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Abstract

:

With the increasing energy demands of current modern society, underground gas storage (UGS) in gas fields is the most popular type of UGS used to meet the seasonal variation of gas consumption. However, compared with gas fields, UGS in gas fields has the characteristics of periodic high-speed injection and production of exploitation modes and operation rules, which causes the rules of gas-water seepage and utilization of reserves to be more particular and complicated. In this paper, based on Wen 23 gas storage, the rules of multicycle injection and production flow and the utilization of UGS pore volume were investigated. The experimental results showed that variation in porosity and permeability caused by injection and production pressure changes in Wen 23 gas storage can be neglected. The pore volume of gas storage and the degree of gas recovery increased gradually in the pre-UGS gas zone, which was higher than that of reservoirs. In the initial stage of UGS operation, the pore volume of gas storage and the degree of gas recovery were low in the gas-drive-water gas zone as a result of water invasion during the process of reservoir exploitation. During operation of multicycle high-speed injection and production, the seepage conditions in the gas-drive-water gas zone gradually improved. The higher the reservoir permeability, the greater increases in pore volume and degree of gas recovery. In the gas-water transition zone, gas and water were reciprocated and displaced with the multicycle injection-production of UGS, resulting in the gradual deterioration of pore volume and gas recovery, which remained stable at a low value. The negative effects of reservoir heterogeneity on the effective utilization of UGS occurred in the gas-water transition zone. These findings may contribute to a better understanding of the rules of multicycle injection and production flow and utilization of UGS to optimize the injection-production efficiency of Wen 23 gas storage.
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1. Introduction


Natural gas, the cleanest fossil fuel and a potential substitute energy, plays an important and increasingly recognized role in meeting the world’s energy demands [1,2,3]. According to the US Energy Information Administration (EIA), over the next 20 years, the average growth rate of natural gas demand in China is likely to be over 11% per year, far ahead of developed countries and other developing countries. These data suggest that natural gas will be in great demand in the future [4]. With rapid development of the natural gas industry in China, the fluctuations and crises that arise from imbalances in the seasonal demand for natural gas are becoming increasingly prominent [5,6]. Due to this seasonal variation in demand, natural gas is often stored during low-consumption seasons and withdrawn during high-demand seasons [7]. The main storage methods of natural gas are underground gas storage (UGS), LNG (liquefied natural gas), gas storage tanks, and pipeline gas storage. Among these, UGS is the most popular type of gas storage project [8,9,10]. UGS involves storing a mass volume of natural gas within the porous media of cores at different depths [4]. Its main function of operation is the transmission of natural gas from one reservoir to another closer to the consumer market to avoid volatility of natural gas supply and economical demand. Since the first successful UGS was piloted in 1915 in Canada, 715 UGSs have been established globally, with this number still increasing [6,11]. UGS is regarded as the key to maintaining the reliability, integrity, and capability of the Nation’s natural gas transmission and distribution network [12]. At present, four main classifications of UGS exist, namely, underground gas storage in gas-oil fields, aquifer reservoirs, salt cavern reservoirs, and abandoned mines [13]. Gas storage based in depleted gas reservoirs is the most commonly used and economical form of underground gas storage in the world. One of the key advantages of depleted gas reservoirs is that they accommodate easy, low-cost gas storage because they possess appropriate permeability characteristics and pore connectivity [14]. Some data, including geological characteristics, petrophysical properties, capacity, pressure, and production history of depleted gas-oil reservoirs, were thoroughly investigated and well recorded, allowing the employment of computer models in the oil and gas industries to simulate the injection-production process of underground gas storage [5,9,15]. Furthermore, the sound and efficient infrastructure originally used to produce and transfer gas from depleted fields can be utilized for storage operations. In addition to the above advantages, high-pressure gas injection significantly positively impacts the recovery of the remaining hydrocarbon in depleted gas-oil reservoirs [16,17,18]. According to statistics, the working gas volume of UGS in gas field accounts for about 75% of the total working gas volume of stored gas globally, which is the most important underground gas storage peak shaving facility [19,20].



