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Abstract

:

An analysis of the influence of injection well location on CO2 storage efficiency was carried out for three well-known geological structures (traps) in deep aquifers of the Lower Jurassic Polish Lowlands. Geological models of the structures were used to simulate CO2 injection at fifty different injection well locations. A computer simulation showed that the dynamic CO2 storage capacity varies depending on the injection well location. It was found that the CO2 storage efficiency for structures with good reservoir properties increases with increasing distance of the injection well from the top of the structure and with increasing depth difference to the top of the structure. The opposite is true for a structure with poor reservoir properties. As the quality of the petrophysical reservoir parameters (porosity and permeability) improves, the location of the injection well becomes more important when assessing the CO2 storage efficiency. Maps of dynamic CO2 storage capacity and CO2 storage efficiency are interesting tools to determine the best location of a carbon dioxide injection well in terms of gas storage capacity.






Keywords:


CO2 storage; carbon dioxide storage; geological storage; storage in aquifers












1. Introduction


The concept of mitigating climate change using underground carbon dioxide storage technologies has attracted increasing attention in recent years. Identifying potential geological structures for underground CO2 storage and developing a methodology to estimate their capacity are essential elements that will determine the effectiveness of their application [1,2].



1.1. Capacity of Geological Structures for CO2 Storage


Estimates of CO2 storage capacity are made at different scales depending on the needs. They may refer to a country, basin, region, or a specific recognized geological structure. The estimation of theoretical CO2 storage capacity is based on calculating volumetric capacity and available pore volume. Several methods for the volumetric estimation of CO2 storage capacity in deep aquifers are presented in the literature [3,4,5,6]. It is possible to calculate the capacity as the mass of the stored CO2 while considering carbon dioxide density in reservoir pressure and temperature conditions [7]. For the calculations performed in this article, the CSLF method proposed by the Carbon Sequestration Leadership Forum was chosen. In this method, the estimation of the amount of CO2 stored in the geological trap is based on calculating the volume of stored CO2 depending on the geometric volume of the trap, porosity, the irreducible water saturation, and the CO2 density in reservoir conditions.



The generalized equation presented in the CSLF method was used to estimate the theoretical storage capacity of the Konary, Sierpc and Suliszewo structures [5,7,8,9]:


   M  C S L F   =  ρ    CO  2    · A · h · ϕ ·   1 −  S  w i r r      



(1)




where:



   M  C S L F    —CO2 storage capacity calculated by the CSLF method, [kg],



   ρ    CO  2     —average CO2 density under given pressure and temperature conditions, [kg/m3],



 A —area of the structure (trap), [m2],



 h —average thickness of the structure (trap), [m],



 ϕ —average porosity of the structure (trap), [-],



   S  w i r r    —irreducible water saturation, [-].




1.2. CO2 Storage Efficiency


The CO2 storage efficiency is understood as a fraction of the reservoir pore space volume that can be filled with CO2. In addition to the petrophysical properties of the rocks, it is influenced by: the geometry of the structure, the stratigraphic heterogeneity of the reservoir, the hydrogeological parameters of the reservoir, and other additional factors such as the number of injection wells, their location, and requirements related to the safety of the storage process [9]. The quality of the sealing and the geological structure of the reservoir are other important factors affecting the storage efficiency [10]. Their influence is difficult to estimate without detailed studies, including carbon dioxide injection simulations [11].



Bradshaw et al. [12] introduced the concept of primary CO2 storage capacity, understood as the total pore volume of the reservoir of the carbon dioxide storage structure. This volume is not likely to be filled with carbon dioxide. Therefore, the concept of storage efficiency, which is the ratio between the maximum storage volume and the actual injected volume, was introduced [13]. Depending on the aquifer hydrogeological parameters and the type of storage, storage efficiency is usually estimated between 2 and 17% [12,13,14].



The CSLF method for estimating the storage capacity of CO2 assumes that the value of the storage efficiency depends on whether the structure being considered for storage is a closed, partially closed, or open structure and on the quality of the reservoir petrophysical properties (porosity and permeability). A porosity above 20% and permeability above 300 mD are considered as good petrophysical properties [15,16], although other sources state that the porosity above 15% and permeability above 100 mD are required [17]. A porosity lower than 10% and permeability lower than 100 mD are considered poor petrophysical properties of the reservoir [16]. For structures where the trap and the aquifer are connected, the storage efficiency is 40% for structures with good reservoir parameters and 20% for structures with poor reservoir parameters. For partially closed structures, the storage efficiency is 10–20% for a reservoir with good quality and 5–10% for a reservoir with poor quality. For closed structures, this efficiency ranges from less than 3% for reservoirs with poor quality to 3–5% for reservoirs with good quality [15,18].



Vangkilde-Pedersen et al. [19] used the modified CSLF method to estimate CO2 storage capacity. They assumed a storage efficiency of 3–40% for open and semi-enclosed structures and 1–20% for enclosed structures. The latest CSLF report [20] shows that the storage efficiency, the proportion of pore space utilized, is very low. In the case of saline formations, CO2 storage efficiency represents 1–4% of the bulk volume (with 15–85% confidence).



The US DOE (United States Department of Energy) method is similar to the CSLF method of calculating CO2 storage capacity. The difference between them is that the expression with irreducible water saturation (1-Swirr) in the CSLF method is included in the main formula for calculating capacity. In contrast, the US DOE method is included in the storage efficiency factor. So, if we multiply the efficiency by (1-Swirr), we get a correspondingly reduced CO2 storage efficiency for the US DOE method. For example, Goodman et al. [6] found that, for the US DOE method, the efficiency for saline formations ranges from 0.40 to 5.5% for the three different lithologies over the 10 and 90 percent probability ranges.




1.3. Dynamic Storage Capacity


The most critical geomechanical parameters that determine the safety of storage are fracture pressure and capillary entry pressure (the critical pressure when supercritical CO2 “breaks” through the capillaries of the overlying seal) [16]. The capacity calculated using analytical modeling or numerical simulations, considering the mentioned parameters, is called dynamic capacity [9]. Van der Meer and Egberts [21] and van der Meer and Yavuz [22] drew attention to the fact that the very act of injecting CO2 into the aquifer causes an increase in pressure that can limit its capacity if permissible levels are exceeded.



