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Geological storage of carbon dioxide is receiving more and more attention as
one of the efficient carbon reduction technologies, as China’'s carbon-neutral
strategic plan moves forward. There is an increasing demand for more effective
and thorough methodologies to assess the potential of CO, storage in deep
saline aquifers. This study proposes a method for evaluating the geological
storage potential of CO, in deep saline aquifers and constructs an automatic
evaluation system for the comprehensive potential of CO, geological storage
using ArcGIS Model Builder visual modeling technology. The automatic
evaluation system consists of four functional parts: information collating and
database constructing, data pre-processing, model building evaluation and
result validation evaluation. First, structured and unstructured data including
underlying geology, tectonic geology, oil and gas geology, and drilling data are
collated and established in a geodatabase. Second, pre-processing models of
the deep saline reservoir-caprock data are established based on the analysis of
the geological evolution history of the study area to determine the effective
storage thickness, effective porosity, and the influence range of faults; kriging
methods are then used to realize the spatial interpolation of the evaluation
parameters. Third, the volume coefficient method is adopted to construct the
underground storage space model and to establish the density distribution
model of the supercritical CO, with nonlinear function while taking into
account four evaluation factors (i.e. area, effective porosity, effective
thickness, effective coefficient) and two limiting factors (i.e. fault, burial
depth). Finally, the geological storage potential of CO, in the study area is
evaluated with the classification of the potential level and compared with the
numerical simulation results to verify the model's accuracy. The model is first
applied in this paper using a suitable target in China as a case study. The results
show that this target area’s anticipated storage potential value reaches
52.557 Mt. The total precision error, according to a comparison of the
numerical simulation results, is 8.20%. Based on the results obtained, it can
be concluded that the automatic GIS-based modeling approach is suitable for a
comparable study of potential evaluation of CO, geological storage in deep
saline aquifers.
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Introduction

With economic development and population growth, the

global ~ warming  situation is  extremely  serious
(Vijayavenkataraman et al, 2012). The emissions of CO,,
greenhouse gases, are considered to be one of the significant
factors in causing global warming (Dorner et al., 2010; Raza et al.,
20165 Cao et al., 2020). Evaluation of geological storage potential
is a critical part of large-scale carbon sequestration, which has
received great attention over the last two decades (Anwar et al,
2018). CO, geological storage has multiple carbon reduction
pathways (i.e., deep saline aquifers (Murai and Fujioka, 2008),
depleted oil and gas reservoirs, unmineable coal seams
(Ranathunga et al., 2014), basaltic rocks (Gilmore et al., 2020).
The deep saline aquifers, as the greatest potential reservoirs, have
a great significance for the geological storage of CO, in China
(Fan et al, 2020). By the estimation of the China Geological
Survey 2005, the geological storage potential of CO, in deep
saline aquifers can reach 1435GT (Zhang et al, 2005).
Considering the complexity and scale of China’s sedimentary
basins, and based on the previous research on CO, geological
storage conducted by the Carbon Sequestration Leadership
Forum (CSLF ) (Bachu et al., 2007) and Other institutions(the
Intergovernmental Panel on Climate Change (IPCC), 2005; the
U.S. Department of Energy (USDOE), 2007, as well as academics
(Bachu and Adams, 2003; Oldenburg, 2008; Goodman et al.,
2011), China divided the evaluation of CO, geological storage

potential into five scales, from low to high, national scale, basin

FIGURE 1

Session and potential grading of CO, geological storage in
China (national scale (E), basin scale (D), target scale (C), site scale
(B), and injection scale (A)).
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scale, target scale, site selection scale, and injection scale
(Figure 1) (Guo et al., 2015).

According to the characteristics of potential evaluation at
different scales, a series of evaluation methods have been
proposed by CLSF, USDOE, and other institutions, such as
area method, volume method, volume factor method, burial
These
methods can be categorized as simple function methods

mechanism method, numerical simulation, etc.

