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Carbon dioxide geological storage is one of the important means to mitigate the greenhouse effect and curb global warming. The key to carbon dioxide (CO2) geological storage is to select a suitable storage site. Using the geological analysis method and analytic hierarchy process (AHP)–fuzzy comprehensive evaluation method, combining the qualitative analysis of geological conditions with the quantitative calculation of site parameters, this study determines a site target area suitable for CO2 geological storage in Tianjin. First, the regional crustal stability of Tianjin is discussed, and the characteristics of regional gravity field anomaly, regional crustal thickness, and regional aeromagnetic characteristics are comprehensively analyzed. The site is focused on Banqiao sag, a class ⅳ tectonic unit in Bohai Bay Basin. Second, aiming at the storability, safety, and economy of the site, the expert investigation method is used to construct the target area evaluation index system, including four primary indexes and ten secondary indexes. The weight of each index is determined using the analytic hierarchy process. A two-level fuzzy comprehensive evaluation mathematical model is constructed. The suitability of CO2 geological storage in three sites (site A, site B, and site C) in Banqiao sag is evaluated. The results are as follows: the comprehensive membership of site A, site B, and site C is 0.8629, 0.3926 and 0.1750, respectively. The comprehensive membership of site A is the largest. The evaluation results show that the preferred target area of Tianjin local carbon dioxide geological storage site is located in ‘site A’ near Dazhangtuo fault in Banqiao sag, Huanghua depression, Bohai Bay Basin (with an area of about 5 km2). In this study, a suitable target area is delineated for the local CO2 geological storage site in Tianjin, which can be used as an advantageous location for CO2 geological storage. The conclusion has a positive response to the problem of CO2 emission reduction in Tianjin.
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1 INTRODUCTION
CO2 and other greenhouse gas emissions are considered to be the main causes of global warming. The Chinese government attaches great importance to and actively responds to it and puts forward the grand goal of ‘strive to reach the peak of CO2 emissions by 2030 and strive to achieve carbon neutrality by 2060’ (Editorial Department of China energy, 2020). To achieve the goal of carbon neutralization, carbon capture, utilization, and storage (CCUS) technology is the final bottom technology after industry, transportation, construction, and other industries reach the maximum emission reduction target (Ahmadi et al., 2020; Buah et al., 2021; Diao Y J et al., 2021; Li et al., 2019; Qi et al., 2013; Lu et al., 2021a; Wei and Peng, 2013; Xu et al., 2021; Zhang et al., 2008; Qin et al., 2020; Vulin et al., 2020).
CO2 geological storage technology (CCS) transforms CO2 into a supercritical state and stores it in underground storage to realize permanent geological storage (Lu et al., 2021b). CO2 geological storage mechanism (Lu et al., 2021a) mainly includes structural and stratigraphic storage mechanism, irreducible water storage mechanism, dissolution storage mechanism, and mineral storage mechanism (Bachu, 2000; Surdam et al., 2013; Sawada et al., 2018). For the deep saline layer dominated by carbonate rock, the storage process is always the result of the simultaneous action of different storage mechanisms. In the initial stage of CO2 injection, the structural storage and dissolution storage mechanisms play a major role (Azin et al., 2015). With the passage of time, the mechanism of bound water storage and mineralized storage has become increasingly prominent (Li et al., 2016; Nguyen et al., 2017; Ringrose, 2018).
With the surge of carbon emissions in recent years, Tianjin municipal government attaches great importance to the vigorous development of carbon dioxide geological storage technology. The primary problem to be solved by CO2 geological storage technology is the optimization of CO2 gas storage sites. According to the literature review, most of the predecessors determined the location of carbon dioxide geological storage from a geological point of view. (Li et al., 2015; Kulizina, 2016; Lu et al., 2021b; Shen et al., 2021). Such a method for determining the storage site is only analyzed from a qualitative point of view, lacking intuitive contrast. Moreover, when the tectonic unit is small, the geological elements are almost unchanged in the tectonic unit with a unified tectonic background. The single use of the geological analysis method for site selection seriously lacks accuracy. In order to solve this problem, a new method is proposed in this study when selecting the geological storage site of carbon dioxide in Tianjin. The method combines regional stability with the scientific decision-making method--AHP–fuzzy comprehensive evaluation method. First, based on the deep geophysical characteristics, the regional gravity field characteristics, regional crustal thickness, and regional aeromagnetic characteristics of Tianjin are investigated. The regional stability of the region is analyzed, and the alternative location is focused on Banqiao sag, a class IV structural unit in the Bohai Bay Basin. Next, three alternative sites are divided in Banqiao depression, and AHP–fuzzy comprehensive evaluation model is introduced to calculate the comprehensive membership of each alternative site and rank them. The site is selected according to the calculation results. The method combines qualitative description and quantitative analysis, selects storage sites more accurately, and provides a new idea for future generations to select carbon dioxide geological storage sites.
