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Abstract

:

 Major concerns of carbon dioxide (CO2) sequestration in subsurface formations are knowledge of the well injectivity and gas storage capacity of the formation, the CO2 pressure and saturation plume extensions during and after injection, and the risks associated with CO2 leakage and fault reactivation. Saline reservoirs are considered as one of the target formations for CO2 sequestration through structural, residual, dissolution, and mineral trapping mechanisms. The boundary condition of the saline reservoir dictates the pressure and saturation plume extension of the injected supercritical CO2 that could expand over large distances. This can lead to sources of risk, e.g., leakage and/or fault reactivation due to presence of wells, thief zones, and geological discontinuities. Therefore, there is a critical need to develop a model that describes how risk-related performance metrics (i.e., the CO2 saturation plume size, the pressure differential plume area, and the pressure differential at specific locations) vary as a function of the size of injection, time following injection, injection operations, and geologic environment. In this study, a systematic reservoir modeling studies of anthropogenic CO2 sequestration in Citronelle dome, Alabama, was performed where all relevant scenarios and conditions to address the questions of the saturation and pressure plume size in the area of review (AoR) and post-injection site care (PISC) are considered. The objective for this study was firstly to systematically simulate CO2 sequestration, i.e., saturation dynamics, and pressure behavior over a range of operational and geological conditions and to derive conclusions about the factors influencing saturation and pressure plume size, post-injection behavior, and the risk associated with them, by developing third-generation reduced order models (ROMs) for reservoir behavior. Finally, to assess the uncertainty associated with our studies, Latin Hypercube Sampling (LHS) together with an experimental design technique, i.e., Plackett–Burman design, was used. Application of Pareto charts and respond surfaces enabled us to determine the most important parameters impacting saturation and pressure plume sizes and to quantify the auto- and cross-correlation among different parameters in both history-matched and upscaled models.
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1. Introduction


Massive quantities of anthropogenic carbon dioxide (CO2) emissions from different fossil fuels have been identified as the main driving mechanism of climate change and global warming. By the end of 2021, more than 81% of primary energy in the USA came from fossil fuels, of which more than 60% was used for electricity generation. Coal combustion, which was the most carbon-intensive source of electricity generation in the world by more than 15 billion tons of CO2 emissions in 2021, provides more than 21% of the USA’s electricity and more than 74% and 63% of India’s and China’s electricity, respectively (U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 and 10.1, April 2022). Other source of carbon emissions, such as oil, gas flaring, and cement production, also play significant roles in CO2 emission. Carbon Capture Utilization and Storage (CCUS) is recognized as one of the advanced technologies to mitigate climate change by capturing and storing CO2 in underground natural reservoirs [1]. Depleted oil and gas reservoirs are considered as storage sites with a significant potential to store carbon dioxide, as they stored hydrocarbons for millions of years. One of the most important aspects of CO2 storage in depleted oil and gas reservoirs is the availability of the infrastructure required for the storage, such as equipment and pipelines, which significantly helps the economics of the carbon storage project. The oil and gas industries historically used the carbon captured for both enhanced oil and gas recovery, through injection into semi-depleted reservoirs [2,3,4]. However, the problem of early CO2 breakthrough from producing wells, rock and fluid interactions, and failures in long-term reservoir integrity due to presence of multiple adjacent operating wells, limited its application, which requires detailed studies on field stress correlation with CO2 injection [5]. The application of CO2-enhanced shale gas recovery was also studied experimentally [6], where gas storage capacity of shale was compared using multiple gases. The numerical simulation of CO2-enhanced shale gas recovery also showed great promise for CO2 sequestration and enhanced shale gas recovery [7,8]. Among different CO2 storage sites, saline reservoirs were found to be more promising for sequestering large amounts of carbon dioxide [9]. Different techniques have also been used to enhance CO2 storage in saline aquifers, such as water alternate gas (WAG) injection and brine extraction in Minnelusa sandstone [10] or CO2 storage in deep offshore saline aquifers [11]. Ref. [12] compared the storage capacity of depleted gas reservoirs and aquifers and found that even though the aquifers have much lower compressibility, due to their far larger extent they offer immense potential for CO2 storage. In this case, the CO2–brine interaction played a significant role in the success of the CO2 storage project. There are multiple trapping mechanisms that can facilitate the process of CO2 storage in underground formations, including structural, residual, solubility, and mineral trapping. The structural trapping mechanism is the most common among these, where the low permeability formation confines the reservoir and acts as a seal that prevents CO2 migration to the surface due to buoyancy effect. The residual trapping mechanism is where the injected CO2 becomes trapped as discrete droplets due to the surface tension. This trapping mechanism works best from a retention perspective since the trapped gas will not move or be displaced [13]. Solubility trapping occurs when the injected CO2 becomes dissolved in formation water, developing a denser fluid that sinks and helps to increase the storage capacity of the formation. Bennion et al. 2008 [14], showed that the solubility of CO2 in brine has a direct relationship with pressure and as reservoir pressure increases due to the CO2 injection, higher CO2 solubility in brine is achieved. They also showed that CO2 solubility and CO2–brine interfacial tension decreases as salinity increases. Mineral trapping, even though it is a slower process, is considered as the safest process that occurs due to chemical reactions between injected CO2 and formation minerals, resulting in different carbonate precipitations. In every CO2 storage process one or multiple forms of trapping mechanism might be involved. In this study, carbon storage in an aquifer, the Citronelle saline reservoir, was used for the systematical analysis of the impacts of different operation conditions and geological formation characteristics on area of review (AoR), post-injection site care (PISC) and risk associated with anthropogenic CO2 sequestration. The manuscript is structured as follows: the field background was studied first; then the numerical reservoir model was developed, history-matched and upscaled; next the sensitivity and uncertainty analyses were performed using Latin Hypercube Sampling, and results are discussed in detail for both AoR and PISC metrics; and finally, the influence of different reservoir and operational parameters on performance metrics was studied using statistical analysis.