and numerical simulation methods (Bachu, 2015). The

former methods are generally applied

evaluation at small and medium scales (e.g., national scale,

to potential

basin scale), with the major parameters of reservoir area,
thickness, porosity, permeability, boundaries, etc. The latter
methods focus on the evaluation of potential at large scales
(e.g., site scale, injection scale) and are more concerned with
non-homogeneity, uncertainty, and displacement storage
efficiency, etc (Rasheed et al., 2020). Based on previous
studies, an overview of the advantages and disadvantages
of these methods is presented. For feasibility evaluation, the
simple function methods have the advantages of simplicity
and efficiency in the selection of evaluation parameters and
calculation processes. Due to the limitation of existing legacy
data, the methods are difficult to quantify geological
uncertainties, and often select a few representative
borehole cases to replace the whole basin or region that
lead to less accurate and reliable evaluation results. For
detailed evaluation, the numerical simulation methods
involve a combination of two computationally intensive
steps: geological modeling and dynamic simulation. The
accuracy of geological modeling depends on the quantity
and quality of geological data, such as borehole data, 2D and
3D geophysical data, etc (Zhong and Carr, 2019). Dynamic
simulation is a commonly used engineering numerical
simulation prediction or verification method, mainly based
on Physico-chemical experiments and empirical parameters,
etc. simulation

Through numerical and engineering

validation methods, we can obtain the accurate and
reliable potential evaluation results, but there are also
some problems, such as the problem of data acquisition,
and the inefficiency of calculation. Target scale potential
evaluation, as a medium scale, plays a bridging role in the
feasibility planning and detailed site selection for CO,
geological storage. It serves as a crucial foundation for
selecting and evaluating site scale suitability (Li et al,
2015).
geological storage potential at the target scale still need to

However, studies on the evaluation of CO,
be further developed. Due to the uncertainty of underground
space and the complexity of geological structure, target scale

potential modeling needs to consider a series of geological
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FIGURE 2
Overview of the study area formations (modified by Guo et al. (2014)).
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FIGURE 3

Sedimentary facies maps of the study area (Original data from Reference (Wang, 2019)).

parameters, including reservoir geometry, thickness,
porosity and permeability, the salinity of formation water,
caprock thickness and continuity, and the presence of known
active faults (Martinez et al., 2010). Our study addresses the
need for practical, efficient, and reliable approaches for
quantifying the geologic uncertainty and the safety

constraint on target scale potential evaluation.
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In this paper, to solve the problem of spatially
heterogeneous distribution of reservoir parameters (e.g.,
reservoir thickness, top-bottom surface, porosity, efc.), we
employ an empirical Bayesian kriging interpolation method
for uncertainty estimation from existing boreholes, physical
surveys, and other geological data. Also, a nonlinear fitting
equation of CO, burial depth versus density is established
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TABLE 1 Data for CO, geological storage potential evaluation.

Terms Parameters

storage potential area
thickness of reservoirs
porosity of reservoirs
density of CO,
storage efficiency
containment safety tectonic setting

depth of reservoirs

10.3389/fenrg.2022.957014

Description

Evaluated with GIS for each unit at the scale 100 m x 100 m

Evaluated with GIS for each individual area from isopach maps of the reservoir

Evaluated from geophysical logs in boreholes using GIS.

Dataset of CO, properties for the reservoir pressure and temperature estimated using GIS.

The factor is a function of geologic parameters and displacement efficiency components

The factor reflects the regional background conditions of CO, geological storage security

Burial depth of the reservoir is from 800 to 3500 m

faults Buffering a certain safety distance from faults using GIS

TABLE 2 Reservoir screening criteria.

Screening term Index

Reservoir characteristics Depth
Thickness
Porosity
Permeability

Hydrogeological conditions Mineralization degree

Dynamic conditions of groundwater

Geological safety factors Thickness of caprock
Distance from active fault

Peak ground acceleration

based on the formation pressure and temperature data. In
addition, to ensure the safety of CO, geological storage, fault
and burial depth constraints are added to the USDOE
potential evaluation method. Finally, spatial analysis
methods and visual modeling techniques by Geographic
Information System (GIS) are utilized to develop an
automatic modeling method for the geological storage
potential of CO, in saline aquifers at the target scale.
Comparing with previous studies, this automatic method
employs spatial interpolation to estimate the uncertainty
of subsurface space, which can improve the accuracy and
reliability of potential evaluation to a certain extent. In the
modeling of complex geological systems with high volume of
data, the GIS technology can improve the efficiency and
automation of the model building. Certainly, this
approach, as an automated black-box model, is not
perfect, data quality, standardized processing, and
applicability are all practical issues that need to be
explored. Certainly, this approach is not perfect, and as an
automated black-box model, issues like data quality,
standardized processing, efc have a major impact on
modeling. Those are also all are practical problems that
need to be addressed.

