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Abstract

:

The natural gas reserves and gas recovery rate of tight gas sandstone reservoirs in the Sulige gas field in the Ordos Basin play a crucial role in China’s natural gas industry. This study aims to enhance the stable production time of the gas field by summarizing the geological characteristics of the tight gas sandstone reservoirs in the Sulige gas field, discussing the challenges in the development of the gas field, and providing recommendations for the development of the reservoirs. The results show that the matrix reservoir properties, effective sand body size, and gas-bearing properties of tight sandstone gas reservoirs in the Sulige gas field exhibit strong heterogeneity characteristics, and the western and northern parts of the basin edge are gas-water mixed storage areas. There are obvious differences in gas well production, cumulative production, production decline rate, and single well dynamic control reserves in different regions. The recovery of gas reservoirs is primarily influenced by reservoir quality and development well pattern. Increasing the well density increases from 1.5/km2 to 4/km2 in the gas field enrichment area, can raise the corresponding recovery rate from 26.0% to about 50% under the existing economic and technical conditions. Therefore, ensuring a stable production of the tight gas sandstone reservoirs in this gas field is challenging. To achieve a long-term stable production of the gas field, it is necessary to promote the refined reservoir description technology and improve the production through various measures such as replenishing fractures in wells with depleted fractures, sidetracking horizontal wells, and re-fracturing, thereby improving the reserve utilization degree. Moreover, implementing the negative pressure gas recovery technology as soon as possible can restore the production capacity of near-depletion wells.
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1. Introduction


With the acceleration of the transformation of clean and low-carbon energy, China’s natural gas consumption has rapidly increased, making it increasingly challenging to ensure the safety of the natural gas supply. To address this issue, it is urgent to increase the development of domestic natural gas resources and improve production and supply capacity [1]. Strengthening the development and utilization of unconventional natural gas resources is a strategic choice to enhance China’s natural gas supply security. Tight sandstone gas is one of the largest types of unconventional natural gas in China [2]. It has huge resource potential and considerable scale reserves, mainly distributed in Ordos, Sichuan, Songliao, and other basins. The tight sandstone gas resources in the Sulige area of the Ordos Basin (Figure 1) account for 83% of the total natural gas resources in the Ordos Basin [3,4]. However, the Sulige gas field faces significant challenges due to strong reservoir heterogeneity, poor physical properties, large irreducible water saturation, large gas seepage resistance, fast gas well energy depletion, small effective sweep range, and low reserves utilization. The Sulige gas field was discovered in 1996 and put into development in 2005. It is now the largest natural gas field in China in terms of reserves and production. The gas field is located in the northern Ordos Basin, with an exploration area of 5 × 104 km2. The gas field can be divided into three regions: the central region, the eastern region, and the western region. Each region exhibits unique geological characteristics and development status. However, after 20 years of exploration and development, the Sulige gas field faces adverse conditions such as poor reservoir quality, cumulative gas production, and a recovery rate of single wells decreasing year by year. To achieve sustained and stable production, it is urgent to deepen the efficient development theory and innovative development mode of complex tight sandstone gas reservoirs. While the middle and eastern areas of the gas field have achieved economies of scale development, the distribution of remaining reserves is not well understood. The western area presents unique challenges due to the complex relationship between gas and water in the reservoir, leading to common water production and wellbore effusion in the gas wells and a rapid decline of pressure and gas production in the production process. The single well productivity and dynamic reserves are far lower than the average level of the gas field. Therefore, this paper systematically summarizes the geological and gas reservoir engineering knowledge obtained in the development process of tight sandstone gas in the Sulige gas field, identifies the difficult problems faced by the continuous and stable production of the gas field, and proposes development suggestions for the tight sandstone gas reservoir in the gas field.