Before planning UGS construction, an investigation regarding the relationship between gas storage capacity and market demand is crucial [21]. UGS operation design depends on reservoir location and performance, which is always close to the consumer market. Further, parameters such as trap dynamic sealing capacity, well integrity, capacity, pressure, permeability, and the production history of the field should be carefully analyzed to avoid UGS gas leakage and operation failure. Generally, the life cycle of UGS mainly includes four stages, namely, site selection, construction, operation, and abandonment [22]. The construction and operation processes occupy the greatest parts of the UGS lifecycle, in which injection-production faces many particularities and challenges. Compared with foreign depleted gas reservoirs, reservoirs to build gas storage in China characteristically demonstrate strong reservoir heterogeneity, water invasion, and complex formation fluid distribution [19]. In the middle and late stages of gas reservoir development, with the intrusion of the edge or bottom water, the actual storage spaces in the reservoir became smaller, and different fluid distribution areas are formed in the longitudinal and traverse planes of the reservoir. During the injection and production operations of the gas storage, the gas-water interface moves downward when gas is injected and the moves upward when gas is produced [22]. The storage space of UGS can be divided into four zones by gas-water interface, namely, the pre-UGS gas zone, the gas-drive-water gas zone, the gas-water transition zone, and the watered-out zone [23,24,25]. During gas storage, the injection and production wells alternately inject and produce for long periods of time to meet the peak shaving requirements, with the fluid seepage velocity being much higher than during gas reservoir development. This phenomenon has two effects. On one hand, there is a change in the physical properties of the reservoir due to repeated water intrusion [26,27]. On the other hand, the rule of multiphase fluid seepage is different from the development of conventional gas reservoirs during high-speed injection and production. High-speed fluid flow inevitably exacerbates the impact of reservoir heterogeneity [28]. Underground gas storage facilities rebuilt from gas reservoirs present sound gas reservoir data and gas well production data, so reservoir models and numerical simulations are often used to predict hydrocarbon movement and trapping and the injection and production operation processes of gas storage [9,15,17,29,30,31]. However, compared to reservoir exploitation, the formation of physical properties changes due to repeated water intrusion during the injection-production operation of UGS. In addition, due to the periodic high-speed injection and production characteristics of UGS, the seepage rules are also different from reservoir exploitation. Therefore, this difference leads to inaccurate numerical simulations based on gas reservoir data and gas well production data. So far, few studies have provided a comprehensive and systematic understanding of the injection-production capabilities and seepage characteristics of the multicycle operations of UGS in gas fields. Therefore, it is necessary to conduct a systematic study on the changes in physical properties of UGS due to repeated intrusion of water and the multiphase seepage rules during the high-speed injection-production operation.



Specifically, the following issues are addressed in this work: (1) the variation in permeability and porosity involved in the operation of UGS, and (2) the rules of multicycle injection and production flow and UGS utilization in various storage zones. In this study, sample cores with different permeability levels were selected based on the reservoir characteristics of Wen 23 UGS. Then, physical simulation methods for different UGS zones and the test to evaluate formation damage were established and conducted to understand the seepage rules. Meanwhile, the effects of the permeability and reservoir heterogeneity properties on the variation of pore volume and gas recovery in UGS were studied. These findings may contribute to a comprehensive and systematic understanding of the rules of multicycle injection and production flow and utilization of UGS in gas fields.




2. Field Description


2.1. Reservoir Location and Characteristics


Wen 23 underground gas storage rebuilt from Wen 23 gas fields is the first super-large gas storage facility in China, with a storage capacity of 10 billion; it is expected to solve the problem of peak shaving of many pipelines in North China. Wen 23 gas fields are located in Pu yang, Northern Henan province. Its geographical location is close to the economically developed eastern parts of China and has the geographical advantage of connections between multiple long-distance pipelines. As the largest sandstone dry gas field in eastern China, it extends over an area of 11.76 km2 and the proven total reserves of natural gas make up 132.79 billion m3. Wen 23 gas fields are characteristically abundant in reserves, have high pressure, and exhibit gas drying, development of edges, and bottom water. The initial reservoir pressures range from 38.62 to 38.87 MPa, the formation temperatures range from 113 to 120 °C, the formation depths range from 2750 to 3120 m, the formation pressure coefficients range from 1.1 to 1.27, and the formation water salinity levels range from 260,000 to 30,000 ppm. The gas fields are divided into the main block, east block, south block, and west block by four faults. Among them, the main block demonstrates the widest gas-bearing area and resources. Furthermore, each block has a good sealing capacity of trap dynamics and unified water-air interface, which provide convenient conditions for the rebuilding of the underground gas storage. The formation pressures of each block show synchronized decreases during production. By the end of December 2015, the cumulative gas production of 57 wells in the main block of the Wen 23 gas field was 94.07 × 108 m3. After 30 years of development, the Wen 23 gas field is already exhausted. The main formation of the average pressure decreased from 38.75 to 3.5 MPa, and the pressure coefficient decreased from 1.30–1.35 to 0.10–0.60. Meanwhile, the water-air interface of each independent block rose to 2–10 m.




