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In order to improve the oil recovery of mid-deep heavy oil reservoirs, this study investigates the efficiency of enhanced oil recovery and the mechanisms of oil displacement in mid-deep heavy oil reservoirs using different injected gases (N2, CH4, CO2) and development approaches (gas flooding and gas huff-n-puff) through a series of experiments. These experiments include high-pressure physical properties tests of crude oil after gas injection, displacement efficiency tests of gas injection, and displacement efficiency tests of gas huff-n-puff. The results indicate that for mid-deep heavy oil reservoirs, the preferred optimal injection gas is CO2, with gas huff-n-puff being the most effective development method. Furthermore, a numerical simulation study was conducted to explore the adaptability parameters of CO2 huff-n-puff development in different well patterns, encompassing variables such as the amount of gas injected per cycle, crude oil viscosity, reservoir permeability, and oil layer thickness.
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1 INTRODUCTION
Currently, China’s onshore heavy oil resources are abundant, with estimated resources of approximately 198 × 10⁸ tons and proven reserves of about 40 × 10⁸ tons (Yuan and Wang, 2018; Guan et al., 2023). However, the average recovery rate of these heavy oil reservoirs is less than 20%, indicating a vast potential for exploitation. Due to the high content of asphaltenes and resins, heavy oil is characterized by high viscosity and poor flow properties (Alcazar-Vara et al., 2012; Dong et al., 2013; Varfolomeev et al., 2022), making it difficult to develop effectively using conventional methods such as water flooding.
At present, the development of heavy oil reservoirs mainly focuses on thermal recovery methods such as steam huff-n-puff (Shen et al., 2005; Wan et al., 2020; Sun et al., 2022), steam flooding (Prats, 1992; Gael et al., 1995; Sutadiwiria and Azwar, 2011; Carpenter, 2018), Steam Assisted Gravity Drainage (SAGD) (Wu et al., 2013; Zhou and Zeng, 2014; Velayati and Nouri, 2020), and fire flooding (Xi et al., 2013; Guan et al., 2017a). These methods are predominantly utilized in developing shallow to mid-depth heavy oil reservoirs. The essence of these technologies lies in using heat to reduce the viscosity of heavy oil, thereby improving its flow properties. Particularly, steam huff-n-puff, and steam flooding involve injecting high-temperature steam into the reservoir, transferring heat to the heavy oil and effectively reducing its viscosity (Gao et al., 2019; Li et al., 2020). The SAGD technique creates a steam chamber in the reservoir through horizontal wells, leveraging gravity and heat transfer to facilitate oil flow to the production wells. Fire flooding, on the other hand, involves burning a portion of the in-situ crude oil to generate heat, thus lowering the viscosity of the surrounding crude oil (Guan et al., 2017b; Li et al., 2018). However, with increasing reservoir depths, these traditional thermal recovery techniques face new challenges. In deeper reservoirs, significant heat loss occurs during steam transmission from the wellhead to the bottom, substantially reducing the thermal efficiency of steam upon reaching the target depth. This reduction in heat results in a decreased radial influence of the steam, thus reducing the effective sweep area of the reservoir and impacting oil recovery rates. The current solutions generally involve the use of injected gases, solvents, urea, and other common media (Wang et al., 2013; Haddad and Gates, 2017; Zhang et al., 2017; Xi et al., 2019; Li et al., 2020; Cui et al., 2020; Wang et al., 2023a; Wang et al., 2023b; Chu and Zhang, 2023; Prasad et al., 2023). Al-Murayri (Al-Murayri et al., 2016) employed the Expanding Solvent Steam Assisted Gravity Drainage (ES-SAGD) method, which utilizes a combination of heat transfer and mass transfer processes to enhance the flow of high-viscosity oil. This approach significantly reduces the water and natural gas requirements for producing and injecting steam. Yuan (Yuan et al., 2017) utilized xylene as a soluble solvent for asphaltenes, conducting numerical simulations to compare the performance during the startup phase with and without solvent injection, both in the preheating stage and the early production period. The results indicated that within the soaking period, the diffusion of the injected solvent improved the sweep area, significantly reducing the viscosity of the oil. This solvent-aided startup process in SAGD shortened the preheating duration and decreased steam consumption.
