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    Abstract


    Carbon capture and storage (CCS) is the key technology to reduce the CO2 emission. Geological storage in low-permeability sandstone is expected to increase CO2 storage potential due to the high quality reservoir like an oil or gas reservoir is limited near emission source. However, CO2 behavior in the low-permeability sandstone is still unclear. The principal aim of this study is to determine the change of the CO2 saturation of the water saturated sandstone as the first step of elucidating the CO2 penetration mechanism. Our target sandstone shows 1.09 × 10-17 m2 (= 0.01 mD) that is not regarded as a storage reservoir. In this study, we conducted the supercritical CO2 injection into water-saturated low-permeability sandstone core by the unsteady method. Experimental conditions such as temperature and pressure were reproduced in situ reservoir conditions. The injection flow rate is set as low as possible to avoid increasing pore pressure. CO2 injection was carried out for about 100 hours until steady state. During the CO2 injection, differential pressure on both ends of the specimen was monitored to show step by step changes in the CO2 penetration process. In addition to differential pressure measurement, the weight of the discharged fluid from the specimen was also measured. Using the data of discharged fluid and flow rate data, CO2 saturation of the entire specimen was calculated with the mass-balance method. An ultra-low injection rate which is a unique point of this experiment caused a time lag between the timing of differential pressure change and weight of separator change. As a result, the increase in CO2 saturation started as CO2 reached the specimen and continued after CO2 breakthrough the specimen. After CO2 breakthrough, the rate of increase in CO2 saturation decreased and shows a constant value before the differential pressure approaches steady state and finally, CO2 saturation showed 0.47. We could grasp the very slow CO2 behavior in the specimen due to the low flow (CO2 injection) rate.
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    Introduction


    Geological storage of carbon dioxide (CO2) plays an important role to mitigate the CO2 emission to the atmosphere [1]. It is highly desirable to introduce carbon capture and storage (CCS) technology, particularly in conjunction with newly constructed coal-fired power plants. In Japan, CCS potential has been estimated to be 146 Gt of CO2 [2]. To achieve this level of storage, it will be necessary to store CO2 not only in the high permeable reservoir but also in the low permeable reservoir that has previously been viewed to be of little use. A reservoir with high permeability like an oil or gas reservoir requires an impermeable layer ("cap rock") on the top. Physical trapping to block upward migration of CO2 is provided by a layer of shale and clay rock above the storage formation [3]. Depending on cap lock for the stability of CO2 storage, there is a possibility of CO2 leakage due to the destruction of cap lock. Especially in Japan that has frequent seismic activity, the risk of destruction of cap lock becomes high.


    Compared with a highly permeable sandstone, low-permeability sandstone has a property of retaining CO2 in itself due to the complexity of the pore structure. In addition to the physical trapping, slow penetration of fluids including CO2 in the low-permeability sandstone causes the dissolution in the in situ water over time scales of hundreds of years to thousands of years. CO2 dissolution in the in situ water increases in storage potential per rock. After CO2 is dissolved in the in situ water, chemical reactions between the dissolved CO2 and rock minerals form ionic species will occur. The injected CO2 will be converted to solid carbonate minerals over millions of years [3]. Although the reaction occurring in the reservoir is complicated, the future for storage in low-permeability sandstone is great.


    In the latest research, there are many laboratory core-flood experiments on CO2 saturation in the specimen and on the relative permeability composed of CO2 saturation using either an unsteady-state method [4-11] or a steady-state method [12,13]. The difference these two types of injection methods is whether to inject one fluid or to inject a fluid with a fixed ratio. Regarding the time spent on CO2 injection, the steady-state method spends a lot of time [14]. Especially in the low-permeability sandstone we use in this research, CO2 injection by steady-state method takes a lot of time. CO2 injection into the low-permeability sandstone by unsteady method is valid. The laboratory core-flood experiments were also carried out for a large number of rock cores such as the type of rock, porosity and their distribution and permeability. But most of the sandstone is high permeability. There are little studies on low-permeability sandstone for the CO2 storage [10,15]. Low-permeability sandstone is considered only as a shielding layer ("cap lock") [16]. In this study, we conduct the CO2 injection into the low-permeability sandstone as CO2 storage. Our target sandstone shows one or two -order low permeability than the sandstone in the latest researches [10,15]. The ultimate goal is to measure the relative permeability in order to grasp the two-phase flow behavior of water/brine and CO2 in the low-permeability sandstone. As a research in the preliminary stage, we evaluate the change of CO2 saturation under the reservoir condition during the long-hours CO2 injection. In this study, we developed an experimental system that could maintain pressure and temperature condition for a long time CO2 injection including the separator that obtains the weight of the discharged fluid. Our study complements a few data set of the low-permeability sandstone.