2.2. Petrophysical Characteristics of the Reservoir


Generally, cores from coring formation provide a relatively complete reservoir data for parameter calculations [5]. According to the statistical analysis of the full-diameter core samples collected from the Wen 23 gas fields, the porosity ranged from 8.86% to 13.86% and was 11.36% on average, with the permeability distributed mainly in 0.27 × 10−3 μm and 17.12 × 10−3 μm and an average of 8.696 × 10−3 μm, as shown in Figure 1. According to the sandstone reservoir classification criteria, the gas field reservoir is divided into three types: Class I, K > 10 × 10−3 μm; Class II, 1 × 10−3 μm < K< 10 × 10−3 μm; and Class III, K < 1 × 10−3 μm.



According to the results obtained by core observation, casting slices, and electron microscope scanning, the main reservoir space of the Wen 23 fields is composed of secondary intergranular corrosion pore. Furthermore, according to the results of X-ray diffraction analysis, the main clay mineral type in the rock is illite and illite mixed layer, with average proportions of 58.9% and 27.3%, respectively. Illite is a fast-sensitive mineral, which easily causes particle migration and blocks formation. The illite mixed layer is a mineral that swells in water and easily causes clay expansion and dispersion, resulting in formation damage.





3. Experimental Samples and Methods


3.1. Multi-Cycle Formation Damage Evaluation by Flow Test


During the cyclic injection-production operation of the gas storage, the pressure of the fluid in the reservoir varies between cycles, resulting in the net overburden stress also changing periodically. Therefore, it is critical to study the characteristics of physical parameters in UGS under various net overburden pressures. This experiment aimed to investigate the variation in permeability and porosity involved in the UGS operation process. Cores samples representing different reservoir types were selected for this investigation. The basic properties of the core samples used in this experiment are shown in Table 1.



Various methods were proposed to study the stress sensitivity of reservoirs; among them, the confining pressure lifting method is one of the simplest and most practical test methods [32]. The measuring instrument is the “CMS-300 overburden permeability-porosity tester” developed by American Core Lab company, which can realize the measurement of permeability and porosity under overpressure. This method was modified from the confining pressure lifting method, with the principal steps as follows:




	
The confining pressure was gradually increased to 5, 10, 20, 30, 40, and 50 MPa while measuring the permeability and porosity of the core samples, respectively.



	
The confining pressure was gradually reduced to 50, 40, 30, 20, 10, and 5 MPa while measuring the permeability and porosity of core samples, respectively.



	
Steps 2 and 3 were repeated three times.



	
At the end of the experiment, the data were analyzed comprehensively.









3.2. Physical Simulation Experiment of Multi-Cycle Injection and Production in UGS


As mentioned in the literature review, the UGS formation is divided into four zones, namely, the pre-UGS gas zone, the gas-drive-water gas zone, the gas-water transition zone, and the watered-out zone [25]. Among them, the pre-UGS gas zone, the gas-drive-water gas zone, and the gas-water transition zone are the gas storage spaces of UGS. The pre-UGS gas zone refers to the zone above the water-gas interface in the depleted gas reservoirs without the invasion of water. Further, the pre-UGS gas zone experiences no water intrusion during the multicycle injection and production of UGS. The gas-drive-water gas zone is located between the gas-water interface corresponding to the lower limit pressure of the gas storage and the initial gas-water interface. At the end of gas reservoir exploitation, the gas-drive-water gas zone is invaded by water, but this water is displaced during the gas injection stage of UGS. No water intrusion exists during the multicycle injection and production processes of UGS in the gas-drive-water gas zone. The gas-water transition zone is located between the gas-water interface corresponding to the lower and upper pressure limits of the gas storage. During multicycle injection and production of UGS, gas-water reciprocation exists in the gas-water transition zone. This experiment aimed to investigate the rules of injection-production flow in the UGS operation process. The design of the experimental scheme in this paper was based on the characteristics of each gas storage zone and the characteristics of high-speed UGS injection and production. The cores selected in this experiment showed a uniform diameter of 3.8 cm and length of 6.5 cm. The confining pressure was 68 MPa and the operating pressure of gas injection and production was 18–38 MPa. Flows chart of the experiment are illustrated in Figure 2 and Figure 3. The basic properties of the core samples and the experimental scheme used in this experiment are shown in Table 2.