The phenomenon of foam oil formation (Sarma and Maini, 1992; Claridge and Prats, 1995; Sheng et al., 1995; Zhou et al., 2016) created by injected gases, is particularly significant. It effectively reduces the viscosity of heavy oil, enhancing its flow properties. This technique primarily involves the formation of foam in the oil through the dissolution of gas, thereby increasing oil mobility. Research on foam oil technology focuses on aspects such as the influencing factors of dissolved gas drive, the mechanism of foam oil formation, and micro-scale seepage characteristics (Huerta et al., 1996; Andarcia et al., 2000; Kamp et al., 2001; Bennion et al., 2003; Wang et al., 2012). For instance, studies examine the impact of gas type, pressure, and temperature on the formation and stability of foam oil, as well as its flow behavior in porous media. Zhao (Zhao et al., 2022) employed high-temperature foam to enhance steam oil recovery, injecting both foam and steam into the reservoir to block larger pores and improve the sweep efficiency, thereby reducing the viscosity of the reservoir’s crude oil and ultimately increasing the oil recovery rate. Sun (Sun et al., 2016) utilized Polymer-Enhanced Foam (PEF) for oil displacement as a technique to increase the recovery rate in reservoirs. Experiments conducted in parallel core systems with varying permeabilities showed that PEF oil displacement could effectively enhance recovery in low-permeability cores by altering the injection profile. Liu (Liu et al., 2017) analyzed profile control mechanisms by conducting one-dimensional displacement experiments in tight matrix cores and fractured cores, injecting pure foam liquid, air, and air-foam systems. The results demonstrated that air-foam systems could improve performance post water flooding. It is advisable to switch from water flooding to air-foam systems before the water cut reaches approximately 90%.
However, research on gas injection development for mid-deep heavy oil reservoirs, such as medium selection and optimization of development parameters, remains relatively limited. Currently, enhancing research in these areas is crucial for improving the recovery rates of mid-deep heavy oil reservoirs. For instance, exploring the adaptability and efficiency of different gaseous mediums (like carbon dioxide, nitrogen, and natural gas) under varied geological conditions, as well as optimizing injection parameters (such as injection volume, rate, and cycle) are key to maximizing recovery rates. Through such research, we can provide more in-depth theoretical guidance and technical support for the effective development of mid-deep heavy oil reservoirs, thereby achieving new breakthroughs in heavy oil reservoir development technologies.
This paper focuses on the mid-deep ordinary heavy oil reservoirs in the W region of Xinjiang, with a proven reserve of 4007 × 10⁴ tons, facing challenges like poor efficiency in conventional vertical well development and insufficient reservoir mobilization in horizontal well development, rendering them effectively unmobilized to date. There is an urgent need to demonstrate the adaptability of various extraction methods, such as gas (N2, CO2, etc.) huff-n-puff and gas flooding, to form economically effective development approaches. Therefore, this study conducts high-pressure physical property tests of gas-crude oil injection, efficiency tests of gas flooding oil displacement, and effectiveness tests of gas huff-n-puff development for mid-deep heavy oil, exploring the mechanisms and methods of enhancing oil recovery in gas injection development. Based on experimental results, further numerical simulation research was carried out to discuss the adaptability parameters of CO2 huff-n-puff development in different well patterns, providing technical support for the development of heavy oil reservoirs in mid-deep formation.
2 PHYSICAL MODEL TESTING EXPERIMENT
Injecting gas into medium and deep thick oil reservoirs to form foam oil is an effective technique for enhancing the fluidity and extraction of heavy oil. This approach involves mixing gas (such as air, carbon dioxide, or natural gas) with heavy oil under the high-temperature and high-pressure conditions found underground, resulting in a foamy oil-gas mixture that improves the oil’s physical properties. The benefits of this method are multifaceted.
The creation of foam significantly lowers the viscosity of heavy oil. The gas bubbles disrupt the oil’s continuity, decreasing its internal friction and overall viscosity. This makes the heavy oil more fluid, facilitating its movement through the reservoir and easing extraction.
Besides aiding in bubble formation, the injected gas provides an extra push, driving the heavy oil towards the production well. This process also enhances the flow properties of both oil and water phases, encouraging heavy oil mobilization while reducing water flow, thereby improving oil recovery efficiency. Gas injection also serves to replenish reservoir energy, maintaining or boosting pressure levels. This is crucial in medium and deep reservoirs, where high pressure improves flow conditions and aids in heavy oil recovery. To further explore the mechanism behind foam oil formation through gas injection and its impact on heavy oil viscosity and mobility, a series of experiments were planned and executed.