    Rock Sample


    We use Ainoura sandstone samples (23.4 kN/m3) for CO2 injection test. The sandstone was collected in the Sasebo coast area of north-west Kyushu Island, Japan. One of the largest coalfields in Japan is located near the rock acquisition area, and this kind of sandstone exists in large areas around Japan at the depths that would be appropriate for CCS reservoirs. The rock core (Figure 1) was shaped a cylindrical shape 50 mm in diameter and 100 mm in height.


    
      Figure 1: Cored Ainoura Sandstone. View Figure 1

    


    Figure 2 shows polarizing microscope images of the petrographic thin section. The particle size of Ainoura sandstone is specified as 0.02-0.6 mm (well-sorted), and the main particle size is 0.1-0.3 mm (fine to medium grained). The grains show low-grade roundness and are homogeneous. The sandstone is classified as Arkosic sandstone and mainly composed of quartz and feldspar.


    
      Figure 2: Photo of microscope images of Ainoura sandstone a) Open; b) Close.View Figure 2

    


    Pore-size distribution was estimated by a mercury porosimeter (SHIMADZU，AUTOPORE III). The sandstone has a bi-modal pore size distribution (showed in Figure 3, porosity: φ = 11.9%, pore size: peak = 103 nm and 105 nm).


    
      Figure 3: Pore size distribution of Ainoura sandstone. View Figure 3

    


    Experiment


    Experimental system


    Reproducing in situ reservoir conditions, the temperature and pore pressure was above the critical point (31.1 ℃ 7.38 MPa) of CO2 and CO2 was to be a supercritical state. In this paper, we use "CO2" as supercritical CO2. A schematic diagram of the experimental system is shown in Figure 4. The temperature of entire experimental system and apparatus were set at 40 ℃. The flow injection method is combined the flow pump method [17] and the constant head permeability test method [18]. Both fluid and confining pressure were set by using syringe pumps. We used silicon oil for applying the confining pressure. The up and downstream pressures on the specimen were measured by pressure gauges able to measure hydraulic pressure. The differential pressure generated on both ends of the specimen was calculated by the difference between the pressure gauges (A and B) values on the up and downstream sides of the specimen.


    
      Figure 4: Schematic diagram of Experimental system. View Figure 4

    


    We installed a separator with high-pressure resistance to estimate the CO2 saturation (SCO2) of the specimen during the CO2 injection test. In this study, CO2 displaced saturated water, and both fluids were produced on the downstream side. SCO2 in the pore volume of the specimen was measured by the weight change of the supercritical fluid vessel. Discharged fluid on the downstream side (a mixture water and CO2) flowed into the separator and was separated into water and CO2 based on the difference in their densities. Only water remained in the separator and CO2 was captured downstream side by the syringe pump. The weight change was monitored by the electronic balance under the separator continuously.


    Experimental procedure


    The rock core was soaked in water for a few days prior to being sealed with silicon. After soaking, the specimen was placed in a core holder, coated with silicon (5 mm thickness) for preventing CO2 escaping from the side of the core, and air dried for two days. The specimen was set into a triaxial chamber, which was filled with oil; any bubbles were discharged from the core by using a vacuum pump at the same time. The specimen was therefore initially in a water-saturated state. As compared with high-permeability rock, it is difficult to saturate low-permeability rock with water after it has been sealed with silicon, which is why we saturated the rock prior to coating it.


    The experimental procedure can be divided into three steps: Preparation, water permeability testing, and CO2 injection testing.