To mimic the actual operation of UGS, the physical simulation experiment was roughly classified into three stages:




	
Simulation of gas reservoir accumulation. Firstly, gas was injected from the left end of the core holder. When the core was driven from the saturated water state to the bound water state, the right end of the holder was closed. Then, gas was injected slowly from the left end of the core to reach the required reservoir pressure.



	
Simulation of gas reservoir exploitation. Gas was produced via constant flow from the left end of the core to reach the required depletion pressure of the gas reservoir. No water invasion was present in the simulation of the pre-UGS gas zone at this stage.



	
Simulation of multicycle injection-production in UGS. Firstly, gas was injected at high speed from the left end of the core to reach the upper pressure limit of the UGS operation, 38 MPa. Then, after the pressure distribution in the core was balanced, gas was produced at high speed from the left end of the core to the lower pressure limit of the UGS operation, 18 MPa. The injection-production process was repeated to complete six injection-production cycles. No water invasion was present in either the simulation of the pre-UGS gas zone or the gas-drive-water gas zone during this stage.










4. Results and Discussion


4.1. Characteristics of the Stress Sensitivity of Permeability and Porosity


The intrinsic form of the change in reservoir rock caused by the change in effective pressure is mainly the tension and compression of the pore and rock frame [33]. This change is expressed by variation in permeability and porosity [32]. This section attempts to discuss the variation in permeability and porosity involved in the UGS operation process. Regression analysis was used to process the data of this experiment, which were normalized to obtain the normalized permeability and porosity curves.



Figure 4 provides the results obtained from the preliminary analysis of the variation in permeability and porosity. The vertical axis indicates the relative permeability and porosity, which is the relative ratio of the original permeability and porosity levels, respectively. According to the results, both the permeability and porosity decreased alongside the net overburden pressure (confining pressure minus interstitial fluid pressure). However, the decrease in permeability was greater than the decrease in porosity. When the net overburden pressure increased to 50 MPa in the first pressure boot, the permeability stress sensitivity index (  1 −  K   K 0     ) and the porosity stress sensitivity index (  1 −  ϕ   ϕ 0     ) were 0.17 and 0.11, respectively, illustrating that permeability is more sensitive to changes in net overburden pressure than the porosity. During the initial change in net overburden pressure (5–30 MPa), the permeability and porosity change ranges were larger. With the further increase of net overburden pressure, the porosity permeability change range was small. Further analysis showed that as the levels of pressure-boost and pressure-relief increased, the curves of permeability and porosity with net overburden pressure tended to be gentle, demonstrating that the permeability stress sensitivity and porosity stress sensitivity gradually decreased.



The burial depth in the middle of Wen 23 UGS is about 2900 m. According to the empirical formula, the pressure of the overlying strata is about 68 MPa. The operating pressure of the gas storage is 18–38 MPa and the change range of the net overburden pressure during multicycle injection and production in UGS is 30–50 MPa. Therefore, the porosity and permeability rates within the range of net overburden pressure could be calculated based on experimental data.



The calculation formula was as follows:


  Δ ϕ =    ϕ  30   −  ϕ  50      ϕ  30     × 100 %  



(1)






  Δ K =    K  30   −  K  50      K  30     × 100 %  



(2)







   ϕ  30    ,    ϕ  50    ,    K  30    ,    K  50     stand for the porosity and permeability measured under confining pressures of 30 and 50 MPa, respectively.