In this section, firstly, the basic parameters of the samples of the target layer were tested, and then the comparison experiments of different gas flooding and gas huff-n-puff under different conditions were carried out, so as to compare the preferred injection gases and development methods.
2.1 High-pressure physical property testing experiment of injected gas and crude oil
In this section, the basic parameters such as dissolution gas-oil ratio, volume factor, and gas-containing crude oil viscosity of three gases N2, CH4, and CO2 were tested using destination block crude oil.
(1) Experimental materials and device. To meet the requirements for the widespread application of gas injection techniques in mid-deep heavy oil reservoirs in Xinjiang, priority was given to selecting blocks with large reserves, typical reservoir characteristics, deep formation, and high viscosity. Following this principle, the crude oil sample from well W1 was chosen for the experiment. The injection gas were N2, CH4, CO2, and the purity of the experimental gases was 99.999%. The experimental device used was the YRD-70/300 high-pressure physical property analyzer.
(2) Experimental scheme and steps. The experimental temperature was set at 34°C, with pressures at 8MPa, 10MPa, 11MPa, 13MPa, and 15 MPa. Taking the PVT properties test of N2-crude oil at 34°C as an example, the procedure was as follows: First, saturated oil at 15 MPa was prepared for a single degassing experiment and viscosity test. Then the pressure was reduced to 13 MPa, and the gas was released under pressure to obtain saturated oil at the corresponding pressure, followed by another single degassing experiment and viscosity test. This process was repeated at 11MPa, 10MPa, and 8 MPa.
2.2 Gas injection development oil displacement efficiency testing experiment
This section conducts a series of experiments to investigate the oil displacement efficiency of different gases, such as N2, CH4, and CO2, under various conditions.
(1) Experimental materials. The experimental oil is heavy oil from well W1, with a viscosity of 256 mPa s at 50°C. The purity of the experimental gases is 99.999%. The experimental core is a 25 mm × 300 mm synthetic core, with specific parameters detailed in Table 1.
(2) Experimental device. The experiment device used a high-pressure one-dimensional proportional physical model, consisting of an injection system, model system, data acquisition system, and production system. The schematic and physical diagram of the experimental device is shown in Figure 1.
(1. Container of water/oil, 2. pump, 3. tank, 4. pressure transducer, 5. six-way valve, 6. mass flowmeter, 7. high-pressure gas cylinder, 8. thermostats, 9. core holder, 10. gas storage tank, 11. hand pump, 12. data collection system, 13. back-pressure valve, 14. collection beaker)
(3) Experimental steps. The experimental steps were as follows:
1) Prepared the core holder model and determined the pore volume of the sand filling tube.
2) Established the physical experimental model according to the experimental flow chart, and pressure tested the system according to the designed experimental pressure. The pressure test lasted for 1 h, and a pressure drop of less than 0.05 MPa was considered acceptable.
3) Connected the core holder to the oil displacement experimental process. Set the outlet back pressure and thermostatic box temperature according to the experimental temperature and pressure, and saturated the core with oil to calculate the original oil saturation of the core.
4) The displacement speed was 0.15 mL/min for gas injection (equivalent to the formation flow rate under formation conditions), based on the similarity criteria. The initial temperature of the model was the reservoir temperature 34°C.
5) Displaced at a constant speed as determined, and recorded time, oil production, liquid production, inlet and outlet pressures, pressure difference, and temperature parameters. Recorded more frequently at the initial stage of water breakthrough. As the oil production decreased, gradually extended the recording intervals. The experiment concluded when the water cut reached above 99.50% and the pressure differential stabilized.
6) Cleaned the residual oil in the core using the distillation dewatering process and measured the produced water and oil quantities.
TABLE 1 | Parameters related to experimental cores.
[image: Table 1][image: Figure 1]FIGURE 1 | High-pressure one-dimensional physical model diagram (A). schematic; (B). physical.
Repeated the above experimental steps to conduct N2, CH4, and CO2 oil displacement experiments sequentially, obtaining the displacement efficiency for different injected gases.
2.3 Gas huff-n-puff development effectiveness testing experiment
In this section, three cycles of gas huff-n-puff physical simulation experiments using N2, CH4, and CO2 were conducted with crude oil from well W1 to explore the mechanisms of enhanced oil recovery with different injection gases.