Citronelle Field Background


The Citronelle CO2 storage project was developed in the Citronelle dome north of Mobile County, AL, USA, and is used for multiple large-capacity CO2 sequestration projects. The Citronelle is an elliptical structural closure free of any major faulting zones. Existing seismic data in the southeast Citronelle field were studied to corroborate this structure at the planned injection test location. Sonic logs were used to link the reflectors obtained from two linear seismic reflection arrays running from north to south and from northeast to southwest, of stratigraphic units. Existing seismic reflection data analysis indicated that the top of the Paluxy formation is considered a strong reflector unbroken by faults. Moreover, sand layers inside the Paluxy were imaged to be laterally continuous for substantial distances [15]. As of December 2019, up to 100,000 tons of CO2 has been captured from the coal-fired power generation facility “Power plant Barry” and stored in the storage site via twelve miles of pipeline (i.e., injection well D-9-7 located in the southeast Unit). Figure 1 shows the location of the Citronelle field and the carbon capture facility. The Citronelle oil field was discovered in 1955. In the first 10 years of discovery, 434 productive wells were drilled, of which 139 were utilized for improved oil recovery using water flooding [16]. Currently, the Citronelle operator unit demonstrates safe and secure CO2 injection and storage in extensive saline reservoirs. The geology of the Citronelle is described as the Paluxy formation located at depths of 9400 to 10,500 feet (TVD) and consists of 1100 feet of sandstone inter-bedded with siltstone and shale. This formation is separated by two extensive shale layers from the Washita Fredericksburg sand (saline reservoir) at the top and the Donovan sand (oil reservoir) at the bottom. According to previous studies made in this field, 17 sand layers were detected and correlated using petro-physical logs and core data [17]. In addition to the Upper Tuscaloosa Formation, this deep saline reservoir contains multiple geologic confining units that serve as a barrier enclosure to prevent leakage of CO2 to the surface. The Massive and Pilot sands of the lower Tuscaloosa Group, as well as several sandstone units in the upper Tuscaloosa Group and Eutaw Formation, provide potential carbon storage sites. These sandstone units have the remarkable characteristic of having high porosity and permeability and low heterogeneity. Sixteen well logs in three cross-sections (A-A’, B-B’, and C-C’) were used to interpret the structure of the Paluxy formation (Figure 2). The Paluxy formation, selected as the injection area, has three distinct subdivisions, including the Lower Paluxy section that has thick sandstones with interbedded shale from 10,300 to 10,500 feet, the Middle Paluxy interval composed primarily of shale and thin sandstones from 9800 to 10,300 feet, and the upper Paluxy, consisting of individual sandstones with irregular bottom sand surfaces that are characteristic of fluvial sand deposits that result from infilling of erosional topography by aggradation from 9400 to 9800 feet [4,15]. The stratigraphic column of southwest Alabama is presented in Figure 3 [18]. After distinguishing the three cross-sections, the sand correlations were mapped to assess their individual continuity. The overall thickness of these sand layers was approximately 470 feet; 17 sand layers were selected for injection based on thickness and their extension. Approximately 385 feet of the thickness were being represented by these selected layers (Figure 4). X-ray diffraction (XRD), and thin section studies were performed on the samples obtained from the injection well D-9-7. The upper Paluxy sandstone included 78% to 90% by weight quartz, 1% to 7% feldspar and 7% to 12% clay minerals. The typical upper Paluxy thin sections were also in agreement with XRD studies showing more than 50% of clay minerals to be kaolinite; they also showed moderate-to-large intergranular pores with limited secondary dissolution porosities. The grain-to-grain contacts also indicated significant compaction. (SECARB Anthropogenic Test Project Assessment Report SP121013).





