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Abstract

As an important means of CO, geological storage leakage monitoring, resistivity monitoring technology is of great significance
to the safety and stability of CCUS project. In order to study the electrical signal response rule of the evolution of CO, saturation
in the reservoir, a joint core displacement experiment system of electrochemical impedance analysis and microfocus X-ray CT
was designed and constructed to simulate the process of CO, displacement of brine in Berea sandstone cores under stratigraphic
temperature and pressure conditions. The electrochemical impedance characteristics of the core-fluid system are analyzed by
electrochemical impedance spectroscopy. The experimental results show that at lower temperature and pressure, it is more
difficult for CO, to invade the pore space occupied by the brine in situ, resulting in drastic changes in CO, plane saturation along
the displacement direction. With the increase of temperature and pressure, the CO, saturation curve becomes smoother and the
migration and displacement front becomes even. The Cole equivalent circuit model is used to describe the conduction mode of
AC electrical signals inside the core, and the electrochemical impedance characteristic analysis focusing on the high frequency
region shows that the system impedance increases with the increase of CO, saturation, and decreases with the increase of
scanning frequency. In addition, the changes of impedance characteristics in the electrochemical impedance spectroscopy not
only reflect the pore structure characteristics of the core, but also reveal the evolution law of CO, saturation in the porous
medium. With the increase of CO, saturation, the low pore space is gradually occupied by CO,, and the residual brine
connectivity of the pore space as a conductive component decreases. The decrease of the internal conductive circuit leads to the
rapid increase of the impedance, which is consistent with the change of resistance and capacitance when fitting the Cole
equivalent circuit model.
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1. Introduction

The monitoring of CCUS is carried out throughout the closure, reservoir permeability, CO, leakage and transporta-
storage process and after the storage is completed, and it is  tion should also be deployed. Resistivity monitoring tech-
necessary to ensure the consistency between the injection nology, as an important means of CO, geological storage
volume and the storage volume during the injection phase [1]. leakage monitoring, plays a key role in the qualitative evalu-
After the completion of injection, real-time monitoring of cap  ation of CO, response characteristics within the reservoir. The
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principle of the resistivity monitoring technique is based on
the difference in electrical conductivity of different sub-
stances, and the CO, injected into the reservoir in the geo-
logical storage project is usually regarded as an insulator, so
its transport and saturation changes can be monitored by uti-
lizing the property that resistivity is highly sensitive to
CO,-containing reservoirs.

The acquisition and interpretation of resistivity character-
istics of reservoir rocks is an essential part of geophysical
monitoring. The electrical characteristics of rocks are deter-
mined by the relative content of conductive minerals and the
fluids contained in the rock body, and the factors affecting
the resistivity of the rock body include the nature of the rock
and the structure of the rock body, the nature of the fluids,
and the pore connectivity. As an important physical property
of rocks, with the development of geophysical monitoring
technology, the use of rock resistivity inversion to assess
rock and fluid properties has been widely used. In order to
establish the connection between the resistivity monitoring
index and the CO, storage state in the deep rock body, so as
to facilitate the assessment of the underground CO, transport
characteristics, scholars at home and abroad have carried out
a series of researches on the resistivity characteristics of CO,
injected into the rock body [2].

Nakatsuka et al [3] focused on the effect of clay content on
the resistivity of CO,-bearing rocks in their study using
Archie's equation with resistivity index (RI) to estimate CO,
saturation. Alemu [4] utilized a CT scanning device to per-
form experimental resistivity monitoring, using 3D volumet-
ric images and fluid CT values to calculate porosity and CO,
saturation of samples. Abdulrauf et al [5] focused on the
change in resistivity of formations under static conditions as
well as changes in formation resistivity over longer time pe-
riods. Borner [6] et al focused on the effect of CO, on pore
water resistivity at different thermodynamic equilibria in a
clay-free environment. Bosch et al. performed laborato-
ry-scale resistivity monitoring of CO, injected into a brack-
ish water formation and showed that the increase in resistiv-
ity was related to CO, enrichment and CO, dissolution in
low-salinity brines. Nooraiepour et al [7] monitored resistiv-
ity by setting up different electrode positions for axial and
radial resistivity. Abdulrauf et al [8] measured resistivity
continuously in the low frequency range using 2-electrode
and 4-electrode arrays. The results indicate that for accurate
resistivity measurements the 4-electrode technique should be
used. In summary, existing domestic and international stud-
ies on rock resistivity characterization in the context of CO,
geological sequestration mostly focus on verifying resistivity
applicability and are devoted to tracking CO, migration
through the relative relationship between saturation and re-
sistivity as a function of CO, sequestration process [9]. The
estimation of rock CO, saturation based on Archie's equation
and resistivity index (RI) has been widely used, and studies
have been carried out from various perspectives targeting the
nature and structure of the rock mass, and the chemical reac-
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tions occurring in the CO,; injected into the rock mass. In
order to further improve the accuracy of resistivity monitor-
ing of CO, geologic sequestration, it is urgent to conduct in
situ observations in combination with visualization experi-
ments to carry out an in-depth study of resistivity and CO,
saturation characteristics under CO, geologic sequestration
conditions [10].