The gas huff-n-puff testing experiment utilized the same experimental materials and equipment as shown in Figure 1, with the sand-filled tube model having dimensions of 25 mm × 500 mm. The specific parameters of the core are detailed in Table 2.
TABLE 2 | Parameters related to experimental cores.
[image: Table 2]The specific experimental steps are as follows:
1) Prepared the core holder model and measured the pore volume of the sand-filled tube.
2) Set up the experimental process according to the flow chart and pressure tested the system until it meets the required standards.
3) Connected the model to the experimental process. Set up the experiment according to the temperature and pressure conditions, and injected the experimental oil into the core at a constant low speed to saturate it, thus obtaining the original oil saturation of the core.
4) Apply the similarity criteria for conversion. In this experiment, the gas injection pressure was set at 15 MPa with a soak time of 24 h. The initial temperature of the model was set to the reservoir temperature of 34°C.
5) After a soak time of 24 h, proceeded with the determined pressure drop and vented, while recording time, oil production, liquid production, gas production, inlet and outlet pressures, and temperature parameters. The experiment concluded when the pressure dropped to 5 MPa and the pressure differential stabilized.
6) Cleaned the residual oil from the core using the distillation dewatering process to determine the oil production.
Repeated the above experimental steps to conduct N2, CH4, and CO2 oil displacement experiments, obtaining the displacement efficiency for different injected gases.
3 EXPERIMENTAL RESULTS AND ANALYSIS DISCUSSION
3.1 High-pressure physical property testing experiment of injected gas and crude oil
Through the experiment, the solubility, gas-containing crude oil viscosity, and volume factor of W1 well crude oil at 34°C under different pressure conditions with injected N2, CH4, and CO2 were measured. The experimental results are displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Plot of high-pressure physical parameters of crude oil versus pressure for different gas injections (A) solubility (B) viscosity of gas-containing crude oil; (C) crude oil volume factor.
As shown in Figure 2A, under the condition of 34°C, the solubility of N2, CH4, and CO2 gases in crude oil increases with the rise in saturation pressure. Among them, at the same pressure, the solubility of CO2 is the highest, and that of N2 is the lowest. Specifically, at a pressure of 15MPa, the solubility of CO2 is 80.19 m³/m³, with a solubility coefficient of 5.346 (m³/m³)/MPa.
From Figure 2B, it is observed that at 34°C, the viscosity of crude oil dissolving N2, CH4, and CO2 decreases with increasing saturation pressure. At the same pressure, the viscosity of crude oil with injected N2 is the highest, while the crude oil with injected CO2 has the lowest viscosity. At a pressure of 15MPa, the viscosity of crude oil with injected CO2 is 49 mPa s, resulting in a viscosity reduction rate of 93.2%, and the CO2 has the best viscosity-reducing effect.
As shown in Figure 2C, at 34°C, the crude oil volume factor for oil dissolving N2, CH4, and CO2 increases with the rise in saturation pressure. Under the same pressure conditions, the volume factor of crude oil dissolving CO2 is the highest, while that of N2 is the lowest. Specifically, at a pressure of 15MPa, the volume factor for CO2 is 1.23 m³/m³, with a shrinkage rate of 18.70%.
Through our experiments, we’ve made important discoveries regarding gas solubility, changes in crude oil viscosity, and the crude oil volume coefficient. The key findings of this study include:
The solubility of N2, CH4, and CO2 in crude oil increased with rising saturation pressure. Notably, CO2 exhibited the highest solubility among the three gases, underlining its superior potential for enhancing crude oil recovery in reservoirs. This is attributed to CO2’s remarkable solubility coefficient of 5.346 (m³/m³)/MPa. At a pressure of 15 MPa, CO2 achieved a solubility of 80.19 m³/m³, highlighting its effectiveness. The dissolution of these gases into crude oil led to a decrease in oil viscosity with increasing saturation pressure, a critical factor for boosting crude oil flowability and recovery efficiency. The marked viscosity reduction observed following CO2 injection, with a rate of 93.2%, underscores the efficacy of CO2 injection in enhancing the mobility of heavy oils. The crude oil volume coefficients after gas dissolution also rose with pressure. The increase was most pronounced for CO2, suggesting that CO2 not only improves the flow characteristics of crude oil within the reservoir but also significantly enhances the reservoir’s displacement efficiency.