2. Developing an Outline for an AoR and PISC Calculation Tool


One of the main objectives of this project was to have an advance understanding of dynamics of pressure and saturation plume size in a deep saline reservoir as a function of operational and geological conditions. Careful considerations needed to be taken due to two main risks associated with storing carbon dioxide in deep saline reservoir, i.e., groundwater contamination and seismicity induced by the injection of CO2. In aiming to characterize the reservoir behavior over time, three main metrics were identified and quantified, including pressure differential plume area, CO2 plume area, and pressure differential at a specific location away from the injection well. These metrics will be discussed in the following sections. Figure 5 shows the schematic of the methodology applied to two reservoir models built for this study, including the history-matched model covering 5 × 5 km2 area with 796,875 grids and the upscaled model covering 10 × 10 km2 area with 1,437,500 grids.



2.1. Citronelle Numerical Model


The compositional reservoir simulation model CMG-GEM capable of simulating the multiphase, multi-component fluid flow was employed to describe the CO2 injection into the Paluxy formation. CMG-GEM is a compositional reservoir flow model that can be used to model CO2 trapping by pore volume, CO2 dissolution and mineralization. Moreno 2013 performed detailed analysis of trapping mechanisms in Citronelle and showed that structural and residual trapping are more important trapping mechanisms than solubility trapping, and mineral trapping mechanism is minimal for different sets of relative permeability curves. This simulator could also track the saturation, composition, phase behavior, and permeability change as a function of pressure. Reservoir rock, fluid, and their interactions; geomechanics (dilation); well configuration, and operational condition were incorporated in this model. Seventeen sand layers were detected and correlated using petro-physical logs and core data representing 51 simulation layers. Rock properties, including porosity and permeability of Upper, Middle, and Lower Paluxy formation, were obtained using both core sample measurements and well logs. The core permeability values were log-normally distributed and ranged from 0.1 to 3950 millidarcys. The log-normal mean core permeability was 85.2 millidarcys. A range of porosity values were seen for different part of the field. The southeast side of the field showed the greatest porosity range of 21–25% while the northern part of the field showed 11–15% porosity. The Upper Paluxy formation showed 16–24% porosity and the Lower Paluxy formation showed 14–16%. The core analysis also provided the capillary pressure, relative permeability (CO2–brine permeability) and permeability anisotropy. The reservoir pressure was continuously monitored using three observation wells equipped with downhole pressure gauges with 0.5 to 1 min time intervals. The maximum bottom-hole pressure was fixed as 6300 psi. This ensured that the formation was not going to be fractured during the injection of CO2.



2.1.1. History-Matched Model


To discretize the structure of the Paluxy formation, a Cartesian grid system was used where first the “history-matched model” was generated with a total of 796,875 grid blocks, i.e., 125 × 125 × 51 grid in i, j, and k directions, which covered 25 square kilometers. This model included laterally discontinuous low-permeability units distributed vertically within the reservoir. For each layer porosity and permeability maps were generated as shown in Figure 6. Porosity and permeability in this reservoir were between 3–33% and 1–2100 mD, respectively. This multi-layer sandstone reservoir was modelled using both semi-open and closed boundary conditions. The injection rate was used as the constraint and field pressure was history matched.




2.1.2. History-Matched Upscaled Model


An upscaled model of the Citronelle reservoir was built based on Cartesian grids with a total of 1,437,500 grid blocks, i.e., 250 × 250 × 23 grids in i, j, and k directions covering an area of 100 square kilometers using power law. Power law is one of the common techniques valid for spatial averaging in Darcy flow regimes [19]. It is defined in Equation (1) as follows:


    F  −  =       1   V    ∫  F   ( x )   i     d V       1   i      



(1)




where V is the block volume and i is the power exponent ranging between −1 and 1. F is the feature to be upscaled and     F  −    is the upscaled feature in x domain.



In this enlarged model, the isopach, porosity and permeability maps were upscaled without destroying the structure of the formation. Figure 7 shows the grid top map and permeability distributions in cross-section of the upscaled model. The permeability range varied between 1 and 1000 mD, while the porosity kept the same range as the history-matched model. Compressibility of the rock varied between 1.01 × 10−5 and 1.06 × 10−6 1/psi. The injection rate varied in a range between 10 kt/year to 5 Mt/year while injection time was fixed to 3 and 30 years. Post-injection time was also set to 50 years for 3 years of injection, and 300 years for 30 years of CO2 injection period.