2. Geological Characteristics


2.1. Tectonic Characteristics


The Ordos Basin can be divided into six first-order tectonic units: Yimeng uplift, Weibei uplift, Jinxi flexural fold belt, Yishan slope, Tianhuan depression, and western margin thrust belt. The main body of the Sulige gas field is located northwest of the Yishan slope. The whole gas field is a monocline inclined to the southwest, and the dip angle is less than 1°. Multiple NE-trending nasal uplifts are developed on the monocline, with a width of 5–8 km, a length of 10–35 km, and a fluctuation range of 10–25 m. The low nose uplift structure has no control effect on natural gas accumulation, and the distribution of natural gas is mainly controlled by sand bodies and physical properties. The He-8 and Shan-1 members are mainly braided river sediments, and the sand bodies have good continuity. Coarse lithofacies are developed in the central bank and the bottom of the channel, and the effective sandstone accounts for about 30% of the thickness of the sandstone, showing a sand-in-sand structure [5]. The effective sandstones are lenticular, with poor continuity, and are distributed in all vertical layers, without a dominant layer. Only the lower He-8 member has slightly better tectonic characteristics.




2.2. Matrix Reservoir Characteristics


The sandstone in the He-8 member is similar to that in the Shan-1 member in terms of composition, which mainly consists of lithic quartz sandstone and quartz sandstone, with a small amount of lithic sandstone [6,7]. The sandstone has a large grain size, which is between 0.2–1 mm. The rock types are mainly coarse sandstone, medium-coarse sandstone, a small amount of gravel-bearing coarse sandstone, and medium-fine sandstone. The reservoirs have the characteristics of low porosity and low permeability.



Gas fields have a wide range, and there are great differences in rock composition, composition maturity, and diagenesis between different gas regions, resulting in varying petrophysical properties of the reservoirs. The central and eastern regions have higher permeability. From the perspective of the median porosity, the eastern region has the largest porosity (7.9%), followed by the middle region and the western region. From the perspective of the median permeability, the reservoirs in the middle region have the largest permeability (0.26 mD) where the proportion of samples with ≥0.5 mD is the highest at 30.85% (Table 1) [8].




2.3. Scale Characteristics of Effective Sand Bodies


The effective sand body of the reservoir is small and scattered, and the multi-layer superposition is distributed throughout the whole area. The drilling rate of the layered effective sand body is about 40%, and the combined layer is close to 100%. The middle area of the gas field is the most developed, followed by the east area, and the west area is obviously worse. Through the dynamic and static angles of the dense well pattern data in the whole area, the effective sand body scale of the Sulige gas field is analyzed and demonstrated using field outcrop observation and measurement, fine geological anatomy, unstable well test boundary interpretation, and production dynamic discharge radius analysis. Field outcrop observation is to select reservoir sedimentary outcrops, carry out two-dimensional or three-dimensional measurements and a description of sand bodies, establish an outcrop geological knowledge base, and predict the scale of effective sand bodies in gas fields. For example, the Williams Fork Formation in the South Piceance Basin develops lenticular dense sand bodies. The distribution model of a single sand body of a meandering river point bar is established by using outcrop data, which provides a basis for well-spacing optimization [9]. The fine core description is an important means of effective single sand body thickness analysis. Based on the calibration of the rock–electric relationship, combined with logging data, the effective single sand body thickness of non-coring wells is dissected. Dynamic drainage radius analysis is to analyze the range of deflation by studying pressure and yield data during development (Figure 2). By selecting gas wells with a production time of more than 50 days and basically reaching a quasi-steady state, using pressure and production data, on the basis of comprehensive consideration of artificial fractures, reservoir physical properties and other parameters, the important indexes such as gas well pressure relief range, produced reserves and final cumulative production of gas wells are fitted and determined, and the distribution frequency of gas well pressure relief range is statistically analyzed. The commonly used methods are Blasingame and flow material balance. Unstable well test boundary interpretation (Figure 3) is a kind of seepage mechanics as the foundation, using a high precision pressure gauge and other test instruments to carry out oil and gas well production performance and shut-in recovery data test and research, determine the oil and gas reservoir physical parameters, wellbore and engineering fracturing parameters, and determine the oil and gas well pressure relief boundary distance and geometry of the most scientific and effective method. By optimizing the reservoir model, wellbore and engineering parameter model, and control boundary model, the pressure, pressure derivative double logarithmic curve, pressure semi-logarithmic curve, and pressure change history of oil and gas well test pressure data are comprehensively analyzed and fitted. The types of oil and gas reservoirs and different flow stages, including wellbore storage, near-well artificial fractures, far-well matrix, and boundary control, are distinguished and identified, and the characteristic parameters of each flow stage are obtained. According to the four methods, the width of the effective sand body in the gas field is 452~650 m, and the length is 678~1000 m [10]. In general, from north to south, the thickness of the sand body gradually becomes thinner, the scale of sand body development gradually becomes smaller, and the reservoir heterogeneity gradually becomes worse.