This study highlights the distinct advantages of CO2 injection in improving crude oil recovery by demonstrating its superior solubility, its ability to reduce crude oil viscosity effectively, and its impact on increasing the crude oil volume coefficient. These findings underscore the potential of CO2 injection as a valuable technology for enhancing the recovery and mobility of crude oil, particularly in challenging reservoir conditions.
3.2 Gas injection oil displacement efficiency testing experiment
Using crude oil from well W1, physical simulation experiments of oil displacement under simulated reservoir conditions were conducted with injected N2, CH4, and CO2. The results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Results of N2, CH4, and CO2 injection oil flooding experiments (A) Curve of oil flooding efficiency versus injected PV number for different injection gas; (B) Curve of production differential pressure versus injected PV number for different injection gas.
As indicated in Figure 3A, under the same injection volume conditions, CO2 injection achieved the highest oil displacement efficiency at 48.35%, followed by N2 at 30.18%, and CH4 at 30.07%. Figure 3B reveals that with the increase in the number of injected pore volumes (PV), the production pressure differential gradually increases. The peak production pressure differential in CH4 injection is the highest, followed by CO2, with N2 being the lowest. Furthermore, the peak of the production pressure differential for CH4 injection occurred the latest, indicating that the breakthrough timing of oil displacement by CH4 injection is later than that of CO2 and N2 injections.
Analysis suggests that during the displacement processes with injected N2, CH4, and CO2, due to the stronger solubility of CH4 and CO2 in crude oil under the same injection pressure compared to N2, the gas breakthrough occurs earliest in N2 injection, reaching the peak production pressure differential first. The partial dissolution of CH4 and CO2 gases results in the expansion of crude oil volume and a decrease in heavy oil viscosity, enhancing the fluidity of the crude oil. However, under experimental conditions, miscible flooding was not achieved after gas injection, and the flow rate is relatively high, which leads to gas breakthrough and consequently lower oil displacement efficiency.
Our experiments provided a thorough insight into how different gas injections—specifically N2, CH4, and CO2—affect oil drive efficiency and production differential pressure. The findings highlight CO2’s significant impact, enhancing oil driving efficiency to 48.35%, a substantial improvement over the 30.18% and 30.07% seen with N2 and CH4, respectively. This underscores CO2’s critical role in bolstering oilfield recovery.
Furthermore, the observed trends in production differential pressure shed light on the distinct dynamics of gas-driven oil displacement. CH4 injection, in particular, resulted in the highest and most delayed peak in production differential pressure, indicative of the prolonged crude oil breakthrough in the CH4 displacement process. This variation largely stems from the gases’ solubility in crude oil and their influence on oil flowability. The superior solubility of CO2 and CH4 in crude oil, relative to N2, leads to both an expansion in crude oil volume and a decrease in the viscosity of thick oil, thereby enhancing crude oil flowability. However, this also suggests a potential limitation in further optimizing oil drive efficiency.
3.3 Gas huff-n-puff testing experiment
Physical simulation experiments of gas huff-n-puff with N2, CH4, and CO2 were conducted on W1 well crude oil, spanning three cycles, to explore the enhanced oil recovery effects and mechanisms of different media in different cycles. The experimental results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Stage oil recovery versus production pressure for three rounds of gas huff-n-puff with different injection gases (A) N2 (B) CH4 (C) CO2 (D) Oil displacement efficiency of different gas.
From the comparison of the three rounds of huff-n-puff results in Figure 4, it is evident that under the same injection volume conditions, CO2 huff-n-puff yields a significantly higher oil recovery than CH4 and N2 huff-n-puff, indicating that the utilization rate of CO2 huff-n-puff is greater than that of CH4 and N2. Due to the strongest solubility of CO2, followed by CH4, and the lowest for N2, the N2 huff-n-puff produces a larger volume of free gas and a longer initial gas production phase, contributing less to oil production. In contrast, the other two gases with higher solubility can form foam oil more effectively, aiding in gas dissolution and crude oil viscosity reduction, ultimately leading to better oil displacement results.
Referencing Figure 4D, after three rounds of injection, CO2 injection yields the highest recovery rate at 44%, outpacing CH4’s 35.5%, and significantly exceeding N2’s modest 16%. This outcome, when juxtaposed with the data from Figure 3, reveals that repeated CO2 injections result in a higher recovery rate than singular CO2 drives. The latter approach, characterized by non-mixed-phase gas drive, tends to precipitate abrupt gas breakthroughs rather than facilitating a steady, uniform displacement of crude oil within the formation, thereby capping the potential for recovery rate enhancements.
