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Abstract

:

With immense potential to enhance oil recovery, CO2 has been extensively used in the exploitation of unconventional tight oil reservoirs. Significant variations are observed to occur in the oil’s composition as well as in its physical properties after interacting with CO2. To explore the impacts of oil properties on CO2 extraction efficiency, two different types of crude oil (light oil and heavy oil) are used in CO2 huff-n-puff experiments. Moreover, numerical simulation is implemented to quantitatively inspect the impacts of different influencing factors including production time, reservoir pressure and reservoir temperature on physical properties as well as on the oil composition variation of the crude oil. The findings of the experiments demonstrate that, whether for the light oil sample or for the heavy oil sample, hydrocarbon distribution becomes lighter after interacting with CO2 compared with the original state. In addition, it is also discovered that the hydrocarbon distribution variation is more significant for the light oil sample. The findings of the numerical simulation suggest that production time, reservoir pressure and reservoir temperature have significant impacts on the produced oil composition and properties. The hydrocarbon distribution of the oil becomes lighter with the increasing of production time and formation pressure, while it becomes heavier with the increasing of reservoir temperature. At the very beginning of the oil production, the properties of the produced oil are worsened. Compared with the original state, the oil density and viscosity are 25.7% and 200% higher, respectively. It is suggested that viscosity reducers are added into the well to improve the oil properties in this period. With the continuing of the oil production, the oil properties are continuously promoted. At the end of the simulation time, the oil density and viscosity are 3.5% and 15.1% lower compared with the original oil, respectively. This paper has great significance for the implementation of CO2 huff-n-puff in tight oil reservoirs.
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1. Introduction


As a widely distributed unconventional oil resource, tight oil has an identity of strong heterogeneity and poor properties, which creates large obstacles for reservoir development [1,2,3]. Due to the fact that the overburden permeability for tight formations is never more than 0.1 × 10−3 μm2, conventional development strategies are not fully applicative and cannot achieve high oil recovery. How to develop tight oil more efficiently has always been a difficult problem for petroleum scientists and engineers [4,5,6]. In recent years, as energy demand is continuously increasing, tight oil is receiving more and more attention. Moreover, the emerging of advanced stimulation technology such as the horizontal well technique and the large-scale hydraulic stimulation technique make it feasible to develop tight oil [7,8,9]. Nowadays, the technique of horizontal wells with large-scale hydraulic stimulation is often used to promote the production of tight oil. Enhanced connectivity as well as conductivity due to this technique have led oil recovery to be achieved in an appreciably improved manner for previously unreachable tight oil. Field tests in the Ordos Basin, China, have demonstrated that oil production can be improved two-fold after engaging the horizontal well and hydraulic stimulation techniques. However, depletion without a water replenishment method is often employed because of concerns over the high risks of water channeling. Due to the lack of pressure supplementation, reservoir pressure and oil production decline very fast. The depletion implemented in tight oil is discovered to have the characteristics of high production at the very beginning of the production period, a rapid decline in the middle stages of the production period and overall low recovery factor of the oil reservoirs [10,11,12]. Large amounts of oil remain unrecovered after depletion. Some studies suggest that the oil recovery for tight oil reservoirs via the depletion method is always less than 8%, which is much lower compared to conventional oil reservoirs [13,14,15]. Accordingly, a method that can efficiently supplement reservoir pressure and hence promote oil recovery is urgently needed.