Frontiers in Energy Research

Criteria

>800 m

>10 m

>5%

>1 mD

10-50 g/L

Not in the opening zone

individual thickness > 20 m, or cumulative thickness > 300 m
>25 km

<0.15¢g

Study area

The study area is a potential target area of CO, geological
storage located in a sedimentary basin in southern China. The
selection of the target area is based on the information of the
CO, geological storage suitability of China prepared by the
China Geological Survey (Guo et al., 2014). The deep saline
aquifers in the target area contain three sets of stratigraphy,
rock I(rocl), rock 2(roc2), and rock 3(roc3), as shown in
Figure 2. The formation rocl has a mudstone with little
sandstone lithology, with burial depth of 878.0-2505.0 m
and thickness of 123.5-1021.5m, which has a suitable
caprock condition. The formation roc2 has a complex
lithology with sandstone and mudstone interlayers. The
burial depth of the formation is 963.5-3218.5m, and the
thickness is 85.5-851.3 m. Moreover, the porosity of
sandstone is 17-26%, and the permeability of sandstone is
about 234.7-689.1mD, which can be treated as a reservoir for
the geological storage of CO,. The formation roc3 has a burial
depth of 1058.5-4097.0 m and a thickness of 94.0-880.4 m.
The lithology of the formation is sandstone interbedded
mudstone, where the porosity of the sandstone is 18-22%
and the permeability of the sandstone is about 20.0-655.0 mD.
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FIGURE 4
Processing of effective thickness

Similar to the formation of roc2, roc3 is also suitable as a
reservoir for the geological storage of CO,.

The spatial distribution characteristics of the sedimentary
facies are mapped based on the geological investigation of the
reservoir, as illustrated in Figure 3. In the study area, a lake-
braided river delta sedimentary structure was created. Three
types of sedimentary facies are identified: shore-shallow lake
facies (type c), delta-front facies (type b), and delta-plain facies

(type ©).

Materials and methods
Data and processing

The magnitude of geological storage potential of CO, in
saline aquifers is related to the geological storage conditions,
storage mechanism types, and the driven efficiency (Hicks and
Green, 2017). The potential evaluation includes two main aspects
of CO, storage: storage potential, and containment safety (Abuov
et al., 2020). The storage potential is determined by the scale of
the storage area, the thickness of aquifers, the formation porosity,
the storage density of CO,, and the storage efficiency factor
(Popova et al, 2014). The containment safety is bound by
tectonic, depth, and fault intensity (Tan et al., 2020). The data
source includes the macro geological characteristics information
of the reservoir and caprock layer such as reservoir distribution
area, depth, thickness, and lithology. It is also important to collect
information on key parameters such as porosity, permeability,
water saturation, formation water mineralization, formation
temperature, formation pressure, storage efficiency, etc., as
shown in Table 1.

The approach developed by USDOE is used to evaluate the
CO, storage potential in deep saltwater aquifers (Goodman et al.,
2011). Aquifers are thought to be subject to regional flows
connected to large-scale flow systems, and as a result,
CO2 will only be present in the hydrodynamic trap. Equation
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FIGURE 5

Processing of the effective porosity.

1 provides the formula for the effective storage potential in saline
aquifers.

Meo, =Ex A xhx ¢ x peo, (1)

where Mco, is the expected value for the geological storage
potential of CO,, E is the effective coefficient of CO, geological
storage, A is the whole area of the target area, h is the effective
thickness of reservoirs, ¢ is the effective porosity of reservoirs and
Pconis the storage density of CO,.

The CO, storage safety in deep saline aquifers is a constraint
controlled by the fault and burial depth, which can be formulated
using a set of activation functions (2,3).

0, x=1
Reau = { (2)

1, x=0
where x = 1 means the evaluation unit is in the fault affected area,
while x = 0 means the evaluation unit is not in the fault affected

area.

Rdepth =

{o, x < 800 3)

1, x>800

where x means burial depth, CO, storage is only suitable when
the depth of burial is greater than 800.

Reservoir criteria

Characterizing reservoir compartmentalization is a crucial
step in the estimation of CO2 geological storage. It contains
reservoir characteristics, hydrogeological conditions, and
The

reservoir

criteria for reservoir

depth,
thickness, and physical properties, namely porosity and

geological safety factors.

characterization  include reservoir
permeability, and other relevant reservoir parameters.
According to Table 2, the depth of the reservoir must be

no less than 800 m to ensure that the CO, is in a supercritical
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Processing of fault affected zone.