In this study, resistivity monitoring was combined with
microfocus X-ray CT to further investigate the electrical
properties of saturated brine Berea sandstone during CO,
injection [11]. In the study, a four-electrode structure was
used to measure the impedance signal of the core-fluid sys-
tem, and microfocus X-ray CT was used to continuously
scan the core during the displacement experiments to quanti-
tatively visualize the pore fluid saturation. The CO, distribu-
tion characteristics within the porous medium were analyzed
based on the changes in impedance characteristics between
the CT images and the displacement process, and the meas-
ured impedance data were fitted to an equivalent circuit to
evaluate the electrochemical impedance characteristics of the
core-fluid system.

2. Archie's Law and Complex Impedance

2.1. Archie's Law

In 1942, Archie [12] was the first to propose the relation-
ship between resistivity and rock porosity, water saturation,
etc. by studying the relationship between resistivity of wa-
ter-bearing pure rock and hydrocarbon-bearing pure rock, and
the relationship between resistivity and rock porosity, water
saturation, etc. by utilizing the resistivity of the stratum to
approximate the oil and gas saturation of the reservoir. For the
system composed of porous medium and pore fluid, its resis-
tivity is affected by the pore space geometry, such as porosity,
specific surface area, tortuosity and fluid saturation. For
common saturated saline sandstones, the resistivity follows
the empirical Archie formula:

F=fo

_Rw

= 1)
where F is the formation resistivity factor, R, is the satu-
rated brine core resistivity, R,, is the brine resistivity, @ is
the core porosity, and m is the core cementation coefficient.
For partially brine-saturated sandstone, the resistivity is re-
lated to brine saturation as follows:

R¢
Ro

RI=-t=5" )
where RI is the resistivity index, R, is the actual measured
core resistivity, S is the brine saturation, and n is the satura-
tion index. The Archie formula is a relationship between core

body resistivity and porosity or water saturation, but it does
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not explain the microscopic mechanism of the electrical im-
pedance characteristics of the core-fluid system.

2.2. Complex Impedance

Electrochemical impedance spectroscopy (EIS) method is
a means of exploring the reaction mechanism of electro-
chemical systems in depth. The common method of EIS is to
apply a small amplitude sinusoidal AC voltage (current) with
different frequencies to one side of the electrochemical sys-
tem as a perturbation signal to act on the electrochemical
system, and the complex impedance of the system obtained
through the correspondence between the response of the
electrochemical system and the perturbation signal as the
sinusoidal frequency ® varies. The complex impedance can
be expressed as:
Z=7+jz" (3)
where Z' denotes the complex impedance real part and Z"
denotes the complex impedance imaginary part. The imped-
ance magnitude |Z| is denoted as:

1Z| = (Z')* + (Z")? (4)
The phase angle is denoted as:
tang = -2"/7' (5)

Analyzed from the energy balance point of view, the
equivalent circuit of a porous medium usually consists of a
resistive (dissipative part) element and a capacitive (storage
part) element. The dissipative part results from the current
transferring energy out of the circuit, while the storage part
results from different polarization effects, including interfa-
cial polarization, bilayer polarization, and membrane polari-
zation. The latter two polarization effects are related to the
transport of fluids within the pores of the porous medium.
Overall the overall electrochemical properties of the core
system can be equivalently described by a circuit that consists
of resistive and capacitive elements connected in series and
parallel.