The estimation of the dynamic storage capacity of CO2 takes into account such parameters as the allowable pressure increase in the structure due to injection, the number and location of gas injection wells, and the injection time. It is also essential that the CO2 does not exceed the spill point. This means that the injected CO2 does not exceed the defined structural boundary as a result the movement within the rock pores due to the pressure changes caused by the gas injection. The dynamic CO2 storage capacity is estimated by simulating the CO2 injection using reservoir simulation.




1.4. Previous Studies on CO2 Storage Capacity in Poland


The CO2 storage capacity in Poland has been the subject of several recent publications. Uliasz-Misiak [14] estimated storage capacity (theoretical, effective, and practical) for the most promising aquifers in Poland using a simplified methodology considering average porosity values, the average fraction of permeable layers, average CO2 density under reservoir conditions, and the storage efficiency. The effective and practical storage capacity was determined for three different storage efficiencies (1, 4, and 8%). Based on computer simulation, the author presented estimates of dynamic CO2 storage capacity for a selected aquifer (with efficiencies of 10, 20, and 40%) and compared the obtained results with estimates of theoretical storage capacity. Tarkowski [23] presented the results of the capacity estimations (volumetric and dissolution) for 48 structures located in the Mesozoic saline horizons of the Polish Lowlands with the assumed storage efficiency of 20%.



Within the framework of the EU GeoCapacity project, the CO2 storage capacity (resulting from structural trapping) was estimated (according to the methodology proposed in the EU GeoCapacity project) for the selected deep Mesozoic aquifers in Poland [24,25,26]. The CO2 storage capacity for the Mesozoic reservoirs of the Polish Lowlands was estimated: for the Lower Cretaceous—7647 Mt, Lower Jurassic—43,826 Mt, Lower Triassic—26,494 Mt, and for 18 selected geological structures—3522 Mt. The results showed that the storage of CO2 in the Mesozoic aquifers of the Polish Lowlands is the best possible option for the geological storage of this gas due to its large capacity [25]. Marek et al. [27] estimated the volumetric CO2 storage capacity of the Zaosie structure to be 340 Mt of CO2, with a storage efficiency of 10%. Tarkowski et al. [28] characterized in detail selected potential structures for CO2 storage in the Mesozoic formations of the Szczecin-Mogilno-Uniejów Trough and evaluated their usability and capacity for underground carbon dioxide storage. The Konary structure was characterized in terms of CO2 storage and based on the CO2 injection simulation, and the CO2 storage capacity for the Lower Jurassic was estimated [29,30]. Different locations of the CO2 injection well in the Konary structure, considering the capillary entry pressure of the caprock, [30] showed that the consideration of the capillary entry pressure at the top of the structure resulted in a significant reduction of the dynamic capacity by up to 60%. For selected aquifers in the Bełchatów region, Labus et al. [31] estimated the CO2 storage capacity by dissolution at 11.1 kg/m3 of the formation, while, for the Jurassic sandstones from the Chabowo anticline, the dissolution capacity was estimated between 9.19 and 12.0 kg/m3 [32].




1.5. Research Objective


The effect of the CO2 injection well location within the geological structure on the CO2 dynamic storage capacity, and further on the value of CO2 storage efficiency, is a crucial issue that has not been fully addressed in the literature. However, Stopa et al. [33] developed computational methods to optimize the location of the injection well for a different purpose, namely, to minimize the risk of CO2 leakage. Hajiabadi et al. [34] also emphasized that most models have focused on reservoir-level CO2 storage capacity rather than well injectivity and attempted to identify the gaps by examining the significant factors contributing to CO2 injectivity in deep saline aquifers. In turn, Okwen et al. [35] performed numerical simulations of CO2 injection to evaluate the gas storage efficiency for different sedimentation environments at five different CO2 injection well locations. It allowed them to find the difference in the magnitude of this efficiency for other well locations. However, this is another important issue that has not been substantially investigated, as only the average value of the results obtained at five CO2 injection well locations was calculated. Hu et al. [36] also noticed a difference in CO2 storage capacity due to the location of the injection well, although they studied storage at an oilfield. Jun et al. [37] analyzed four well patterns to define the optimal injection well pattern, placement, and operating conditions. The results showed the optimal location and fluid rate that enabled an almost eight times larger volume of CO2 to be stored compared to the base case. Urych and Smoliński [38] considered several simulation variants of CO2 injection into geological formations and determined the best reservoir for potential geological storage of CO2 from the three studied reservoirs, characterized by the most favorable geological and hydrogeological parameters. White [39] found that CO2 static capacity estimates from well-based mean values are less than comparable seismic-based estimates by <15% due to porosity differences and by <5% due to thickness differences. Variations in thickness of up to 25 m from the mean value could result in capacity estimate differences of up to 25% for alternate well locations.



In the present article, the research objective is to show the influence of the CO2 injection well location on the storage efficiency of the considered geological structure. For this purpose, three geological structures from the area of the Polish Lowlands were selected and characterized, assuming CO2 storage in Lower Jurassic aquifers. A set of theoretical and dynamic CO2 storage capacities for each of the selected structures was obtained by simulating CO2 injection with fifty different injection well locations to assess how storage efficiency depends on the injection well located concerning various geological structures.





2. Materials and Methods


Three selected geological structures for CO2 storage in deep aquifers of the Lower Jurassic (Komorowo Beds or their equivalent), representing three different geological units of the Polish Lowlands, were analyzed in detail: the Konary anticline (Pomeranian-Kuyavian Swell), Sierpc anticline (Marginal Trough), and Suliszewo anticline (Szczecin-Łódź Trough) (Figure 1).



These structures were selected based on the availability of detailed geophysical data and their position in the geological structures of the Polish Lowlands ranking presented by Uliasz-Misiak and Tarkowski [40].



Spatial geological models were created for the Konary, Sierpc, and Suliszewo structures, and numerical modeling of CO2 injection was performed. The dynamic storage capacity was estimated separately for each structure and fifty CO2 injection well locations. The CO2 storage efficiency was then determined based on the dynamic storage capacity and the calculated theoretical storage capacity.



2.1. Geological Characteristics of the Considered Structures


The detailed geological characteristics of the considered structures were presented by Marek et al. [41] and supplemented with the results of well geophysical surveys (natural gamma-ray profiling, standard resistivity profiling) to determine the porosity and permeability of the reservoir rocks [42]. In recent years, the Konary structure has been examined in detail to assess the influence of the reservoir parameters [29] and cap rock capillary entry pressure [30] on the estimation of CO2 storage capacity. The Suliszewo structure was analyzed in the context of its use for hydrogen storage [43]. The Sierpc structure was also described to estimate and compare CO2 storage capacity and H2 storage capacity [44]. The data assumed for CO2 injection modeling concerning the analyzed structures are presented in Table 1.