state. Individual aquifers should have favorable storage
properties, such as the thickness of not less than 10 m, the
porosity of not less than 5%, and permeability of not less than
1 mD for better injectivity and larger storage potential. These
relevant properties are regarded as the key controlling
the
evaluation of CO, storage (Goudarzi et al, 2019). In the

parameters for reservoir selection for potential

terms of hydrogeological conditions, there are some
constraints on the water mineralization degree and the
of
assumptions on hydrogeological boundary conditions are

dynamic  conditions groundwater. ~ Reasonable
the prerequisites for the potential evaluation of CO,
The of

stratigraphic water is preferably controlled at 10-50 g/L. It

geological  storage. mineralization saline
is assumed that the dynamic condition of the groundwater in
the reservoir is not in the opening zone and can’t be used
directly. Since many aquifers are confined or semi-confined,
geologic safety parameters are focused on caprock failure
criteria, such as the thickness of caprock, distance from
active faults, and peak ground acceleration (Martinez et al.,
20105 Elenius et al., 2018; Ling et al., 2021). The thickness of
the caprock can be characterized by the individual thickness
and the cumulative thickness, which has a significant effect on
CO, leakage (Chenetal., 2014). According to the sealing study
of caprock, the optimum thickness index is the individual
thickness greater than 20 m or the cumulative thickness
greater than 300 m (Shen et al., 2009). A stable crustal is
essential for the security of geological storage. The evaluation
indexes of crustal stability include fault distance and peak
ground acceleration. According to the reservoir selection
the

regional active fault is not less than 25km away, and the

evaluation of CO, site selection, distance to the

dynamic peak acceleration is not higher than 0.015 (g).

Effective area

The effective area is the evaluation area of the selected
reservoirs that match the conditions of CO, geological
storage, including the boundary range and spatial accuracy.
Based on the qualitative analysis of geological formations and
faults, the boundary range of the evaluation area is
determined. = According to  numerical  simulation
experiments, CO, migration in isotropic, homogeneous,

and non-deformable saline aquifers may reach a lateral
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Processing of the reservoir depth.

distance of approximately 1,000 m after 100 years since
injection (Xie et al, 2015). To cover the later geological
storage siting requirements, it is appropriate to determine
the spatial accuracy of the potential evaluation as 100 m x
100 m.

Effective thickness

Effective thickness is the thickness of the reservoir that meets
the criteria for the geological storage of CO,. Different categories
of geological reservoirs have different effective thickness
screening criteria. The geological storage of CO, in the deep
saline aquifer mainly considers the thickness of individual
aquifers, sand to mud ratio, and other factors. The ratio of
effective thickness R; is the fraction of thickness of the
individual aquifers and the total reservoir (4). In spatial terms,
reservoirs in the same depositional system have similar
parameters (e.g., reservoir properties and fluid properties).
Therefore, the ratio of effective thicknesses can be spatially
interpolated employing the analogous method, as shown in
Figure 4.

The ratio of effective thickness Rj:

hy+hy,+..+h,
W=

4

htotul

Effective porosity

Reservoir porosity is a key controlling parameter for CO,
storage potential (Goudarzi et al., 2019; Lv et al, 2020).
Porosity is the ratio of the volume of pores in a rock to the
total volume of the rock. The effective porosity ¢is the fraction
of porosity of the individual aquifers and the total
reservoir (5).

(P:<p1xh1+<p2><h2+...+(pnxhn )

htotal

yhy s
the thickness of the individual aquifers; ¢, ¢,,...,¢, is the

where h;orq is the thickness of the total reservoir; hy, ho, ...

porosity of the individual aquifers.
The processing model of the porosity includes effective index
parameter calculation, spatial interpolation analysis, and raster

conversion, as shown in Figure 5.
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CO, density

The density of CO, varies with the external environmental
conditions. Pressure and temperature are the largest factors
controlling density and are both functions of depth (Popova
et al, 2014; Kabirzadeh et al, 2020). Under a specific
temperature and pressure, the state of CO, can switch between
gaseous, liquid, solid, and supercritical states. When the temperature
is 31.1°C and the pressure is 7.38 MPa, CO, transforms into a
supercritical state and turns into a dense, thick liquid (Nomeli and
Riaz, 2017; Yuan et al,, 2020). Density is the in situ density of pure
carbon dioxide at a specific pressure and temperature (Ogawa et al.,
2011).

Density (p) is the mass (m) of a substance per unit volume
(V). The density of CO, can be calculated by (6):

m PM

Pcox = v = 7ZRT (6)

Where M refers to the relative molecular mass of CO, gas; R is the
ideal gas constant; Z is the compressibility.

According to the equation, the density of CO, depends mainly
on temperature and pressure, both of which are related to the burial
depth (Aminu et al, 2017). According to the temperature and
pressure data at different depths, the corresponding density data
of CO, can be obtained from the website (http://www.peacesoftware.
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de/einigewerte/CO, ehtml). Then, the density model of CO, can be
built by the fitting method.