The results of the correlational analysis are presented in Table 3. From Table 3, it can be seen that under the operating pressure of the gas storage, the porosity and permeability of the reservoir experienced little change. The permeability change rate of the three types of reservoirs in Wen 23 gas storage was between 0.3% and 3.5%, and the porosity change rate was between 0.32% and 2.67%. Further analysis shows that the change rate of permeability and porosity become smaller as the number of pressure-boost and pressure-relief increases. Take A1 for example, the change rate of permeability and porosity in the first pressure-boost is 3.5% and 2.67%, while in the third pressure-boost is 0.76% and 1.9%, respectively. This shows that after several times of pressure-boost and pressure-relief, the pore structure of formation tends to a new stable equilibrium state, and the deformation of pore structure caused by the pressure change is getting smaller. Therefore, the changes in reservoir porosity and permeability caused by injection and production pressure changes in Wen 23 gas storage were negligible.




4.2. Characteristics of Multi-Cycle Injection and Production Flow in the Pre-UGS Gas Zone


4.2.1. Variation Characteristics of Gas Saturation in the Pre-UGS Gas Zone


Figure 5 provides the experimental data regarding the variation of gas saturation during multicycle injection-production in the pre-UGS gas zone. The average gas saturations of the three types of reservoirs during gas injection-production were 67.75%, 58.54%, and 44.84%, respectively. Figure 5 shows that gas saturation increased with the injection-production cycle, suggesting that the characteristics of high-speed multicycle injection and production in UGS were conducive to the increased gas-containing pore space. This result may be explained by the fact that as the injection-production cycle increased, the rapid flow of gas in the pore throat development area continued to carry bound water for production. Meanwhile, the water film deposited in the small pore throat was concentrated to the larger throat under the wetting function and then carried out by the gas, which functioned to release the storage space occupied by the formation water and dead gas zones.



Further analysis of the data revealed small but significant negative correlations between permeability and the amplitude of gas saturation increase, as shown in Figure 6. After six injection and production cycles, the gas saturation increases of B1, B2, and B3 were 5.73%, 9.91%, and 22.05%, respectively. Therefore, it seems that reservoirs with low permeability generally greatly increase pore gas storage space during multicycle injection and production in the pre-UGS gas zone, as seen from the association of lower permeability with high initial water saturation. Furthermore, the greater the relative amount of liquid phase continuously carried and dried during high-speed development, the greater the increase in gas saturation.




4.2.2. The Rules of Reserve Utilization in the Pre-UGS Gas Zone


Figure 7 presents the gas production and degree of gas recovery in the pre-UGS gas zone. Gas production increased with the injection-production cycle, suggesting that the gas injection-production capacity in the pre-UGS gas zone gradually improved. Further analysis shows that the degree of gas recovery also increased with the injection-production cycle, however, there were obvious differences in the degree of gas recovery in the pore space according to different physical properties. Reservoirs with high permeability showed strong seepage capacity, and under the same injection-production operation conditions, the gas production and the degree of gas recovery were high. The average degrees of gas recovery of the three types of reservoirs were 42.76%, 36.73%, and 29.57%, respectively. After six injection and production cycles, the degrees of gas recovery of B1, B2, and B3 were 43.24%, 37.9%, and 30.58%, respectively.





4.3. Characteristics of Injection-Production Flow in the Gas-Drive-Water Gas Zone


4.3.1. Variation Characteristics of Gas Saturation in the Gas-Drive-Water Gas Zone


As mentioned in the literature review, water invasion is present during reservoir exploitation in the gas-drive-water zone, thus, distinctions can be made between the pre-GUS zone and the gas-drive-water zone. The results regarding the variation of gas saturation with multicycle injection-production in the gas-drive-water zone are shown in Figure 8. Overall, gas saturation tended to decline first in the exploitation stage, then significantly increased during multicycle injection and production, showing that when the gas-drive-water gas zone was converted into gas storage, the gas saturation and space for storing gas was reduced. In the low-speed exploitation stage, part of the gas storage space was occupied by water due to the intrusion of side and bottom water, and there was also a trap for the gas-containing space. Further analysis showed that the higher the permeability, the greater the reduction in gas saturation due to water intrusion. The gas saturation of cores C1, C2, and C3 decreased by 33.73%, 29.38%, and 26.04%, respectively. During multi-cycle injection-production in UGS, no water invasion was present in the gas-drive-water zone. On one hand, the initial gas injection stage of gas storage displaced part of the invading water, however, similar to the pre-UGS gas zone, residual water was produced under the action of high-speed injection-production cycle extraction. After six injection and production cycles, gas saturation amplitudes of C1, C2, and C3 increased by 56.14%, 47.96%, and 45.69%, respectively. The experimental results showed that the storage space and storage capacity in the gas-drive-water gas zone is greatly improved. Therefore, the gas-drive-water zone is the main dilatant zone of UGS.