2.1.1. Konary Structure


The Konary anticline was identified by a semi-detailed image of a reflection seismic survey and two wells: Konary IG-1, with a final depth of 3452.0 m (Zechstein) on the NE-wing, [45] and the research well Byczyna 1, with a final depth of 5728.0 m (Carbon Lower) on the SE-wing of the structure. The lithostratigraphic and hydrogeological analysis of the Mesozoic deposits of the Konary anticline showed that the upper Komorowo Formation of the Upper Pliensbachian reservoir is the most favorable for CO2 storage [46]. It was drilled in the Byczyna 1 well at 1832.0–1926.0 m (thickness 94 m). The Komorowo Formation in the upper part of the profile is represented by fine-, medium-, and coarse-grained sandstones with very good reservoir properties, with a maximum permeability of 1000 mD (average 900 mD) and a maximum porosity of up to 18% (average 16.75%). A higher proportion of claystones characterizes the lower part of the profile of this formation. The rocks of this formation are filled with class I calcium chloride brines with mineralization of 42–49 kg/m3 [47,48]. The Komorowo sandstone formation is sealed from above by clay and silt layers with thin inserts of fine-grained sandstones, sometimes with a calcareous-dolomitic or sideritic binder, with an average thickness of 125 m, contained to the Ciechocinek Formation of the Lower Toarcian. It was assumed that the elliptical-oval outline (spill point) of the anticline was determined by the Upper Jurassic Pliensbachian roof isohypse of −1000 m [41].




2.1.2. Sierpc Structure


The Sierpc anticline was recognized by a regional image of a seismic reflection survey and two deep wells, Sierpc 1 (2100.5—Lower Jurassic, Lower Toarcian) and Sierpc 2 (4389.0 m—Carbon), located at the culmination of the structure. The selected Lower Jurassic reservoir [49,50,51] was drilled in the Sierpc 2 well at a depth of 2190.0–2236.0 (46 m). This level consists of fine and medium-grained light gray sandstones with an average permeability of 50 mD and an average porosity of 15% and clay-silt interbeds with an average permeability of 2 mD and an average porosity of 10%. This level includes Class I chloride-calcium brines with a mineralization of 100–200 kg/m3. The claystone Ciechocinek formation seals the reservoir of the Drzewice Formation. It was drilled in the Sierpc 2 well at 2112.0–2190.0 (78 m). It consists of clay and silt deposits with thin sandy interfaces, concretions, and iron streaks. The petrophysical properties of these formation rocks confirm their sealing ability [51]. It is assumed that the elliptical-oval outline (spill point) of the anticline was determined by the Lower Jurassic isohypse of the Upper Pliensbachian roof with a value of −2150 m.




2.1.3. Suliszewo Structure


The Suliszewo anticline was identified by a semi-detailed image of a seismic reflection survey and the Suliszewo 1 well with a final depth of a 1726.0 m (Rhaetian) culmination point of the anticline. The reservoir for CO2 storage is made of the Komorowo Formation sandstones of the Upper Pliensbachian (Domerian), which occur within the Lower Jurassic deposits [40,52]. The reservoir was drilled in the Suliszewo 1 well at a depth of 1293.0–1382.0 m (89.0 m). It is represented by sandstones with very good reservoir properties, with an average permeability of about 1000–3000 mD and sometimes even 7000 mD. In addition, there are intermediate layers of mud and clay with an average permeability of about 10–20 mD and an average porosity of about 5–8%. First-class calcium chloride brine with a mineralization of about 100 kg/m3 filled rocks of this formation. The sealing series consists of the Gryfickie (Ciechocinek Formation) layers of the Lower Toarcian, made of claystones and siltstones with sandy and calcareous inclusions. In the Suliszewo 1 well, the thickness of this series is 67.5 m [52]. The elliptical-oval contour of the anticline (spill point) is assumed to be determined by the Lower Jurassic roof isohypse of the Upper Pliensbachian, with a value of −1450 m. The detailed geological data on the Suliszewo anticline are given in Table 1.





2.2. Modeling Approach


In the present study, PetraSim TOUGH2 software was used to simulate CO2 injection [54,55]. TOUGH2 is a general-purpose numerical simulation program for multi-dimensional fluid and heat flows of multiphase, multicomponent fluid mixtures in porous and fractured media [55]. The ECO2N fluid property module, designed for the geologic sequestration of CO2 in saline aquifers, was used. It includes a comprehensive description of the thermodynamics and thermophysical properties of H2O, NaCl and CO2 mixtures. The phase conditions represented may consist of single (aqueous or CO2-rich) phase and two-phase mixtures. Fluid phases may appear or disappear during a simulation, and solid salt may precipitate or dissolve [54].



To model the two-phase flow of supercritical CO2 and brine, the general liquid permeability and capillary pressure characteristics of van Genuchten and Corey relative gas permeability curves were used [56]. In addition, CO2 injection modeling was performed assuming isothermal conditions.




2.3. Spatial Geological Models


Spatial geological models were created for three analyzed structures. The depth of the roof and floor of the reservoir formation was determined based on available well data, cross-sections of structures, and structural maps of the Komorowo Formation and its counterparts. The way of creating the calculation grid is presented in the supplementary materials (Appendix S1). Since faults are located near the Konary and Sierpc structures, two variants of the geological models were created. In the first variant, it was assumed that the fault does not occur and that the boundaries of the entire model were open (variant I). In contrast, in the second variant (variant II), the occurrence of the fault is assumed, and the boundaries remain closed. In this case, it was assumed that the faults are wholly impermeable and can cause a faster pressure rise that can exceed the allowable pressure [57].



As a variation of the reservoir formation in terms of permeability and porosity was observed, ten layers were distinguished in the analyzed vertical profiles of the reservoir for each of the considered structures (Table 2, Table 3 and Table 4). They were separated for modeling using standard procedures with a series of averaging techniques. It allowed for the determination of the boundary structure with very good and very poor petrophysical reservoir properties (permeability and porosity) in the cross-section. In all models, permeability in the vertical direction was assumed to be one-tenth of the permeability in the horizontal direction. It was assumed that the overburden and lower layers are impermeable [18,58]. The thermal properties of the rocks for all layers were taken at the same level, namely: the thermal conductivity of rocks saturated with brine—2.51 W/m °C, specific heat—920 J/kg °C [59].