After employing water flooding, a severe water channeling problem occurred in the development of Changqing oil field via the horizontal well and hydraulic stimulation techniques, which resulted in a sharp decline in production. In response to this problem, Li et al. (2015) and Wu et al. (2017) conducted horizontal well water huff-n-puff field tests. It was discovered that daily oil production saw a significant increase, which was about 78.3% [15,16]. Qu et al. (2018) conducted static and dynamic water injection and imbibition experiments using the cores of the Chang7 tight formation in the Ordos Basin. It was presented that imbibition was of great significance to oil production for water huff-n-puff [17]. Sheng et al. (2017b) believed that water-wet reservoirs were preferable in the implementation of water huff-n-puff. With spontaneous imbibition in water-wet reservoirs, more oil can be displaced compared with oil-wet reservoirs [18]. With the help of nuclear magnetic resonance method, Li et al. (2022) quantitatively investigated microscopic oil production characteristics after implementing huff-n-puff. It was discovered that intermediate pores contributed the most to oil production, which accounted for 74.02% [19]. Wang et al. (2019) performed numerical simulation to announce the impacts of the parameters of hydraulic fracturing on water huff-n-puff for tight oil exploitation [20]. For the purpose of promoting tight oil production, many oil fields in China have implemented huff-n-puff pilot tests. However, due to compatibility issues between the injected water and the formation fluids, as well as the wettability of the reservoirs, large gaps exist in the well performance of different reservoirs [21]. The implementation of this technique is narrowed to certain types of oil reservoirs. In recent years, attempts to engage CO2 huff-n-puff in exploiting tight oil have been tried by some scholars [22,23,24]. Compared to water, CO2 has some obvious advantages such as expending oil, reducing oil viscosity and having better solubility in oil and better compatibility with the reservoir fluids, which make CO2 achieve higher oil displacement efficiency. In addition, CO2 can be partly buried underground during the CO2 injection, which makes CO2 flooding or the CO2 huff-n-puff technique a win–win strategy of promoting oil recovery as well as reducing CO2 emissions [25,26,27]. Abundant investigation has been implemented to explore the feasibility of engaging CO2 huff-n-puff in developing tight oil in recent years. With CO2 and activated water as injection media, Shi et al. (2022) carried out huff-n-puff experiments using tight cores from Fuyu Oilfield. They discovered that, in comparison to activated water, CO2 could achieve higher recovery with an additional 12.1% of oil produced [28]. Fan et al. (2021) carried out CO2 huff-n-puff in the tight conglomerate reservoir cores of Mahu Oilfield. Nuclear magnetic resonance tests demonstrated that oil in both intermediate pores and small pores could be utilized by CO2 [29]. Tang et al. (2021) conducted CO2 huff-n-puff experiments with large outcrop square cores in order to explore oil production laws as well as the impact factors of huff-n-puff. The experimental findings demonstrated that oil recovery rose with the increasing of CO2 injection volume and decreased with the increasing of production speed [13]. Wei et al. (2020) pointed out that oil recovery was mainly determined by dissolved gas driving the effect in CO2 huff-n-puff [30]. Taking the Bakken tight formation as a research target, Afrari et al. (2022) discovered that both the bottom hole pressure and the production time were instrumental in promoting oil recovery during CO2 huff-n-puff. Numerical simulation suggested that more than 7% incremental oil could be recovered with the implementation of huff-n-puff [31]. To promote oil production and CO2 storage, Fakher et al. (2020) explored the feasibility of CO2 in shale oil. They discovered CO2 injection pressure had significant influences on both CO2 storage and oil recovery [32]. Taking CO2 solubility into account, Lee et al. (2020) studied the influences of CO2 solubility in brine on huff-n-puff in shale oil reservoirs. With the employment of the simulation method, they proposed that about a third of the injected CO2 should be dissolved in brine, which would decrease oil recovery by 4% [33]. With the employment of the NMR technique, Du et al. (2020) experimentally explored the effectiveness of CO2 huff-n-puff for tight conglomerate reservoirs. An oil recovery efficiency of 36.85% was achieved in the experiments, which proved the feasibility of this technique in conglomerate reservoirs [34]. With the employment of low permeability cores, Du et al. (2021) explored the characteristics of oil mobilization during CO2 huff-n-puff. The findings suggested that large pores contributed most to promoting oil production. Oil in the small pores was hardly produced with large amounts of residual oil trapped, as shown in [35]. Li et al. (2019) carried out huff-n-puff, engaging shale cores with the injection media of CO2 and N2, respectively. They discovered that CO2 could significantly reduce oil viscosity, which is about 40% to 60%. Moreover, CO2 can achieve a higher oil recovery than N2, with more than 26.64% additional oil produced [36]. Xue et al. (2023) established a new integrated model for fractured underground gas storage, which would offer some guidance for the numerical simulation of CO2 huff-n-puff [37]. Zhu et al. (2020) carried out CO2 huff-n-puff experiments with fractured shale and tight sandstone to study the effects of kerogen, injection pressure and injection time on the fracture recovery factor and the matrix recovery factor during the CO2 huff-n-puff process. The findings demonstrated that CO2 injectivity in shale was better than that in sandstone. However, the recovery factors for the shale samples were lower than those for sandstone samples [38].