Regarding reservoir heterogeneity, variations in the gas saturation of the gas-drive-water zone are shown in Figure 9, which demonstrates that the trends of average gas saturation in the multicore parallel experiment were similar to the trend in the single-core experiment. However, the reduction in gas saturation due to water intrusion was relatively small in the multicore parallel experiment. The reduction values of average gas saturation due to water invasion were 30.43% and 21.63%, respectively. Under the influence of storage heterogeneity, the water body was mainly promoted by high-permeability formation, while medium-permeability and low-permeability formation were less affected by water intrusion. Further, the gas saturation in the multicore parallel experiment showed a smaller increase. After six injection and production cycles, the gas saturation of the multicore parallel experiment and the single-core experiment increased by 50.64% and 31.59%, respectively. This discrepancy could be attributed to reservoir heterogeneity. During high-speed injection and production, the gas preferentially seeped in the high-permeability formation, resulting in the recovery of gas saturation mainly in the high-permeability reservoir.




4.3.2. The Rules of Reserve Utilization in the Gas-Drive-Water Gas Zone


Figure 10 presents the gas production and degree of gas recovery in the gas-drive-water gas zone. The average degrees of gas recovery of the three types of reservoirs during gas injection and production were 35.89%, 33.64%, and 26.6%, respectively. Due to water intrusion during the exploitation stage, the gas saturation and gas storage space were reduced, alongside the gas seepage capacity. Further, clay minerals in the reservoir expand when they encounter water, occupying the pore throat space and reducing the gas permeability of the reservoir. Therefore, the gas production and degree of gas recovery were relatively low in the first injection-production cycle. Meanwhile, lower permeability associated with a low level of gas production and degree of gas recovery. The average degrees of gas recovery of the three types of reservoirs in the first injection-production cycle were 31.25%, 31.05%, and 24.25%, respectively. However, in the later injection-production cycle, the gas saturation and gas seepage capacity of the gas storage gradually increased. After six injection and production cycles, the average degrees of gas recovery of the three types of reservoirs were 39.21%, 35.01%, and 28.79%, respectively. Furthermore, the higher the permeability, the greater the increase in gas production and utilization.



The variation curves of gas production and the degree of gas recovery in the gas-drive-water gas zone are shown in Figure 11, which indicates that the trends of average gas production and the degree of gas recovery in the multicore parallel experiment were basically consistent with the trends seen in the single-core experiment. These results suggest that reservoir heterogeneity does not affect gas production or the degree of gas recovery in the gas-drive-water gas zone.



Taken together, these results suggest that multicycle injection and production contribute to the gas-drive-water gas zone transition into the pre-UGS gas zone. Meanwhile, the gas saturation and gas storage space were increased, the reservoir seepage conditions improved, and the gas production and the degree of gas recovery eventually increased as a result.





4.4. Characteristics of Injection-Production Flow in the Gas-Water Transition Zone


4.4.1. Variation Characteristics of Gas Saturation in the Gas-Water Transition Zone


The mining feature of the gas-water transition zone demonstrated that water intrusion occurred not only during gas field exploitation, but also during the gas storage cycle operation stage. Results regarding the variation of gas saturation with multicycle injection and production in the gas-water zone are shown in Figure 12. Overall, gas saturation declined during the exploitation stage in a similar way to the gas-drive-water gas zone. However, the multicycle injection-production mechanism is complicated due to the effect of the physical properties and heterogeneity, wettability, and capillary pressure of the reservoir. During the operation of multicycle injection-production in the gas-water transition zone, the relationship between gas and water tended to be stable and the gas saturation tended to plateau. On one hand, alternate displacement of gas and water forms residual gas and confined gas, resulting in a reduction in effective gas-containing space, but gas saturation changes little in entire reservoirs. On the other hand, high-speed injection and production continue to carry bound water for production, but the main displacement in the gas storage operation concerns the water in the large pore throat, whereas the water in the micropore throat is difficult to displace. Therefore, the gas saturation in the entire gas-water transition zone tended to plateau. In the later stage of the injection and production operation, due to the reduction of water intrusion energy, the gas saturation slightly increased.