2 REGIONAL GEOLOGICAL OVERVIEWS OF TIANJIN
2.1 Regional tectonic background
In terms of regional structure, Tianjin is located in the middle and north of Jibo fault block depression and the south of Yanshan fault block uplift (Li J J et al., 2021). Under the structural pattern of NWW and NNE, it is generally characterized by east–west zoning and north–south blocking (Wen, 2013; Li, 2019). In the east–west direction, two depressions and one uplift are formed due to the tension of NNE trending faults; that is, three class III structural units are formed from west to east: Jizhong depression, Cangxian uplift, and Huanghua depression (Wen, 2011, 2013) (Table 1). In the north–south direction, secondary bulges and depressions are formed due to the control of NWW trending faults. The structural trend is mostly NNE (Figure 1 and Figure 2). Quaternary active faults are well-developed in the region, mainly revived pre-existing faults and a few new faults. According to the distribution of active faults, faulted basins, and the relationship with strong earthquake activities, Tianjin is divided into two active fault zones (Liu and Liu, 2008; Wang et al., 2012), namely, the northeast Hebei plain fault zone (Wang, 2004) and the northwest Zhangjiakou Bohai fault zone intersecting with it.
TABLE 1 | Regional neotectonic unit division.
[image: Table 1][image: Figure 1]FIGURE 1 | Tectonic uniting division map of Tianjin.
[image: Figure 2]FIGURE 2 | Regional neotectonic unit division map.
2.2 Regional neotectonic zoning
Tianjin is backed by Yanshan mountain, with Hebei plain and Bohai Bay in the south-central part. The distribution of regional geomorphic units basically inherited the structural pattern of the Paleogene. Affected by the properties of regional basement media, structural development characteristics, and power sources, the neotectonic movement has zoned in terms of type, amplitude, and mode, which is bound to affect the characteristics of seismic activity. Therefore, neotectonic zoning is the basic basis for the division of seismic tectonic areas and zones. The neotectonic zoning is shown in Table 1.
2.3 The main active fault zones in Tianjin
The regional fault structural belt is mainly composed of NNE-NE and NWW-NW directions, and the two groups of fault belts are conjugate faults to each other, forming the basic fault pattern of the region. Tianjin is located at the intersection of Hebei plain fault zone and Zhangjiakou Bohai fault zone. The NE fault zone that has the greatest impact on Tianjin is Hebei plain fault zone, and the NW fault zone that has the greatest impact on Tianjin is Zhangjiakou Bohai fault zone.
2.3.1 Hebei plain fault zone
Hebei plain fault zone is distributed on the Hebei plain on the east side of Taihang. It is mainly composed of a series of NNE trending dextral shovel normal faults and some NE and N trending faults. The activities of each fault at different times determine the migration law of sedimentation. For example, Jizhong depression is controlled by the NNE trending Baoding Shijiazhuang fault, and Huanghua depression is mainly controlled by Cangdong fault. Most of the fault zones were formed in the early Eocene, and the faults cutting to the crust include Cangdong fault (24), Xiadian fault (15), and Dacheng fault (22). Hebei plain fault zone mainly includes Huangzhuang Gaoliying fault (7), Shunyi Liangxiang fault (8), Xiadian fault (15), Nanyuan TongZhou fault (3), Tangshan fault zone (25), Tianjin north fault (21), Cangdong fault (20), and Nankou piedmont fault (4). Hebei plain fault zone is a very important seismic zone in North China. The earthquake intensity of this seismic zone is generally large. Historical data statistics show that it has experienced 18 earthquakes (including strong aftershocks) with a magnitude of more than 6, including four earthquakes with a magnitude of 7.0–7.9 and one earthquake with a magnitude of 8. Spatially, strong earthquakes with a magnitude of more than 6.0 and most small and medium-sized earthquakes cluster at the intersection of this fault zone and the northwest Zhangjiakou Bohai fault zone.
2.3.2 Zhangjiakou Bohai fault zone
Zhangjiakou Bohai fault zone, also known as Zhangjiakou Penglai fault zone, starts from the west of Zhangjiakou in the west, passes through Huailai, Nankou, Shunyi, Sanhe, and Tianjin in the east, passes through the Bohai Sea, and extends southeast to the North Yellow Sea in the north of Penglai Yantai. It is generally NW distributed, with a total length of about 700 km. The fault zone is formed by the intermittent oblique combination of nearly 20 NW to near east–west trending faults. These faults are generally 40–80 km long, with a large dip angle, and most of them have normal fault translation properties. Tianjin area is mainly affected by Haihe fault in Zhangjiakou Bohai fault zone. The belt mainly includes Jiyunhe fault (20) and Haihe fault 23) in Tianjin.