In general, a simulation plan was generated for a better understanding of the relationship between geological/operational parameters and risk metrics implied. An overall range of simulation cases is shown in Table 1. The reservoir heterogeneity is included in permeability, porosity, compressibility and anisotropy, different relative permeability curves based on variation in residual gas, and liquid saturations generated based on experimental CO2–brine relative permeability. To properly sample the multi-dimensional model variable space, the Latin Hypercube Sampling (LHS) method was used to generate a simulation matrix for the history-matched and the upscaled models. LHS was performed based on a statistical distribution of different model variables. The simulation responses of this study are also listed in Table 2. Thirty-five simulations were performed using the history-matched model with closed and semi-open boundary condition as illustrated in Table 3. For uncertainty quantification, more than 200 simulation runs were performed for a closed and semi-open system with 3 and 30 years of CO2 injection using the upscaled model. For each realization, the pressure plume size and CO2 plume size were calculated based on three pressure thresholds: 1, 5, and 10 bar, and two saturation threshold values of 1% and 20%.






3. Results (Site-Specific Application of AoR and PISC Tool)


In this section, pressure expansion and CO2 plume size during injection and post injection was investigated. For the purpose, three metrics were identified to evaluate and analyze the reservoir behavior during injection and post injection, including the CO2 plume area (saturation plume size), the pressure differential plume area, and the pressure differential at specific locations in the reservoir. Figure 8 and Figure 9 show the CO2 saturation and pressure distributions at the end of 3 and 30 years of CO2 injection in the upscaled Citronelle reservoir. Different thresholds were assigned to pressure and saturation to study the CO2 plume size and pressure area, i.e., 1, 5 and 10 bar for pressure and 0.01 and 0.2 for CO2 saturation. For each pressure and saturation threshold, the plume size and pressure area were obtained from simulation results of CMG-GEM using an in-house program developed by Seth King at the National Energy Technology Laboratory (NETL); results were then compared and used toward the study of the reservoir fluid dynamics behavior.



Different boundary conditions can impact the rate and magnitude of pressure and saturation change in the reservoir. Here, to investigate the impact of using different boundary conditions on simulation responses and to study the possibility of having significant impact of boundary condition on uncertainty analysis, we introduced the closed and semi-open boundary conditions as new variables in our study for the history-matched model and compared the simulation responses and uncertainty analysis of these two cases. A closed system with a no-flow boundary was defined by setting an impermeable barrier as a cap rock at the north boundary and setting a low-perm layer at the top of the south boundary. For the semi-open system, we performed the same north and south impermeable boundaries; however, a flow boundary condition was applied by setting an aquifer surrounding the storage site (Figure 10). Saturation and pressure plume sizes were used as simulation responses for both semi-open and closed systems.



3.1. CO2 Saturation Plume


The current analysis tracked for this first metric was based on the evolution of the saturation plume size over time while injecting and for post-injection, which would help us to determine how site risks behaved over time. Figure 11 shows a schematic that describes the behavior of saturation plume size over time. The plume size expanded fast during the injection period (early phase), and then slowed down after injection ended (long-term phase). Even though plumes did not always have a roundabout shape, they were assumed as such when aiming to derive the radius of the plume from the calculated plume area. The growth rate of plume size expansion at early and late times could be characterized with the slopes of m1 and m2.




3.2. Area of Pressure Plume


Similar to saturation plume size, pressure plume size was also studied using multiple pressure thresholds. Based on a class V permit obtained in 2012, the AoR was defined as the region surrounding the injection point where the pressure will see a 2 percent increase compared to its native pressure. As detailed in the schematic (Figure 12a), the pressure plume size showed a different profile in comparison with the CO2 saturation plume; the pressure plume size started increasing at the beginning of the injection until it reached its highest point, usually sometime after injection ended. Then, the plume size started decreasing at different rates depending on the boundary condition applied (closed or semi-open). Figure 12b shows the behavior of the pressure plume in the case of the closed boundary condition. The effective radius of the pressure plume was obtained by assuming a circular shape of the plume area.




3.3. Pressure at a Location in the Reservoir


Finally, the pressure plume size was analyzed at various distances from the injection point including 1, 2 and 3 km. Figure 13a shows the schematic of pressure dynamics at a specific location away from the injection point. The pressure profile shows a rapid increase during injection that reached its maximum pressure at the end of injection period. After injection stopped the pressure started decaying. The rate of pressure decay was related to the specific boundary condition applied. The maximum pressure at a specific location was reached at the end of injection or sometime after injection stopped, depending on the distance from the injection point and reservoir heterogeneity. It is important to note that the pressure differential was calculated assuming the reservoir was in hydrostatic equilibrium before injection started. Figure 13b shows the time evolution of pressure at 1 km away from injection point assuming 50 kt/year of injection.