Conversely, CO2 injection as a repeated process allows for continuous reintroduction of CO2 into the reservoir, ensuring thorough contact and integration with the heavy oil to create a foam oil. This strategy effectively circumvents the rapid gas breakthrough issue, enabling a more complete mixture of CO2 with the oil and promoting a uniform CO2 distribution throughout the reservoir. Such distribution enhances CO2’s solubility in the heavy oil, broadly lowering the oil’s viscosity across the reservoir and thus improving oil mobility. Consequently, this method more effectively decreases the viscosity of the heavy oil and enhances its flow properties, leading to improved recovery rates.
Our experiments extensively examined the effects and mechanisms of different gases (CO2, CH4, and N2) on enhancing oil recovery across three consecutive injection cycles. The data unequivocally demonstrate that CO2 injection outperforms CH4 and N2 in terms of recovery efficiency under identical conditions. This superiority is primarily due to CO2’s exceptional solubility in crude oil, which not only significantly reduces the oil’s viscosity but also facilitates the formation of foam oil, thereby improving oil displacement efficiency and lowering residual oil saturation.
N2, with its minimal solubility, tends to produce a larger volume of free gas during injection, extending the initial phase of gas production and offering limited benefits to oil recovery enhancement. On the other hand, the greater solubility of CH4 and CO2 aids in foam oil formation, which, coupled with their ability to dissolve in crude oil and reduce its viscosity, substantially enhances the oil displacement effect. CO2, in particular, stands out due to its superior solubility and capacity to decrease viscosity, effectively minimizing residual oil in the reservoir and significantly increasing crude oil recovery rates.
4 NUMERICAL SIMULATION STUDY
Gas injection to create foam oil not only substantially reduces the viscosity of heavy oil but also enhances its recoverability and recovery rate, making it an especially effective enhancement technique for medium and deep heavy oil reservoirs. However, the application of this method demands precise geological evaluation and engineering design to ensure the effective distribution of gas within the reservoir, taking into account factors such as the choice of gas, injection methods, and reservoir conditions. Utilizing numerical simulation to study the mechanisms by which foam oil improves the recovery rate of heavy oil is both efficient and accurate. Through numerical simulation, the effects of various parameters on the mobility and recovery rate of heavy oil can be explored in detail, providing insights into optimizing this production enhancement technique.
Based on the results of the physical simulation experiments, CO2 was selected as the best injection gas and CO2 huff-n-puff as the best production method. To better understand the adaptability and displacement mechanism of CO2 huff-n-puff in the W block, a three-dimensional numerical simulation model was established using the CMG software STARS module, integrating the geological conditions and crude oil properties of the W1 well area.
Injecting CO2 into medium and deep thick oil reservoirs is a highly effective method for enhancing oil mobility and recovery rates. This technique works by significantly reducing the viscosity of crude oil and increasing the oil-water relative permeability, thereby improving oil flowability. The formation of foam oil through CO2 injection is particularly beneficial in reservoirs where the crude oil has high viscosity, as it markedly enhances oil mobility and consequently boosts recovery rates.
However, the success of CO2 injection depends on several critical parameters, including the volume of gas injected, the viscosity of the crude oil, the permeability of the reservoir, and the thickness of the reservoir. Optimizing these parameters is essential for achieving the most effective development outcomes in practical applications.
4.1 Optimization and adaptability analysis of vertical well CO2 huff-n-puff injection volume
The model was established based on the basic geological reservoir parameters and well network parameters of the W1 well area. Two single-well groups were established: ① one with a vertical well for depletion production, ② one with a CO2 huff-n-puff well group consisting of an injection well and a production well. In the CO2 huff-n-puff well, it serves as an injection well during CO2 injection and as a production well after the injection and soaking phases. In the vertical well CO2 huff-n-puff simulation, each huff-n-puff round consisted of 15 days of gas injection, 10 days of soaking, followed by production with a fixed gas output after the soaking period. Each round had a production duration of 600 days, with a total of 4 rounds simulated over 2500 days. Specific parameters are detailed in Table 3. The objective layer is distributed with two interlayers, the thickness is 7 m and 1 m respectively, the permeability and oil saturation of the compartments were set to 0.01, and the permeability field is shown in Figure 5. The specific parameters of the reservoir in the target block are outlined in Table 3. In this table, the viscosity of the crude oil refers to the viscosity of degassed crude oil at 50°C. The subsurface condition is described as a single oil phase, and methane is noted as the dissolved gas within the parameters presented in Table 3.