According to historical and modern instrument records, in Zhangjiakou Bohai fault zone and its adjacent areas, there have been about 26 earthquakes with a magnitude of more than six since AD 294, including seven earthquakes with a magnitude of more than seven and one earthquake with a magnitude of more than 8. Strong earthquakes mostly occurred at the intersection of the NW trending Zhangjiakou Bohai fault zone and the NE trending Hebei plain fault zone. The Sanhe-Pinggu M8 earthquake occurred in 1679. As shown in Figure 3.
[image: Figure 3]FIGURE 3 | Distribution of active faults in Beijing and Tianjin area.
1-Langshan fault; 2-Shizhuang fault; 3-Yanhecheng fault; 4-Nankou fault; 5-Nankou–Sunhe fault; 6-Babaoshan fault; 7-Huangzhuang–Gaoliying fault; 8-Liangxiang–Shunyi fault; 9-Qingshiling fault; 10-Beishicheng fault; 11-Putaoyuan fault; 12-Chenggezhuang fault; 13-Nanyuan–Tongzhou fault; 14-Dongleizi–Laishui fault; 15-Xiadian fault; 16-Huangyaguan fault; 17-Xianghe fault; 18-Wenan fault; 19-Baodi fault; 20-Jiyunhe fault; 21-Tianjinbei fault; 22-Dacheng fault; 23-Haihe fault; 24-Cangdong fault; and 25-Tangshan fault.
3 OPTIMIZATION OF SUITABLE DEPRESSION FOR CO2 GEOLOGICAL STORAGE BASED ON REGIONAL STABILITY
Tectonic stability is the most important part of the evaluation of regional crustal stability and one of the manifestations of the strength of internal dynamic geological processes. In the evaluation of regional crustal stability, we mainly consider fault occurrence, nature, scale, composite relationship, current activity, seismic activity characteristics and relationship with faults, topographic deformation field characteristics, current displacement characteristics of faults, current in-situ stress characteristics, deep structural characteristics, and strain energy density characteristics. Among them, the characteristics of deep structure are particularly important. At present, the analysis and research of deep crustal structure and its activity are mainly based on geophysical exploration methods, using geophysical data for analysis, such as gravity anomaly, aeromagnetic anomaly, earth temperature, earth temperature gradient, and earth heat flow. The results obtained from gravity inversion or electromagnetic sounding or seismic wave velocity measurement can clearly show the crustal thickness.
The characteristics of the geophysical field are the comprehensive reflection of the structural structure, physical property difference, and thermal and stress state of the crust and upper mantle (Qi, 2021). Therefore, studying the characteristics of regional geophysical field can not only help to understand the structural characteristics and material composition distribution characteristics of the crust and upper mantle but also provide a basis for discussing the relationship between seismicity and deep structure.
3.1 Abnormal characteristics of regional gravity field
The variation of thickness and the density of crust and upper mantle are the main reason for the variation of the regional gravity field. Figure 4 is the contour map of Bouguer gravity anomaly in the target area. It can be seen from Figure 4 that the Bouguer gravity zero anomaly zone along the Dezhou Tianjin Baodi line is divided into two anomaly areas, east and west. In the west of the belt, the terrain of Yanshan mountain, Taihang Mountain, and other mountainous areas shows negative anomalies, while in the east of the belt, the terrain of regional subsidence basins, such as Bohai Bay area in the east, shows positive anomalies, reflecting the obvious reverse relationship between gravity field and ground elevation. Zhangjiakou Bohai fault zone is shown as the turning part of gravity anomaly isoline (Yang et al., 2021). It reflects that the fault zone has a certain control over the crustal structure, and it is also the fault zone with the greatest impact on Tianjin. It can be seen from the epicenter distribution of strong earthquakes with M ≥ 6 in Figure 3 that strong earthquakes are mostly distributed in the parts with significant abnormal gradient changes, such as the Sanhe-Pinggu M ≥ 8 earthquake in 1679 and the Tangshan M ≥7.8 earthquake in 1976.
[image: Figure 4]FIGURE 4 | Bouguer gravity anomaly map of Tianjin area.