CPE
Figure 1. Cole equivalent circuit model.
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For the displacement system in this study, the Cole equiv-
alent circuit model was selected to evaluate the electrochem-
ical properties of the core and the fluid within the pore space
due to the contact resistance between the measurement elec-
trode and the core matrix. The Cole equivalent circuit model
is shown in Figure 1, and the specific form of the circuit is a
resistor R, connected in parallel with a double capacitive
layer CPE and then connected in series to a resistor Rq.
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Figure 2. Core - fluid system complete Nyquist diagram.

The Nyquist plot of the Cole circuit is shown in Figure 2. It
consists mainly of an impedance arc in the high frequency
region and a linear impedance in the low frequency region. Its
complex impedance plot has a very high impedance in the
low-frequency region, and the real part of the impedance
increases linearly with respect to the imaginary part, indicat-
ing that a significant polarization effect occurs in the
low-frequency region. This phenomenon is caused by the
diffusion of ions near the electrode-electrolyte interface, in-
dependent of the fluid distribution inside the porous medium,
and is usually described by the Warburg impedance in the
equivalent circuit model. The impedance map in the
high-frequency region exhibits a semicircular arc of lower
impedance, which is directly related to the distribution and
change of fluid inside the core pores, and the critical fre-
quency of the two regions is about 500 kHz. Therefore, in
order to discuss the electrochemical response law for the
evolution and distribution characteristics of CO, saturation
during CO,-brine displacement process, the impedance re-
lated to the polarization of the electrode is eliminated from the
following analysis, and only the impedance in the
high-frequency region (500 kHz-10 MHz) electrochemical
impedance characteristics. In addition, because of the contact
resistance between the measuring electrode and the core ma-
trix, the Nyquist plot in this study does not start from the
representation of a semicircular impedance arc starting from
the zero point, and the value of the contact resistance is ap-
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proximately equal to the intersection of the part of the semi-
circular arc that extends out with the real axis.

The magnitude of the frequency is not directly reflected in
the Nyquist plot, but it clearly reflects the electrochemical
processes in the experimental material. For series circuits, the
total impedance is equal to the sum of the complexes of the
impedances of each circuit element, and for parallel circuits,
the total impedance is equal to the sum of the reciprocals of
the complexes of each impedance. The Bode plot contains two
graphs, the horizontal coordinate is a log function of fre-
quency, and the vertical coordinate is the magnitude of the
impedance |Z| and phase angle 6, which describes the
curves of the change of the magnitude of the impedance |Z|
and the phase angle 6 at different frequencies.

3. Materials and Methods

3.1. Sample Preparation and Fluid Properties

In this study, the Berea sandstone core was used as the
experimental material in the simulated CO, geological se-
questration and displacement experiments, and its quartz
content was about 92%, obtaining a core diameter of 25 mm
and a length of 62 mm. the pore volume of the core was
measured to be 5.65 mL, the porosity to be 18.57%, and the
permeability to be 5.9 pm?, and the basic parameters of the
core samples are shown in Table 1.

Table 1. Parameters of the Berea sandstone core sample.

Berea Core Calibre (mm) Lengths (mm)
Parameters 25 62

Pore Volume (mL) Porosity (%) Permeability (mD)
5.65 18.57 59

The core sample is shown in Figure 3. Holes were
punched in the core in order to arrange the electrodes, and
the measurement electrodes were staggered in a cross shape.
The current and voltage electrodes are made of copper violet
of grade T1, which contains more than 99.95% copper and
has good electrical conductivity. Coaxial cables were con-
nected to the measuring electrodes by welding. Subsequently,
the end caps were installed on the top and bottom of the core
and coated with a layer of epoxy resin. A fluid deflector was
added to one side of the end cap to connect to the core sur-
face, and the other side of the end cap was connected to the
fluid line. All of the above components, including the fluid
lines, are made of PEEK with insulating properties. The co-
axial cable from the measurement electrode is connected to
an external impedance analyzer through a through-wall con-
nector of the reactor.

Current Electrodes

Voltage Electrodes

Figure 3. Core sample.

