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Carbon capture and storage (CCS) is an inevitable action to achieve CO2 emission reduction targets including becoming net-zero by 2050. Increased efforts are therefore required to identify suitable locations for large-scale CO2 storage. In addition to large aquifers, shut down oil and gas fields in the North Sea are logical candidates for offshore large-scale CO2 storage because of their proven storage capacity, reliable caprock integrity, established infrastructure, and public acceptance. However, in some cases, old and legacy wells are subject to high uncertainties in their integrity, and they can compromise CO2 containment in such reservoirs. On the Norwegian Continental Shelf (NCS), such wells are numerous even outside of oil and gas production areas, i.e., legacy wells affecting aquifers. Therefore, there is a clear need for reliable and cost-effective technologies for well integrity evaluation and remediation. This paper discusses a workflow for screening, monitoring, and remediation of legacy wells. In a first stage, the screening of the Horda Platform areas suggested the need for integrity investigation for the exploration well 32/4-1 T2, drilled into the Alpha structure of the Smeaheia fault block if CO2 is stored in the structure. Our initial well screening of drilling documentation indicates that the well is not suitable to be reused for CO2 injection and geophysical monitoring is recommended. In a second stage, a numerical representation of the well architecture is built including realistic geological setting. We evaluate the sensitivity of non-invasive low-frequency electromagnetic monitoring to corrosion levels in the casing. Numerical end-member simulations of assuming casing corrosion of different degrees by changing material conductivity are performed. Results comparing different corrosion scenarios with a base case (no corrosion) give an above noise signal at receiver locations enabling to separate the different cases. Comparison of the gained electrical fields at seafloor suggests that well casing corrosion monitoring should be possible. Finally, the electrochemical deposition potential of the Sognefjord Formation water is analyzed, revealing depositional potential for portlandite, which might be useful for cement remediation. We recommend such an analysis for all legacy wells penetrating candidate reservoirs for future CO2 or hydrogen storage.
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1 INTRODUCTION
In December 2015, policymakers signed the Paris agreement declaring their ambition to keep the global warming below 2°C and pursue effort to limit the increase to 1.5°C. This objective remains the multilateral framework for tackling climate change followed by the EU and Norway, with a long-term strategy targeting zero net-greenhouse gas emissions by 2050. To become a “low emission society,” Norway follows a threefold strategy consisting of: (1) investing in renewable energy sources, (2) lowering fossil energy consumption, and (3) enabling large-scale carbon capture and storage (CCS). Since then, evaluating suitable CO2 storage locations has been of critical importance with many candidates suggested along the Norwegian continental shelf (e.g., Halland et al., 2014; Bergmo et al., 2017). Several studies also describe risk assessment of the entire storage project from pre-injection studies to post-closure phases, stressing the central role of measurement, monitoring, and verification programs to ensure both conformance and containment (e.g., Bourne et al., 2014; Pawar et al., 2015; Dupuy et al., 2021).
Together with geological faults, legacy wells are the main possible leakage paths with well integrity issues being the greatest challenge for storage projects (Bai et al., 2016). Moreover, the origin of most incidences during energy storage projects relate to the access to wells (Landinger et al., 2014). At present, wells are plugged and abandoned along the Norwegian Continental margin following the regulations issued in 2004 (NORSOK, D-010, 2004). Depending on the quality of the plugging and abandonment (P&A) job, old legacy wells can be more prone to gas leakage towards the seafloor. This relates mainly to well component degradation increase with time, and strong regulations on methods and materials were limited in the past (IEA Greenhouse Gas R&D Programme, 2009). Gasda et al. (2004) describe the most probable leakage pathways via abandoned wells including damages of the plug cement in the tubing or outside the well casing at interfaces between casing, cement, and the formation. King and King (2013) statistically analyze well issues in the Norwegian and United Kingdom North Sea and the Gulf of Mexico to conclude that the major causes of well integrity issues are leakage through tubing and cement and at interfaces between cement casing and rock formations. Several recent studies in North Sea (e.g., Vielstädte et al., 2015; Böttner et al., 2020) show that methane emissions from legacy wells are not negligible, suggesting that they must be carefully monitored.
In the future European green energy network, the NCS can play a crucial role for enabling large-scale offshore CO2 or H2 storage. In depleted gas and oil reservoirs, a monitoring strategy for abandoned wells is critical to mitigate the major risks for gas leakage (e.g., Alcalde et al., 2018; Williams et al., 2020). In saline aquifers, large-scale CO2 storage is more feasible and faster to implement in well-known and well-described areas, i.e., extensively explored and drilled areas. The major benefits with using such reservoirs for large-scale CO2 storage include the following: (1) they are well characterized, (2) the reservoir pressure is low due to production, reducing injection pressure buildup-associated risks, (3) infrastructure like wells and pipelines is already in place, and (4) there might be a business value creation through hydrocarbon production (CO2 enhanced oil recovery). The NCS comprises more than 8,000 offshore wells, with more than 6,500 wells in the North Sea alone (Böttner et al., 2020). There is consequently a crucial need for localization, evaluation, characterization, monitoring, and remediation of legacy wells to make large-scale CO2 storage possible. In addition to non-invasive monitoring, cost-effective tools to repair cement damage will be key aspects to de-risk environmental pollution and future subsurface energy storage.
In this work, we will introduce a conceptual desktop workflow guiding the reader from a first evaluation of well integrity, a numerical representation of the well elements, geophysical monitoring, and possible detection of well casing corrosion and finally propose a method to remediate damaged cement. We will demonstrate this on the example of well 32/4-1 T2.