3.2 Regional crustal thickness characteristics
Figure 5 shows the regional crustal thickness. It can be seen from the figure that the uplift and depression are roughly arranged and distributed in the NE-NNE direction. The buried depth of Mohs surface in the slow uplift of North China Plain is generally 28–34 km, the crustal thickness gradually deepens to 40–43 km in Yanshan and Taihang Mountains, and the buried depth of Mohs surface in Cangxian uplift is 35–36 km. In addition, Figure 5 also shows three obvious upper mantle uplifts, namely, the west of Bohai Bay (Mohs surface buried depth of 28 km), the northeast of Baodi (Mohs surface buried depth of 32 km), and the Hejian–Baoding–Langfang area (Mohs surface buried depth of 32 km). Under this uplift background, there are two obvious crustal thickness variation zones in the whole region, namely, the northeast Taihang Mountain variation one and the northwest Zhangjiakou Bohai Sea variation zone.
[image: Figure 5]FIGURE 5 | Regional crustal thickness map.
3.3 Regional geomagnetic characteristics
Figure 6 shows the geomagnetic field contour of the region with a plane contour map of regional aeromagnetic (ΔT) extended upward for 10 km. The whole region is dominated by positive magnetic anomalies. The intensity of aeromagnetic anomaly in Hebei plain is slightly lower than that in the northern mountainous area. The Beijing–Bohai line shows a low and narrow magnetic band with high intensity and drastic variation, and sporadic negative anomalies appear in some areas. In the south of the belt, the regional magnetic field is mostly northeast, with weak intensity and slow variation.
[image: Figure 6]FIGURE 6 | Aeromagnetic anomalies of regional aeromagnetic (ΔT) extending 10 km upward.
According to the analysis of Li Jiazheng et al. (Li and Liu, 1989), the distribution relationship between aeromagnetic ΔT characteristics and earthquakes in North China can be summarized as follows:
1)Large area ΔT negative anomaly area, few strong earthquakes occur.
2)Strong earthquakes are mostly distributed at the edge of the massive positive magnetic anomaly region or at the clamping position of two positive magnetic anomalies.
3)At the end of the elongated large area of positive magnetic anomaly, the bifurcation and distortion parts are the favorable parts for strong earthquakes.
3.4 Deep physical characteristics and selection of dominant sag location
Among the three level III tectonic units, Jizhong depression, Cangxian uplift, and Huanghua depression, where Tianjin is located, Huanghua depression (Yang et al., 2020; Li H Z et al., 2021) has been explored for more than 40 years. tIs exploration degree is much higher than the other two tectonic units. Mature exploration studies have confirmed that there is considerable fluid storage space in the area, and the corresponding infrastructure is sound, which can provide a scientific basis for CCUS. Therefore, the geological storage site of carbon dioxide in Tianjin is selected in Huanghua depression.
Huanghua depression (Yang et al., 2020) is structurally complex and can be roughly divided into 10 depressions and 25 fault structural zones. Huanghua depression, where the Tianjin planning area is located, can be divided into three level Ⅳ structures, namely, a positive structure (Ninghe uplift) and three negative structures (Beitang sag, Banqiao sag, and Qikou sag). Because uplift is not conducive to underground fluid accumulation and is much less likely to form an effective trap than sag, Ninghe uplift is not considered in the site selection of this geological storage of carbon dioxide. Qikou sag, with a small land area, is also not suitable. Therefore, Beitang sag and Banqiao sag are the key investigation areas for the selection of carbon dioxide geological storage sites.
Geological safety is the primary factor to realize long-term carbon dioxide sequestration and is also an important factor to be considered in site selection. Many scientific research institutions at home and abroad have carried out scientific research on the geological safety of carbon dioxide long-term sequestration. Some scholars point out (Diao Y et al., 2021) that when evaluating the safety of carbon dioxide geological sequestration, it is necessary to consider the suitability of cap layer, site seismic safety, hydrogeological conditions, and ground site geological conditions.
Ground geological condition is an important factor affecting the optimization of carbon dioxide geological storage site. Technical Requirements for Risk Assessment of Geological Disasters in Construction Land (DZ0245-2004) points out that the areas with a high incidence of geological disasters such as collapse, landslide and debris flow are not suitable for carbon dioxide geological sequestration. Beitang and Banqiao sag, where the probability of geological disasters is generally low, are suitable for the establishment of carbon dioxide gas storage. Beitang and Banqiao sag both belong to the sub-structural units in Huanghua depression. There is little difference in the conditions of cover and hydrogeology between them. Therefore, these two evaluation criteria cannot be used as the main evaluation criteria for selecting site construction.