An analysis of how pressure changed after 1 year of injection and fifty years of post-injection was performed by investigating the dynamics of pressure build-ups at 1 kilometer away from the injection point where the injection rate was changing from 50 kilotons per year to 3.5 million tons per year. Comparing all different cases, we can clearly see that the pressure increased rapidly and then suddenly declined after shutting in the injector well. However, the pressure stabilization was reached almost 20 years after the injection stopped (Figure 14). The same trend was observed when the pressure build-up was investigated at 2 and 3 kilometers away from the injection point.





4. Discussion (Detailed Analysis of Reservoir Behavior)


A systematic approach was implemented to perform the sensitivity analysis for both reservoir models, i.e., history-matched and upscaled models, to find the most important parameters impacting the saturation and pressure plume size. This included determining the parameters of interests, performing a screening analysis to find the “heavy hitters” using Plackett–Burman (PB) analysis, performing comprehensive analysis to understand the non-linear behavior of important parameters, and finally generating the response surfaces.



4.1. Analysis of Results


The conventional approach to studying the simulation results is to use cross-plot analysis where the pressure and saturation plume size are plotted against injection rate. Here, the expectation is to see larger areal plume expansion by increasing the injection rate; however, since the problem involves multi-variables with non-linear special and temporal correlations the simulation response might not be intuitive. Therefore, we have used a dimensionless number to be able to characterize this complex fluid dynamics problem using a reduced order model. A dimensionless number represents the overall impact of different variables and their correlations to simulation response, i.e., saturation and pressure plume size. For the purpose, a dimensionless number “Ψ“ is defined in Equation (2) including the most important parameters obtained from experimental design analysis.


  Ψ =   q × t   Ø × ρ × h ×   log  ⁡    k        



(2)




where: q = injection rate (kt/years); t = injection length (year);   Ø   = porosity (dimensionless);   ρ   = CO2 density (kt/m3); h = thickness (m); k = permeability (m2).



Figure 15 and Figure 16 show the simulation response vs. dimensionless number for two cases of closed and semi-open boundary conditions. There is a clear linear trend observed when saturation plume size is plotted against the dimensionless number. A similar linear trend between pressure plume size and dimensionless number is also obtained and illustrated in Figure 16. In the case of pressure plume size, unlike saturation plume size, different critical values are obtained for different pressure threshold values above which the pressure plume reaches the boundary of the reservoir.



Sensitivity analyses were performed to see the impacts of different parameters on the dimensionless number Ψ as shown in Figure 17. The effect of a combination of different parameters on the dimensionless number were studied by varying the parameters of interest and keeping the rest constant. Saturation AoR showed the highest sensitivity to a combination of permeability, thickness, and injection rate and the lowest sensitivity to a combination of porosity, permeability, and injection rate.




4.2. Plackett–Burman Design


Systematic approach was used for both reservoir models to find the most important parameters affecting the dynamics of CO2 saturation and pressure plume size. This included determining the parameters of interest, performing a screening analysis to find the “heavy hitters” using Plackett–Burman, and performing a comprehensive analysis to understand the non-linear behavior of important parameters using both history-matched and upscaled models. Plackett–Burman (PB) design, as used here, is the most compact two-level design that requires (n + 1) runs, where n is the number of factors or variables. In PB design, all the columns of the design matrix are orthogonal to each other and can analyze all the main effects. Table 4 shows the seven parameters selected and their level of variation. Table 4 and Table 5 show the terminology of a two-level design matrix for history-matched and upscaled models where the highest value for the factors is represented with (+1), and the low values with (−1). In this study, saturation and pressure plume size have been used as the simulation response.




4.3. Pareto and Normal Plot Charts


In this study, the Pareto chart, the normal plot of the standardized effects and 3D surface responses were used for the analysis. The Pareto chart displays the relative size of the effects and present the contribution of the simulation response, i.e., pressure and saturation plume size. It uses dimensionless statistics to scale the effects in terms of standard deviations. These are t-values obtained from a t-test and p-values using statistical significance. In this design, the Pareto chart analyzes the uncertainty into three different classes. The variable has with certainty a significant impact in simulation response if it falls above a line defined based on confidence intervals and has no significant impact on simulation results if it falls below the line. From the following Pareto charts, Figure 18, Figure 19 and Figure 20, reservoir permeability and injection rate obtained had considerable influence on the pressure and saturation plume size for all the thresholds and boundary conditions. Figure 18 shows that the main parameters impacting the size of a CO2 saturation plume were reservoir permeability, injection rate, porosity, and compressibility; these are showing a higher impact on the simulation response. However, salinity, reservoir anisotropy and thickness show minimal impact. In the normal probability plot of the effects, points that do not fall near the red line usually indicate important effects. Important effects are larger and further from the fitted line than unimportant effects. Unimportant effects tend to be smaller and centered on zero. Additionally, the normal plot can tell the effect polarity of each variable. For example, in Figure 18, the standard effect of reservoir permeability is positive, which means that in a higher permeability reservoir, the saturation plume expands faster. Normal plots also show that reservoir permeability, injection rate, and compressibility have a positive correlation with saturation size whereas porosity has a negative correlation.