2.3.1. Numerical Model of the Konary Structure


The basis for creating the numerical model of the Konary structure was a static model covering the Lower Jurassic formations—the reservoir of the Komorowo Formation created based on the profile of the Byczyna 1 well, the structural map, and cross-sections [46]. Figure 2 shows the area of the Konary structure selected for modeling—a top view of the computational grid of this structural model created using PetraSim TOUGH2 software. The figure also shows the location of the Byczyna 1 well. The model boundary covers the entire structure defined by the isohypse −1000 m of the roof of the Komorowo Formation and reaches the fault, which is located near the structure. The computational grid was refined in the structure boundary area and an example injection well located at the top of the structure. With these assumptions, the size of the modeled domain is 91.92 km2, while the area of the structure outline defined by the isohypse −1000 m of the Komorowo Formation roof is 47.93 km2. The reservoir layer volume in the model was divided into ten layers according to the reservoir properties of the rocks (Table 2). Based on the model constructed in this way, the number of calculation cells in PetraSim TOUGH2 software is approximately 20,000.



Because there is a probable fault in the vicinity of the structure (marked as a red dashed line), two variants of the geological models of the structure were created (variants I and II). The first variant assumes that the fault is absent or permeable, while the second variant assumes that the fault is present and impermeable. The other properties of the model remained unchanged in both variants.




2.3.2. Numerical Model of the Sierpc Structure


The static numerical model of the Sierpc structure includes the Lower Jurassic formation—a reservoir of the Drzewice (=Komorowo) formation, based on the Sierpc-2 well profile, structural map, and cross-sections [53]. Figure 3 shows the area of the Sierpc structure selected for modeling—the top view of the structure computational grid model created in PetraSim TOUGH2 software. The figure also shows the location of the Sierpc 2 well. The model boundary covers the entire structure defined by the −2150 m isohypse of the reservoir roof and extends to the fault located near the structure. The computational grid was refined in the structure boundary area and an example injection well located at the top of the structure. With these assumptions, the area of the modeled domain is 97.98 km2, while the size of the structure outline defined by the isohypse −2150 m of the Komorowo formation roof is 59.76 km2. In the model, the thickness of the reservoir was divided into ten layers to distinguish between very good and very poor reservoir properties (Table 3). As a result of this model, the number of calculation cells in PetraSim TOUGH2 software is approximately 24,000.



As in the Konary structure case, there is a fault near the Sierpc structure. Therefore, two variants of geological structure models were made. In the first variant, it is assumed that the fault does not occur, while in the second variant, it is taken that the fault does occur and is impermeable. The other properties of the model remained unchanged in both variants.




2.3.3. Numerical Model of the Suliszewo Structure


The static numerical model of the Suliszewo anticline includes the formations of the Lower Jurassic—a reservoir of the Komorowo Formation, based on the Suliszewo 1 well, the structural map, and cross-sections [52]. Figure 4 shows the area of the Suliszewo structure selected for modeling—the top view of the Suliszewo structure model calculation grid created using PetraSim TOUGH2 software. The figure also shows the location of the Suliszewo 1 well. The model boundary covers the entire structure defined by the −1450 isohypse. The computational grid was refined in the structure boundary area and an example injection well located at the top of the structure. With these assumptions, the size of the modeled domain is 85.78 km2, while the area of the structure outline (spill point) defined by the isohypse −1450 m of the Komorowo formation roof is 51.81 km2. In the vertical profile, the model was divided into ten layers to distinguish between very good and poor reservoir properties (Table 4). Based on the model constructed in this way, the number of computational cells in PetraSim TOUGH2 software is about 21,000.





2.4. Estimation of the Theoretical CO2 Storage Capacity


The theoretical CO2 storage capacity for the Konary, Sierpc, and Suliszewo structures was determined for each of the ten separated layers (by Formula (1)) and then summed up. The sum of the volumes of the cells forming this layer in the structural model constructed using PetraSim TOUGH2 software was taken as the geometric volume of the layer. Pressure and temperature were assumed according to the pressure and temperature gradient for a given structure in the structural model. The CO2 density under reservoir conditions was determined for each separated layer based on the reservoir pressure and temperature using a calculator available on the website [60] and density tables prepared by Span and Wagner [61]. The saturation of the rocks with irreducible water was assumed to be 0.3 for all structures. In this way, the theoretical storage capacity of CO2 was calculated using the CSLF method to estimate the storage capacity.



Based on the porosity and thickness of the reservoir and carbon dioxide content in the water (before and after gas saturation), the theoretical capacity of CO2 storage by dissolution was also calculated. It was estimated with the formula [7,62]:


   M R  = A · h · ϕ ·    ρ S   X S    CO  2    −  ρ 0   X 0    CO  2       



(2)




where:



   M R   —theoretical CO2 storage capacity due to dissolution, [kg],



   ρ  0 / S    —groundwater density (index 0 means the initial content of carbon dioxide, S means the content of carbon dioxide after saturation), [kg/m3],



   X  0 / S     CO  2     —carbon dioxide content (mass fraction) in groundwater (index 0—initial carbon dioxide content, S—carbon dioxide content after saturation), [-],



  A ,   h ,   ϕ  —explanations as in Formula (1).



The theoretical CO2 storage capacity resulting from the dissolution was determined and summed for each of the ten separated layers. The initial content of carbon dioxide in the groundwater (   X 0    CO  2     ) was assumed to be at the same level for each of the structures as the value taken for the injection simulation, namely: 0.0416 for Konary structure, 0.0267 for Sierpc structure, and 0.0295 for Suliszewo structure. On the other hand, the content of carbon dioxide after saturation in brine (   X S    CO  2     ) was assumed to be the maximum CO2 content at the end of injection based on the simulation results of the CO2 injection in selected geological structures. For the Konary structure, it was 0.0428, for the Sierpc structure 0.0268, and for the Suliszewo structure, it amounted to 0.0298.