As stated earlier, this study evaluates Beitang and Banqiao sag from the perspective of site seismic safety and selects one of them as the site for carbon dioxide geological storage in Tianjin. The characteristics of regional geophysical field are closely related to seismic activity, especially strong seismic activity. According to the projection of epicenters of strong earthquakes with magnitudes above six on each graph (Figures 4–6), the location of earthquake occurrence has obvious correlation with geophysical anomalies. Strong earthquakes occur in four major areas: ①The intersection and turning point of gravity and magnetic anomalies in different directions; ② The transition zone of positive and negative anomalies; ③The zone with steeper gravity and magnetic anomaly gradient and significant crustal thickness variation accompanied by deep and large faults; ④The transition zone between uplift and depression of upper mantle.
Compared with Banqiao sag, the gradient variation of gravity and magnetic anomalies in Beitang sag is relatively significant, which is easy to induce strong earthquakes. Additionally, Figure 7 also indicates that the density of active faults in Beitang Sag is higher, while the medium–strong earthquakes in North China almost all occur on the boundary faults of these secondary structures, forming a regular network distribution (Ding and Liu, 1979). In summary, the final location of carbon dioxide geological sequestration is Banqiao depression in Huanghua depression.
[image: Figure 7]FIGURE 7 | Three alternative area locations.
4 BASED ON AHP–FUZZY COMPREHENSIVE EVALUATION METHOD TO SELECT CO2 STORAGE SITES
In the process of site optimization of carbon dioxide geological storage in Tianjin, starting from the regional crustal stability, the abovementioned process uses the geological analysis method to screen the whole city and make a qualitative analysis. Finally, the favorable location of the gas storage is focused in Banqiao depression, a class IV structural unit in the Bohai Bay Basin. At present, there are three sites in Banqiao depression that meet the requirements of establishing carbon dioxide storage, namely, site A, site B, and site C. When making decisions on the three alternative sites, the study introduces the important branch of decision science sequence analysis–analysis hierarchy process, AHP. Combining AHP with a fuzzy comprehensive evaluation method, a set of practical decision-making methods suitable for the selection of carbon dioxide geological storage sites is innovated and explored. In addition, AHP is also a decision-making method involving experts in essence. This research study also invited ten experts and scholars in the field of CO2 geological storage, including seven professors and three managers of geological exploration departments.
4.1 AHP fuzzy comprehensive evaluation
The fuzzy comprehensive evaluation method is a fuzzy mathematical evaluation model. According to the theory of membership, this evaluation method turns qualitative evaluation into quantitative evaluation. It has the characteristics of clear results and strong systematicness. It can better solve fuzzy and difficult to quantify problems and is suitable for solving all kinds of uncertain problems.
One of the prerequisites of the fuzzy comprehensive evaluation method is to determine the weight of each evaluation index. Analytic hierarchy process (AHP) can solve this problem well. Analytic hierarchy process is a simple, flexible and practical multi-criteria decision-making method proposed by Professor T.L.Saaty, an American operations research scientist, in the 1970s. It decomposes a complex problem into constituent factors, forms a hierarchical structure according to the dominant relationship, and then uses the pairwise comparison method to determine the relative importance of the decision-making scheme. The analytic hierarchy process is essentially a decision-making method involving experts, which is especially suitable for decision-making problems in which some factors in the system lack quantitative data.
AHP fuzzy comprehensive evaluation method has good applications in information security risk assessment (Fu and Zhou, 2011), product quality evaluation assessment (Xi and Qin, 2013), and assessing coastal reclamation feasibility (Feng et al., 2014).
Based on the abovementioned facts, this study introduces AHP fuzzy comprehensive evaluation method to scientifically quantify the geological indicators and make scientific decisions to obtain the best storage location when screening the geological storage location of carbon dioxide in Tianjin.
4.2 Analysis of evaluation factors of optimum scheme for carbon dioxide geological storage site
There are many factors that need to be considered in selecting a site to build a carbon dioxide gas storage in Banqiao sag, a level Ⅳ structural unit. Based on previous experience and combined with our own research, four key indicators are selected. These indicators include:
1) Reservoir condition C1: The reservoir is the main body of carbon dioxide geological storage and the storage box of the gas storage, so the quality of the target reservoir is the most important evaluation index for the project. Reservoir conditions can be divided into four sub-indexes, including reservoir porosity (S11), reservoir permeability (S12), reservoir thickness (S13), and reservoir area (S14). Reservoir porosity, reservoir thickness, and reservoir area together determine the carbon dioxide capacity of the selected geological body. Reservoir permeability is essential for gas injection and numerical simulation of underground fluid occurrence in later engineering.