2.4. Characteristics of Gas–Water Relationship


The upper Paleozoic reservoirs in the Sulige gas field contain gas in multiple layers. Influenced by multiple factors such as hydrocarbon generation intensity and regional structure, the gaseous properties of reservoirs in different layers and regions are quite different. The western region near the edge of the Ordos Basin and the northern part of the eastern region have mixed gas–water, with gas saturation of 46.4% and 44.9%, respectively. The effect of hydrocarbon generation intensity and reservoir heterogeneity on the distribution of gas and water in this area was analyzed based on comprehensive static geological characteristics and dynamic response of production, as demonstrated in Figure 4. The results show that the gas–water distribution is mainly controlled by fracture, reservoir physical properties, and micro-amplitude structure. The better the reservoir’s physical properties, the better the gas content; the reservoirs in the middle and high parts of the micro-amplitude structure generally have good gas-bearing properties in the lower parts. The nose structure is developed in the Sulige gas field, and the nose uplift becomes the priority target for well deployment. For the superimposed development area of multiple sets of gas-bearing strata in the longitudinal direction, if there is a stable mudstone interlayer between the gas-bearing strata, it is shown as ‘lower gas and upper water’. The gas-bearing property of the lower strata is obviously better than that of the upper strata. Logging interpretation results show that the lower strata are mostly gas reservoirs, and the upper strata are mostly gas–water reservoirs and gas–water reservoirs. If there is no stable mudstone interlayer between each layer or there is a tensile fracture around it, it is shown as ‘upper gas and lower water’, and the gas content of the lower layer is worse than that of the upper layer (Figure 4).





3. Characteristics and Challenges of Gas Field Development


3.1. Gas Recovery Indices


The reservoirs in the Sulige gas field have poor petrophysical properties, strong heterogeneity, high irreducible water saturation, large gas seepage resistance, rapid gas well energy depletion, small effective scope, and low reserve utilization degree [11,12,13]. Due to the characteristics of the reservoir, the pressure and yield of gas wells decrease rapidly initially and then become stable in the later stage. As shown in Figure 5, after 1–2 years of production, the gas well has maintained a low-pressure production state of 6 Mpa.



The characteristics of gas production in each region of the Sulige gas field are significantly different (Figure 6). The effective sand bodies in the central region have large thicknesses, large quantities, and large scope, which provide a favorable material basis for pressure retention and gas supply. The gas wells have high yields, and the yield per unit pressure drop is large. In the first three years, the average daily production of a single well was 11,000 m3, and the average cumulative production of a single well was 18.1329 million m3.



In the eastern region, the effective sand bodies have small thicknesses and quantities, and limited scope. Gas wells generally have the characteristics of pressure drop in the early stage, low production in the later stage, and low gas recovery per unit pressure drop. In the first three years, the average daily yield of a single well was 9600 m3, and the average cumulative production of a single well was 11.5122 million m3.



In the western region, due to the large water saturation in the effective reservoir and the mixed distribution of gas and water layers (Figure 7), both gas and water were produced after the reservoir was hydraulically fractured, and there was basically no water-free gas production period. The gas production rate declined rapidly, and the water–gas ratio increased, resulting in low cumulative production. In the first three years, the average daily yield of a single well was only 8000 m3, and the average cumulative production was 10.227 million m3. The proportion of low-yield and low-efficiency wells was over 60%, and even as high as 80% in the Su 120 area, where the average water–gas ratio reached 1.4 m3/104 m3.




3.2. Single Well Production Decline Rate


As shown in Figure 8, the gas wells in the gas field show depleting decline characteristics. The production decline rates of vertical wells in the first 3 years were 25.9%, 23%, and 20.6%, which gradually decreased to 10% in the later stage. The average annual decline rate for an 11-year production period was 17.1%. The decline rates of horizontal wells in the first three years were 34.51%, 28.08%, and 23.45%, which gradually decreased to about 14% in the later stage. Due to the differences in reservoir quality, the decline rates in different regions are greatly different. Due to water production in the western region and tight reservoirs in the eastern region, their decline rates were both higher than that in the central region.