2 GEOLOGY, RESERVOIR, AND CAPROCK CHARACTERISTICS ALONG WELL 32/4-1 T2
Well 32/4-1 T2 was drilled in 1996 on the Horda Platform in the Northern North Sea, about 5 km east of the Troll oil and gas field. The well is within the Alpha structure of the Smeaheia fault block (Figure 1). The Smeaheia structure is evaluated as a potential location for CO2 storage (Gassnova, 2016) with many recent studies focusing on the structural, reservoir, and caprock characterization of the area (e.g., Dupuy et al., 2018; Mulrooney et al., 2020; Rahman et al., 2020; Fawad et al., 2021; Wu et al., 2021). Published work also studied the interplay between CO2 storage and pressure development in connection with the production of the nearby Troll oil and gas field and possible CO2 migration pathways towards the eastern structural boundaries of the Smeaheia fault block (e.g., Erichsen et al., 2012; Kaufmann and Gasda, 2018; Lothe et al., 2018; Nazarin et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Map of the North Sea with well locations. White box indicates the working area. (B) Map of the working area (offshore SW Norway) with well integrity screening results for P&A (red dots) from the Troll oil and gas field (Emmel and Dupuy, 2021). The maps are in a WGS 1984 pseudo mercado projection and are produced using QGIS (QGIS.org, 2022). Major faults are shown, and the location of well 32/4-1 T2 within the alpha structure is highlighted and marked with a green star.
The main reservoir and caprocks on the Norwegian continental shelf were deposited during the Jurassic (Johannesen and Nøttvedt, 2008) when continental rifting between Laurentian and Baltic shield occurred. The eastern continental hinterland of Norway was eroded and delivered the detrital material sourced into a sedimentary basin with low subsidence rates. Within this sedimentation environment, three siliciclastic coastal to shallow marine delta formations developed offshore SW Norway (Stewart et al., 1995; Dreyer et al., 2005; Patruno et al., 2015). These are the Krossfjord (Upper Middle Jurassic, Bathonian), Fensfjord (Upper Middle Jurassic, Callovian), and Sognefjord (Upper Jurassic, Oxfordian to Kimmeridge) formations. All are target reservoirs for CO2 storage in the Smeaheia fault block (Figures 1, 2).
[image: Figure 2]FIGURE 2 | (A) Top Sognefjord Formation showing the location of well 31/4-1 T2 (white line) within the Alpha structure. The vertical exaggeration is 20× (B) Interpreted seismic profile with location of well 31/4-1 T2 (from Wu et al., 2021). (C) Stratigraphy at the Horda Platform and indication of primary and secondary caprock and storage units (from Mulrooney et al., 2020 and references therein).
In well 31–2/1 T2, these formations are located between a depth of approximately 1,645 m and 1,238 m (Figure 3). The Krossfjord Formation (thickness: from 47 m) consists of light gray-brown, medium to coarse-grained, well-sorted, occasionally calcite cemented, sandstones. In the lower part, the formation is slightly argillaceous and carbonaceous with minor shale intercalations (Vollset and Dore, 1984). The Fensfjord Formation (thickness: 229 m) is made up of gray-brown, fine to medium, well-sorted sandstones with porosities between 15% and 35% (Johnsen et al., 1995). The Sognefjord Formation (thickness: 68 m) consists of gray-brown, medium to coarse-grained, well-sorted sands and sandstone intercalations (Vollset and Dore, 1984). In the neighboring Troll Field, individual sand bodies have permeabilities ranging from 1 to 20 D. Conventional porosity measurements from the Sognefjord Formation in the target well 32/4-1 T2 range between 17.5% and 36.4%. Density, sonic, and density neutron porosity well log interpretation for all reservoir units range between 8% and 51% (Kinn et al., 1998).
[image: Figure 3]FIGURE 3 | Well 32/4-1 T2. (A,B) Available well log data (gamma ray = GR, deep resistivity = HRD, shallow resistivity = HRS, and shale content = VSH), (C) a schematic description of the storage unit, and (D) abandonment schematic for well 32/4-1 T2. Well log data are used to parameterize the geomodel. In (C), the Krossfjord, Fensfjord, and Sognefjord formations and the interlayering Heather Formation relate to the target CO2 storage reservoir unit. The caprock consists of the top of the Heather Formation and Draupne Formation. In the abandonment plan (D), the gray shaded areas are volumes filled with cement, black thin lines indicate well casing, thick black lines are retainers, and the purple areas indicate drilling mud left in the open hole. Only one plug is installed, and primary and secondary reservoir plugs are missing. Major risks for CO2 leaking into the overburden are indicated by red numbers; 1: cement degradation; 2: mechanical plug and casing corrosion; 3: casing corrosion and cement degradation.
The primary caprock (Figure 2C) is the Upper Jurassic/Lower Cretaceous syn-rift Draupne Formation (Figure 1). It consists of dark gray-brownish to black, carbonaceous, homogeneous marine claystones deposited as hemipelagic and pelagic suspension fall-out. In well 32/4-1 T2, the formation occurs at a depth between 1,216 m and 1,109 m with a thickness of 107 m (Figure 2). Based on seven wells analyzed in the Troll/Smeaheia area, Erichsen et al. (2012) report porosities ranging from 9% to 18% and permeabilities varying from 0.001 mD to nD scale (6–70 nD). Several secondary caprock units are discussed in the Cromer Knoll group (Mulrooney et al., 2020) including, in some areas, the siltstones of the Heather Formation (Lothe et al., 2018).