2) Caprock condition C2: Cap layer is an important prerequisite for long-term, stable, and safe geological storage of carbon dioxide. The sealing ability evaluation of caprock is not only affected by its micro-sealing ability but also restricted by the size of its macro-distribution area. Therefore, when evaluating the sealing ability of caprock, both the micro-sealing ability and its macro-development characteristics should be considered. According to the above analysis, the cover condition is decomposed into two sub-indexes: cover permeability (S21) and cover thickness (S22). Generally, the physical property of the caprock is very poor. The greater the physical property difference between the reservoir and caprock, the greater the breakthrough pressure of the fluid in the reservoir to break through the overburden, and the better the sealing property of the caprock. Moreover, cap permeability can better evaluate the sealing degree of upward escape of injected CO2 fluid. From the macroscopic point of view, the development of caprock thickness is often an important index to evaluate the sealing quality. The larger the cover thickness is, the better it is for large-scale CO2 sealing.
3) Trap condition C3: Trap is a geological storage space that can prevent fluid from moving further and accumulating in it. It has a subindex: trap type (S3). Traps are usually composed of three parts, namely, reservoir, cap rock, and barrier, to prevent hydrocarbon accumulation caused by continued migration of oil and gas. The barrier can be the bending deformation of the cap rock itself, such as anticline, or other barriers, such as faults and lithology changes. Therefore, the trap conditions are related to the reservoir and cap rock. Traps can be divided into different types according to the occlusions, such as structural traps, lithologic traps, and hydrodynamic traps, among which lithologic traps are most suitable for carbon dioxide storage.
4) Economic costs C4: The economic costs of CCS mainly consist of three parts: CO2 capture cost and transportation cost and storage cost (Huo, 2014). This article discusses only the economic costs associated with site selection. From the earlier discussion, it can be seen that economic cost is related to buried depth and exploration degree. Density of exploration Wells S41: Obtaining geological data is critical in the process of selecting carbon dioxide geological storage sites. In order to understand the underground geological conditions, geological exploration usually requires a combination of drilling, logging, and 3D seismic and other engineering data with geological personnel’s field survey, which costs a lot to acquire. To carry out CCS work in areas with a high exploration basis, it can not only fully obtain geological data but also make use of existing surface infrastructure, and find suitable sites for gas storage so as to optimize the economic cost to the lowest. The degree of exploration can be characterized by the density of exploration wells. Buried depth S42: Buried depth of CO2 geology must be greater than 800 m. The burial depth of 800 m is the minimum depth for CO2 to reach a supercritical state. The stratum burial depth will affect the economic cost of carbon dioxide gas injection, and the two are interrelated. The distance from carbon dioxide source S43 will directly lead to high transport costs and affect the development degree of carbon dioxide geological storage project. Therefore, it is necessary to choose a suitable location close to the carbon dioxide emission point source as the gas storage site.
In Banqiao depression, there are three alternative areas for this carbon dioxide geological storage site, covering an area of 5 km2, located near Dazhangtuo fault (site A), Banqiao fault (site B), and Changlu fault (site C), respectively. The specific location is shown in Figure 7. Specific index values are shown in Table 2.
TABLE 2 | Alternative location indicators.
[image: Table 2]4.3 AHP–fuzzy comprehensive evaluation method is used to evaluate the site optimization scheme
4.3.1 Construct AHP hierarchy diagram
According to the optimization of carbon dioxide geological storage site in Tianjin as the goal O of this decision, the objective can be decomposed into four criteria, namely storage condition C1, caking condition C2, trap condition C3, and economic cost C4, by analyzing the influencing factors of the optimization of carbon dioxide geological storage site. The reservoir conditions can be divided into four sub-criteria, namely, reservoir porosity S11, reservoir permeability S12, reservoir thickness S13, and reservoir area S14. The caprock conditions have two indexes: permeability S21 and thickness S22. Trap conditions can be represented by trap type S3. Economic cost can be divided into three sub-indexes, namely, exploration well density S41, buried depth S42, and distance from CO2 source S43. According to the relationship analysis among various factors, the following AHP model is constructed, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | AHP evaluation system structure diagram.
4.3.2 Construct judgment matrix and consistency test
Based on the abovementioned hierarchical structure model of AHP, ten experts were invited to hold an expert meeting. The experts give judgment on the relative importance of each element in each level and make a pair-wise comparison to construct judgment matrix A.
In AHP, the integer and reciprocal of 1–9 are used for scale (Table 3) to determine its weight value.
[image: image]
where, [image: image] is the ratio of the relative importance of elements Bi and Bj to criterion C. The judgment matrix A is reciprocal matrix.
TABLE 3 | 1–9 meaning of scale.
[image: Table 3]It should be pointed out that a chaotic judgment matrix may lead to decision-making errors (Lan 2018), so consistency test is also needed in this step.
The inspection steps are as follows:
1) Consistency index C.I. was calculated as follows:
[image: image]
where [image: image] is the maximal eigenroot of the judgment matrix A.