In summary, many scholars have explored the implementation of water or CO2 huff-n-puff to promote oil production in tight oil. Most studies advocate that CO2 huff-n-puff has more advantages in comparison with water [39,40]. However, as to CO2 huff-n-puff, the majority of these studies are devoted to exploring oil production characteristics along with analyzing the impact factors. A few studies have also investigated oil composition variation during CO2 injection. Jia et al. (2023) studied oil viscosity and density variation after CH4/CO2 multi-component gas injection and they pointed out that CH4 decreased the density and viscosity of the oil while CO2 decreased the viscosity but increased the density [41]. Mojtaba Seyyedi et al. (2018) investigated strong CO2 extraction and oil composition variation using pore-scale visualization experiments and PVT experiments. They discovered that the oil in contact with the CO2 was heavier than the original oil [42]. Zhang et al. (2023) studied oil-CO2 phase interaction characteristics at ultrahigh temperature and pressure conditions. They discovered that CO2 continuously extracted light components from the oil phase, which caused the precipitation of asphaltene [43]. As far as we know, the dynamic variation of oil composition and its physical properties have not been fully investigated yet. In our study, oil composition and oil physical property variation during CO2 huff-n-puff is analyzed in detail with both experiments and simulation. Firstly, CO2 huff-n-puff experiments are implemented for the purpose of studying the extraction efficiency of supercritical CO2 on crude oil. In addition, two different oil samples are used to study the impacts of the oil properties on the produced oil composition variation and well performance, where one oil sample is a kind of light oil and the other oil sample is a kind of heavy oil. Then, different influencing factors including production time, reservoir pressure and reservoir temperature are studied using numerical simulation methods. The impacts of these influencing parameters on oil composition as well as on oil property variation are analyzed in detail.




2. CO2 Huff-n-Puff Experiments


2.1. Experimental Materials and Equipment


Two different oil samples with diverse physical properties are employed to explore the impacts of oil properties on oil composition variation and oil recovery in this section. One oil sample is light oil derived from tight formations in the Songliao Basin, China, where the reservoir permeability ranges from 0.1 × 10−3 μm2 to 1 × 10−3 μm2. The other oil sample is heavy oil prepared from the above-mentioned light oil and Shengli Oilfield heavy oil in a mass ratio of 1:2. The oil density and viscosity for the light oil is 0.855 g/cm3 (15 °C, 0.1 MPa) and 23.0 mPa·s (15 °C, 0.1 MPa), respectively. The oil density and viscosity for the heavy oil is 0.880 g/cm3 (15 °C, 0.1 MPa) and 115.0 mPa·s (15 °C, 0.1 MPa), respectively. In addition, slim tube experiments are conducted at a reservoir temperature of 108 °C to obtain the minimum miscibility pressure (MMP) of the two oil samples. The results demonstrate that the MMP for the light oil sample is 17.5 MPa and the MMP for the heavy oil sample is 25.6 MPa. Standard saline water with a salinity of 50,000 PPM is prepared to simulate the formation water in the initial reservoir state. The purity of the CO2 used in the experiments is 99.92%.



The experimental equipment consisted of the displacement system, the physical sand pack system, the back pressure controlling system, the temperature controlling system, the measuring system, the data acquisition system and the connecting pipelines and valves. The experiment setup is shown in Figure 1.