In order to enhance the contrast of the microfocus CT im-
ages, Kl solution with 12.5% mass fraction was selected as
the X-ray contrast agent in this study to enhance the visuali-
zation of the pore interiors and to ensure that the greyness
value of the brine inside the pores was much larger than that
of CO,. The gases used in the experiments were CO, and N,
with 99.9% purity, and the confining oil used was the dime-
thylsilicone oil which had good thermal conductivity and
insulating properties. The physical parameters of CO, and KI
solution under different experimental conditions are shown
in Table 2.

3.2. Experimental Instruments

The core equipment of the resistivity sensing-microfocus
X-ray CT coupled core experimental system used in this the-
sis is the inspeXio SMX-225CTX-SV microfocus X-ray CT
system from Shimadzu, Japan. The visualized area of CT
scanning in the experiment is a cylindrical area with a diam-
eter of 25 mm and a height of 30 mm between the two volt-
age electrodes, and the CT images obtained from the scan-
ning consist of a stack of 1800 2D images. Considering the
lower quality of the CT scan images near the electrodes,
which are prone to metal artifacts, 1200 2D slice layer imag-
es with better imaging quality were selected from the image
stack for specific analysis. The size of each 2D lamellar im-
age was 2048 x 2048 pixels, the duration of each CT scan
was 1800 s, the interval between each scan was 200 s. The
key parameters of the microfocus CT scanning imaging were
set as shown in Table 3.

In this experiment, the TH2851-050 Precision Impedance
Analyzer was used to perform continuous impedance meas-
urements of 500 kHz to 10 MHz for the displacement pro-
cess using the impedance instrument. A sinusoidal voltage of
10 mV was applied to the current electrode, and the imped-
ance data were recorded using the list scan function of the
instrument. To reduce stray capacitance as well as external
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noise, a BNC connector was used to connect the coaxial lead
of the measurement electrode to the measurement path of the

impedance analyzer.

Table 2. Experimental fluid physical parameters.

Experimental

Viscosity (mPa-s) Conductivity (S/m) Dielectric Constant
0.75

1.03 8.4 73.17

1.03

0.048 1.30

0.074 0 145

0.018 1.0

Table 3. Microfocus X-ray CT detailed parameter setting.

. / 3
Fluid Conditions Density (g/cm®)
10 MPa, 40C 1.07
Kl solution 10 MPa, 25C 1.08
5 MPa, 25<C 1.08
10 MPa, 40C 0.63 (Sc)
Co, 10 MPa, 25<C 0.82 (L)
5 MPa, 25<C 0.13 (G)
Parameter Type Value
\Voltage 160 kv
SOD 132 mm
FOV 30 mm
Image resolution 16 pm

According to the experimental conditions and data acqui-
sition requirements, the high temperature and high pressure
reactor was designed to satisfy both resistivity measurement
and CT scan visualization. The reactor is designed as a split
structure, which uses aerospace alloy materials for the upper
and lower parts, and polyether ether ketone PEEK material is
chosen for the middle part. This design not only enhances the
X-ray penetration ability of the pressure chamber, but also
reduces heat loss, thus improving the accuracy of tempera-
ture control.

3.3. Experimental Procedure and Calculation
Method

The schematic diagram of the experimental system is
shown in Figure 4. The piping system of the CO, displace-
ment monitoring experimental system contains four plunger
pumps. After connecting with the high-temperature reactor, it
can be used as the experimental fluid injection system and
pressure control system. The injection of CO, and brine, pre-
cise control of pore pressure, surrounding pressure and back
pressure are accomplished respectively. The temperature of
the piping system is controlled by two water bath circulators,
which can ensure the fast temperature conduction of the sys-

Parameter Type Value
Current 70 pA

SID 800 mm
Image size 2048>2048
Imaging time 1800 s

tem and the temperature control of the injected fluid to sim-
ulate the environment of the formation. The experimental
system uses high-precision pressure sensors and thermocou-
ples to monitor the temperature and pressure of the system,
and automatically collects the temperature and pressure data
of the experimental process.

The entire experimental system was evacuated for 24
hours using a vacuum pump. The core inside the reactor was
injected with 50 PV of a 12.5% mass fraction Kl solution via
a brine injection pump. The temperature and pressure condi-
tions inside the reactor were set to match those of the dis-
placement process, and the sample was saturated under the
experimental conditions. A brine plunger pump was used to
continue to inject 100 PV of CO,-saturated KI solution into
the core sample inside the reactor to replace the unsaturated
CO, KI solution in the pore space of the porous medium.
This prevents further dissolution of CO, into the Kl solution
during subsequent displacement. Subsequently, CO,-brine
displacement experiments were carried out at three different
pore pressures and temperatures, in which a total of 2 PV of
CO, was injected into the saturated brine cores, and the spe-
cific temperatures and pressures, cumulative injection vol-
umes and CO, injection flow rates are shown in Table 4.