In the case of reservoir heterogeneity, the variation in gas saturation in the gas-water transition zone is shown in Figure 13. Overall, the gas saturation during the exploitation stage was similar to that observed in the gas-drive-water gas zone. The values of average gas saturation in the single-core experiment and multicore parallel experiment were reduced by 30.62% and 16.95%, respectively. However, the average gas saturation observed in the single-core experiments during injection-production was less than that of the multicore experiments. The average gas saturation of single-core experiments and multicore experiments during injection-production were 37.25% and 43.23%, respectively. This is because, for strong heterogeneous reservoirs, although the edge and bottom water are rapidly invaded by the high permeability formation, causing a large amount of gas in the reservoir to be trapped and not produced. However, low permeability formation will be protected from water invasion.




4.4.2. The Rules of Reserve Utilization in the Gas-Water Transition Zone


Figure 14 presents the results regarding gas production and the degree of gas recovery in the gas-water transition zone. It can be seen from Figure 14 that the gas injection-production capacities of the three types of reservoirs in the gas-water transition area were low, because the gas and water were repeatedly displaced during the periodic injection and production process, resulting in reductions in the effective gas storage space and the seepage capacity. Further analysis of the data revealed no significant difference between the degrees of gas recovery of the three types of reservoirs. For low-permeability reservoirs, the seepage capacities of gas and water are poor. Although the impact of water invasion is reduced to some extent, the overall utilization is still low. For high-permeability reservoirs, the seepage capacities of gas and water are strong, but the formation water easily invades the high-permeability channel, resulting in low utilization. This shows that the gas-water transition zone is the main zone that worsens the utilization of UGS.



In the case of reservoir heterogeneity, the variation curve of gas production and the degree of gas recovery in the gas-water transition zone are shown in Figure 15, which demonstrates that the average gas production and the degree of gas recovery in the multicore parallel experiment were lower than the levels observed in the single-core experiment. After six injection and production cycles, the degrees of gas recovery of the multicore parallel experiment and the single-core experiment were 20.85% and 24.95, respectively, showing reservoir heterogeneity harms the recovery of the gas-water transition zone.



These results indicated that the gas-water transition zone of UGS has low gas saturation and poor recovery. Furthermore, reservoir heterogeneity affects the effective utilization of the gas-water transition zone.



Therefore, the effective utilization of gas-containing pore space under the condition of high-speed injection-production of gas storage is obviously different from gas reservoir exploitation. Therefore, the optimum design of UGS capacity and the calculation of gas storage parameter should be based on the effective utilization of the gas-containing pore space and effective pore space of the reservoir construction in different zones.






5. Conclusions


In this study, based on the Wen 23 UGS, the injection-production capability and seepage characteristics in different zones of underground gas storage in gas fields were investigated. The conclusions that were drawn include that the variations in porosity and permeability caused by injection and production pressure changes in Wen 23 gas storage are small and can be neglected. For the pre-UGS gas zone, the pore volume of gas storage and the degree of gas recovery gradually increased with the injection-production process. For the gas-drive-water gas zone, the pore volume of gas storage and the degree of gas recovery were low during the initial injection-production, and then increased due to improvement of the seepage conditions. The gas-drive-water zone was shown to be the main dilatant zone of UGS. For the gas-water transition zone, the gas and water were reciprocated and displaced due to the multicycle injection-production process of UGS, resulting in the gradual deterioration of pore volume and gas recovery and maintenance of a stable low value. The gas-water transition zone was shown to be the main zone that worsened the utilization of UGS. These findings may contribute to a better understanding of the rules regarding multicycle injection and production flow and UGS utilization to optimize the injection-production efficiency of Wen 23 gas storage.
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Figure 1. Distribution diagram of reservoir permeability and porosity in Wen 23 gas field. 
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Figure 2. The experimental flow chart of the single-core experiment. 
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Figure 3. The experimental flow chart of the multi-core parallel experiment 
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Figure 4. The permeability (a) and porosity (b) change curve of A1 core with net overburden pressure. 
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Figure 5. Variation curve of gas saturation in the pre-UGS gas zone. 
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Figure 6. The relation curve between gas saturation and permeability 
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Figure 7. Variation curve of gas production (a) and degree of gas recovery (b) in the pre-UGS gas zone. 
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Figure 8. Variation curve of gas saturation in the gas-drive-water gas zone. 
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Figure 9. Variation curve of gas saturation with reservoir heterogeneous in the gas-drive-water gas zone. 
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Figure 10. Variation curve of gas production (a) and degree of gas recovery (b) in the gas-drive-water gas zone. 