The target CO2 storage reservoir is the Alpha structure (Figures 1, 2). Figure 2A shows the three-way closure of the Alpha structure at 1.2 km depth. The Vette Fault Zone manifests the western border of the structure (Figures 1A, 2).
3 DATA AND METHODS
The data of exploration well 32/4-1 T2 was released by the end of 1998. It can be downloaded from the factpages of the Norwegian Petroleum Directorate (https://factpages.npd.no/) and SINTEFs CO2 storage data share platform (https://co2datashare.org/dataset/smeaheia-dataset). The details of the well geometry are given in Table 1.
TABLE 1 | Dimensions of well architecture and amounts of used cement obtained from https://factpages.npd.no/en/wellbore/PageView/Exploration/All/2918, well completion report (Kinn et al., 1998), and Erichsen et al. (2012). The volumes of the hole/casing/to fill are calculated for the different casing intervals assuming volumes for ideal cylinder. Only one cement plug is installed (Figure 3). During abandonment, the casing intervals 1 and 2 are cut at 338 m and interval 3 is cut at 622 m.
[image: Table 1]3.1 Screening and Evaluation of Well Integrity
The well integrity evaluation is based on the methods described in Pawar and van der Valk (2020) and Emmel and Dupuy (2021). Pawar and van der Valk (2020) developed the decision-tree based software REX-CO2 to evaluate the re-use of wells for CO2 storage. The output is based on answers to 55 questions subdivided into five main topics: (1) Out of zone injection; (2) Structural integrity; (3) Well integrity primary barrier; (4) Well integrity secondary barrier; and (5) Material compatibility. The evaluation of the answers results in a recommendation for severe, moderate, minor required remediation or critical information missing.
The second approach uses the concept of the well screening suggested by Emmel and Dupuy (2021), which consists in analyzing the documentation of a drilling operator towards the authorities. Twelve criteria are evaluated to provide a final score, with more focus on volumetric relationships for all cement jobs. The final score helps to search and define monitoring cases for legacy wells.
3.2 Numerical Gridding of Well 32/4-1 T2
The hole and casing dimensions, the well log data, and the lithological observations of well 32/4-1 T2 (Table 1; Figure 3) are used to build a numerical model for electromagnetic (EM) modeling. The simulations are performed with the COMSOL Multiphysics® software. The cylindrical well elements, radially layered to accommodate different wellbore and casing sizes, are enclosed in a large cylindrical domain with a radius larger than 500 m. The whole geometry is also layered, following the geometrical changes in the well elements, with the inclusion of a water layer and an air layer at the top (Figure 4A). Furthermore, the modeling domain is surrounded by absorbing boundary conditions to simulate infinitely large systems and avoid the generation of unwanted reflections due to the use of a limited bounded simulation domain. Taking advantage of field symmetry, simulations of radial and tangential polarizations allow to reduce the computational requirements by half. The model is meshed using a triangular mesh on the seafloor surface (Figure 4C), with element size adapted to provide sufficient local refinements in the proximity of the well, surrounded by a mapped mesh on the corresponding absorbing boundary. The resulting surface mesh is then swept along the vertical direction (Figure 4C).
[image: Figure 4]FIGURE 4 | (A) Zoom in the well structure including air (cyan), water (blue), cement (gray), plugs (yellow), and the well borehole (red). The horizontal axis is not to scale. (B) Background (formation) resistivity model (in [image: image]) from Gehrmann et al. (2021). (C) Mesh design based on the well structure.
3.3 Controlled-Source Electromagnetic Modeling
Our strategy consists in evaluating whether the controlled source electromagnetic (CSEM) monitoring method can be used to detect potential integrity issues due to casing corrosion. Being able to evaluate well elements (retainer and casing) integrity through time can be crucial for containment verification. Early leakage detection can also be very important for the implementation of simple and cost-effective remediation actions.
CSEM is a geophysical technique aiming mainly at mapping the electrical resistivity/conductivity of the subsurface. The utility of marine 3D CSEM in hydrocarbon exploration is firmly established (Constable, 2010) and the potential of the method in many other applications including CO2 storage and environmental monitoring is an active field of research. EM modeling is based on the Maxwell equations describing the relation between electrical and magnetic fields and their behavior with varying subsurface properties (conductivity, electrical permittivity, and permeability), and resulting from the combination of Faraday’s law, Ampere’s law, and Ohm’s law with Gauss laws. Solving Maxwell equations can be performed in frequency or time domain using, e.g., finite element, finite difference, or finite volume techniques (Streich, 2009).
In our study, we use the COMSOL software based on the finite element method (FEM) for 2.5D EM modeling in the frequency-space domain. The governing equation can be written as:
[image: image]
Where E is the electrical field (V/m), σ is the medium electrical conductivity (S/m), [image: image] and [image: image] correspond to relative and free space (vacuum) electrical permittivity (f/m), and [image: image] and [image: image] correspond to relative and vacuum magnetic permeability. [image: image] is the angular frequency and [image: image] is the wavenumber considering the speed of light in vacuum while the right-hand side term of Eq. 1 corresponds to the density of current generated by an electrical dipole. In our study, EM modeling is performed to assess the sensitivity of electrical field to varying corrosion levels in the well casing. A low-frequency current is applied using a transmitter antenna. It interacts with the different elements of the well and with the formation to produce an electrical field that can be captured using dipole receivers located, e.g., at the seafloor. The results are discussed in Geophysical Modeling.