Quantitative analysis of CT images is possible after trans-
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forming a series of gray-scale composed CT images into a
binarized 2D lamellar image stack. The following is a de-

scription of the calculation method for the physical property
parameters related to porous media used in this study.

Voltage electrodes

Impedance analyzer
(TH2851-050)

Current electrodes

Temprature controller

Radiation shielding box

CT

4
scanner o ||:
—DTr—

12.5%KI1

Pressure
tranducer L

CO,cylinder  Circulator A

Thermal isolation box

Vacuum pump

CT Confining oil

detector

Pressure
tranducer

Pump D

Circulator B Sampler

storage tank - -
Thermal isolation box

Figure 4. Schematic of the experiment system.

Table 4. Microfocus X-ray CT detailed parameter setting.

. Temperature Pore Pressure Confining Pres- A — .
Medium (T) (MPa) sure (MPa) Injection Volume (PV) Injection Rate (mL/min)
0.2,0.4,0.6,0.8,1.0 0.2
40 10 12
15,20 0.5
0.2,0.4,0.6,0.8,1.0 0.2
CO,-KI 25 10 12
15,20 0.5
0.2,0.4,0.6,0.8,1.0 0.2
25 ° ! 15,20 0.5

Porosity is one of the most fundamental physical parame-
ters in porous media, which describes the percentage of pore
space within the core to the volume of the entire porous me-
dium, and is calculated as follows:

0= (6)

Where ¢ denotes the absolute porosity, 1, denotes the
internal pore volume of the porous medium, and V repre-
sents the total volume of the core. In this experiment, the

porosity of the rock core can be image-operated by the fol-
lowing equation:

_ Cczggfne:Z;gg; @)

brine COy

Where CT32 . is the core image of saturated brine, and

Cngzt is the core image of saturated CO,, and CTy,ine IS

the CT image of the reactor filled with brine, and CTy, e IS

the CT image of the reactor filled with CO,. It should be

noted that the above core images need to be scanned under

74


http://www.sciencepg.com/journal/jenr

Journal of Energy and Natural Resources

http://www.sciencepg.com/journal/jenr

the experimental temperature and pressure conditions, and
the key parameters of the microfocus X-ray CT need to be
tested and optimized several times before scanning.

Saturation is the ratio of the volume occupied by a certain
phase of material inside the core pore space to the total pore
volume inside the core. It is an important parameter to meas-
ure how much specific material is inside the core, and the
saturation evolution of reservoir CO, during CO, geological
storage is the focus of research. Taking the CO,-brine porous
media system studied in this thesis as an example, the for-
mula for calculating the CO, saturation degree within the
pore space of the porous media is as follows:

sat
where S¢o, denotes the saturation of CO, inside the core,
CT.yp, denotes the CT image of the core after CO, displace-
ment during the experiment, CT:4:, denotes the image of
the core saturated with brine, and CTZ5: denotes the image
of the core saturated with CO.,.

4. Results and Discussion

0.30

0.25 F
Displacement direction
—
3.
Z
e 0.20
c
=
0.15 F
0.10 L L 1 L L
0 5 10 15 20 25 30
distance(mm)

Displacement direction

Figure 5. Layer by layer face rate and core pore characteristic
structure.
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Literature [13] shows that the porosity distribution within
a porous medium has a positive correlation with the distribu-
tion of CO, saturation in it. Therefore, it is necessary to
quantitatively characterize the pore structure characteristic
parameters of porous media to study the spatial distribution
characteristics of CO, during CO,-brine displacement. The
layer-by-layer surface porosity and pore characteristic struc-
ture of the core samples are shown in Figure 5.