Similar analysis was performed using pressure plume size as a simulation response, with 1, 5 and 10 bar pressure thresholds. Figure 19 summarizes the Pareto and normal plot analysis for pressure plume size with different pressure thresholds. At a small pressure increase with a threshold of 1 bar injection rate, reservoir thickness and porosity showed significant impact on pressure plume size, while at higher pressure thresholds of 5 and 10 bar injection rates, reservoir permeability consistently showed a profound impact on the size of the pressure plume.



As discussed earlier, Plackett–Burman design is a two-level design. To break down the aliasing in a two-level design a standard method is to use the fold-over technique. Typically, the fold-over is performed by simply changing the signs of all the columns in the design of the experiment in Table 5. Full fold-over significantly increases the resolution of the results. Figure 20 shows the Pareto chart obtained from analysis of a fully fold-over PB design that agrees with our previous observations and shows the robustness of the calculations.




4.4. Response Surface


Response surfaces are usually used to explore the relationships between significant parameters obtained through application of Pareto charts and a simulation response, i.e., saturation and pressure plume size in this study. Surface responses can also be used as a proxy to the system or as an optimization strategy. In reservoir simulation studies, developing a relationship between porosity, permeability, and reservoir response usually attracts huge interest. Figure 21 shows the surface responses developed to find the regression between porosity, permeability, and pressure plume size with different pressure thresholds using the upscaled model with closed boundary condition. For more detailed studies, a few exploratory runs were performed to validate the accuracy of the surface responses and regressions generated between porosity, permeability, and pressure plume size.




4.5. Qualitative Assessment


In this study we focused on three aspects of reservoir performance regarding CO2 injection and used these as risk matrices, including the CO2 plume area, the pressure differential plume area, and the pressure differential at a point. This helped us to understand the relationship between the size and duration of injection with AoR and PISC and how this would impact the risk associated with the injection. The evaluation of pressure differential and CO2 plume extension can be used to identify any risk associated with CO2 leakage to possible ground waters or reaching to critical pressure for fault or fracture reactivation that could pose risks associated with seismicity or CO2 leakage through faults and natural fracture systems. Even though we were not directly quantifying risks associated with CO2 injection during and after injection stops, this aspect of reservoir behavior is central to the assessment of risk at a storage site.



After analyzing the results using sensitivity analysis, the qualitative assessment of the impacts of different geological characteristics on pressure extension and plume saturation were made and are summarized in Table 6.





5. Conclusions


CO2 storage in deep saline reservoirs requires an advanced understanding of reservoir rock and fluid properties, interactions, and impact of different geological and operational conditions on fluid dynamics during and after injection of anthropogenic carbon dioxide in the reservoir. This can be summarized in two underlying questions:




	
How does a reservoir’s performance change as a function of injection volumes and rates of CO2?



	
How does a reservoir behave after CO2 injection stops as a function of time?








To answer these questions, a series of simulation runs were performed on a wide range of geological and operational conditions following a statistical approach that ensured the correct sampling of the multi-dimensional space of the model variables. The simulation results of the two models were compared and a number of differences in the impacts of reservoir parameters on saturation and pressure plume size were observed. In both the history-matched and upscaled models considering the open boundary condition, CO2 dissolution in brine appeared as the main trapping mechanism, while in the closed boundary condition structural trapping and compaction was dominant. These two different trapping mechanisms resulted in differences in the magnitude of the impact of reservoir parameters on both pressure and saturation plume extensions. In both cases, the CO2 plume expanded during the injection period, and it stabilized in a slower growth rate after injection. The growth rate stoppage after injection depended on multiple geological and operational conditions and their correlations. The plume degradation stop after injection could last a few years depending on the amount of CO2 injected and the porosity, permeability, and boundary condition of the formation. Injection rate, reservoir permeability, and boundary condition show higher impacts on saturation and pressure plume size. In open boundary cases, higher brine salinity resulted in lower CO2 dissolution in brine and, as a result, lower impact on both saturation plume extension and differential pressure extension compared to the closed boundary condition. In closed boundary conditions, higher sand layer thickness and permeability anisotropy had less impact on saturation plume extension than in open boundary scenarios due to the higher influence of the buoyancy effect and the structure of the closed boundary reservoir. The pressure plume size depicted a rapid increase during injection in both models until it reached its maximum value before it began to decrease after injection stopped. The pressure plume size of the specific points near the injection well showed a fast increase during the injection and a rapid decrease after injection stopped. In the case of the open boundary condition, higher permeability resulted in decreasing the size of the differential pressure plume, while in the closed boundary case it resulted in increasing the differential pressure plume due to confinement.