3.4 Electrochemical Enhanced Mineral Deposition
The applied electrochemically enhanced mineral precipitation method (adapted from Edvardsen et al., 2021) comprises four working steps: (1) numerical modeling to understand the potential of hydrogen (pH) dependencies of the formation water, (2) preparation of a synthetic formation water, (3) applying an electrical field to the formation water, and (4) analysis of the precipitated mineral phases. To predict the impact of pH changes close to the electrodes on the local saturation status of the Sognefjord formation water at reservoir conditions, we used the software PHREEQC with the phreeqc.dat thermodynamic data file (Parkhurst and Appelo, 2013). This data file covers the temperature–pressure range from <200°C to <1 kbar (Lu et al., 2022). PHREEQC is a general-purpose geochemical software based on the law of mass action. The value of interest is the saturation index (SI)., which is defined as the ratio between the ion activity product in non-equilibrium and the thermodynamic solubility product. The solution is oversaturated if the SI is larger than 0 and the specific mineral phase might precipitate. The solution is undersaturated with a specific phase if SI is less than 0 and the ions necessary to build mineral phases stay in solution (e.g., Metoki et al., 2016).
1) The chemical composition of the Sognefjord formation water is obtained from two water samples taken at depths between 1,247 m and 1,367 m (Kinn et al., 1998). By mixing the salts listed in Table 2 with deionized water for at least 1 h, we produced a simplified synthetic Sognefjord formation water. The simplification relies on neglecting Ba2+ and Sr2+ components in order to comply with laboratory safety regulations.
2) To enhance electrochemical deposition, we applied a potential between two graphite electrodes immersed in 200 ml of the synthetic Sognefjord formation water. To avoid corrosion of the anode associated with the release of iron, we choose graphite, which is stable under anodic polarization, as electrode material. The graphite tubes (length, 3 cm; outer diameter, 1 cm; inner diameter of hole, 4 mm) were wrapped with an insulating tape to have a better control of electrode surface area in contact with the formation water (half size of the tube, 1.5 cm). Cathode and anode were placed with a distance of ca. 4 cm, and the potential was set to 5 V. Experiments were conducted at 22.6°C and the electrodes were polarized for 30 min with a GW Laboratory DC Power Supply (model GPS-3030). After the exposure, the electrodes were flushed with deionized water to remove excess of brine and prevent excessive crystallization of the remaining salt during the drying process. The weight of the graphite tubes was measured before and after the experiment with a Mettler AT250 precision weight.
3) Mineralogical composition of the deposit on the carbon surface is determined by powder x-ray diffraction (XRD) method. The instrument used to perform XRD is the Bruker D8 Advance (with DAVINCI design) at Material and Chemistry Department, NTNU.
TABLE 2 | Ionic composition of real and synthetic Sognefjord formation water (fw) used for the laboratory and PHREEQC models. Salts (NaCl: 43.95 g; MgCl2·6H2O: 6.13 g; KCl: 19.92 g CaCl2·2H2O: 15.63 g; BrCl3: 0.44 g, LiCl: 0.03 g) were mixed with deionized water to make up a total of 1 L solution. Ba2+ and Sr− were not used in the laboratory for safety reasons. The composition of the “real” Sognefjord formation water (fw) is from Kinn et al. (1998). The conductivity of the synthetic formation water is 111.3 mS/cm and a resistivity of 898.47 Ohm m.
[image: Table 2]The mineral deposit was scratched from the carbon surface, dried, and ground gently into silt-sized particles. A Si-cavity sample holder was used to scan the sample between 2 and 55° (2θ) using a Cu-Kα source (giving x-rays of wavelength 1.54 Å) and LYNXEYE_XE (1D mode) detector for 45 min of exposure time. The XRD pattern was analyzed using the DIFFRAC. EVA v.5.2 software. Only crystalline phases were identified from the XRD pattern.
4 RESULTS
4.1 Well Integrity Evaluation
The well integrity evaluation is based on the available well completion report (Kinn et al., 1998) and is supported by integrating secondary information given in Erichsen et al. (2012). For all cement jobs, ordinary Portland G cement is used, and the casing material is carbon steel plus elastomers with grades X-52, D95HC and N-80.
4.1.1 REX-CO2 Tool
The detailed answers to the questions (and reasons) from the REX-CO2 tool (Pawar and van der Valk, 2020) are given in Supplementary Table S1. In general, many answers (unknown) reflect the limited knowledge about the status of the well, and the limited available documentation of the well geometry. The well status given by the Norwegian Petroleum Directorate is P&A, meaning “the well is plugged and abandoned, and cannot be re-entered for further use. The wellhead is removed or else made unavailable for further well operations.” The REX-CO2 tool (Pawar and van der Valk, 2020) requires test intervals in the last 12 months; thus, all questions regarding recent inspections and re-using of well equipment are answered with “No.” In total, 47 questions are answered and evaluated (Supplementary Table S1), resulting in the recommendation “severe remediation required” for all subcategories (Figure 5A).
[image: Figure 5]FIGURE 5 | Results of 32/4-1 T2 well screening and evaluation. (A) The screenshots from the REX-CO2 tool (Pawar and van der Valk, 2020) show the final evaluation and a recommendation for severe remediation. (B) The screening method from Emmel and Dupuy (2021) results in a final score of seven (sc_total), suggesting a more detailed inspection of data from well 31/2-4.