The calculated average porosity of the core in the scanned
area is 19.13%, while the actual measured porosity of the
core is 18.57%, and the error between the two is not more
than 5%. Some fluctuations in the porosity distribution of the
core along the flow direction were observed in the lay-
er-by-layer surface porosity images. The maximum porosity
of the core in the 3D reconstructed area occurs near the be-
ginning of the flow and its value is 20.78%. The minimum
porosity occurs near the end of the flow with a value of
16.03%. In the three-dimensional core pore structure distri-
bution rendered by the CT 2D image stack, the core porosity
is nonhomogeneous in both axial and radial directions. Such
small-scale non-homogeneity will affect the spatial distribu-
tion of CO, saturation during the displacement process.

4.1. Characterization of CO, Saturation
Distribution Within Porous Media Based
on CT Images

Figure 6 shows the variation and spatial distribution char-
acteristics of CO, saturation at three different temperature
pressures with two CO, injection flow rates, and the varia-
tion curves of saturation with the increase of cumulative CO,
injection are calculated. Where (a) represents 10 MPa, 40<C
experimental condition, (b) represents 10 MPa, 25<C exper-
imental condition, (c) represents 5 MPa, 25<C experimental
condition.

Under lower temperature-pressure conditions, it is more
difficult for CO, to intrude into the pore space occupied by
in-situ brines during the displacement process due to the
constraints imposed by capillary forces within the core. The
distribution of CO, planar saturation along the flow direction
is more drastic, which is influenced to a greater extent by the
porosity distribution and non-homogeneity. With increasing
temperature and pressure, the CO, saturation curve is
smoother, the migration front is flatter, and there is no strict
correspondence between the saturation change and the pore
space.

At lower flow rates and injection volumes, there is a cor-
relation between CO, saturation distribution and core poros-
ity distribution due to the non-homogeneity of the core. The
displacement of CO, from the top to the bottom of the salty
water results in a more uniform distribution of CO, in the
radial direction than in the axial direction due to the suppres-
sion of the buoyancy force. Most of the CO, in the pore
space exists as isolated CO, bubble clusters. A small portion
of the CO, exists as continuous large clusters inside the pore
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space with high connectivity. Areas of high CO, saturation
coexist with areas of low saturation inside the core. The dis-
placement of CO, from the top to the bottom of the salty
water results in a more uniform distribution of CO, in the
radial direction than in the axial direction due to the suppres-
sion of the buoyancy force.

At higher flow rates and injection volumes, the CO, satu-
ration distributions along the flow direction are more similar

-~
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in the three experimental conditions, with larger CO, clusters
and denser CO, distributions inside the pore space. low CO,
saturation regions are gradually covered and high saturation
regions are gradually expanded, and the CO, flow is more
along the direction of the displacement, and the CO,
transport front is flatter and the spatial distribution of the
gases is more homogeneous.
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Figure 6. CO, distribution and saturation at different temperature pressure and injection volume.
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4.2. Brine Saturation and Resistivity
Characterization

In this study, the effect of chemical reaction is not consid-
ered in the CO,-brine displacement process, and it is as-
sumed that only two phases, CO, and brine, exist inside the
core pores. The resistance of the saturated brine core was
measured to be 77 Q at a scanning frequency of 500 kHz
before the beginning of the displacement experiment, and
then the resistivity of the core with a length of 30 mm be-
tween the two voltage electrodes was found to be 2.65 Q-m.
The cementation coefficient of the core, m, was calculated to
be 1.82 by Equation (1), which is in accordance with the
range of values of cementation coefficient of sandstone, m,
(1.8 to 2.0). According to the core grayscale image, the brine
saturation at different moments of the replacement process
was calculated, and the change of resistivity index RI with
brine saturation for the replacement process at different tem-
peratures and pressures was obtained by bringing it into
Equation (2), as shown in Figure 7.

—=— [OMPa,
—e— [OMPa,
6 —+— 5MPa,

40°C
25°C
25°C

Resistivity Tndex
N
I

1 1 1 1 1 1 1
0.4 0.5 0.6 070809 1.0
Brine Saturation

Figure 7. Resistivity index under different saline saturation.

4.3. Electrochemical Impedance
Characterization of CO; Injection

The electrochemical impedance spectra with CO, injection
at three experimental temperature pressures are presented in
Figure 8. The Nyquist diagram of the Cole equivalent circuit
model is affected by the polarization effect in the low fre-
guency region and therefore has a very high impedance, and
the real part of the impedance increases linearly with respect
to the imaginary part. In the high-frequency region the im-
pedance is directly related to the distribution and variation of
the fluid inside the pores of the porous medium, which man-
ifests itself as a semicircular arc of lower impedance. The

7

semicircular arc of impedance in high-frequency region does
not start at zero because of the contact resistance between the
electrode and the core matrix and pore fluid.