Fault effects

The presence of faults and fractures affects the integrity and
continuity of the caprock. When the fault offset is greater than
the thickness of caprock and the fractured zones are permeable,
the sealing ability of cap rock will be greatly weakened (Bigi et al.,
2013; Bu et al., 2016). Therefore, faults are very detrimental to
CO, geological storage. To mitigate the threat of faults, the effects
of faults need to be assessed at the stage of CO, storage potential
evaluation. Selection of a suitable avoidance distance to ensure
the safety of geological storage is the common means. According
to the scale of faults, the avoidance distance can be roughly
divided into four categories, 25 km for Class I faults (regional
faults), 5.0 km for Class II faults (major faults), 0.5 km for Class
III faults (secondary faults) and 0.1 km for other derived faults
(ACCA and CHEGS, 2012).

With the classification criterion, the fault-affected areas are
calculated by multi-level buffer spatial analysis based on the
vector data of fault lines. To facilitate model calculations, all
evaluation data are converted to raster format. The process of
classification of fault-affected areas is shown in Figure 6.
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FIGURE 9
Thickness maps of reservoirs.

Burial depth of CO,

The burial depth of CO, is the distance from the top surface
of the reservoir to the ground surface, namely the depth of the
reservoir (Zhang et al., 2020). According to the supercritical CO,
state condition, the theoretical depth of CO, geological storage is
800 m. Considering the current internationally accepted
economic level, the economic depth of CO, geological storage
is 3500 m. The depth of the reservoir can be modeled by the
three-dimensional spatial interpolation method, as shown in
Figure 7. First, the irregular triangular network (TIN) of the
reservoir depth is generated by the 3D analyst of the fathom line
maps. Then, a spatial interpolation method is adopted to obtain
the raster data of the reservoir depth.

Empirical Bayesian Kriging

Empirical Bayesian kriging (EBK) is a geostatistical
interpolation method that provides the fast and reliable
solution for both automatic and interactive data interpolation.
As a contrast, a major improvement of EBK has been made by
Krivoruchko and Gribov upon the classical Kriging methods
coded within the ESRI ° software package (Krivoruchko and
Gribov, 2019). EBK accounts for the error introduced by
estimating the underlying semi-variogram through numerous

Frontiers in Energy Research
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the thickness map of reservoir B

900 m

TABLE 3 Suggested values for geological storage coefficient for CO,
in the saline aquifer.

Lithology Pyo (%) P54 (%) Pyy (%)
Clastics 3.1 6.1 10
Dolomite 5.1 6.9 9.2
Limestone 35 52 7.3
simulations (Finzgar et al, 2014). The semi-variogram

calculation is based on the Bayesian rule, which exhibits the
proclivity that the observed dataset can be created from the semi-
variogram. The bayesian equation rule is given as posterior:

P(B|A)P(A)

P(A|B) = b(B)

where the P (A) represents the prior, P (B) marginal probability in
the most instances there they are ignored, P (B|A)the posterior.

The interpolation process of EBK follows three criteria as
proposed by Krivoruchko, I) the model estimate semivariogram
from the input dataset 2) based on the generated semivariogram a
new predicted is value against each inputted dataset location and
3) finally a model is computed from the simulated dataset.
Through a process of sub-setting and simulations, EBK
automatically calculates model parameters instead of manually
adjust parameters (Li et al., 2020).
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FIGURE 10
Porosity maps of reservoirs.

the porosity of reservoir B

16.5%

2 Kilometers

|
125

14.5

= Density
Fitting curve

700

600

Density (kg/m®)
5 2
< o
1 1

300

200 T T

T
1000 1500

FIGURE 11
The fitted curve plot of CO, density.
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Automatic modeling framework

The workflow of potential evaluation and the processing of
evaluation factors provides the foundation for establishing a
unified and standardized automatic modeling of CO,
geological storage potential. ArcGIS Model Builder is a

graphical modeling program for creating, editing, and
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managing models. The program uses a flowchart approach
to connect data and models in an orderly manner to achieve
advanced and complex modeling tasks. In this paper, the
Model Builder visual modeling technology is used to
construct the
comprehensive potential of CO, geological storage in deep
saline aquifers. The modeling data includes an equi-depth

an automatic assessment system for
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Maps of CO, density distribution.
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Maps of the zone affected by the faults.

reservoir, reservoir thickness, borehole porosity, distribution
of faults, etc. Components for automatic modeling consist of
file conversion, 3D analysis, spatial analysis, and data
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Major fault affected zone

10

Secondary fault affected zone Non-affected zone

from ArcToolbox. The
visualization framework for automatic modeling is shown

management, and other tools

in Figure 8.
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Results and discussion

Taking a target area in a sedimentary basin in China as an
example, we calculate the subsurface reservoir space and its
corresponding CO, density under different stratigraphic conditions
respectively, to calculate the total amount of CO, geological storage.