Figure 10. Variation curve of gas production (a) and degree of gas recovery (b) in the gas-drive-water gas zone.



[image: Energies 13 03829 g010]







[image: Energies 13 03829 g011 550] 





Figure 11. Variation curve of gas production (a) and degree of gas recovery (b) with reservoir heterogeneous in the gas-drive-water gas zone. 
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Figure 12. Variation curve of gas saturation in the gas-water transition zone 
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Figure 13. Variation curve of gas saturation with heterogeneous reservoir in the gas-water transition zone. 
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Figure 14. Variation curve of gas production (a) and degree of gas recovery (b) in the gas-water transition zone. 
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Figure 15. Variation curve of gas production (a) and degree of gas recovery (b) with reservoir heterogeneous in the gas-water transition zone. 
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Table 1. Basic properties of sandstone core samples used in this experiment.
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	Core No
	Core Classifications
	Permeability (×10−3 μm)
	Porosity (%)





	A1
	Class I
	12.16
	16.56



	A2
	Class II
	3.24
	13.42



	A3
	Class III
	0.32
	9.67
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Table 2. The basic properties of core samples and experimental scheme.
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Simulation Zone

	
Core No

	
Core Classifications

	
Permeability (×10−3 μm)

	
Porosity (%)

	
Experiment Types






	
Pre-UGS gas zone

	
B1

	
Class I

	
14.92

	
14.74

	
Single-core experiment




	
B2

	
Class II

	
2.24

	
12.24




	
B3

	
Class III

	
0.28

	
11.48




	
Gas-drive-water gas zone

	
C1

	
Class I

	
22.04

	
16.38

	
Single-core experiment




	
C2

	
Class II

	
4.84

	
14.68




	
C3

	
Class III

	
0.18

	
14.08




	
C4

	
Class I

	
21.05

	
16.78

	
Multi-core parallel experiment




	
C5

	
Class II

	
9.03

	
15.86




	
C6

	
Class III

	
0.27

	
12.27




	
Gas-water transition zone

	
D1

	
Class I

	
37.20

	
20.11

	
Single-core experiment




	
D2

	
Class II

	
6.76

	
17.74




	
D3

	
Class III

	
0.74

	
13.50




	
D4

	
Class I

	
25.74

	
17.68

	
Multi-core parallel experiment




	
D5

	
Class II

	
3.89

	
14.23




	
D6

	
Class III

	
0.57

	
12.9
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Table 3. The rate of core permeability and porosity under the operating pressure of underground gas storage (UGS).
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Core No

	
1st Pressure-Boost

	
1st Pressure-Relief

	
2nd Pressure-Boost

	
2nd Pressure-Relief

	
3rd Pressure-Boost

	
3rd Pressure-Relief






	
A1

	
   Δ K   

	
3.5%

	
1.7%

	
2.68%

	
0.92%

	
0.76%

	
0.34%




	
   Δ ϕ   

	
2.67%

	
-

	
2.21%

	
-

	
1.9%

	
-




	
A2

	
   Δ K   

	
2.34%

	
1.25%

	
2.12%

	
1.03%

	
0.72%

	
0.30%




	
   Δ ϕ   

	
1.35%

	
-

	
0.78%

	
-

	
0.32%

	
-




	
A3

	
   Δ K   

	
1.88%

	
1.23%

	
1.42%

	
0.82%

	
0.67%

	
0.42%




	
   Δ ϕ   

	
1.32%

	
-

	
0.9%

	
-

	
0.35%

	
-












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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