In this study, only the electrochemical impedance charac-
teristics in the high-frequency region are discussed. Overall,
the impedance of the core-fluid system is not only closely
related to the CO, saturation, but also affected by the change
of scanning frequency. The system impedance increases with
increasing CO, saturation and decreases with increasing
scanning frequency. As the scanning frequency increases, the
real impedance gradually decreases while the imaginary im-
pedance shows a tendency of first increasing and then de-
creasing. The impedance characteristics in the electrochemi-
cal impedance spectra can intuitively reflect the pore charac-
teristics of the core-fluid system, as well as the distribution
characteristics such as the evolution of CO, saturation in the
porous medium.

The impedance amplitude increases with CO, saturation in
both the low and high frequency regions [14]. This change
process can be divided into two stages. In the early stage of
CO, injection, the high pore space is occupied first, when the
residual brine still maintains good conductive connectivity,
so the initial increase in CO, saturation has a small effect on
the system impedance. As the CO, saturation continues to
increase, the low pore space is gradually filled with CO,,
resulting in a reduction of the conductive circuit within the
system, and the impedance therefore begins to increase rap-
idly. When the Cole equivalent circuit was utilized for fitting,
the changes of resistance and capacitance in its circuit cor-
roborated this law.

4.4. Equivalent Circuit Fitting

Sandstone was used in this study for the CO, displacement
experiments, and it is generally recognized that there are
three types of conduction pathways for AC current in sand-
stone: the first is a fully connected pore pathway equivalent
to a resistor, the second is a partially connected pore pathway
blocked by the core matrix, and the third is a pathway com-
posed entirely of sandstone matrix. Due to the strong insu-
lating nature of the sandstone matrix, the conduction chan-
nels of the latter two currents are capacitive, which is equiv-
alent to a parallel circuit of resistance and capacitance when
the three conductive pathways are operating simultaneously.

The contact resistance between the core sample and the
measurement electrodes was present, so the Cole equivalent
circuit model was used for electrochemical evaluation of the
system [15]. The fitting results obtained using Zview?2 soft-
ware and the variation of each electrical component in the
circuit with CO, saturation are shown in Figure 9, and the
fitting error of each component in the equivalent circuit is
less than 10%.

The contact resistance R, was measured to be about 57.1
Q before the start of the displacement experiment, and it did
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not change significantly with the increase of CO, saturation.
For the three different pressure-temperature conditions, the
parallel resistance R, was maximum at 10 MPa, 25<C
working condition. This phenomenon may be related to the
percentage of CO, in the fully connected pore space in the
porous medium. During CO, injection, the shunt resistance

R, increased with the increase of CO, saturation, and the
double electric layer capacitance CPE decreased with the
increase of CO, saturation. The shunt resistance R, was
approximately exponentially related to the CO, saturation,
and the double electric layer capacitance CPE was approxi-
mately linearly related to the CO, saturation.