Qualitative assessment of the geological and operational conditions on CO2 plume size and pressure were presented based on extensive simulations runs and uncertainty analysis. The outcome of this study was also compared and found to be in good agreement with similar studies performed within the National Risk Assessment Partnership (NRAP) project. The National Risk Assessment Partnership (NRAP) project studied three distinct types of reservoirs, including an unbound, flat, single-layer sandstone, a domal, multi-layer sandstone with interbedded shale, and a domal, multi-layer limestone-dolostone (Kimberlina site in California [20], our study of the Citronelle reservoir, and the Rock Springs Uplift site [21] in Wyoming). Models for each of these reservoirs probed a common set of variables. In addition, each of the models explored some reservoir-specific variables (e.g., reservoir heterogeneity, tilt, etc.). Reservoir simulations were conducted at various injection rates and durations to probe the relationship between project size or reservoir conditions and risk. There were some differences in impacts of parameters between the domal structure vs. the larger, more open, systems. Two major observations were common among all the models obtained, including the plume behavior during injection that was predicted to be strongly tied to geological properties such as porosity, permeability, and reservoir lithology; and second, a related observation ties to the predicted behavior of reservoirs post injection.
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Figure 1. Location of Citronelle Field. 
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Figure 2. Cross sections in well D-9-7. 
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Figure 3. Stratigraphic column for southwest Alabama. 
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Figure 4. Individual sandstone layers selected in well D-9-7. 
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Figure 5. Methodology Flowchart. 






Figure 5. Methodology Flowchart.
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Figure 6. Porosity (left) and Permeability (right) distribution. 
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Figure 7. Grid top map (left) and permeability distribution (right) for the upscaled model. 
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Figure 8. CO2 saturation distribution (left) and pressure distribution (right) at the end of 3 years of injection for the history-matched model. 
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Figure 9. CO2 saturation distribution (left) and pressure distribution (right) at the end of 30 years of injection for the upscaled matched model. 






Figure 9. CO2 saturation distribution (left) and pressure distribution (right) at the end of 30 years of injection for the upscaled matched model.



[image: Energies 16 03191 g009]







[image: Energies 16 03191 g010 550] 





Figure 10. Cross-section view of no-flow boundary (left) and semi-open boundary (right). 
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Figure 11. Time evolution of CO2 saturation plume size. 
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Figure 12. (a) Schematic of usual pressure plume behavior. (b) Time evolution of pressure plume size for a specific threshold for a closed boundary condition. 
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Figure 13. (a) Schematic of time evolution of pressure at a particular point in reservoir. (b) Time evolution of pressure at 1 km away from injection point assuming 50 kt/year of injection. 
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Figure 14. Pressure build-up vs. time at 1km away from injection point for a closed boundary aquifer system. 
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Figure 15. Saturation plume size vs. dimensionless number using upscaled model for semi-open system. 
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Figure 16. Pressure plume size vs. dimensionless number using upscaled model for closed system. 
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Figure 17. Linear relationship between different components of dimensionless number and risk metrics. 
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Figure 18. Pareto and Normal plot charts of upscaled model using saturation plume size for closed system. 
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Figure 19. Pareto and Normal plot charts of upscaled model using pressure plume size for closed system. 
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Figure 20. Pareto charts of upscaled model using pressure plume size for 1 and 5 bar of thresholds. 






Figure 20. Pareto charts of upscaled model using pressure plume size for 1 and 5 bar of thresholds.



[image: Energies 16 03191 g020]







[image: Energies 16 03191 g021 550] 





Figure 21. Surface plots of AoR vs. porosity and permeability for different pressure and saturation thresholds for upscaled model. 
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Table 1. Parameter space.
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Parameter Space




	
Models Used

	
Horizontal Size of Model Domain

	
Injection Rate

	
Injection/Post-Injection Length

	
Boundary Condition (BC)

	
Porosity

	
Compressibility

	
Dipping Angle

	
Anisotropy Ratio (kv/kh)

	
Salinity






	
History-matched model;

Upscaled model

	
10 km × 10 km;

5 km × 5 km

	
50, 250, 1000, 5000, kt/year

	
3 and

30 years injection;

30 and 300 years post injection

	
Closed boundary;

Semi-open boundary

	
3–33%

	
1.01 × 10−5–1.06 × 10−6 1/psi

	
Structural map

	
0.01–1

	
10–230 g/L
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Table 2. Simulation response.
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	1-

	
Area of review (AoR)






	
	2-

	
Post-injection site care (PISC)









	(a) Maximum CO2 saturation at any time during injection
	(a) For 3 years of injection: 50 years of post-injection