2.5. Determination of the Dynamic Storage Capacity of CO2


A simulation of carbon dioxide injection through a vertical well was performed for fifty different locations for each of the Konary, Sierpc, and Suliszewo structures. The distance from the designated contour (boundary) of the structure for each of the wells considered was greater than 1 km due to the potential risk of leakage of injected CO2 beyond this boundary (spill point). It was decided to inject the carbon dioxide over the entire interval of reservoir thickness. It was also decided to maximize the amount of CO2 that can be injected into the selected structure at a pressure (Pwell) that does not exceed the minimum fracturing pressure (Pfrac) calculated for each of the considered CO2 injection wells for a given structure and that does not exceed the capillary entry pressure (Pcapillary) at the roof of the structure (Proof). The diagram of this procedure is shown in Figure 5. The minimum fracturing pressures were calculated for each of the ten reservoir layers, separately for each injection well location. It was assumed that the maximum pressure increase at the top of the reservoir should not exceed the allowable value of the minimum capillary entry pressure, which is estimated to be 0.762 MPa [10,42]. Some of the fracturing pressure results obtained for the injection well located in the Konary structure with coordinates (9500; 5000) are presented in the Supplementary Materials in Table S1. The table shows the maximum pressures in each layer, assuming that the stated capillary entry pressure is not exceeded. As can be seen, the fracturing pressure was not exceeded in any of the layers, even after taking into account Peaceman’s correction [63,64] related to simulations on model cells larger than the size of the injection well. It was also required that the CO2 does not migrate the defined contour of the structure (spill point) by specifying the saturation of the rock with carbon dioxide that does not reach 10% in any cell of the model calculation grid located at the boundary of the structure.



The process of CO2 injection for each of the structures was divided into two stages: Stage I—test injection (first year) and Stage II—target injection (next 30 years) (similar to [58]), a total of 31 years. In both the first and second stages, the efficiency of the CO2 injection into the structure was assumed to be constant throughout each stage (FI—flow rate in Stage I during the first year and FII—flow rate in Stage II during the last 30 years) (see Figure 5). This division in periods of CO2 injection allowed for an increase in the amount of injected CO2 during the target injection without exceeding the permitted pressures.



In addition, for each injection well site, after an injection period of 31 years (1 year and an additional 30 years), a simulation was conducted to monitor the behavior of the injected CO2 plume and the changes in pressure after injecting carbon dioxide into the structure for over 1000 years. The monitoring was carried out to ensure that the allowable pressures in the structure were not exceeded over a given period and to ensure that the injected carbon dioxide did not leak beyond the boundary of the structure (spill point) after injection.




2.6. Determination of the CO2 Storage Efficiency


In the article, the CO2 storage efficiency for each of the three selected structures was determined by comparing the calculated total theoretical storage capacity of carbon dioxide with the dynamic CO2 storage capacity determined for each CO2 injection well site individually. The values obtained were compared with the calculated total theoretical CO2 storage capacity:


   E  dyn   =    M  dyn      M  T + R     · 100 %  



(3)




where:



Edyn—CO2 storage efficiency [%]



Mdyn—dynamic CO2 storage capacity [kg]



MT+R—total theoretical CO2 storage capacity (as a sum of the theoretical CO2 storage capacity and the capacity from dissolution in reservoir water presented in Table 5) [kg].





3. Results


The results of the calculations of theoretical CO2 storage capacity, CO2 storage capacity from dissolution in reservoir water, and total theoretical CO2 storage capacity are presented in Table 5. In addition, detailed tables regarding the data included in the calculations are shown in the Supplementary Materials for the Konary, Sierpc, and Suliszewo structures in Tables S2–S4, respectively. The estimated theoretical CO2 storage capacity for the Konary structure is 233.1 Mt CO2, for the Sierpc structure 202.55 Mt, and for the Suliszewo structure 382.59 Mt. The dissolution capacity in the Konary structure is 7.82 Mt of CO2, 2.86 Mt in the Sierpc structure, and 8.28 Mt in the Suliszewo structure. Thus, the total theoretical capacity of CO2 storage for the Konary structure is 240.91 Mt of CO2, 205.41 Mt for the Sierpc structure, and 390.87 Mt for the Suliszewo structure.



The simulation of CO2 injection into the Konary structure shows a wide range of dynamic storage capacity values (in both variant I and II) for the considered injection period of 31 years for fifty injection well locations (Table 6; presented in more detail in the Supplementary Materials in Table S5). In variant I, it is in the range of 10.86–15.52 Mt of CO2, while in variant II, lower values of average dynamic capacity were obtained, namely, between 10.19 and 14.77 Mt of CO2. The simulation of CO2 injection into the Sierpc structure showed a relatively small dynamic storage capacity, both in variant I and in variant II (Table 6, presented in more detail in the Supplementary Materials in Table S6). In variant I, the range of dynamic capacity obtained ranged from 0.21 to 1.16 Mt of CO2. However, in variant II, slightly lower values of average dynamic capacity were received, from 0.21 to 1.07 Mt of CO2. The simulation of CO2 injection into the Suliszewo structure also showed a wide range of values of dynamic storage capacity (Table 6, presented in more detail in the Supplementary Materials in Table S7), from a minimum value of 90.42 Mt of CO2 to a maximum value of 111.86 Mt of CO2.



The CO2 storage efficiency for the Konary structure was determined for two variants considered: variant I—without considering the suspected fault located near the structure, and variant II—considering the fault for all fifty locations of the CO2 injection well (Table 6, presented in more detail in the Supplementary Materials in Table S5). In variant I, the mean value of the CO2 storage efficiency was 5.48%, while the minimum and maximum values were between 4.51–6.44%, with a standard deviation of 0.39%. The values of this parameter recorded in variant II were slightly lower compared to variant I. The mean value was 5.20%, with a standard deviation of 0.38% and minimum and maximum values between 4.23–6.13%.



For the Sierpc structure, the CO2 storage efficiency was determined similarly to the Konary structure for the two variants considered: I and II, for all fifty CO2 injection well locations (Table 6, presented in more detail in Supplementary Materials in Table S6). The average CO2 storage efficiency for the Sierpc structure amounted to 0.46%, with a minimum and maximum range of 0.10–0.56% and a standard deviation of 0.11%. Variant II obtained slightly lower values of CO2 storage efficiency compared to variant I. The average value was 0.45% with a standard deviation of 0.09%; the minimum and maximum values ranged from 0.10–0.52%.



The results of the CO2 storage efficiency estimation for the Suliszewo structure are presented in the table (Table 6, explained in more detail in the Supplementary Materials in Table S7). The average value of this parameter was 26.42%; the minimum and maximum values ranged between 23.13 and 28.62% (with a standard deviation of 1.07%).