3.3. Dynamically Controlled Reserves of Single Wells


Currently, the prediction of controlled dynamic reserves in the Sulige gas field is generally carried out using the rate transient analysis method [14]. In this method, the geological characteristics of the reservoir and the dynamic well data are mainly used to analyze the controlled reserves and reserve utilization degree of the gas well. It should be noted that the method requires the gas well seepage to be in a quasi-steady state as controlled by the boundary. In this study, the dynamic data of more than 2500 wells that have been produced for at least three years in different regions of the Sulige gas field were selected for analysis. After obtaining the geological characteristics of the reservoir, a mathematical model was established based on relevant parameters such as seepage boundary, skin factor, and artificial fracture half-length, which were used to fit historical production data (e.g., production rate and bottom-hole pressure), such that the results of the numerical model were consistent with the actual production data, thereby determining the controlled dynamic reserves of the gas wells (Figure 9). Gas wells in tight gas reservoirs are usually put into production after hydraulic fracturing. Current evaluation methods taking into account fracturing include four typical methods, namely, the Blasingame method, normalized pressure integral method (NPI), Agarwal–Gardner method (AG), and rate transient analysis (RTA), as well as analytical models established through the consideration of pressure history. At present, these four evaluation methods have been embedded into the mature commercial software HIS Harmony 2018, which can be used to obtain the bottomhole flow pressure of the gas well through the wellhead pressure and daily gas production of the gas well, and combining the attribute parameters of the reservoir and fluid (such as permeability, gas saturation, gas compressibility factor and other attribute parameters obtained in laboratory and field). The dynamic controlled reserves of gas wells can be obtained by matching the bottomhole flowing pressure of gas wells.



Through numerical model calculation and curve fitting, it was finally determined that the single well controlled dynamic reserves of the gas field are 22.3 million m3 in the central region, 20.1 million m3 in the eastern region, and 16.43 million m3 in the western region (Figure 10).





4. Gas Reservoir Development Status and Challenges for Sustainable and Stable Production


4.1. High-Quality Reservoirs


The high-energy superimposed channel in the central region of the Sulige gas field has been almost excavated, and the target of development has shifted to the low-energy superimposed channel and the channel–bay transition region. From 2006 to 2010, the number of completed wells that were drilled through high-energy superimposed channels accounted for 32.3%. This number has decreased by 13.5% to only 18.8% from 2016 to 2020. In comparison, the number of completed wells that penetrated the low-energy superimposed channels increased by 9.2%, and the number penetrating the channel–bay transition region increased by 5.2%. In the central region, 85% of the remaining reserves are located in the low-energy superimposed channels and the channel–bay transition region.



In the peripheral areas such as the northern part of the eastern region and the western region, the geological conditions of the reservoirs also deteriorated year by year, which mainly manifested in the decrease in the thickness of dominant reservoirs and the decrease in gas saturation. According to the statistics of reservoirs penetrated by completed wells, the proportion of wells penetrating Type I reservoirs decreased year by year, while the number of wells that penetrated Type II reservoirs did not change; yet, the gas saturation of such reservoirs still declined significantly.




4.2. Comparison of Recovery Indices between New and Old Wells


Taking the gas wells in the central region of the Sulige gas field that were in production for at least three years as an example, the cumulative production of the gas wells was predicted by the production decline curve and the rate transient analysis method. The gas production in the first three years of the gas wells that were put into production between 2006 and 2010 was more than 1000 × 104 m3 (average: 1200 × 104 m3), and the predicted final cumulative production was over 2200 × 104 m3 (average: 2600 × 104 m3). For the wells that started production between 2011 and 2016, the cumulative production in the first 3 years was on average 1010 × 104 m3, and the predicted final cumulative production was between 1600 × 104 and 2100 × 104 m3, with an average of 1820 × 104 m3. In summary, the cumulative production in the first three years and the predicted final cumulative production of gas wells put into production prior to 2011 were relatively high compared to those put into production after 2011.