    First, the confining pressure was loaded using syringe pump 5 (Figure 4) to reach 10 MPa. After that, the confining pressure and pore pressure were increased to maintain a differential pressure value of 10 MPa as follows. Syringe pump 5 was set to gradually reach 20 MPa while syringe pumps 1 and 2 were set to reach 10 MPa. The temperature of the syringe pumps, pipes, and pressure vessels were set to be maintained at 40 ℃ by the temperature control system. The system was given about 24 hours for the pressure and temperature to stabilize.


    After the pressure/temperature stabilized, the water injection test was conducted to measure the absolute permeability of the specimen. From the upstream side of the specimen, only water was injected at a constant flow rate (10 μL/min, syringe pumps 1), and the downstream boundary condition of constant pressure (10 MPa, syringe pumps 2) was maintained. The test was continued until the differential pressures upstream of the specimen reached a steady state. A corresponding value of permeability was later determined from the steady state pressure value by using Darcy's law (Eq. (1)).


    After the water permeability test, pore pressure was reset to 10 MPa and remained in the experimental system between Valve A and B including the specimen and the separator and pipes. The initial condition of the specimen was water saturated for the CO2 injection test. The experimental system including pumps 1, 2, 3, and 4 were dried and filled with CO2. When the pressure and temperature reached 10 MPa and 40 ℃, respectively, we injected CO2 at a constant flow rate (10 μL/min). During the injection test, pressure gauge data, the flow rates of the syringe pumps, and the temperature of the experimental system was continuously recorded.


    As with the water experiment, a separator was installed downstream of the specimen between valve B and pump 2. An electronic scale measured the weight of the separator and the fluid vessel at regular intervals. The separator was initially filled with CO2.


    Experimental results


    A time series of the measured differential pressure on up- and downstream of the specimen during the water permeability test is shown in Figure 5. From Darcy's law (Eq. (1)), permeability can be calculated as,


    
      Figure 5: The change of differential pressure (âóP) during the water permeable test.View Figure 5

    


    Q=Ak ΔH L (1)


    k= ρg μ k 0 (2)


    Where, Q is volumetric fluid (pure water) flow rate (m3/s), A is cross-sectional area of the specimen (m2), L is length of specimen (m), ΔH is differential pressure (Pa), µ is dynamic viscosity of the fluid (Pa s), ρ is the density of the fluid (kg/m3), and g is the acceleration due to gravity (m/s2). Water permeability or Hydraulic conductivity (k) at the steady state: was calculated to be 1.49 × 10-10 m/s, and absolute permeability (k0) at the steady state = 1.0916 × 10-17m2, (= 0.01 mD) from Eq. (2).


    Figure 6 shows the measured differential pressure up- and downstream of the specimen and the weight data from the separator during the CO2 injection test. The differential pressure changes can be divided into three stages (A, B, and C, Figure 7).


    
      Figure 6: The change of the differential pressure and the weight of the separator. View Figure 6

    


    Stage A (0-14 hours) is the period when CO2 pushes the water into the pipe on the upstream side but it does not reach to the specimen. This pattern and magnitude are similar to the results obtained from the previous water permeability test (Figure 5).


    In stage B (14-36 hours), the differential pressure begins to increase more rapidly until it reaches a peak. At that time, the injected CO2 penetrates into the bottom of the specimen and begins displacing the saturated water in the specimen pores.


    In stage C (36 hours to the end), the injected CO2 flows all the way through the specimen and becomes stable flow because it has more bypass rather than sweep flow with the water fractions trapped in the specimen pores (irreducible water saturation). This process was also suggested by Bennion and Bachu [14] as the characteristic flow in when the pore size distribution is bi-modal.


    The separator weight change is zero from the start of CO2 injection to 10 hours. It indicated that discharged water has not reached the separator. At 10 hour, the value of weight increases, and at 41 hours, they stop. There is a 5-hour gap between the time the weight increases stopped (41 hours) and the differential pressure peaked (36 hours). This time lag was caused by the distance between the specimen and the separator.