To present the obtained results of CO2 storage efficiency depending on the location of the injection well, maps of CO2 storage efficiency were prepared for each structure (Figure 6). Since fifty possible injection locations have been analyzed, they are not shown in the figure because it would make this figure ineffective. Instead, the coordinate system shown in the figure is used, and the location of the injection well is shown in the Supplementary Materials in Tables S5–S7 for each structure, respectively. Figure 6 shows what capacity can be obtained by locating one injection well at a selected site. In the Konary structure case, in variant I, the lowest values were recorded when the injection well was located at the top of the structure. An efficiency increase was observed radiating from the top of the structure to the −900 isohypse of the Komorowo formation roof and at locations below this isohypse. High efficiency was confirmed in the wells located at the structure boundary, in the area of the isohypse −800–−900 of the reservoir formation roof. On the other hand, the northern part of the structure observed the highest efficiency between the isohypses −900–−1000 of the reservoir formation roof. At this point, a maximum efficiency of 6.44% was reached (with the well in the coordinate position (6500; 6300)). After getting the highest value, it decreased in the direction of the contour delimiting the structure boundary (spill point) to reach zero at the mentioned boundary. For the II variant, similar to variant I, the lowest values were found at the top of the structure. The largest, a level of 6.13%, was recorded in a small (compared variant I) area in the N part of the structure, slightly below the isohypse −900 of the reservoir formation roof, also in the position of the well (6500; 6300). A radially propagating increase in the value of the considered parameter was observed (similar to variant I), starting from the top of the structure, while increased capacitance values were obtained only on the N and SE of the structure inclination.



In the case of the Sierpc structure, the lowest values of CO2 storage efficiency were recorded in variant I when the injection well was located near the contour of the structure. Increased efficiency values were found in the wells closest to the top of the structure, especially in the SW part. The maximum efficiency value was equal to 0.56% due to injection through the well at coordinates (14,300; 1800). A decrease in the value of efficiency was observed radially from the top to the boundary of the structure, reaching zero at the boundary. For the II variant, similar to variant I, the highest efficiency values were found near the top of the structure. The highest value, amounting to 0.52%, was recorded closer to the center of the top of the structure compared to the first variant, this time in the well at position (13,600; 3400). A radially propagating decrease in efficiency was observed towards the contour delimiting the boundary of the structure (similar to variant I), with a small area of reduced values near E from the top of the structure.



In the Suliszewo structure case, the lowest values of the CO2 storage efficiency were recorded when the injection well was located at the top of the structure. An increase in the efficiency was observed radiating from the top, mainly towards the structure contour, and its increased values were recorded in the SE and W parts of the structure. The highest values were found in the wells located at the structure’s W edge in the region of the isohypse −1350–−1400 of the reservoir formation roof, where the maximum value of the CO2 storage efficiency (28.62%) was reached as a result of injection through the well at the coordinates (1840; 4300). After getting the highest values, the efficiency values for the Suliszewo structure decrease towards the direction of the contour delimiting the boundary (spill point) of the structure and reaching the zero value at this boundary.



The comparison of the obtained values was also presented using color plots (Figure 7). They are used to show that storage efficiency considered structures as a function of the injection well distance from the top of the structure and the depth difference of the injection well to the top of the respective structure depth.



Figure 6 and Figure 7 show that increasing the distance of the CO2 injection well from the top of the structure leads to an increase in CO2 storage efficiency in the case of the Konary (variant I and II) and Suliszewo structures. Additional growth in the value of CO2 storage efficiency can be observed with a depth difference increase combination between the reservoir depth at the top of the structure and the injection well depth. It is most evident in the Suliszewo structure case, where this combination of the increase in the depths differences gives the highest values of CO2 storage efficiency. In the case of the Sierpc structure, the situation is just the opposite. CO2 storage efficiency decreases with an increase in the CO2 injection well distance and with increasing the difference of the depth of the reservoir in the well relative to its depth at the top of the structure.




4. Discussion


In the context of the study, it was expected that the comparison of CO2 storage efficiency for the three considered structures would give relatively similar values or ranges. However, for the studied structures, it turned out that the obtained results are different and it is not possible to define a universal value of CO2 storage efficiency. The highest values of CO2 storage efficiency, in the range of 23.13–28.62%, were obtained for the Suliszewo structure. Significantly lower values were obtained for the Konary structure, ranging from 4.23% to 6.44%. Finally, the smallest values, between 0.10 and 0.56%, were obtained for the Sierpc structure. Such a significant difference in the obtained values of CO2 storage efficiency for the three analyzed structures may result from several factors. First, the characteristics of the reservoir (mainly permeability), which affect the pressure rise during CO2 injection in the near-well zone and the upper part of the structure and thus the mobility (both vertical and horizontal) of the injected gas. Secondly, the depth of the structure, which affects the factor under consideration by changing the pressure, temperature, and mineralization of the water present in the pores of the rocks that form potential trap structures. These aspects impact the density and viscosity of both CO2 and brine, affecting the buoyancy forces and the mobility coefficient between these fluids. Cihan et al. [65] noted that lower permeability zones around the injection zone and between the faults are more extensive than the other realizations (well placements). It causes stronger pressure buildup and lowers CO2 storage capacity and thus CO2 storage efficiency. However, their work was mainly focused on reducing the pressure using brine extraction and therefore optimizing the position of the wells in this context.



The efficiencies obtained were compared with the efficiencies proposed in the CSLF method for estimating CO2 storage capacity [15]. The proportions have been held, and it was stated that structures with poor reservoir properties have a lower storage efficiency, while structures with good properties have a higher storage efficiency. But it was found that the efficiencies proposed by the CSLF method were overestimated. According to this method, the analyzed efficiency for the Sierpc structure should be about 10%, assuming that it is a poor-quality reservoir with a fault near the structure. In comparison, it was estimated to be about 0.5% according to the presented results. The Konary structure, according to the CSLF method, should have an efficiency of 20–40%, depending on whether there is a fault nearby. However, as a result of modeling, it turned out to be only 5%. The Suliszewo structure turned out to be the best structure due to good reservoir parameters and the absence of faults in its vicinity. According to the CSLF method, the efficiency should be 40%, but, as a result of the study (with the most favorable injection well location), it reached almost 29%.