Results of the effective volume
(1) Thickness distribution of reservoirs

The thickness of the reservoir is obtained from the rate of the
effective reservoir and the thickness of the formation. At the
spatial level, the rate of the effective reservoir is obtained through
spatial interpolation analysis of existing borehole data by ArcGIS
10.2 software. The spatial interpolation operation assumes that
similar depositional environment has a similar rate of the
effective reservoir, and that the distance from the existing
borehole site is the weight affecting the magnitude of the rate
of the effective reservoir. The thickness distribution of reservoirs
for CO, geological storage is shown in Figure 9. According to the
thickness distribution of the reservoir A and B, the thickness of
reservoir ranges from 100 to 900 m, and the average thickness of
reservoir A is 390.28 m, and the average thickness of reservoir B
is 486.16 m.

(2) Porosity distribution of reservoirs

Frontiers in Energy Research

As shown in Figure 10, it observed that reservoir A has
excellent connectivity, with effective porosity ranging from
17.77% to 20.76% and an average porosity of 18.86%.
Similarly, reservoir B also has good connectivity with effective
porosity ranging from 12.85% to 16.53% with an average porosity
of 15.64%.

(3) CO, storage efficiency

For saline aquifers, the CO, storage efficiency factor is a
function of geologic parameters. According to the USDOE
methodological recommendations for assessing the geological
storage potential of CO,, the parameters of storage efficiency
adopt Goodman’s suggested values which are based on the
Monte Carlo method (Goodman et al., 2011).

In this study, we used the value of the efficiency factor
suggested by the USDOE.

The USDOE uses Monte Carlo simulation to obtain the
statistical distribution of the effective storage factor (E), which
ranges from 3.1% to 10% over the P10 and P90 percent
probability of the clastic reservoir (Table 3).

The storage density of CO,

It’s difficult to obtain the precise density when calculating the
amount of CO, structural storage. For that, it must make a
reasonable generalization of the geological reservoir model in two
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FIGURE 15
Suitable zone for reservoir A and B.
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TABLE 4 CO, geological storage potential of reservoir A

Zone Min potential Avarage potential
(Mt) (Mt)

A0l 26.709 52.557

A02 33.457 65.835

A03 6.059 11.922

A04 1.786 3514

A05 1.057 2.079

A06 0561 1.104

Total A 69.629 137.011

sections. Firstly, a statistical method is used to establish the CO,
density equation in the vertical direction. Secondly, the spatial
calculation of CO, density distribution in the whole area is
performed by the map algebra toolset. According to the
borehole logging data, the temperature and pressure data at
different depths are obtained after conversion in Table 3. The
CO, density column is obtained by performing calculations
through the website (http://www.peacesoftware.de). Based on
Table 3, a relationship between CO, density and reservoir
depth can be established by the curve fitting method. The
functional relationship can be expressed as Eqs 7-9, and the
fitted curve plot is shown in Figure 11.

T=a,+b, xH+c, xH 7)
where a; = 62.82, b; =5.24 x 1073,¢; = 2.07 x 107°
P=a,+b,xH (8)

where a, = 3.55 x 107'°, b, = 0.01

bs

- (1+¢3 % H)C13 ©)

Pcoz = 93
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Max potential

Storage area

Average potential

(Mt) (km?) per km®
(Mt/km?)<
86.159 22.626 2.323
107.926 17.962 3.665
19.544 8.463 1.409
5761 2797 1.256
3.408 0.865 2.403
1.810 0.814 1.356
224.608 53527 2.560
where

as = 733.83, b; = 2180.61,¢3 = 3.14 x 107%,d; = 5.48. where T
is the in-situ temperature of the reservoir, ‘C; P is the in-situ
pressure of the reservoir, MPa; pcoy, is the density of the storage
CO,, kg/m3; H is the depth of the reservoir, m.

Based on Eq. 9, the CO, density distribution maps can be
calculated using GIS spatial analysis, as shown in Figure 12. From
the CO, density distribution map of reservoir A, it can be seen
that the CO, density is ranging from 281.94 kg/m”® to 633.49 kg/
m® and the average density is 524.67 kg/m’. From the CO,
density distribution map of reservoir B, it observes that the
CO, density is ranging from 379.49 kg/m* to 690.63 kg/m’
and the average density is 591.89 kg/m’.