4.1.2 Initial Screening Results
The evaluation scheme from Emmel and Dupuy (2021) based on twelve individual scores results in a total score, sc_total, of seven (Figure 5B). The status of the well is classified by the Norwegian Petroleum Directorate (NPD) as P&A resulting in a sc_status score of 3. The sc_entryYear score is 1 because the well was drilled in 1996, 4 years after the first well barrier schematics were introduced by the Norwegian oil and gas industry. According to NPD, the plugging was not reported to the authorities resulting in a score of 0 for both sc_pluggged_da and sc_plugged_ab. In the well completion report (Kinn et al., 1998), most of the required information is given including the well abandonment schematic. However, some details are missing, e.g., the used volumes of cement for the first casing interval and the detailed results of the leak-off test, resulting in a sc_report score of 2. For the casing interval 1, Kinn et al. (1998) reports that “200% excess cement was used”, but for intervals 2 and 3, no detailed cement volumes are given. The top of the casing cement of interval 1 was tagged 2–3 m below the sea level, indicating that enough cement was used. Cement tagging is only reported for casing interval 1 resulting in a sc_cem_job of 3 and a sc_cs_ver of 1. A sc_plug_job score of −5 is given because only an environmental plug is in place but reported cement volumes are not sufficient to build the anticipated plug length of 208 m. The absence of an abandonment and a reservoir plug are noticed. It is fair to mention that during the drilling of the exploration well, neither oil nor gas was found in the Sognefjord, Fensfjord, and Krossfjord formations and thus those formations were not classified as reservoir formations. However, for the purpose of CO2 storage, a reservoir plug is mandatory. The score for plug length is 1 because two necessary plugs are missing, and the environmental plug has a sufficient thickness (>100 m). Tests for the quality of the environmental plug and milling of the casing are not reported, resulting in a score of 0 for sc_pl_ver and sc_mill. There are no secondary indications for leakage along the well path, but tests are not performed (sc_ind_leak =1).
4.2 Geophysical Modeling
The digital model of the well 31/2-4 T2 is populated with conductivity and relative permittivity properties considered to be independent from the frequency of EM radiation (Table 3). The formation properties are assumed isotropic, but vary with depth and along the symmetry plane in Figure 4. We considered realistic rock formation resistivities (Figure 4B) based on baseline geophysical characterization performed at Smeaheia (Gehrmann et al., 2021). The modeling domain has a diameter of 1.3 km and is 2 km deep.
TABLE 3 | Properties of conductivity and relative electrical permittivity of the main elements of the well.
[image: Table 3]A transmitter antenna is implemented as a perfect dipole of arbitrary length that can be placed anywhere in the simulation domain with any orientation. A 40-m-long horizontal dipole emitter located 30 m below the sea surface at a radial distance of 300 m from the wellbore is considered with a frequency corresponding to 4 Hz.
Six different model realizations reflect varying corrosion levels in the well casing. The sensitivity of the recorded signals is then compared to a reference case. The reference case is a model representing an intact well without corroded steel casing (i.e., with a constant conductivity of 4·106 S/m). In our case, the severity of corrosion is reflected in a locally reduced conductivity that can result in a breakage in the most severe case. To assess the effect of corrosion on the electrical field at the surface, we consider changes of conductivities from 4 × 105 S/m down to 4 S/m with one order of magnitude conductivity decrease in each case. These changes are implemented along a 10-m-long section of the casing located at 150 m depth. In each simulated case, we compute the resulting electrical and magnetic fields in the simulation domain and analyze the numerical solution at the seafloor.
Figure 6A shows the resulting horizontal component of the electrical field at the seafloor for the reference case. The low-frequency current applied to the transmitter is producing a current propagating along the well, mainly along the steel casing, and generating surface electrical fields that can be recorded at the seafloor. Figure 6B displays a vertical cross-section, crossing the well elements, and shows the strong current propagating along steel casing until 1,200 m deep.
[image: Figure 6]FIGURE 6 | (A) Amplitude of the x horizontal component of the modeled electrical field [A/m] at the seafloor for the reference case (conductivity = 4 × 106 S/m). The plot represents a horizontal cross-section at the seafloor, i.e., the horizontal and vertical axis correspond to x- and y-axis, respectively. (B) Amplitude of the x horizontal component of the modeled electrical field [A/m] along the plane corresponding to y = 0 (vertical cross-section). The black line corresponds to the seafloor.
Figure 7 shows the derivative of the field with respect to the conductivity change between two consecutives cases (corresponding to one order of magnitude variation in conductivity in our case) for the horizontal cross-section at the seafloor. It relates to the sensitivity between two consecutive models where casing is corroded incrementally following:
[image: image]
where [image: image] and the electrical field E is in V/m.
[image: Figure 7]FIGURE 7 | Absolute value of the derivative of the electrical field (x-component) with respect to conductivity change for different corrosion levels. The plots correspond to the result at the seafloor. Horizontal and vertical axis correspond to x- and y-axis, respectively. The well is at the center of the plots, while the source is located at y = 0 m and x = 300 m, marked with a yellow dot. The plots are derived using Eq. 2 with conductivity levels of 4 × 105 S/m (A), 4 × 104 S/m (B), 4 × 103 S/m (C), 4 × 102 S/m (D), 4 S/m (E), and 40 S/m (F), respectively. All the plots are using logarithmic scale.