As the main part of the experiment system, the physical sand pack system provides the media for the CO2 interacting with the reservoir oil, where the supercritical CO2 will extract light components from the reservoir oil. The dimensions of the sand pack model are measured before the experiments with an inner diameter of 76.5 mm, length of 370 mm and bulk volume of 1700 cm3. In order to imitate the low permeability of the tight formation as well as simulating the actual fluid flow underground, different meshes of quartz sands and small amounts of clay are mixed together and added into the model. The quartz sands and the clay are mixed with a mass ratio of 9:1. The mixtures of the quartz sands and the clay are tamped in the axial as well as the radial direction to gain the expected permeability as well as porosity. Ultimately, the permeability and porosity are 0.3 × 10−3 μm2 and 8.2%, respectively. As it is always defined that the permeability of tight oil reservoirs is less than 0.1 × 10−3 μm2, the permeability of the sand pack model seems to be a little higher. However, it should be noted that 0.1 × 10−3 μm2 is a mean value for the permeability of tight oil reservoirs. Considering the heterogeneity of the target reservoirs, the permeability of the tight formations in the Songliao Basin ranges from 0.1 × 10−3 μm2 to 1 × 10−3 μm2. Therefore, it is feasible to engage the sand pack model established in the laboratory to simulate the fluid flow in the actual tight porous media.




2.2. Experimental Procedures


During the experimental process, the experimental procedures below should be followed.



(1) The experiment equipment and valves are connected with the stainless steel pipelines according to the experimental flowchart shown in Figure 1. After that, the whole experimental system is vacuumed for at least for 24 h in room temperature conditions.



(2) The high-temperature oven is used to heat the model. The temperature is adjusted to the original reservoir temperature of 108 °C. For the purpose of ensuring that the temperature of the internal parts of the sand pack model reach the initial reservoir temperature and that the whole sand pack model can be heated uniformly, the heating time is set to at least 24 h.



(3) First, the sand pack model should be placed vertically inside the oven, which is essential to the saturation of the brine. Under a constant injection rate of 1 mL/min, the brine is steadily injected inside the model from the bottom end of the model. When the brine is produced at a constant rate from the top of the model, the water saturation process is terminated. With the injection volume as well as the produced volume recorded in detail, the porosity of the model can be measured after the water saturation process. Then the sand pack model is placed horizontally. At the constant injection rate illustrated above, water injection is carried out continuously. Then the permeability of the model can be calculated with the Darcy equation by recording the pressure difference between the production end and the injection end, and the water production rate.



(4) The oil saturation process is implemented to mimic the oil migration and charging process in the reservoirs. During the oil saturation process, the model is placed horizontally. At a constant injection rate of 0.5 mL/min, crude oil is gradually injected. In addition, it should be noted that back pressure for the model is controlled at 10 MPa throughout the oil saturation process. When the oil flow rate reaches a constant at the production end, the oil saturation process is suspended and the original oil reservoir environment is established. Through the oil injection process, the oil injection volume as well as the oil production volume are recorded in detail to obtain the oil saturation in the model. When the oil saturation is terminated, the model should be static for at least 24 h for oil aging.



(5) CO2 huff-n-puff is implemented after the oil saturation process. In most cases, huff-n-puff is divided into three stages. Firstly, the CO2 injection process (the huff stage) is carried out. At a constant injection rate of 0.5 mL/min, CO2 is injected inside the model until the injection volume surpasses the predetermined value. With the help of the data acquisition system, the pressure inside the model is monitored and recorded continuously.



(6) After the CO2 injection process, the second stage of soaking is carried out. During the soaking stage, all the valves of the model are closed.



(7) After the termination of the soaking stage, the third stage of oil production is carried out. During this stage, the back pressure controller is used to regulate the production pressure accurately. For the sake of steady production, the oil production process is carried out at intervals. The pressure drop is controlled to be 0.5 MPa each time. When the sand pack pressure is reduced to the original pressure of 10 MPa, the huff stage is terminated. Then the produced oil is weighed and collected for composition analysis. The composition analysis is conducted by gas chromatography.