    Discussion; Estimation of CO2 Saturation


    It was necessary to account for the time lag between the separator weight and differential pressure peaks in the estimation of SCO2. The basic concept of calculating SCO2 is that the volume of discharged water collected in the separator is equal to the volume of the injected CO2 occupying the pore space of the specimen. We estimated SCO2 for each of the three stages identified in the previous section. The density of water and CO2 is 996.5129 kg/m3 and 628.6112 kg/m3, respectively. We use these value to estimate the SCO2.


    Stage A (0-14 hours)


    The initial state of the separator is CO2 saturated (Figure 7). At the start of the procedure, the injected CO2 pushes the water in the upstream pipe and the water penetrates into the specimen. The result of differential pressure (Figure 6) shows that the CO2 reached the specimen 14 hours after the start of the procedure. The weight of the separator began to increase at about 10 hours. At that time, the pipe on the downstream side filled with water that was originally in the downstream pipe and the water discharged from the specimen. The weight increase from 10 to 14 hours is a result of this water being pushed into the separator. Therefore, although the weight of the separator increased during stage A, SCO2 did not increase (i.e., SCO2 = 0) until 14 hours.


    
      Figure 7: The stage of the CO2 behavior in the water saturated specimen and the separator. View Figure 7

    


    Stage B (14-36 hours)


    In this stage, CO2 penetrates into the specimen and the discharged fluid (only water) from the specimen is collected in the separator. In consideration of the 5 hour time lag, SCO2 from 14 to 36 hours was estimated by using separator data from 19 to 41 hours. The increase in separator weight was caused by the displacement of injected CO2 and saturated water. Because the weight increment of the separator is the difference between the initial weight of CO2 in the separator and the weight of water flowing into the separator, the volume of extruded water from the specimen can be calculated from the separator data. Moreover, SCO2 can be calculated by dividing the volume of extruded water from the specimen by the void volume of the specimen. Using the method, SCO2 was estimated to be as much as up to 0.39 at 36 hours.


    Stage C (36 hours to the end)


    After CO2 passes through ("breaks through") the specimen, the weight of the separator increased slowly and eventually became stable. In this state, the CO2 gradually expands the flow path and the discharged fluid from the specimen is a fluid mixture of water and CO2. The discharged water from the specimen was captured in the separator. SCO2 was calculated by using the weight change of the separator as was done in stage B. 41 to 72 hours SCO2 increased slightly. From 72 hours, the CO2 flow path no longer expanded. For the estimation of SCO2, there is no data for the last 5 hours, which shifts the data of the separator forward 5 hours. However, since the weight of the separator did not change from around 72 hours, the last value of SCO2 is assumed to be continuous for the last 5 hours. Final SCO2 shows 0.47. Estimated change of SCO2 summarizes in Figure 8.


    
      Figure 8: Estimated CO2 saturation. View Figure 8

    


    Compared with our previous research [19], SCO2 shows larger value (We got only the maximum SCO2). Due to the different experimental system, sample size, experimental conditions and flow rate, we could not simply compare, but maximum SCO2 increased to 0.55 by increasing the injection rate. In the previous study, we also reported the consistency of the relationship between SCO2 and P-wave velocity measured during the CO2 injection.


    From the other studies [4-16,20, 21], SCO2 varies from 0.10 to 0.60. The value obtained from this study is within the range. According to the CO2 injection on low-permeability or low-porosity sandstone (smaller than 1 mD or 15%) by unsteady-state method, SCO2 show 0.67 (Nugget, porosity = 14.28% [10]), 0.2 to 0.40 (Carbonate rock, porosity = 14.0% [20]), 0.48 (Rock core from the Erdos Basin, 0.59 mD, porosity = 12.4% [15]).


    Conclusions


    Supercritical CO2 injection test was carried out into low-permeability sandstone at a low flow rate by the unsteady method. We measured changes in the differential pressure between both ends of the specimen, flow rate and weight of discharged fluid from the specimen. CO2 saturation of low-permeability sandstone was also obtained by the mass-balance method and rose up to 0.47. These results indicate that low-permeability sandstone has a potential to storage CO2 in terms of CO2 saturation. We will conduct more experiment to improve accuracy and install the geophysical exploration technology for monitoring the CO2 behavior.
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