The main reason for the decline in the cumulative production of gas wells is the deterioration of reservoir geological conditions. Before 2010, the reserve abundance in the area was 1.65 × 108 m3/km2, and after 2011, it dropped to 1.33 × 108 m3/km2. A secondary reason is inter-well interference. For example, in the horizontal wells, the skeleton wells (the vertical wells deployed before the horizontal wells are used to determine the petrophysical properties and gaseous properties of the reservoir) are only 350–400 m away from the target point of the horizontal well; that is, there is obvious interference between the wells. Compared with non-skeleton wells, the final cumulative production of skeleton wells was 18–35% lower. After increasing the well density in the block from 2 wells/km2 to 4 wells/km2, the final cumulative production of the later-drilled infill wells decreased by 10–23% compared to that of the initial wells. Therefore, it is foreseeable that as the development continues, the final cumulative production of subsequent wells will continue to decline.




4.3. The Gas–Water Relationship in the Reserve Replacement Area


The western region of the Sulige gas field is a key reserve replacement area for subsequent stable production. The region is close to the gas reservoir boundary and is located in the gas–water transition zone. The low hydrocarbon generation intensity results in an incomplete displacement of the original formation water in the process of natural gas migration and accumulation. In most of the reservoirs, gas, and water coexist in the same layer, and the gas layers are relatively poorly developed and limited in distribution. The degree of natural gas saturation and enrichment is low, resulting in large water saturation in the effective reservoir. Some gas layers have low resistivity, and during production, there is often gas–water co-production and wellbore fluid accumulation, which is very different from the common gas layers that have high resistivity and no water production. Through the intersection analysis of resistivity–acoustic wave and resistivity–density, it was found that the resistivity of the effective reservoir is between 10 and 100 Ωm, the time difference between acoustic waves is between 210–250 μs/m, and the density is 2.4–2.6 g/cm3. Thus, it is difficult to distinguish the gas layer, the gas–water layer, and the gaseous layer.



Due to the large water saturation in the effective reservoir and the mixed distribution of gas and water layers, gas wells usually produce both gas and water after the reservoir is fractured. There is basically no water-free gas recovery period. Gas production declines rapidly, and the water–gas ratio increases accordingly, resulting in low cumulative production. The average water-to-gas ratio in the western area of the Sulige gas field is 0.68 m3/104 m3. In the three developed wells, i.e., Su 47, Su 48, and Su 120, the gas production is severely affected by water production, and the proportion of low-yield and low-efficiency wells is higher than 60% and even reached 80% in the Su 120 well block. The average daily gas production per well of 11 of the 15 stations in the three well blocks is less than 1 × 104 m3, and the average water–gas ratio is 1.4 m3/104 m3.




4.4. Dense Well Pattern Is an Effective Way to Improve the Recovery of Tight Sandstone Gas Reservoirs


The Sulige gas field has implemented a pilot test area of a dense well pattern in the middle area, and the geological conditions of the test area are relatively good [15,16]. The average porosity of the reservoir is 10%, the average permeability is 0.55 mD, the average effective reservoir thickness is 7.0 m, and the average gas saturation is 64.8%. Through geological anatomy and inter-well interference test, the variation law of interference probability and cumulative gas production of a single well is statistically analyzed. The relationship between well pattern density and interference probability, recovery rate, and yield rate in the middle area of the Sulige gas field is established by taking into account economic evaluation. The well spacing/row spacing of the vertical well pattern is optimized from 600 m/1200 m to 500 m/650 m, and the well pattern density is increased from 1.5 wells/km2 to 4 wells/km2. This optimization leads to a corresponding increase in recovery rate from 26.0% to 50% (Figure 11), which provides a basis for the deployment of a large well group and multi-well type combinations. From the perspective of implementation effect, the well spacing/row spacing is 500 m/650 m in the test area, and the predicted recovery rate has achieved the expected effect; however, the one-time overall deployment has significantly reduced the proportion of high-yield gas wells, which needs to be taken into account for future deployment.





5. Recommendations for Achieving Stable Production


5.1. Dynamic–Static Refined Reservoir Description Technology


Because of the well pattern and the heterogeneity of the reservoir, the Sulige gas field has seriously fragmented reserves. To achieve long-term stable production, it is critical to obtain the spatial distribution characteristics of the remaining reserves. Accurate evaluation of the remaining reserves requires research from the following three aspects [17,18,19,20].



According to the effective single sand body scale width range of 452~650 m, length range of 678~1000 m, set up 600 m × 800 m main development well pattern. Carry out fine division and comparison of sublayers; the sublayer division should reach the single sand body level. Existing drilling and logging data, especially horizontal well logging while drilling data should be fully utilized to finely characterize the sublayers.