In these cross-sections at the seafloor, we see that the differences are increasing with the level of corrosion (conductivity from 4 × 106 S/m to 4 S/m). Cases with one and two orders of magnitude conductivity differences (Figures 7A,B, conductivity = 4 × 105 S/m and 4 × 104 S/m, respectively) are showing similar results, i.e., a relative difference in the order of 10–8 V/S around the source and at the opposite side of the well. The arc pattern on the right side of the plots is related to the source signature. In Figure 7C (conductivity = 4 × 103 S/m), the observed patterns are similar than with less corrosion, but the amplitudes are stronger (in the order of 10–6 V/S). When we reach stronger corrosion (conductivity = 4 × 102 S/m), patterns are changing in addition to the amplitude, and we observe changes along a perpendicular line with respect to the source/well alignment in Figure 7D. In Figures 7E,F (conductivity = 40 S/m and 4 S/m, respectively), the derived differences are in the order of 10–3 with lobes and concentric circles around the well.
We consider an arbitrary 2D cross-section (white dashed line in Figure 6A) and display the corresponding electrical field for the background case and for the cases with varying corrosion levels. The results displayed in Figure 8A highlight that the fields are overlapping almost perfectly and that the differences are very small compared to the reference field. Figure 8B shows the same results along the cutline plotted in a different way. To better highlight the sensitivity of the derived electric field to conductivity changes, we consider the derivative of the field with respect to the conductivity change between two consecutives cases (corresponding to one order of magnitude variation in conductivity in our case). The results clearly highlight the increased sensitivity of the measured amplitude of the electrical field to the varying level of corrosion. Similar results are observed for the y horizontal component.
[image: Figure 8]FIGURE 8 | (A) Electrical field amplitude (x-component) along the cross-section (white dashed line in Figure 6A) for the different corrosion levels shown in Figure 7. (B) Derivative of the electrical field (x-component) with respect to conductivity change along the cutline for different corrosion levels. h =10 m corresponds to the corroded section and sigma corresponds to the conductivity of corroded casing. Logarithmic scale is used for the vertical axis.
4.3 Electrochemical Enhanced Mineral Deposition
Three different laboratory setups are tested to simulate different conditions related to different cathode and anode proportions and possible brine mixing in the reservoir. In the experiments (Exp) 1 and 2, we used a graphite rod with a diameter of 2.8 mm as anode and a graphite tube with a diameter of 1.0 cm as cathode. In Exp 3, the same tube size is used for both cathode and anode (Figure 9). Exp 1 and Exp 2 also correspond to cases where the formation water is stirred and not stirred, respectively. During all experiments, the formation water near the cathode changes from clear to a milky colored solution. Hydrogen and oxygen gas are produced at the cathode and anode, respectively, due to the following reactions:
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A white layer is deposited on the cathode surfaces, leading to weight increase of the cathodic graphite tubes (Figures 9B–D). The formation water temperature increased slightly by 0.2°C and average pH of the formation water increased significantly from 6.15 to 8.2 (Table 4).
[image: Figure 9]FIGURE 9 | Photos of cathodic graphite tubes before (A) and after (B–D) exposing them for 30 min of polarization (5 V) to synthetic Sognefjord formation water at room temperature (22.3°C). The cathode graphite tubes B (solution was stirred) and C (solution was not stirred) are covered with white layers of minerals. In both experiments, the anode was a graphite tube with a diameter of 2.8 mm. In (D), we used the same graphite tube as anode. The graphite tube has a diameter of 1 cm and a length of 3 cm. The numbers shown in the top right corner indicate the weight increase in grams after the experiment.
TABLE 4 | PHREEQC modeling results showing the SI for different mineral phases. The pH of the Sognefjord formation water was changed from 1 to 14 at a temperature of 50°C and a pressure of 130 atm.
[image: Table 4]Electrochemical deposition is enhanced by local pH changes close to the cathode electrode (the graphite tube in our cases). During water electrolysis, the pH close to the cathode becomes alkaline due to the generation of hydroxide ions and reduction of hydrogen. The pH change in the formation water shifts the equilibrium towards an unstable state while pH-sensitive mineral phases precipitate at high pH values. The PHREEQC modeling results of the SI give indications about the expected mineral depositions at reservoir conditions. In the Sognefjord formation, water brucite, Mg(OH)2, and portlandite Ca(OH)2 are expected to precipitate at pH values higher than 9 and >12, respectively (Table 4). Using XRD spectrum interpretation of the precipitated phases at the cathode (Figure 7D) portlandite, minor traces of calcite are identified but brucite is absent (Figure 10).
[image: Figure 10]FIGURE 10 | XRD pattern of the precipitate. Portlandite is identified as a major phase present in the precipitate and only a small peak from calcite is present at 29.5°.
5 DISCUSSION
Offshore geological storage of CO2 and energy (e.g., in form of hydrogen) are essential to provide sustainable growth with net-zero emissions in the second half of the century (e.g., Anwar et al., 2018; Hassanpouryouzband et al., 2021). Thereby, integrity of new drilled, old wells and the monitoring of integrity will be a key technical component for successful implementation of such storage sites (IEA Greenhouse Gas R&D Programme, 2009).
The decommissioning of gas and oil platforms and the P&A of legacy wells are costly operations for energy companies trying to perform them in a cost-effective way following the prevailing national regulations. These regulations vary significantly between countries and through time (IEA Greenhouse Gas R&D Programme, 2009; Samand, 2017; Osundare et al., 2018). With the evolving need for CO2 and energy storage, new challenges arise for P&A of legacy wells. Most existing legacy wells were not designed, completed, and/or abandoned considering future storage purposes. CO2 or CO2 mixed with reservoir brine are corrosive fluids, and chemical degradation of casing steel and well cement can occur. For example, if the Sognefjord formation water is saturated with CO2, the pH value might change from 6.15 (measured at laboratory conditions) to approximately 3.3 (modeled with PHREEQC).