=330 800 -0
—— S 0% e S S 34 A% T 8, ~424% ~ —— S=0% = Sgu=121% + Sgo=3d%—v— S, =424%
=300 |- wr Sy TSV S0, =52 §%—— Sy, “ST.RY%—— 8, 61.2% e Seo =T 8% Sp=52.5% — Sp=5T8% = Sp0=61.2%
600 60
=250 -
o,
lOMPa,4O C 300 - 50 -
_ 200 - a
g >
% Sy S oat
—150 |
300 F 30 F
—100 F N
200 =20
-0 - 100 - 101
0 . L L h L . . 0 . I 0 | I
o 50 100 150 200 250 300 350 400 <108 1x10° 1= 10° 1x10°
2"(€) Frequency(Hz) Frequency(Hz)
350 800 80
T e % T Se 38% Seq 3T 1% Sgo=394% —— S 0% —— 8., =38% Spo=3T 1% 8, =30.4% —=— S =% —+— S=38% Sep=37 0% S =39.4%
300 = =+ Spp 40.8% Spg —30.4%—— Sen 39U Spn 00.2% L g S A08Y—— S0 TI0AN—— S, TS9N $, =60.2% TOF Spp 68— 8, =S0.4%—— 8, =549%—— S, =60.2%
- 600 | 60 |
=230 -
O
10MPa,25°C 300 | —so |
o wor ) -
= = ok
N N =
150 -
N
~100 |
b
-50 -0 |
0 L L L - L L 0 . . 0 . \
0 50 100 10 200 250 300 350 40 1= 10° 1 10° 1< 10° 1x107
Z"(€2) Trequency(Hz) Trequency(Hz)
~330 800 —80
= Sp 0% —— 5,0=3T% Seq =277 Sco=40.3% —— S 0% —— S =3 T% Spn=27.7%—— S, =40.3% —— 0% == $,,37% S =27 T S, ~103%
300 | 5o =4A6% Spo =504 Sep=F19% " 5=36.T% ™r Sco=d 6% Spp=504%—— S =319%—— S =56.7% TU I e Sy A 6% Sep S04%— Sen 33 9% o Sep56.7%
600 - -
=230 - 60
5MPa,25°C 500 so
200 =
g g
= =400
N N
=130 -
300 |
~100 |
200 |
S0 100 |
0 . L L L L L L 0 . L 0 \ .
0 50 00 150 200 250 300 350 4 1106 1107 1 10¢ 1<10"
2"(€) Frequency(l1z) Frequency(liz)
Figure 8. EIS of CO, injection process under three experimental conditions.
350 500 10
SAApa. <o
— = Fitting—— Reality Fiiting—— Reality Ry: SMPa, 25°C o —— R, 5MPa, 25°C
300 | = = Filling—— Realiy— — Filling—— Realily R, 10MPa, 25°C " .
400 . 8 e Rv’ 10MPa, 25°C
— R',w 10MPa, 40°C o
Y .1 —+— Ry, 10MPa, 40°C
M0 F _ £
g g 25l
= = =3
N iso =
O ar
- —
100 - = 3r
i N
el . \\ 2k
ol W N
1\ \ s
Y \
boA A
0 . L 1 | L L 0 L L L L L ! 0
0 50 100 150 200 250 300 350 400 0.0 0.1 02 03 0.4 0.5 0.6 0.7 0.0 0.1 02 0.3 0.4 0.5 0.6 0.7
7€) Scor Se
COx CcOy

Figure 9. Fitting results and variation of each electrical component in the circuit with CO, saturation.
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5. Conclusions

Lower temperature pressures make it more difficult for
CO, to displace the pore space occupied by brine, leading to
more drastic changes in CO, planar saturation along the
displacement direction. With increasing temperature and
pressure, the CO, saturation curve is smoother and the mi-
gration front is flatter. At lower flow rates and injection
volumes, the distribution of CO, is correlated with the po-
rosity distribution, and high and low saturation regions co-
exist. The distribution of CO, becomes more uniform with
the increase of injection flow rate and volume. The
low-saturation region is gradually covered, and the
high-saturation region continues to expand. On the Nyquist
plot of the core-pore fluid system, the low-frequency region
has a high impedance characteristic due to the polarization
effect, and the high-frequency region is related to the fluid
distribution inside the pore. Electrochemical impedance
characterization focusing on the high-frequency region
shows that the system impedance increases with increasing
CO, saturation and decreases with increasing scanning fre-
quency. The variation of impedance characteristics in the
electrochemical impedance spectra not only reflects the pore
structure characteristics of the core, but also reveals the
evolution of CO, saturation inside the porous medium. With
the increase of CO, saturation, the low pore space is gradu-
ally occupied by CO,. The residual brine connectivity of the
pore space as a conductive component decreases, and the
conductive circuits within the system decrease resulting in
the impedance starting to increase rapidly.

In this study, only the same core was used for two-phase
displacement experiments. There is a big difference with the
complex porosity distribution and non-homogeneity of the
real reservoir. When the reservoir conditions are not ideal,
the pore characterization parameter of the porous medium
may lead to a great change in the CO, transport state inside
the reservoir. Follow-up studies will be conducted to further
elucidate the spatial distribution of CO, under different pore
characteristics by carrying out a variety of CO,-brine flow
experiments in real rock cores.
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