2.3. Experimental Results and Discussion


2.3.1. Oil Composition Variation during CO2 Huff-n-Puff


In order to explore the impacts of the oil properties on the CO2 extraction effect and the oil composition dynamic variation during huff-n-puff, two kinds of oil samples with different physical properties, as illustrated in Section 2.1, are prepared. Figure 2 illustrates the comparison between the hydrocarbon distributions of the original oil and produced oil for the light oil sample. Figure 3 illustrates the comparison between the hydrocarbon distributions of the original oil and produced oil for the heavy oil sample. For the light oil sample, it is discovered that the content of the intermediate components of C11 to C20 is increased significantly in the produced oil in comparison with the original oil. However, considering the fact that the produced gas-phase mixtures are released directly into the atmosphere and the light hydrocarbons contained in the gas-phase mixtures are not well collected, the content of the light components of C4 to C10 in the produced oil is lower compared with that in the original oil. The light to intermediate components in the oil are the main extracting objectives of CO2, which leads to the hydrocarbon distribution of the produced oil becoming lighter in comparison with the original oil. This is responsible for the content of the intermediate components being increased while that of the heavy components is reduced in the produced oil. At the same time, it can be discovered that for heavy oil, the variation among the hydrocarbon distributions of the produced oil and original oil is not as obvious as that of the light oil sample. The oil composition does not vary a lot after interacting with the CO2. For the heavy oil samples, the content of heavy components is high while that of light components is low. Meanwhile, the extraction objectives of CO2 are mainly for the light to intermediate components. Therefore, the composition variation for the heavy oil sample is not as significant as the light oil sample. Some measures such as lifting the pressure and extending the time can be adopted to improve the extraction by CO2. During CO2 huff-n-puff implementation in tight formations, the extraction effect of CO2 is non-negligible. On the one hand, the hydrocarbon distribution of the produced oil becomes lighter compared to the reservoir original oil, which is conducive to improving the oil properties and decreasing the oil density and viscosity. One the other hand, the residual oil after huff-n-puff becomes heavier at the same time that the oil density and viscosity are increased, which causes difficulty in the development of the reservoir residual oil. Meanwhile, asphaltene deposition may be induced due to the oil composition variation, which will block the small pores and throats in the reservoir, hence reducing the reservoir permeability, ultimately causing a decrease in oil production.




2.3.2. CO2 Extraction Efficiency of Oil


CO2 extraction efficiency is impacted by the original oil composition. To explore the impacts of oil properties and oil composition on the CO2 extraction efficiency, the heavy oil sample as well as the light oil sample are used to conduct multiple cycles of huff-n-puff experiments. The results are shown in Figure 4. It is presented that for both the heavy oil sample and the light oil sample, if the huff-n-puff cycles are increased, the oil exchange ratio and oil recovery are decreased. The declining speed of the oil exchange ratio and the single-cycle oil recovery accelerate when the CO2 huff-n-puff cycles surpass three. After three cycles, the oil increment of the CO2 huff-n-puff is low. The production is characterized as low oil productivity with high gas productivity. Large amounts of CO2 gas are produced with small amounts of oil involved. It is suggested the number of cycles should be limited to no more than three when implementing CO2 huff-n-puff. After implementation, long periods of soaking are also advised to redistribute the water, oil and gas under capillary force. Under the same conditions, both the oil exchange ratio and the oil recovery factor of the heavy oil are lower than those of the light oil. The fact that the content of the heavy components as well as the oil density and viscosity are higher for the heavy oil is responsible for this. In the CO2 huff-n-puff process, the miscibility of the CO2 with the heavy oil is poor, which leads to a lower efficiency of the CO2 extracting for heavy oil compared to light oil under the same conditions. Meanwhile, after three cycles of implementation, the declining speed of the oil exchange ratio and the oil recovery is much faster for the heavy oil sample. Therefore, the effect of huff-n-puff cycles on the oil exchange ratio and the oil recovery should be given more attention when implementing huff-n-puff in heavy oil reservoirs. It is advised that the huff-n-puff cycles should be optimized for achieving higher economic efficiency. The oil composition has significant influences on the CO2 extraction efficiency of oil. Light oil is preferred for the implementation of CO2 huff-n-puff. Further studies should be conducted to quantitatively identify the effect of oil composition and oil viscosity on the oil exchange ratio as well as the oil recovery factor during implementation. Oil composition standards for the implementation of CO2 huff-n-puff in tight oil should be established.