Results of the containment safety
(1) Distribution of faults

It not only has abundant potential and is essential for CO,
storage, but also for the estimation of potential risks of leakage.
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FIGURE 16
CO, geological storage potential maps of reservoirs.

Therefore, a suitable storage site should be far from fault-affected
areas. By buffer analysis of the faults, the areas affected by
individual faults have been delineated, as shown in Figure 13.
Reservoir A is divided into six zones, as shown in Figure 13A. The
total area of CO, storage amounts to 53.527 km?, and the largest
zone is about 22.626 km?. Reservoir B is divided into six zones, as
shown in Figure 13B. The total area of CO, storage amounts to
41.129 km’, and the largest zone is about 15.945 km®.

(2) Depth of the reservoirs

CO, burial depth is generally based on the top depth of the
reservoir. The map of the burial depth can be obtained by ArcGIS
software using 3D analysis for isobath interpolation and raster
conversion. It can be observed that the depth of reservoir A is
mainly between -947 and -2100 m, and the average depth is
about —1600 m, as shown in Figure 14A. Besides, Figure 14B also
portrays the depth map of the reservoir B, it ranges
-1100 —2900 m, with an depth of
about —1975m. In general, the depth of the reservoir is

from to average

greater than 800 m, and the CO, storage will be in the safe
depth range.

(3) Area of the containment safety
According to Figures 13, 14, the suitable areas of CO, storage

have been divided into several zones, as shown in Figure 15.
Reservoir A was divided into six suitable zones with a total area of
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53.527 km*. Reservoir B was divided into eight suitable zones
with a total area of 41.129 km*.

Results of the potential evaluation

The potential results for reservoir A and reservoir B are
evaluated using the CO, geological storage potential evaluation
model, as shown in Figure 16 and Table 4. Reservoirs A and B
have total CO, geological storage potentials of
69.629-224.608 Mt and 64.295-207.399 Mt, respectively, with
average potentials of 137.011 Mt and 126.514 Mt. As shown in
Figure 16, the potential of CO, geological storage is mainly
distributed in the north of the study area. By comparing
Figures 9, 10, 15, it can be found that the potential of CO,
geological storage is correlated with the thickness and burial
depth of the reservoir, and the faults in Figure 13 divide the target
area into several zones. As shown in Table 4, reservoir A is
divided into six zones with the average potential ranging from
1.104-65.835 Mt and the average potential per unit ranging from
1.356-3.665 Mt/km’. Zone Al and A2 are the main potential
zones, with the potential of CO, geological storage greater than
10 Mt and the average potential per unit greater than 2 Mt/km?,
which have a good prospect for CO, geological storage. Reservoir
B is divided into eight zones, as indicated in Table 5, with average
potentials ranging from 0.328 to 51.787 Mt and average
potentials per unit ranging from 1.043 to 3.844 Mt/km®. Zone
B1, B2 and B3 are the main potential zones, with the potential of
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TABLE 5 CO, geological storage potential of reservoir B.

Zone

BO1
B02
B03
B04
B05
B06
B07
B08
Total B

Min potential
(Mt)

26.318
21.573
9.555
1.746
1.974
1.024
1.938
0.167
64.295

Avarage potential

(Mt)

51.787
42.449
18.803
3.436
3.884
2.014
3.813
0.328
126.514

Max potential

Storage area

10.3389/fenrg.2022.957014

Average potential

TABLE 6 The effective porosity and permeability parameters of layers.

Layer Porosity (%) Permeability (mD)
XY V4
1 275 0.13 0.01
2 7.38 1.34 0.13
3 15.50 4.74 047
4 6.70 1.26 0.13
5 235 7.71 0.77
6 7.70 63.90 6.39
7 10.20 219.70 21.97
8 3.27 935 0.94
9 6.04 9.60 0.96
10 3.30 10.70 1.07
11 4.80 15.20 1.52
12 5.10 7.65 0.77
13 8.09 13.40 1.34
14 2.90 131 0.13
15 4.06 5.63 0.56

CO, geological storage greater than 10 Mt and the average
potential per unit greater than 2 Mt/km’, which also have
good prospects for CO, geological storage.

We considered three probabilities (P10, P50, and P90) for
each reservoir to determine the geological storage efficiency
factor in both areas.