	(b) Maximum pressure increase
	(b) For 30 years of injection: 300 years of post-injection
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Table 3. Performance metrics for H-M model.
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	#RUNS
	Injection Length (yr.)
	Injection Rate (kt/yr.)
	Post-Injection Length (yr.)
	Model Domain Size (km × km)
	Reservoir Thickness (m)
	Permeability (md)
	Porosity
	Compressibility (1/psi)
	Boundary Type





	1
	30
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	2
	3
	250
	50
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	3
	30
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	4
	30
	1000
	50
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	5
	3
	250
	300
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	6
	30
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	7
	30
	5000
	50
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	8
	30
	5000
	50
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	9
	30
	10
	50
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	10
	30
	5000
	50
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	11
	3
	1000
	50
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	12
	3
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	13
	3
	250
	50
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	14
	3
	250
	300
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	15
	30
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	16
	3
	50
	300
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	17
	3
	250
	50
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	18
	3
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	19
	3
	250
	50
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	20
	3
	5000
	300
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	21
	3
	1000
	50
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	22
	30
	1000
	50
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	23
	3
	50
	50
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed



	24
	3
	1000
	300
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	25
	30
	10
	50
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	26
	30
	1000
	50
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	27
	30
	250
	300
	5 × 5
	Maps
	Maps
	Maps
	9 × 10−6
	Closed



	28
	3
	10
	300
	5 × 5
	Maps
	Maps
	Maps
	3 × 10−6
	Closed



	29
	3
	10
	300
	5 × 5
	Maps
	Maps
	Maps
	1 × 10−6
	Closed
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Table 4. Parameter setting of PB design.
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	Parameter
	−1
	+1
	Unit





	A: Permeability
	10.19
	977.22
	Md



	B: kv/kh
	0.0106
	0.9947
	NA



	C: Porosity
	0.0501
	0.3478
	%



	D: Thickness
	50
	200
	m



	E: Compressibility
	1.06 × 10−6
	1.01 × 10−5
	1/psi



	F: Salinity
	11.37
	228.12
	ppm



	G: Injection rate
	20
	4274
	kt/year
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Table 5. PB design for seven variables, −1 = low value, +1 = high value, 12 realizations.
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Factor 1

	
Factor 2

	
Factor 3

	
Factor 4

	
Factor 5

	
Factor 6

	
Factor 7




	
RUN

	
A: Permeability

	
B: kv/kh

	
C: Porosity

	
D: Thickness

	
E: Compressibility

	
F: Salinity

	
G: Injection Rate






	

	
md

	
NA

	
%

	
m

	
1/psi

	
ppm

	
kt/year




	
1

	
−1

	
1

	
1

	
−1

	
1

	
−1

	
−1




	
2

	
−1

	
−1

	
1

	
1

	
1

	
−1

	
1




	
3

	
−1

	
1

	
1

	
1

	
−1

	
1

	
1




	
4

	
1

	
−1

	
−1

	
−1

	
1

	
1

	
1




	
5

	
1

	
1

	
−1

	
1

	
−1

	
−1

	
−1




	
6

	
−1

	
−1

	
−1

	
−1

	
−1

	
−1

	
−1




	
7

	
1

	
1

	
1

	
−1

	
1

	
1

	
−1




	
8

	
1

	
−1

	
1

	
−1

	
−1

	
−1

	
1




	
9

	
−1

	
1

	
−1

	
−1

	
−1

	
1

	
1




	
10

	
1

	
1

	
−1

	
1

	
1

	
−1

	
1




	
11

	
1

	
−1

	
1

	
1

	
−1

	
1

	
−1




	
12

	
−1

	
−1

	
−1

	
1

	
1

	
1

	
−1
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Table 6. Qualitative Assessment for parameters used.






Table 6. Qualitative Assessment for parameters used.











	Parameter
	Impact on Pressure
	Impact on Saturation
	Notes





	Porosity
	Medium
	High
	For closed systems, the impact of porosity can be higher, depending on pressure threshold and injection rate.



	Permeability (k)
	High
	High
	For closed systems, the impact of permeability can be lower, depending on pressure threshold and injection rate.



	Compressibility
	Low-Medium
	Low
	Compressibility will have a higher impact on pressure for a closed system where the pore volume is within an order of magnitude of the injected volume.



	Thickness
	Low-Medium
	Low-Medium
	There is some variability between reservoirs on whether thickness impacts pressure or saturation plume size more.



	kh:kv
	Low
	Low-Medium
	



	Salinity
	Low
	Low
	



	Caprock Permeability
	Low-Medium
	Low
	Caprock permeability has more impact when injection rate or mass is not too high and caprock permeability is low.



	Boundary Conditions
	Medium-High
	Low
	Boundary conditions are important for higher injection volumes or smaller reservoirs.
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