2) The corresponding average random consistency index R.I. table was obtained (as shown in Table 4).
TABLE 4 | Average random consistency index.
[image: Table 4]3) The consistency ratio (C.R) was calculated.
[image: image]
When C.R. is less than 0.1, the consistency of the judgment matrix is considered acceptable; otherwise, the modified judgment matrix is returned. All of the following operations, including conformance checking C.R. values, are performed using the Super Decisions software.
4.3.3 Calculating weight
With the judgment matrix constructed in the above process, the weight of each element corresponding to their respective criteria should be calculated. There are three methods to calculate the weight corresponding to the index in this step, namely, arithmetic average method, geometric average method, and eigenvalue method. This study uses the characteristic root method to calculate the weight value of each geological index of carbon dioxide geological sequestration. Different calculation methods will lead to a slight error in the final weight results. In order to ensure the robustness of the final results, all the weight results obtained by the three methods are calculated and provided at the end of the article. It can be seen that the three weight results are the same.
The following is a brief introduction to the use of the eigenvalue method weight:
W=(w1, … ,wn)T is the weight (ranking) vector obtained by the h-order judgment matrix. When A is the consistency matrix, it is calculated as follows:
[image: image]
The rank of the matrix is 1, satisfying
[image: image]
Here, n is the maximum eigenvalue of A, and W is the eigenvector of the maximum eigenvalue of A. Similarly, judgment matrix A is generally inconsistent. When the consistency of A is acceptable, that is, CR is less than 0.1, because it is A positive matrix, the eigenvector corresponding to the maximum eigenvalue λmax, that is, the eigenvector W satisfying Eq. 6, can be used as an approximate sorting vector. Then, the weight value can be obtained by normalization of the eigenvectors obtained.
[image: image]
MATLAB was used to conduct consistency test on five groups of judgment matrices, and the results of maximum eigenvalue λmax and consistency ratio were obtained, as shown in Table 5.
TABLE 5 | Maximum eigenvalue and consistency ratio of judgment matrix.
[image: Table 5]As all the consistency ratios were less than 0.1, the above judgment matrix passed the consistency test, and the eigenvalue method was used to calculate the weight of each indicator, as shown in Table 6.
TABLE 6 | Weight value of each indicator.
[image: Table 6]4.4 Fuzzy comprehensive evaluation model
Establish a two-level fuzzy comprehensive evaluation model according to the actual problems in this paper: The establishment of the model mainly includes the following steps:
Step 1. Dividing the factor setIf [image: image] are several [image: image], [image: image] and [image: image] ([image: image])U is the first-level factor set.Ui is the second level factor set.
Step 2. Determining the schema set
[image: image], the second level factor set [image: image] is evaluated, and the comprehensive evaluation matrix [image: image] is obtained:
[image: image]
If the weight of [image: image] is [image: image], the comprehensive evaluation can be estimated as
[image: image]
Step 3. Comprehensively evaluating the first-level factor set [image: image]. If the weight is [image: image], then
[image: image]
Comprehensive evaluation is
[image: image]
Step 4. The corresponding scheme is determined according to the principle of maximum membership degree.It is necessary to determine the membership function when solving by fuzzy mathematics. Generally, there are three methods to determine membership function, namely, fuzzy statistical method, objective scale, and assignment method. It should be pointed out that the determination method of membership function is not unique, and the results of solving different membership function are slightly different. The choice of membership function is reasonable. Fuzzy statistics and assignment methods are used for membership function according to practical problems in this study.
4.5 Application of fuzzy comprehensive evaluation model
According to the specific requirements of the fuzzy comprehensive evaluation model, the following steps are taken:
1) Set of evaluation indicators: four first-level indicators and ten second-level indicators are established. The first-level indicators are reservoir condition, cap condition, trap condition, and economic cost. The secondary indicators are reservoir porosity, reservoir permeability, reservoir area, reservoir thickness, cap permeability, cap thickness, trap type, burial depth, exploration well density, and proximity to carbon dioxide sources.
2) Determining the scheme set.
First, the membership function is determined.
Table 1 indicates that among the 10 second-level indicators, S3 and S43 are qualitative descriptive indicators. When determining their membership degree to the scheme, this study adopts the fuzzy statistics method and asks ten experts and scholars in the industry to score them. The scoring scale is 1–5, and the scores of each indicator are accumulated, and the ratio with the sum is calculated. Next, the membership degree of the index is normalized, and its normalized membership degree is shown in Table 7.
TABLE 7 | Membership table of each standard.
[image: Table 7]3) Establishing fuzzy evaluation matrix.
