13
	Supercritical multi-source multi-component thermal fluid
	23 MPa
	400 °C
	10 mL/min
	1 mL/min
	1 mL/min



	14
	Supercritical multi-source multi-component thermal fluid
	23 MPa
	400 °C
	10 mL/min
	2 mL/min
	2 mL/min



	15
	Supercritical multi-source multi-component thermal fluid
	23 MPa
	420 °C
	10 mL/min
	1 mL/min
	1 mL/min



	16
	Supercritical multi-source multi-component thermal fluid
	25 MPa
	400 °C
	10 mL/min
	1 mL/min
	1 mL/min










 





Table 3. Parameters of the supercritical water generator.
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	Experimental Device Parameter
	Index





	Maximum working pressure
	35 Mpa



	Maximum flow
	3 kg/h



	Maximum temperature
	450 °C



	Maximum superheat
	>5 °C



	Materials
	Hastelloy



	Coil length
	30 m










 





Table 4. Cross-sectional states of inlet and outlet of different injected fluids.
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	Experiment Number
	1
	4
	7
	13
	14
	15
	16





	Injected fluid
	steam
	Supercritical water
	supercritical water + N2
	supercritical multi-source multi-component thermal fluid
	supercritical multi-source multi-component thermal fluid
	supercritical multi-source multi-component thermal fluid
	supercritical multi-source multi-component thermal fluid



	Inlet cross-section
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	[image: Applsci 14 03588 i003]
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	Outlet cross-section
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Table 5. Experimental results of yield increase contribution rate research.
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	Number
	Displacement Efficiency
	Heat Utilization Rate
	Number
	Displacement Efficiency
	Heat Utilization Rate





	1
	59.87%
	0.0171
	9
	79.18%
	0.0245



	2
	61.85%
	0.0179
	10
	81.25%
	0.0252



	3
	62.97%
	0.0184
	11
	80.08%
	0.0255



	4
	73.48%
	0.0229
	12
	82.96%
	0.0260



	5
	70.22%
	0.0225
	13
	85.15%
	0.0267



	6
	75.03%
	0.0233
	14
	86.16%
	0.0262



	7
	78.52%
	0.0241
	15
	92.11%
	0.0276



	8
	76.96%
	0.0237
	16
	90.37%
	0.0274










 





Table 6. The physical property parameters.






Table 6. The physical property parameters.





	Parameters
	Value





	Reservoir pressure/MPa
	10



	Reservoir temperature/°C
	50



	Core porosity/%
	39



	Core permeability/mD
	2000



	Core oil saturation/%
	93.5



	Gas type
	15% CO2 + 85% N2



	Well type
	Horizontal well



	Reserve volume/104 m3
	1025



	Injection mode
	continuous injection










 





Table 7. Static parameter optimization categories.
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	Number
	Static Parameter
	Value Range





	1
	Oil viscosity/mPa·s
	350~3000



	2
	Permeability/mD
	300~5000



	3
	Reservoir pressure/Mpa
	6.5~20



	4
	Water multiple
	0.1~10



	5
	Reservoir thickness/m
	6~40










 





Table 8. Dynamic parameter optimization categories.
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	Number
	Dynamic Parameter
	Value Range





	1
	Periodic steam injection volume/m3
	3000~7000



	2
	Steam injection temperature/°C
	270~430



	3
	Steam injection rate/(m3/d)
	90~330



	4
	Gas-liquid ratio/(m3/m3)
	100~900



	5
	Liquid production/m3
	80~160










 





Table 9. General linear univariate analysis of static parameters (cumulative oil production).
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	Static Parameters
	Sum of Squares
	DOF
	Mean Square
	F
	Significance





	Oil viscosity
	0.812
	4
	0.203
	0.200
	0.926



	Permeability
	1.468
	4
	0.367
	0.361
	0.826



	Reservoir pressure
	30.803
	4
	7.701
	7.573
	0.038



	Water multiple
	1.314
	4
	0.328
	0.323
	0.850



	Net-to-gross ratio
	26.539
	4
	6.635
	6.524
	0.048










 





Table 10. General linear univariate analysis of static parameters (cumulative increased oil production).
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	Static Parameters
	Sum of Squares
	DOF
	Mean Square
	F
	Significance





	Oil viscosity
	14.587
	4
	3.647
	6.074
	0.054



	Permeability
	5.934
	4
	1.484
	2.471
	0.201



	Reservoir pressure
	15.996
	4
	3.999
	6.661
	0.047



	Water multiple
	10.139
	4
	2.535
	4.222
	0.096



	Net-to-gross ratio
	13.516
	4
	3.379
	5.628
	0.061










 





Table 11. General linear univariate analysis of dynamic parameters (cumulative oil production).
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	Dynamic Parameters
	Sum of Squares
	DOF
	Mean Square
	F
	Significance





	Periodic steam injection volume
	1.612
	4
	0.403
	22.094
	0.005



	Steam injection temperature
	2.588
	4
	0.647
	35.459
	0.002



	Liquid production
	0.016
	4
	0.004
	0.221
	0.914



	Steam injection rate
	0.274
	4
	0.069
	3.758
	0.114



	Gas-liquid ratio
	0.26
	4
	0.065
	3.56
	0.123










 