Discussion

To evaluate the accuracy and reliability of the results, a

numerical simulation experiment was carried out for
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(Mt) (km?) per km®

84.896 15.945 3.248

69.589 11.044 3.844

30.824 8.078 2.328

5.633 1.828 1.879

6367 1.495 2.597

3.302 1.308 1.540

6250 1116 3.417

0.538 0315 1.043

207.399 41.129 3.076
Layer Porosity (%) Permeability

(mD)
XY z

16 10.30 17.90 1.79
17 450 484 0.48
18 0.50 0.20 0.02
19 0.50 0.20 0.02
20 9.20 15.75 1.58
21 8.30 18.15 1.82
22 1.64 027 0.03
23 5.04 3.00 0.30
24 3.92 517 0.52
25 220 347 0.35
26 410 21.30 2.13
27 125 0.59 0.06
28 6.80 12.40 1.24
29 1.60 424 0.42
30 1.20 0.61 0.06

comparison. We chose the A0l zone as the simulation
object, which has detailed borehole data from the existing
oil exploration reports. According to the borehole logging
data, the thickness of the target formation ranges from 300 to
400 m, the formation temperature is stable at 94.31°C, and the
formation pressure ranges from 11.567 to 22.151 MPa. To
simplify the calculation, the formation is divided into 30 layers
for simulation, and the effective porosity and permeability of a
single layer are assigned with reference to the average porosity
and permeability data of the corresponding layer of the
borehole. The effective porosity and permeability of the
formation considers the ratio of net sand to gross interval
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A

the potential map of reservoir A

the potential map of reservoir B

of the formation. The assigned values of porosity and
permeability parameters for each layer are shown in Table 6.

The  numerical  simulation  experiment  adopts
TOUGH2 software ECO2N module for simulation analysis.
TOUGH?2 series software is a general simulation software
developed by Lawrence Berkeley Laboratory, USA, to solve the
groundwater and heat transport in unsaturated zone (Pruess,
1991). ECO2N a fluid property module for the
TOUGH2 simulator (Version 2.0) that was designed for
applications to geologic sequestration of CO, in saline
aquifers. The CO, injection time is set to 30 years and the
stable operation time is 70 years, for a total of 100 years of

is
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FIGURE 17

The location of the spatial distribution of CO, at the 100-year moment (V, =~ 160 Mt/a).

simulated operation. The calculation method employed two
factors as constraints on the ending of CO, injection, the
annual injection rate (V,) and the location of the spatial
distribution of CO, at the 100-year moment. It assumes that
the total amount of CO, injected is the maximum potential when
the spatial distribution of CO, reaches the fault boundary at the
100-year moment. The annual injection rate ranges from 100 to
200 Mt. Through the numerical simulation experiments of
CO2 injection, we observe the location of the spatial
distribution of CO, at the 100-year moment is close to the
fault boundary when the annual injection rate is about
160 Mt, as shown in Figure 17. Therefore, the total amount of
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CO; injected is the CO, storage potential and is 48.249 Mt from
the TOUGH2 simulator.

According to the numerical simulation results, the
geological storage potential of CO, in target area A0l is
48.249 Mt. While the expected value of storage potential
(p = 50%) using the GIS-based approach in this paper is
52.557 Mt. The error of storage potential is 4.308 Mt, and the
error accuracy is 8.20%. In general, the evaluation results of
the CO, geological storage potential model in this paper are
larger than the numerical simulation validation results, but
the error precision is still within acceptable limits for
engineering applications.

Conclusion

In order to assess the geological storage potential of CO,
in deep saline aquifers at the target scale, the construction
method and process of a GIS-based model are proposed in
this study. An evaluation model for the geological storage
potential of CO, in the deep saline aquifer is constructed, and
the results are compared with the numerical simulation
results for verification, using a target area in the south of
China as an example.

(1) An accurate, effective, and reliable method is proposed for the
evaluation of CO, geological storage potential in saline aquifers at
the target scale, taking into account geological uncertainties and
containment safety.

(2) The empirical Bayesian kriging interpolation method, the
nonlinear fitting equation for CO, density, and an automatic
evaluation model of CO, geological storage potential in deep
saline aquifers at the target scale, combined with Model Builder
visualization modeling technology, were proposed, to address the
issues of spatial uncertainty, inconsistent structure, and
inadequate accuracy of evaluation data.

A database for evaluating the CO, potential of the deep saline

aquifers was constructed using the target area of the sedimentary

basin in China as an example. The results of a comprehensive
evaluation model used to determine the geological storage
potential of CO, in the deep saline aquifers indicated that the
storage potential was 52.557 Mt. The results were also compared
with the numerical simulation results of the reservoir in zone
AO01. The evaluation results were relatively accurate with an
overall error precision of 8.20%.
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