(1) Single round CO2 injection volume
TABLE 3 | Parameters related to vertical well model.
[image: Table 3][image: Figure 5]FIGURE 5 | Permeability field diagram (JK).
In order to study the influence of single round injection volume on the effect of CO2 huff-n-puff development, 100t, 200t, 400t, 600t, 800t and 1000t were simulated respectively, and the simulation results of CO2 oil exchange rate and profit with different injection volumes are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Optimization and adaptability study of CO2 huff-n-puff injection volume (A) Single-round CO2 injection volume vs. oil draining ratio and cumulative oil production; (B) Single-round CO2 injection volume vs. profit.
Numerical simulation results indicate that as the CO2 injection volume increases, cumulative oil production gradually increases while the oil draining ratio decreases. At an oil price of $45, profits increase with the injection volume. The maximum profit growth rate is achieved at a single round injection volume of 200 tons of CO2. Beyond 200 tons, the profit gradually decreases. The optimal injection volume is identified as 200 tons per well per round.
(2) Oil viscosity
To study the impact of crude oil viscosity on the effectiveness of CO2 huff-n-puff, simulations were conducted at viscosities of 100 mPa s, 300 mPa s, 500 mPa s, 700 mPa s, and 900 mPa s. Results are shown in Figure 7. It is observed that as the viscosity of the crude oil increases, the cumulative oil production decreases and the total profit reduces, dropping to zero when the viscosity exceeds 500 mPa s. Therefore, it is recommended that vertical well CO2 huff-n-puff is suitable for reservoirs with crude oil viscosity less than 500 mPa s.
(3) Reservoir permeability
[image: Figure 7]FIGURE 7 | CO2 huff-n-puff profit and cumulative oil production -viscosity relationship.
To investigate the influence of formation permeability on CO2 huff-n-puff development, simulations were carried out at permeabilities of 40 mD, 70 mD, 100 mD, 130 mD, and 160 mD.
The results, as shown in Figure 8, demonstrate that cumulative oil production and total profit increase with rising permeability. When permeability exceeds 100 mD, the total profit becomes positive, indicating that vertical well CO2 huff-n-puff is suitable for reservoirs with permeability greater than 100 mD.
(4) Reservoir thickness
[image: Figure 8]FIGURE 8 | CO2 huff-n-puff profit-permeability relationship for straight wells.
To assess the impact of reservoir thickness on CO2 huff-n-puff development, simulations were performed at thicknesses of 6m, 8m, 10m, 12m, and 14 m. The results, depicted in Figure 9, show that as reservoir thickness increases, controlled reserves per well increase, leading to increased cumulative oil production and total profit. The profit turns positive when reservoir thickness exceeds 10m, suggesting that vertical well CO2 huff-n-puff is suitable for reservoirs with a thickness greater than 10 m.
[image: Figure 9]FIGURE 9 | CO2 huff-n-puff profit-reservoir thickness relationship for straight wells.
4.2 Horizontal well CO2 huff-n-puff injection volume optimization and adaptability analysis
Two single-well group models for horizontal wells were established, one for depletion production and the other for CO2 huff-n-puff, each with one injection well and one production well. The horizontal wells are located in the middle of the oil layer. The number of grids in the i×j×k direction is 21 × 21×34, and grid size in the i×j×k direction is 10 × 10 × 1 m. The other parameters and production regime for horizontal well CO2 huff-n-puff are the same as for vertical wells.
(1) Single cycle CO2 injection volume
Numerical simulation results (Figure 10) reveal that as the CO2 injection volume increases, cumulative oil production increases, but the rate of increase in profit decreases. The maximum profit growth rate is achieved at a single cycle injection volume of 1000–1200 tons of CO2.
(2) Crude oil viscosity
[image: Figure 10]FIGURE 10 | Optimization and adaptability study of CO2 huff-n-puff injection volume. (A) Single-round CO2 injection volume vs. oil draining ratio and cumulative oil production; (B) Single-round CO2 injection volume vs. profit.