When it comes to the efficiency for the two studied structures (with a fault), in the case of variant II, a slight decrease, resulting from the presence of an impermeable fault near the structure, was observed in the Konary and Sierpc structures. For the Konary structure, these values were lower by about 0.3 percentage points on average for the II variant and by about 0.01 percentage points on average for the Sierpc structure. In the Sierpc structure, there were also some locations where the CO2 storage efficiency value increased when considering the fault located near the structure (variant II). A possible reason for this slight increase is that, in both cases, the fault is found at some distance from the structure in question and the pressure increase is compensated by the propagation of the CO2 plume (and, further, the increased pressure front) in other directions.



The obtained results have shown that the CO2 injection well location within the geological structure significantly impacts the value of carbon dioxide storage efficiency. For the Suliszewo structure, where the highest values of CO2 storage efficiency (23.13–28.62%) were obtained, the difference depending on the location of the CO2 injection well is up to 5.49 percentage points. For the lower values of this efficiency obtained for the Konary structure (4.23–6.44%), the difference is 2.21 percentage points. In the case of the Sierpc structure, with the lowest efficiency values (0.10–0.56%), a difference related to the location of the injection well, amounting to 0.46 percentage points, was also observed. These differences in the values of CO2 storage efficiency associated with the location of the injection well within the structure were interpreted based on structure geometry. This aspect investigation involved analyzing the dependence of CO2 storage efficiency as a function of the injection well distance from the top of the structure and the depth difference of the reservoir in the injection well relative to the depth of the reservoir at the top of the structure (Figure 6, Figure 7). It was found that increasing the distance of the CO2 injection well from the top of the structure usually leads to an increase in CO2 storage efficiency (in the case of the Konary and Suliszewo structures). Moreover, the efficiency increases with the increasing depth difference between the well and the top of the structure. The opposite is true for the Sierpc structure—structures with poor reservoir properties where storage efficiency values decrease as the injection well move away from the top of the structure. The structure geometry combined with the other rocks properties determine the rate at which CO2 moves within the structure.



Hu et al. [36] also researched and noticed a difference in CO2 storage capacity due to the location of the injection well, although they studied storage at an oilfield. Jun et al. [37] analyzed four well patterns to define the optimal injection well pattern, placement, and operating conditions. The results showed that the optimal location and fluid rate allowed an almost eight times larger volume of CO2 to be stored compared to the base case. Okwen et al. [35] performed numerical simulations of CO2 injection to evaluate gas storage efficiency for different sedimentation environments at five other CO2 injection well locations. It allowed for finding the difference in the magnitude of this efficiency for different well locations. However, this was not the aim of the research, and only the average value of the results obtained in five locations of CO2 injection wells was compared.



What is more, Tarkowski and Uliasz-Misiak [66] presented a possible conflict of interest regarding using underground space for storage. Thus, the map shown in this article becomes a helpful tool that can solve the problem of the lack of access to some places within the range of potential CO2 storage sites.




5. Conclusions


The results of the simulation of CO2 injection performed at fifty injection well sites suggest that the dynamic capacity and CO2 storage efficiency of a given structure varies depending on the injection well site.



It was found that the efficiencies proposed by the CSLF method were overestimated. For the Suliszewo structure, the best structure in terms of both reservoir parameters and the absence of faults in its vicinity according to the CSLF method, the efficiency should be 40%, and, as a result of the study, with the most favorable location of the injection well, it reached a value of almost 29%. The Konary structure, according to the CSLF method, should have an efficiency of 20–40%, depending on whether there is a fault near it. However, as a result of modeling, it turned out to be only 5%. The efficiency for the Sierpc structure should be about 10%, assuming that it is a poor-quality reservoir with a fault near the structure, while it was estimated to be about 0.5% according to the presented results.



The comparison of CO2 storage efficiency for the considered structures of Konary, Sierpc, and Suliszewo showed that the obtained results are very different and that a universal value or range of values cannot be identified. However, several trends are worth noting: for structures with good petrophysical reservoir properties (Konary and Suliszewo), the dynamic CO2 storage capacity increases with the increase of the injection well distance from the top of the structure and with the increasing difference between the depth of the well and the top of the structure. On the other hand, the opposite occurs for a structure with poor reservoir properties (Sierpc). Notwithstanding, as the quality of the reservoir parameters porosity and permeability increases, the location of the injection well within the structure becomes more important for assessing CO2 storage efficiency.



The values of dynamic CO2 storage capacity and storage efficiency obtained by injecting the gas at the injection well site, interpreted with the maps of CO2 storage efficiency, represent an interesting tool since they allow us to determine the best location for the carbon dioxide injection well in terms of the storage capacity of this gas.



It would be advisable to analyze a more significant number of structures with a broader range of reservoir parameters and reservoir conditions to determine their influence on CO2 storage efficiency.
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Figure 1. Location of the structures: Konary, Sierpc, and Suliszewo in Poland and Europe against the background of the Lower Jurassic rocks. 
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Figure 2. The area selected for modeling against the background of the Konary structural map and the AB cross-sections of the reservoir, illustrating permeability and porosity changes (based on [46] with the author’s additions). 
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Figure 3. The area selected for modeling against the background of the Sierpc structural map and the AB cross-sections of the reservoir, illustrating permeability and porosity changes (based on [53] with the author’s additions). 
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Figure 4. The area selected for modeling against the background of the Suliszewo structural map and the AB cross-sections of the reservoir, illustrating permeability and porosity changes (based on [52] with the author’s additions). 
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Figure 5. Procedure for determining the dynamic CO2 storage capacity for selected structures; FI—CO2 flow rate during Stage I—test injection; FII—CO2 flow rate during Stage II—target injection; Pwell—bottom well pressure; Pfrac—minimum fracturing pressure; Pcapillary—cap rock capillary entry pressure; Proof—pressure at the top of the structure. 
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Figure 6. Maps of the CO2 storage efficiency in the Konary, Sierpc, and Suliszewo structures as a function of injection well location. 
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Figure 7. 2D X–Y color plots of CO2 storage efficiency against the distance from the top of the structure and the depth difference between the top of the Konary, Sierpc, and Suliszewo structures. 
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Table 1. Summary of the data assumed for CO2 injection modeling for Konary, Sierpc, and Suliszewo structures (own work based on [41,45,46,47,48,52,53]).
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	Geological Data
	Konary Structure
	Sierpc Structure
	Suliszewo Structure





	Area of the structure
	47.39 km2
	59.76 km2
	51.61 km2



	Isohypse represents the boundary of the structure (spill point)
	−1000 m
	−2150 m
	−1450 m