Table 12. General linear univariate analysis of dynamic parameters (cumulative increased oil production).
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	Dynamic Parameters
	Sum of Squares
	DOF
	Mean Square
	F
	Significance





	Periodic steam injection volume
	0.014
	4
	0.004
	8.668
	0.03



	Steam injection temperature
	0.017
	4
	0.004
	10.038
	0.023



	Liquid production
	0.004
	4
	0.001
	2.232
	0.228



	Steam injection rate
	0.009
	4
	0.002
	5.177
	0.07



	Gas-liquid ratio
	0.006
	4
	0.002
	3.746
	0.114










 





Table 13. Warning chart of gas channeling after temperature and pressure reduction.
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	Gas Channeling Degree
	Gas Channeling Identification Factor
	Maximum Daily Gas Injection

104 m3/d





	/
	0.85~2.97
	0~1.5



	Weak
	0.51~0.63
	0.75~1.5



	Medium
	0.40~0.60
	1.5~3.0



	Strong
	<0.40
	>3.0










 





Table 14. Geological parameters of offshore heavy oil reservoirs.
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	Oil Field
	Reservoir Thickness/m
	Reservoir Pressure/MPa
	Water Energy/times
	Reservoir Permeability/mD
	Oil Viscosity/cP





	LD 21-2 IV oil group
	40
	15.3
	10
	1966
	2980



	PL19-3 11/13 area
	25
	12
	2
	1161
	438



	KL 10-2
	8
	13
	1
	3000
	935



	QHD 27-3
	7
	10.6
	1
	4000
	440



	LD 27-2
	8
	13.1
	0.1
	2300
	1383



	NB 35-2
	8
	8.5
	5
	4600
	707



	PL 13-2
	8.3
	11
	0
	1957
	661



	LD 27-1
	8
	11.8
	0
	1600
	1038



	JX 1-1
	10
	11.6
	5
	1000
	593



	QHD 33-1S
	5
	10.6
	1
	2078
	750



	KL 9-5
	10
	10
	10
	1726
	910



	LD 32-2
	15
	12.1
	60
	3130
	498










 





Table 15. Evaluation of adaptive screening criteria based on oil production method.
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	Rank
	Single Sand Body Oil Field
	y Value





	1
	LD 21-2 IV oil group
	14.74



	2
	PL19-3 11/13 area
	12.74



	3
	LD 16-3
	12.19



	4
	KL 10-2
	10.60



	5
	QHD 27-3
	10.49



	6
	LD 27-2
	9.65



	7
	NB 35-2
	9.34



	8
	PL 13-2
	9.14



	9
	LD 27-1
	8.77










 





Table 16. Evaluation of adaptive screening criteria based on increased oil production method.






Table 16. Evaluation of adaptive screening criteria based on increased oil production method.





	Rank
	Single Sand Body Oil Field
	y Value





	1
	LD 21-2 IV oil group
	5.33



	2
	PL19-3 11/13 area
	4.91



	3
	QHD 27-3
	4.54



	4
	KL 10-2
	4.45



	5
	NB 35-2
	4.23



	6
	LD 32-2
	4.07



	7
	LD 27-2
	4.03



	8
	PL 13-2
	3.90










 





Table 17. Basic evaluation parameter table (Relying on development).






Table 17. Basic evaluation parameter table (Relying on development).





	Evaluation Parameters
	Value





	Well-controlled reserves
	500,000 cubic meters



	Development mode
	Supercritical fluid after cooling and depressurization



	Mechanical mining method
	Integrated injection-production string



	Single platform development investment
	65 million yuan



	Single well drilling and completion investment
	40 million yuan



	Operating cost per well cycle
	5 million yuan










 





Table 18. Basic evaluation parameter table (For further exploitation).






Table 18. Basic evaluation parameter table (For further exploitation).





	Evaluation Parameters
	Value





	Horizontal well length
	400 m



	Development mode
	Multi-component thermal fluid/Steam huff and puff/Supercritical fluid after cooling and depressurization



	Mechanical mining method
	Integrated injection-production string



	Investment in engineering facilities
	140 million yuan



	Average investment per well
	15 million yuan



	Operating cost per well cycle
	5 million yuan










 





Table 19. Development adaptation screening criteria for different development methods.






Table 19. Development adaptation screening criteria for different development methods.





	
Number

	
Reservoir/Fluid Parameters

	
Screening Criteria




	
Potential Tapping

Development

	
Developing Relying on Other

Developing Oilfield






	
1

	
Reserve scale/104 m3

	
≥500

	
≥1400




	
2

	
Reservoir buried depth/m

	
≥1000

	
≥600




	
3

	
Reservoir pressure/MPa

	
≥10

	
≥6




	
4

	
Reservoir thickness/m

	
single layer 10

multi-layer/thick layer30

	
single layer ≥ 5

transitional zone ≥ 20

multi-layer/thick layer ≥ 25




	
5

	
NTG

	
≥0.6

	
≥0.6




	
6

	
Gas channeling

identification factor

	
≥0.6

	
≥0.6




	
7

	
Vertical permeability ratio

	
0.05~0.4

	
0.05~0.4




	
8

	
Water energy

	
pure oil region ≤ 10

	
pure oil region ≤ 20

transitional zone ≤ 5




	
9

	
Permeability/mD

	
≥1000

	
≥500




	
10

	
Oil viscosity/cP

	
≥500

	
≥300
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