Mechanical cement degradation, which alters the porosity and permeability, and corrosion of the casing steel can create pathways along the cement/casing boundary and potentially allow fluids to enter the inner casing areas (Gasda et al., 2004; IEA Greenhouse Gas R&D Programme, 2009). Thus, several aspects must be critically evaluated including, e.g., storage in reservoirs not classified as inflow layers, changes of geochemical and pressure conditions in the subsurface due to injection of CO2 or other gases, and mechanical damage of old wells due to tectonic or micro-tectonic activities during their lifetime.
Major leakage risks defined by Gasda et al. (2004) and well 31/4-2 T2-specific ones described in the sections before mainly relate to damages of the casing cement, corrosion of the mechanical retainer located at a depth of 1,069 m, and corrosion of the well casing. The well evaluation using the REX-CO2 tool requires “severe remediation” for all subcategories, and low well screening results clearly indicate that well 31/4-2 T2 is not suitable to be re-used as a CO2 injection well and that further monitoring is required. This agrees with the risk analysis in Erichsen et al. (2012). They identified well 32/4-1 T2 as a major risk for CO2 storage, because it was not plugged in a satisfactory way. Figure 3D shows the abandonment schematic for well 32/4-1 T2 with only one 208-m-thick cemented plug installed in the uppermost part of the well. The purple area represents a hole that is filled with a KCl/polymer drilling mud. Such P&A is not in agreement with the NORSOK D-10 standard (2004), which requires cement plugs at all possible inflow layers. Assuming CO2 is stored in the Alpha structure, the well is a potential leaking path for the stored CO2. Possible CO2 leaking pathways are indicated by numbers in Figure 3D. The long-term safety of a potential storage unit in the Alpha structure is therefore associated with high uncertainties of the integrity of the mechanical retainer (at 1,069 m depth, pressure tested to 130 bar), the well casing (possible corrosion), and the outer casing cement quality on top of the reservoir unit (1,137–1,069 m) due to cement degradation. Dynamic reservoir models and measured pore pressure at well location 32/4-3S (south of the Alpha structure at depth of 1,100–1,500 m) suggest pressures varying between 90 and 145 bar (Lothe et al., 2021). The following leakage scenario is reasonable: the mechanical retainer corrodes and cannot withstand the reservoir pressure after injection of CO2, and the CO2 migrates along the well path to a depth of 583 m. If the well cement is partly degraded or generally of low quality, no barrier can prevent CO2 from migrating to surface conditions. Thus, we will focus the discussion on detection of casing corrosion and possible remediation of cement damages.
5.1 Well Cement
For all cement filling jobs, ordinary Portland G cement was used (Erichsen et al., 2012). For casing interval 1, cement volumes are not reported but the returning cement was tagged. For the casing intervals 2 and 3, the cement quantities are sufficient to fill the volume between the drilled hole and the casing. However, for none of the intervals was a cement bonding log performed. Thus, the initial cement/casing bonding is not verified. To test the cement debonding with the casing or the formation, we run simulations for cement integrity prediction using the REX-CO2 tool (Pawar and van der Valk, 2020). As input parameters, we used a CO2 injection temperature of 15°C, a caprock depth of 709 m (maximum depth casing interval 2), and 1,216 m (maximum depth casing interval 3), an average cement stiffness with normal cohesion, and a low shrinkage rate of 0.2%. The results indicate that the major debonding risk is between cement and casing associated with the development of 30–80 µm micro-annuli (Figure 11). In general, all changes in downhole conditions, e.g., pressure, temperature, and vertical and horizontal stress changes can harm the well integrity if the cement is not flexible enough to react to these changes. In a long-term perspective, such changes can be imposed by tectonic movements or local seismic events or by fluid flow related to pressure changes caused by man-made changes in the underground hydrological conditions. In the case of CO2 storage, the fate of wellbore cement exposed to a CO2-rich phase (aqueous, gas, and liquid) is essential, especially in well 31/4-1 T2 where a hole filled with drilling mud in the depth interval 1,069–3,186 m would provide an excellent migration path to shallower vertical depths for the injected CO2. In such a scenario, CO2 would be in contact with Portland G cement outside the well casing at a depth of 1,069 m and, if the mechanical retainers are corroded, with plug cement at 583 m. In general, class G cement is very vulnerable to chemical degradation and may lose its durability once exposed to CO2 (Tiong et al., 2019). Wellbore cement with high pozzolan content (e.g., 65 vol%) is rapidly altered by CO2 and H2S (Zhang et al., 2013). Thus, intervention methods to remediate cement damages are desirable.
[image: Figure 11]FIGURE 11 | Results of cement integrity prediction for (A) debonding between the cement and the formation and (B) debonding between the cement and casing for a depth of 709 m. (C) Debonding between the cement and the formation and (D) debonding between the cement and casing for a depth of 1,206 m.