	Thickness of the reservoir in the wells within the structure
	Byczyna 1–94 m
	Sierpc 2: 46 m
	Suliszewo 1: 89 m



	Depth of the reservoir in the well within the structure
	Byczyna 1:

1832–1926 m
	Sierpc 2:

2190.0–2236 m
	Suliszewo 1:

1293–1382 m



	Density of the reservoir rocks
	2542 kg/m3
	2500 kg/m3
	2390 kg/m3



	Geothermal gradient (reservoir temperature)
	2.9 °C/100 m

(35.8–48 °C)
	2.1 °C/100 m

(58.6–61.2 °C)
	3.5 °C/100 m

(63.0–65.1 °C)



	Pressure gradient(reservoir pressure)
	1040 hPa/10 m

(9.12–9.94 MPa)
	1000 hPa/10 m

(20.41–22.03 MPa)
	975 hPa/10 m

(13.20–13.78 MPa)



	Brine salinity
	42 kg/m3
	150 kg/m3
	100 kg/m3



	Stratigraphic unit of the reservoir
	Upper Pliensbachian (Domerian): Komorowo Formation
	Upper Pliensbachian (Domerian): Komorowo=Drzewice Formation
	Upper Pliensbachian (Domerian): Komorowo Formation



	Lithology of the reservoir
	Sandstones (~80%) with claystones and mudstones interbeds
	Sandstones (~80–85%) with claystones and mudstones interbeds
	Sandstones (90%) with claystones and mudstones interbeds



	Stratigraphic unit of seal
	Lower Toarcian (Ciechocinek Formation)
	Lower Toarcian (Ciechocinek Formation)
	Lower Toarcian (Ciechocinek = Gryfice Formation)



	Lithology of the seal
	claystones and mudstones with sandstone interbeds, total thickness 125 m
	claystones and mudstones with sandstone interbeds, total thickness 77.5 m
	claystones and mudstones with sandstone interbeds, total thickness 67.5 m
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Table 2. Characteristics of the ten separate reservoir layers within the Komorowo Lower Jurassic Formation of the Konary structure in the Byczyna 1 well.
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	No
	Depth Interval [m]
	Thickness [m]
	Average Permeability [mD]
	Average Porosity [decimal]





	1
	1832–1860
	28
	900.00
	0.1675



	2
	1860–1865
	5
	330.00
	0.16



	3
	1865–1881
	16
	725.00
	0.1663



	4
	1881–1888
	7
	63.57
	0.0986



	5
	1888–1891
	3
	101.67
	0.1033



	6
	1891–1915
	24
	435.42
	0.1408



	7
	1915–1917
	2
	90.00
	0.095



	8
	1917–1919
	2
	300.00
	0.1



	9
	1919–1922
	3
	10.00
	0.03



	10
	1922–1926
	4
	195.00
	0.095
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Table 3. Characteristics of the ten separate reservoir layers within the Drzewice (= Komorowo) Lower Jurassic Formation of the Sierpc structure in the Sierpc 2 well.
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	No
	Depth Interval [m]
	Thickness [m]
	Average Permeability [mD]
	Average Porosity [decimal]





	1
	2190–2193
	3.0
	47.93
	0.1527



	2
	2193–2194.5
	1.5
	10.03
	0.1271



	3
	2194.5–2198.5
	4.0
	55.82
	0.1513



	4
	2198.5–2200
	1.5
	10.64
	0.1283



	5
	2200–2203.5
	3.5
	20.53
	0.1366



	6
	2203.5–2205.5
	2.0
	2.38
	0.1046



	7
	2205.5–2212
	6.5
	27.64
	0.1379



	8
	2212–2215.5
	3.5
	89.51
	0.1591



	9
	2215.5–2226
	10.5
	19.43
	0.1326



	10
	2226–2236
	10.0
	65.97
	0.1565










[image: Table] 





Table 4. Characteristics of the ten separate reservoir layers within the Komorowo Lower Jurassic Formation of the Suliszewo structure in the Suliszewo 1 well.
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	No
	Depth Interval [m]
	Thickness [m]
	Average Permeability [mD]
	Average Porosity [decimal]





	1
	1293–1314.5
	21.5
	2415.92
	0.258



	2
	1314.5–1322.25
	7.75
	2692.04
	0.2613



	3
	1322.25–1326.25
	4
	1081.47
	0.2166



	4
	1326.25–1337.5
	11.25
	3669.65
	0.278



	5
	1337.5–1344.75
	7.25
	1714.50
	0.2429



	6
	1344.75–1355.75
	11
	3183.63
	0.2632



	7
	1355.75–1362.25
	6.5
	21.44
	0.0763



	8
	1362.25–1368
	5.75
	1535.20
	0.2277



	9
	1368–1372.25
	4.25
	8.77
	0.0524



	10
	1372.25–1382
	9.75
	1176.01
	0.2227
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Table 5. Summary of the theoretical capacity, capacity from dissolution in reservoir water, and total theoretical capacity for the Konary, Sierpc, and Suliszewo structures.
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	CO2 Storage Capacity

[Mt CO2]
	Konary
	Sierpc
	Suliszewo





	Theoretical

MT
	233.10
	202.55
	382.59



	From dissolution in reservoir water

   M R   
	7.82
	2.86
	8.28



	Total theoretical

MT+R
	240.91
	205.41
	390.87
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Table 6. Summary of the dynamic storage capacity and storage efficiency of CO2 in selected structures.
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Konary

	
Sierpc

	
Suliszewo




	
Variant I

	
Variant II

	
Variant I

	
Variant II






	
Dynamic capacity Mdyn

[Mt CO2]

	
Minimum

	
10.86

	
10.19

	
0.21

	
0.21

	
90.42




	
Maximum

	
15.52

	
14.77

	
1.16

	
1.07

	
111.86




	
Average

	
13.21

	
12.53

	
0.94

	
0.92

	
103.28




	
Standard deviation

	
0.95

	
0.91

	
0.23

	
0.19

	
4.20




	
CO2 storage efficiency Edyn [%]

	
Minimum

	
4.51

	
4.23

	
0.10

	
0.10

	
23.13




	
Maximum

	
6.44

	
6.13

	
0.56

	
0.52

	
28.62




	
Average

	
5.48

	
5.20

	
0.46

	
0.45

	
26.42




	
Standard deviation

	
0.39

	
0.38

	
0.11

	
0.09

	
1.07
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