3. Influencing Factors of Oil Composition and Property Variation


3.1. Reservoir Numerical Simulation Model


The experiment results imply that oil composition varies significantly during the CO2 huff-n-puff process, which has great influence on the properties of the produced oil. However, the impact of different factors such as the production time, reservoir pressure and reservoir temperature are not fully investigated. Furthermore, oil composition and property variation need to be investigated at the field scale to offer some guidance for the implementation of CO2 huff-n-puff in tight oil reservoirs. Considering the advantages of time saving and economic efficiency, numerical simulation is used to investigate the influences of different parameters.



For this study, the GEM compositional simulator is used to simulate CO2 huff-n-puff in tight oil. A multi-dimensional geological model of the target reservoir is established to provide the medium for the CO2 and oil interaction. The equation of state is employed to calculate oil composition and property variation during the process. The oil composition dynamic variation as well as its influencing factors are investigated in detail. The compositional model of huff-n-puff is established on the basis of the actual geological parameters of the tight formations in the Songliao Basin, China. Considering the fact that huff-n-puff is always implemented in a single well, the three-dimensional cylindrical geological model is used and two wells are drilled at the same position in the center of the model (see Figure 5). These two wells are set as the injection well and the production well, respectively. Furthermore, these two wells are opened alternately to imitate the operation of the huff-n-puff. The corresponding parameters used in the model are listed in Table 1. The reservoir fluid PVT model used in the numerical simulation is built on account of the Peng–Robinson equation of state [44]. The reservoir oil is divided into five pseudo-components including the volatile components (CO2), the light components (C4–C6), the intermediate components (C7–C15), the transitive components (C16–C30) and the heavy components (C31–C40). The pseudo-components of the oil are acquired by matching the density, the viscosity, the gas–oil ratio and the saturation pressure of the actual reservoir oil. The comparison between the actual values and the fitting values is presented in Table 2. It can be discovered that the relative error for all the parameters is less than 5%. Therefore the reservoir fluid model can reflect the actual reservoir oil properties and is accurate enough to be used in the numerical simulation model.




3.2. Effect of Production Time


After being injected underground, considering the special conditions underground, CO2 will reach a supercritical state. Supercritical CO2 has a strong ability to be extracted and will interact with the reservoir oil. The light components in the oil will be extracted, which leads to the oil composition variation. The differences between the composition of the produced oil and original oil are significant. Figure 6 illustrates the produced oil composition variation along with the production time during the CO2 huff-n-puff. In comparison with the original oil composition (see the red box in Figure 6), the composition of the produced oil undergoes significant differences and varies with production time. At the very beginning of production, the proportion of heavy components in the produced oil is noticeably higher than that in the original oil. The oil near the well bore is first produced at the very beginning of the production. Since the supercritical CO2 continuously extracts the light components of the oil near the well bore when the CO2 is injected, the proportion of the heavy components in the oil near the well bore increases, while that of the light components decreases. In the early stages of production, the oil near the well bore is preferentially displaced under the elastic effect and the gas driving effect. Therefore the content of heavy components in the oil produced at the very beginning is much higher than in the original oil. Meanwhile, the density and the viscosity of the oil produced at the very beginning are much higher than those of the original oil (see Figure 7). The properties of the produced oil are worsened, which is unfavorable for oil production as well as oil transportation. It is suggested that oil viscosity reducers need to be added to the well during the early stages of oil production for improving the produced oil properties as well as for reducing the flow resistance of the crude oil in the well bore and the surface gathering pipelines. During the production period, the oil near the well bore is gradually completely produced, which causes a decrease in the proportion of heavy components in the produced oil. Furthermore, as the reservoir pressure decreases, the effect of the elastic energy and the gas driving becomes weaker. The effect of the CO2 extraction plays a more and more significant role in the oil production. Correspondingly, as for the produced oil, the proportion of the light and intermediate components is increased continuously, while that of the heavy components is decreased gradually. Meanwhile, the viscosity and the density of the produced oil are gradually reduced. At the later stages of oil production, the extraction effect of the CO2 plays a dominant role in oil production. The light and intermediate components of the oil are continuously extracted by the CO2 and are produced simultaneously, which causes the proportion of the light to intermediate components to be high in the produced oil while the content of the heavy components is low. Meanwhile, the density and viscosity of the produced oil are much lower than those of the original oil. The oil properties are significantly improved, which is advantageous for oil production and transportation.