Based on the effective sand bodies of the sublayers, understand the changes in reservoir porosity and gas saturation, and recalculate the reserves of each sublayer.



Establish the evaluation standard for the drainage radius. Fully utilize the static and dynamic data of single-layer wells and the gas production profile of multi-layer wells, establish the relationship between the static parameters and the drainage radius, and then determine the degree of reserve utilization according to the reconstruction scale.



Preliminary development practice shows that vertical/directional wells are conducive to the effective production of vertical multi-layer reserves, while horizontal wells are conducive to the effective production of single-layer reserves. Based on the refined reservoir description, taking the well block as a unit, the vertical/directional well targets, horizontal well trajectory, and length could be optimized to achieve reserve control, maximize the yield and recovery factor of well blocks, and improve the development of tight gas sandstone reservoirs.




5.2. Low-Cost Reserve Utilization Technology


In the Sulige gas field, different measures have been implemented to utilize remaining reserves, such as replenishing fractures in wells with depleted fractures, sidetracking horizontal wells, and re-fracturing, which have yielded promising results. In 2020, the average open flow capacity of the treated wells reached 35 × 104 m3/d, and the scale of the first two measures has also been expanding. Replenishing fractures in wells with depleted fractures is mainly aimed at unproduced high-quality reservoirs, and sidetracking in old wells is mainly aimed at areas with relatively concentrated remaining reserves and large spacing to improve the well pattern. However, these measures [21,22] alone are not enough to fully utilize the remaining reserves. We believe that more technologies are needed, at least from the following two aspects: (1) For areas where the remaining recoverable reserves between wells are small (<1000 × 104 m3) and the well density cannot be increased at the current stage, sidetracking can be used. The single well cost of sidetracking directional wells should be within 2/3 of the cost of new vertical/directional wells, thereby reducing the economical limit of gas production of sidetracking wells to 800 × 104 m3. (2) An amount of 15% of gas wells in the central region of the Sulige gas field have a high reserve abundance (>1.2 × 108 m3/km2), but a low permeability (≤0.3 mD) or a large water saturation (45–55%). The reservoir in the near-well area is affected by fracturing fluid contamination or water block, resulting in a low final cumulative production (less than 1000 × 104 m3). It is thus necessary to carry out a re-fracturing test. By using harmless fracturing fluid, not only are the original pressure fractures filled, but diverted fracturing is achieved, thereby realizing the reuse of old wells.




5.3. Reasonable Production Schedule Optimization


The gas wells in the western region of the Sulige gas field typically produce water and gas, and the reservoir aquifer has a significant impact on the gas seepage capacity. The gas expands and squeezes the water. Under the influence of pressure gradient, the gas seepage capacity decreases and the water seepage capacity increases [17,23,24,25]. Hence, it is necessary to comprehensively consider the liquid-carrying capacity and the degree of pressure control of gas wells and to adopt a reasonable production schedule to achieve stable production. Ref. [26] proposed the dynamic production optimization method, which comprehensively considers the principle of material balance, gas well deliverability, wellbore temperature, and pressure distribution, and continuous liquid carrying theory. The gas distribution was kept slightly higher than the critical liquid-carrying flow rate at the wellhead at the initial stage of production, thereby fully utilizing the liquid-carrying potential of gas wells, reducing drainage gas recovery, reducing production costs, and improving the ultimate recovery rate. When the method was applied to water-producing gas wells, the continuous liquid-carrying gas production wells accounted for about 90% of all wells on average, and the drainage gas recovery wells were only about 10%. Thus, the method not only ensures the recovery rate but also improves the development efficiency of gas wells.




5.4. The Negative Pressure Gas Recovery Technology


By reducing the oil pressure at the wellhead of the gas well, the final cumulative production of the gas well can be increased [27,28,29,30,31,32]. More than 60% of the gas wells in the Sulige gas field have an average daily gas production below 0.5 × 104 m3, and the production of about 10% of the gas wells is below 0.1 × 104 m3. The oil pressure at the wellhead of these low-yield gas wells is mainly between 1.5 and 2.5 MPa. By using the negative pressure technique, the gas recovery rate of the reservoir can be effectively improved, and at the same time, it reduces the capital investment of drainage gas recovery measures.