Except for S3 and S43, the other indicators are quantitative values. These eight indicators can be further divided into extremely large indicators and extremely small indicators; S11, S12, S13, S14, S21, S22, and S41 are extremely large indicators, and S42 is an extremely small indicator. According to the actual situation of each indicator, these eight second-level indicators are treated positively; that is, the greater the membership degree, the indicator is about favorable. Among them, extremely large indicators can be calculated by Formula 9, and extremely small indicators can be calculated by Formula 10:
[image: image]
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The final membership degree of each indicator is shown in Table 7.
Reservoir condition evaluation matrix:
[image: image]
Evaluation matrix of cover condition:
[image: image]
Evaluation matrix of trap conditions:
[image: image]
Economic cost evaluation matrix:
[image: image]
(4) First-level fuzzy comprehensive evaluation.
Single factor evaluation of reservoir conditions:
[image: image]
Single factor evaluation of cover condition:
[image: image]
Single factor evaluation of trap conditions:
[image: image]
Single factor evaluation of economic cost:
[image: image]
The evaluation matrix is
[image: image]
(5) Secondary fuzzy comprehensive evaluation.
[image: image]
The comprehensive membership degree of site A, site B, and site C was 0.8629, 0.3926, and 0.1750, respectively, and the maximum membership degree was site A. The results show that the AHP–fuzzy comprehensive evaluation method is used to obtain that site A (Figure 7), located near Dazhangtuo fault in Banqiao sag, Huanghua depression, is the best choice for carbon dioxide geological sequestration in Tianjin.
According to the literature, the oil department has established the Dazhangtuo underground gas storage in Dazhangtuo area, which is the first large-scale natural gas underground storage with an urban seasonal peak shaving function in China (Cui et al., 2003; Wen, 2000; Yang et al., 2003). It also proves that the geological conditions in this area are suitable for gas geological storage. Furthermore, this situation confirms the correctness of the conclusion.
5 CONCLUSION
An attempt has been made in this study to select the most suitable carbon dioxide geological storage sites within the jurisdiction of Tianjin. Using geological analysis and AHP–fuzzy comprehensive evaluation method to combine qualitative analysis and quantitative calculation so as to select out the best objects from a variety of alternative sites more scientifically and effectively. The conclusions are as follows:
1) Tianjin is located on the northern margin of the North China Penta platform, a class I tectonic unit, which can be divided into two class II tectonic units, Yanshantai fold in the north and North China fault depression in the south. Under the NWW and NNE trending tectonic pattern, the whole structure is characterized by east–west zonation and north–south block. In the east–west direction, two depressions and one uplift were formed due to the extension of the NNE faults; that is, three class III tectonic units were formed from west to east: Jizhong depression, Cangxian uplift, and Huanghua depression. At the same time, Tianjin is mainly divided into two major active fault zones, namely, the northeast Hebei plain fault zone and the intersection of the northwest Zhangjiakou–Bohai fault zone. Considering many factors such as structure, active fault zone and exploration degree, the candidate area is selected in Banqiao sag and Beitang sag of Huanghua depression.
2) Starting from the geological safety of carbon dioxide geological sequestration, this research work studies the suitability of cap layer, site seismic safety, hydrogeological conditions, and ground geological conditions in the two depressions, and finally takes site seismic safety as the main evaluation standard. Based on the deep geophysical characteristics, the characteristics of regional gravity field, regional crustal thickness, and regional aeromagnetic characteristics of Tianjin are analyzed, and their advantages are compared. The following conclusions are drawn: compared with Banqiao sag, the gradient variation of gravity and magnetic anomalies in Beitang sag is significant, which is more likely to induce strong earthquakes. In summary, the final location of carbon dioxide geological sequestration in this study is Banqiao depression in Huanghua depression.
3) AHP–fuzzy comprehensive evaluation method is used to establish a two-level comprehensive evaluation model for the selection of carbon dioxide geological sequestration sites. The target of the preferred site is divided into four selecting criteria, which are reservoir condition, cap condition, trap condition, and economic cost. Reservoir conditions can be decomposed into four sub-criteria: reservoir porosity, reservoir permeability, reservoir thickness, and reservoir area; Caprock conditions have two sub-criteria: caprock permeability and caprock thickness; Traps can be divided into a sub-criterion of trap type; The degree of exploration can be represented by the density and depth of exploration wells. The analytic hierarchy process (AHP) was used to calculate the weights of the ten criteria, and a two-level fuzzy comprehensive evaluation method was established to calculate the three alternative areas in Banqiao depression. According to the calculation results, the comprehensive membership degree of region A near the Dazhangtuo fault is 0.8629, respectively, which is the maximum value, so region A is the best choice for the geological storage of carbon dioxide in Tianjin.
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