3.3. Effect of Reservoir Pressure


Figure 8 illustrates the produced oil composition variation under different reservoir pressure at the very beginning of production. In comparison with the original oil, the content of heavy components is significantly increased in the produced oil, while that of light components, intermediate components and transitive components is decreased. In addition, it is demonstrated that the content of the intermediate and the transitive components in the produced oil is lifted with the increasing of the reservoir pressure, while the content of the heavy components is decreased with the increasing of the reservoir pressure. The miscibility of CO2 with crude oil is increased with reservoir pressure. Miscibility flooding may occur during CO2 injection under high-pressure conditions, which causes the proportion of heavy components in the oil near the well bore to decrease while the content of the intermediate and transitive components increases. This is consistent with the research results of Li et al. (2021) [45] and Cao et al. (2013) [46]. During production, the oil close to the well bore is driven out first under the effect of the elastic energy and the gas driving. Therefore, the proportion of the heavy components in the produced oil is decreased with the increasing of the reservoir pressure, while the content of the intermediate and the transitive components is increased with the increasing of the reservoir pressure. Meanwhile, the viscosity and the density of the produced oil are significantly higher than those of the original oil at the very beginning of the oil production. Furthermore, as the reservoir pressure increases, the viscosity and density of the produced oil decrease (Figure 9). At the later stages of production, the effect of the elastic energy and the gas driving is weakened gradually. The CO2 extraction effect is of great importance to oil production. More intermediate and light components are extracted and produced, which causes the density and the viscosity of the produced oil to be much lower than that of the original oil. The oil properties are notably improved. Moreover, due to the fact the reservoir pressure tends to be consistent in different models in the later stages of oil production, the extraction effect of CO2 is similar. Therefore, the viscosity and density of the produced oil tend to be equal.




3.4. Effect of Reservoir Temperature


Figure 10 illustrates the produced oil composition variation under different reservoir temperatures at the early stages of oil production. Significant differences can be seen between the composition of the produced oil and the original oil. Generally, the content of the light components (C4–C6) and intermediate components (C7–C15) is decreased, while that of the transitive components (C16–C30) and heavy components (C31–C40) is increased in the produced oil. Meanwhile, the proportion of heavy components in the produced oil is decreased with the decreasing of the reservoir temperature, while the relationship between the temperature and the content of the intermediate and the transitive components is discovered to present an opposite tendency. In low temperature conditions, the miscibility effect between the CO2 and the crude oil is strengthened. Miscibility flooding may occur near the well bore during the CO2 injection process, which may reduce the proportion of heavy components in the oil near the well bore. This is consistent with the research results of Li et al. (2021) [45] and Zanganeh et al. (2012) [47]. During production, the oil near the well bore is produced first. Therefore, at the very beginning of the production, the proportion of heavy components in the produced oil decreases with the decreasing of the reservoir temperature. In addition, the viscosity and density of the produced oil in the early stages of production are significantly higher than those of the original oil (see Figure 11). Moreover, the viscosity and density of the produced oil increase with the reservoir temperature. At the later stages of production, the extraction of CO2 gradually occupies a dominant position in the oil production. The light and intermediate components are extracted and produced, with the viscosity and the density of the produced oil much lower than those of the original oil. The oil properties of the produced oil are remarkably improved, which is beneficial for oil production and transportation. Compared with the impacts of the reservoir pressure, the influences of reservoir temperature on the viscosity and density of the produced oil are much more significant. There are still significant differences in the viscosity and density of the produced oil at different temperatures in the later stages of production.