6. Conclusions


In this study, we summarized the geological characteristics of tight gas sandstone reservoirs in the Sulige gas field in the Ordos Basin, as well as the recovery indices, and analyzed the challenges for the development of the gas field. Further, we proposed recommendations for the development of tight gas sandstone reservoirs in the gas field, which provide support for achieving stable production of the gas field. The conclusions of this study are as follows:




	(1)

	
The dominant He-8 member of the Sulige gas field is a braided river sedimentary system, with complex sand body superimpositions in the channels. The effective sand body and petrophysical and gaseous properties of reservoirs have strong non-homogeneity. In some localized areas, the gas–water relationship is complex. There are significant differences in the gas yield, cumulative production, and decline rate between different regions. The gas wells do not have a clear stable production period, and the production declines rapidly in the initial stage.




	(2)

	
The average daily production of the production wells in the central, eastern, and western areas of the Sulige gas field in the first 3 years was 11,000 square/day, 96,000 square/day, and 8000 square/day, respectively. The cumulative gas production was 1813.29 million square, 1151.22 million square, and 102.27 million square, respectively. The average decline rates were 15%, 16.9%, and 18.4%, respectively. The comparison of actual production results shows that there are obvious differences in gas well production, cumulative gas production, and decline rate in different regions. There is no obvious stable production period in gas wells, and the initial production decreases rapidly.




	(3)

	
Currently, the high-quality reservoirs in the developed regions have a high degree of reserve utilization, and there is a clear trend of worsening and fragmentation of reserves. Moreover, due to the influence of low-quality reserves and inter-well interference, the gas recovery indices of wells put into production in recent years are significantly lower compared with that in the early production stage of the gas field, and the decline rate is higher. In the non-development regions, the quality of reserves is low, and the gas–water relationship is complex, with severe low-yield and fluid accumulation phenomena. It is challenging to improve the recovery factor and achieve effective reserve utilization.




	(4)

	
In order to achieve long-term stable production of the Sulige gas field, it is necessary to promote the dynamic–static integrated refined reservoir description technology and improve the degree of reserve utilization via various measures such as replenishing fractures in wells with depleted fractures, sidetracking horizontal wells, and re-fracturing. In addition, negative pressure technology can also be applied as soon as possible to restore the production capacity of near-depletion wells.
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Figure 1. Topographic map of Sulige gas field. 
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Figure 2. Evaluation of gas drainage area. 
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Figure 3. Evaluation of interference well testing. 
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Figure 4. Well connection profile of gas reservoir in west Sulige gas field. 
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Figure 5. Proportion of gas recovery under low pressure (6 Mpa) in 28 early production wells of Sulige gas field. 
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Figure 6. Comparison chart of daily average gas production curve of three blocks in Sulige gas field. 
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Figure 7. Relationship between cumulative gas production and water gas ratio of a single well in Sulige west area. 
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Figure 8. Curve of decline rate of each block in Sulige gas field. 
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Figure 9. Production instability analysis method of the S well in the central area of Sulige gas field. 
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Figure 10. Well-controlled reserves of single well in each block of Sulige gas field. 
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Figure 11. Stage diagram of recovery rate changing with well pattern density. 
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Table 1. Reservoir petrophysical properties in different regions of the Sulige gas field.






Table 1. Reservoir petrophysical properties in different regions of the Sulige gas field.





	
Region

	
Permeability (mD)

	
Permeability Distribution

	
Porosity

	
Porosity Distribution




	
Mean

	
Median

	
<0.1 mD

	
0.1–0.5 mD

	
0.5–1 mD

	
>1 mD

	
Mean

	
Median

	
<5%

	
5–10%

	
>10%






	
Central

	
1.51

	
0.26

	
25.60%

	
43.56%

	
21.05%

	
9.80%

	
7.4%

	
7.3%

	
24.6%

	
55.9%

	
19.5%




	
Eastern

	
0.74

	
0.21

	
26.67%

	
52.87%

	
10.36%

	
10.10%

	
8.2%

	
7.9%

	
21.3%

	
48.9%

	
29.7%




	
Western

	
1.58

	
0.17

	
33.84%

	
45.50%

	
10.63%

	
10.08%

	
7.3%

	
7.1%

	
24.0%

	
58.0%

	
17.9%
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