Simulations at viscosities of 100 mPa s, 300 mPa s, 500 mPa s, 700 mPa s, and 900 mPa s were conducted to study the effect of viscosity on horizontal well CO2 huff-n-puff. The results (Figure 11) show a continuous decrease in cumulative oil production and total profit as viscosity increases, although the total profit remains positive. It is suggested that horizontal well CO2 huff-n-puff is suitable for reservoirs with a viscosity less than 1000 mPa s.
(3) Reservoir permeability
[image: Figure 11]FIGURE 11 | CO2 huff-n-puff profit-crude oil viscosity relationship for horizontal wells.
Simulations at permeabilities of 10 mD, 40 mD, 70 mD, 100 mD, and 130 mD were performed to evaluate the impact on CO2 huff-n-puff. The results (shown in Figure 12) indicate that as permeability increases, cumulative oil production and total profit also increase. Profits become positive when permeability exceeds 30 mD, suggesting suitability for reservoirs with permeability greater than 50 mD.
(4) Reservoir thickness
[image: Figure 12]FIGURE 12 | CO2 huff-n-puff profit-permeability relationship for horizontal wells.
Simulations at thicknesses of 2m, 4m, 6m, 8m, 10 m were carried out to assess the impact on CO2 huff-n-puff. The results (Figure 13) demonstrate that as reservoir thickness increases, controlled reserves per well increase, leading to increased cumulative.
[image: Figure 13]FIGURE 13 | CO2 huff-n-puff profit-reservoir thickness relationship for horizontal wells.
The mechanism of foam oil formation through gas injection is pivotal for enhancing crude oil mobility and improving oil-gas contact efficiency. During the CO2 huff-n-puff process, CO2 mixes with heavy oil to form low-viscosity foam oil, which reduces the flow resistance of the oil and increases the oil recovery rate. In our in-depth numerical simulation study of the CO2 huff-n-puff technique’s application in enhancing oilfield production, we identified injection volume, crude oil viscosity, reservoir permeability, and formation thickness as key parameters affecting the technique’s economic benefits and development outcomes. When considering the CO2 huff-n-puff technique, it is crucial to take into account factors such as the reservoir’s crude oil viscosity, permeability, and formation thickness to devise the optimal development plan. These conditions not only influence the effectiveness of the technique but also directly impact the project’s economic viability.
5 CONCLUSION

(1) The experimental results indicate that at 34°C, the solubility of N2, CH4, and CO2 gases in crude oil increases with increasing saturation pressure. At the same pressure, the solubility of CO2 is the highest, while that of N2 is the lowest. The viscosity of crude oil containing N2, CH4, and CO2 decreases with increasing saturation pressure, with N2-containing oil having the highest viscosity and CO2-containing oil the lowest at the same pressure. The volume factor of crude oil dissolving N2, CH4, and CO2 increases with increasing saturation pressure, and at the same pressure, the volume factor is highest for CO2-dissolved oil and lowest for N2-dissolved oil.
(2) CO2 huff-n-puff utilization is higher compared to CH4 and N2 huff-n-puff. CO2 has the strongest solubility, followed by CH4, with N2 having the lowest solubility. Based on the results of the physical simulation experiments, CO2 is identified as the optimal injection gas and CO2 huff-n-puff as the best production method.
(3) For vertical well CO2 huff-n-puff, the optimal injection volume is 200 tons per cycle, with adaptability conditions of viscosity <500 mPa s, permeability >100 mD, and effective reservoir thickness >10 m. For horizontal wells, the optimal injection volume is 1000–1200 tons per cycle, suitable for conditions of viscosity <1000 mPa s, permeability >50 mD, and effective reservoir thickness > 4 m.
These findings not only provide a quantitative basis for field applications, guiding oilfield developers to formulate the best CO2 huff-n-puff strategies under specific conditions but also highlight the potential for further optimization of this technology. Considering the energy industry’s ongoing quest to enhance the recovery rates of oil and gas resources, future research could explore more efficient CO2 injection modes, sophisticated reservoir management techniques, and the integrated application with other production-enhancement technologies to further improve the efficiency and economic benefits of CO2 huff-n-puff technology in various types of reservoirs. Moreover, with growing interest in low-carbon development and Carbon Capture, Utilization, and Storage technologies, CO2 huff-n-puff, as a potential carbon-neutral production enhancement technique, not only has the potential to boost oil and gas production but also contributes to the environmental sustainability of the energy sector.
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