4. Conclusions and Suggestions


(1) CO2 huff-n-puff experiments demonstrate that the differences between the composition of the produced oil and the original oil are significant, which verifies that CO2 has a strong extraction effect on the oil.



(2) CO2 mainly extracts light to intermediate components from the oil. In comparison with the original oil, the composition of the produced oil becomes lighter both for the heavy oil sample and the light oil sample. However, the composition variation for the light oil sample is more significant. CO2 huff-n-puff is more favorable for light oil reservoirs.



(3) The numerical simulation study demonstrates that production time, reservoir pressure and reservoir temperature are of great importance to the composition of the produced oil. The hydrocarbon distribution of the oil becomes lighter with the increasing of the production time and formation pressure, while it becomes heavier with the increasing of the reservoir temperature at the very beginning of the production.



(4) During the very beginning of production, the oil viscosity and the oil density are both much higher in comparison with the original stage, with increases of 25.7% and 200%, respectively. It is suggested that viscosity reducers can be added into the well at the very beginning of production to improve the oil properties. During the later stages of production, the properties of the produced oil are significantly improved in the light of the extraction effect of CO2, which causes the viscosity and density of the produced oil to be 3.5% and 15.1% lower than those of the original state, respectively.
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Figure 1. Experimental setup for CO2 huff-n-puff in tight oil reservoirs. (a) Diagrammatic sketch of CO2 huff-n-puff experimental setup. (b) Real experimental setup. 
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Figure 2. Comparison between hydrocarbon distributions of original oil and produced oil for light oil. 
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Figure 3. Comparison between hydrocarbon distributions of original oil and produced oil for heavy oil. 
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Figure 4. Comparison of oil exchange ratio and oil recovery between different oil samples. 
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Figure 5. Geological model of CO2 huff-n-puff in tight oil reservoirs (Five layers). 
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Figure 6. Composition of produced oil varies with production time. 






Figure 6. Composition of produced oil varies with production time.



[image: Processes 11 02415 g006]







[image: Processes 11 02415 g007] 





Figure 7. Density and viscosity of produced oil varies with production time. 
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Figure 8. Composition of produced oil varies with reservoir pressure. 
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Figure 9. Viscosity and density of produced oil varies with reservoir pressure. 
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Figure 10. Composition of produced oil varies with reservoir temperature. 
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Figure 11. Viscosity and density of produced oil varies with reservoir temperature. 
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Table 1. Parameter settings in the compositional model.
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	Parameters
	Values
	Parameters
	Values





	Radius/m
	30 × 10
	Horizontal permeability/10−3 µm2
	0.1



	Thickness/m
	5 × 3
	Vertical permeability/10−3 µm2
	0.01



	Depth/m
	2500
	Gas injection rate/sm3/d
	50,000



	Pressure/MPa
	18.0
	Gas injection time/day
	60



	Temperature/°C
	108
	Soaking time/day
	60



	Oil saturation/%
	50
	Production time/day
	120



	Porosity/%
	10
	Bottom hole pressure/MPa
	13.0










 





Table 2. Comparison between the actual and fitted properties of the crude oil.
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	Parameters
	Actual Values
	Fitting Values
	Relative Error





	Oil density (50 °C, 0.1 MPa) kg/m3
	855
	858
	0.35%



	Oil viscosity (50 °C, 0.1 MPa)

mPa·s
	23
	24
	4.35%



	Saturation pressure

MPa
	4.97
	5.15
	3.62%



	Gas oil ratio

sm3/m3
	19.5
	20.0
	2.56%
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