5.2 Cement Remediation Using Electrochemical Enhanced Mineral Deposition
In all three laboratory experiments, mineral phases precipitate on the cathode surface (Figures 7B–D). XRD results identify portlandite as deposited mineral phase (Figure 10), and numerical modeling shows that the formation water is over-saturated with the portlandite and brucite phase at pH values higher than 9 and 12 (at reservoir conditions). Alkaline conditions for the formation water are induced in the vicinity of electrode during cathodic polarization due to production of hydroxide ions; see Eq. 2 (e.g., Sheng et al., 2020). Thereby, the pH values might follow the strength of the electrical field (Saulis et al., 2005). The main reactions describing the phase changes are related to the electrochemical splitting of water and reaction of Ca2+ (Eq. 5) and Mg2+ (Eq. 6) at the cathode (high pH values):
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Brucite was modeled as oversaturated at pH > 9 (Table 4) but was not indicated by XRD from the cathode precipitate (Figure 10). This could relate to the relative low amount of Mg+ ions relative to Ca2+ (Table 2) or the current density values favoring portlandite precipitation over brucite (Zeppenfeld, 2011). However, the deposition of brucite at reservoir conditions cannot be excluded.
Cathodic polarization of conductive surfaces in contact with formation water can lead to enhanced precipitation of minerals like, e.g., calcium carbonate enhanced at high pH conditions (Edvardsen et al., 2020). Our laboratory and geochemical modeling results suggest the same observations with the Sognefjord formation water. It would be useful if the electrodeposition method could be utilized for well cement remediation to fill micro-structures and gaps related to debonding along the casing/cement interface in well 32/4-1 T2. The experiments showed a thin portlandite sheath deposited around the graphite tubes, and this might also happen around a steel casing where it is in contact with formation water. Utilization of electrochemical deposition is highly dependent on the formation fluid. The brine needs to contain pH sensitive scaling ions like, e.g., Ca2+, Mg2+, and carbonate and sulfate ions, which are common ions present in most North Sea formation waters (Warren et al., 1994). Although encouraging, our lab-scale results are not sufficient to evaluate the applicability of the method for P&A in a real case. It is likely that gas evolution and communication between the electrodes may limit applicability of the method. A field scale experiment would be the next step for this work.
5.3 Corrosion of Well Casing and Detection
Corrosion is a primary reason leading to failures of various industry facilities, and it has been identified as one of the primary mechanisms causing failures of oil/gas transmission pipelines in soil (Yang et al., 2017). Conventional well casing integrity evaluation using logging tools typically reports corrosion in large sections where the casing is exposed to acidic injected or produced fluids (e.g., with brine, CO2, or H2S). In the context of CO2 storage, many laboratory studies confirmed the severity of corrosion issues when the casing is exposed to CO2 (IEA Greenhouse Gas R&D Programme, 2009), mainly involving the corrosion of iron metals under the influence of dissolved hydrogen ions. As mentioned above, the Sognefjord formation water will obtain a pH change from 6.15 to 3.3 when saturated with CO2, and steel corrosion might increase with decreasing pH (e.g., Sk et al., 2017). If acidic water migrates through the well path to the upper levels below the cement plug, it could cause severe corrosion in the well casing. The presented modeling results (Figure 7) suggest that there is a potential in using surface electromagnetic measurements to screen offshore P&A wells and infer information about casing integrity. The observed sensitivity to corrosion levels is above the numerical noise (Figure 8). It is however important to further evaluate this sensitivity versus the location and the extent of the corroded sections. The main limitation of the CSEM monitoring technique is related to penetration depth, which is strongly related to source frequency. One solution to get better penetration is to use the casing as an antenna, i.e., inject the current directly in the casing. It is however difficult to implement when wellheads are cut. In a real application geological uncertainty, unknown depths of well integrity issues will add to the existing challenges for quantifying corrosion levels with non-invasive monitoring technologies corrosion.
5.4 Other Geophysical Monitoring Techniques
Seismic surveys are expected to be an additional tool for reservoir monitoring integrity. Shallow seismic surveys can help identify well deformation (e.g., due to subsidence or heave of seafloor). Guided waves might also propagate deeper in the formations and give valuable information on the cement quality and potential damages (Sidler et al., 2014; Wehner et al., 2021). To ease the implementation of recording seismic data, distributed acoustic sensing using optical fibers left in place when the well is P&A’ed might be a solution for future wells to be P&A. It will help efficiently monitor the integrity of cement and cement plugs all the way to the reservoir in a cost-efficient way.
5.5 Other P&A Remediation Techniques
The discussed P&A method using electrochemical enhanced mineral deposition is still in the experimental phase but the laboratory and modeling experiments shown indicate practicability. Traditionally, the wells are mechanically sealed by placing new cement plugs, but recently, new approaches are explored to replace this expensive procedure, for example, customized resin-based sealing solutions (Behaire et al., 2015), heat-induced melting of the well bore and bonding with the surrounding rocks (https://www.interwell.com/plug-abandonment/category538.html), electro-osmosis to enhance shale barrier (Skomedalen et al., 2021), and carbonate precipitation through microbial activities (e.g., Zhu and Dittrich, 2016).
6 CONCLUSION
In this study, we presented a desktop workflow combining well integrity assessment, numerical modeling, and lab experiments to both assess the need for non-invasive geophysical monitoring and gauge the potential of an in situ cement remediation solution. The proposed well screening methodology aims at quickly identifying problematic wells for future CO2 or H2 storage projects requiring detailed assessment of their integrity. Well integrity non-invasive-based geophysical monitoring holds promise for cost-effective casing integrity description. For the Smeaheia CO2 storage case study, we show that a monitoring strategy is needed for well 32/4-2 T2 and that low-frequency electromagnetic geophysical monitoring can be used to monitor potential well casing corrosion. Our analysis of potential in situ cement remediation solution suggests that the Sognefjord formation water contains enough scaling ions to produce electrochemical-enhanced deposition. The obtained results suggest the need for a detailed field study to prove the applicability of the methods for P&A.
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