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Abstract

One of the most important problems of our time is the annual increase in greenhouse gas emissions into the
atmosphere. It is possible to combat this phenomenon by reducing emissions or developing and applying tech-
nologies for capturing, storing, using and disposing of COz. In this work, an assessment of the expediency and
possibility of carbon dioxide burial in deep aquifers is considered, the study of which is carried out to a small
extent and due to the lack of useful material in them. The parameters and results of CO: injection into the aquifer
of one of the oil fields of the Perm Region, the geological properties and characteristics of which are determined
in this work, are studied. The criteria of applicability, methods of estimating the volume of the reservoir and
laboratory studies to determine the properties of CO2 and the features of its interaction with the model of the
reservoir fluid are considered. The injection object and reservoir volume were determined, PVT studies of the
target gas were performed, and its solubility in reservoir water was determined. The duration of filling the full
volume of the trap when capturing 400 thousand tons of CO2 per year from the target industrial facility is calcu-
lated to be 202 years. This conclusion signals the prospects for the burial of carbon dioxide in the underground
deposits of an undeveloped aquifer complex in the Perm Region, which reflects the importance of studying such
geological COz2 burial sites in order to achieve global carbon neutrality goals.
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Introduction.

An important problem that has received significant publicity in the last decade is the increase in the
average temperature on the planet* due to the emission of greenhouse gases into the atmosphere [1]. At
the same time, carbon dioxide is the main greenhouse gas (more than 70 % of global emissions)**.
Currently, there are no signs of a reduction in greenhouse gas emissions [2, 3]. At the same time, the
potential growth of industrial production in developing countries, the slow transition to renewable
sources and energy crises suggest an increase in these emissions in the coming years [4]. There are
two ways to combat global warming — minimizing the number of sources of emissions or developing

* The Production Gap: 2020 Report. URL: https://productiongap.org/2020report/ (accessed 21.09.2022).
**Global Greenhouse Gas Emissions. URL: https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
(accessed 21.09.2022).

931
This is an open access article under the CC BY 4.0 license


https://productiongap.org/2020report/
https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data

A Journal of Mining Institute. 2024. Vol. 270. P. 931-940
% © Riazi Masoud, Pavel Yu. llyushin, Tatyana R. Baldina, Nadezhda S. Sannikova,
> Anton V. Kozlov, Kirill A. Ravelev, 2024

CO:2 capture technologies. The use of CO> capture and storage methods can play a crucial role in
preventing global warming [5]. A detailed analysis of existing technologies is carried out in [6, 7].

Carbon emission reduction technologies can be divided into four categories — capture, storage,
application, and disposal. CO> capture technologies are quite advanced and are represented by
chemical absorption or various membrane technologies [8-10]. CO> transport technologies are also
developed and used in industry, with more than 6,500 km of pipelines worldwide [11, 12]. CO; storage
technologies are known all over the world, currently there are a large number of existing projects for
the disposal of carbon dioxide. According to the works [13, 14], the utilization of this gas is also
actively used in various industries. In particular, these technologies can be found in the food, con-
struction, and chemical industries [15, 16]. CO- also finds useful applications [17, 18] as a component
in the composition of a product. Scientific publications [19, 20] report on the use of CO- in industry,
for example, in the production of various materials, chemicals and as an agent for increasing oil
recovery (IOR). Due to the global trend towards reducing CO2 emissions, new projects involving
the burial of gas in various aggregate states and in different facilities are being prepared. In this paper,
an evolving method of CO- disposal is considered — disposal into depleted mining facilities, salt
formations, coal deposits or aquifers [21-23].

The disadvantages of CO> burial in coal seams are the low efficiency of methane storage, insuf-
ficient knowledge of the interaction of methane and CO. under the conditions under consideration,
and imperfection of the technology [24-26]. Injection into saline and saline aquifers is the most
preferable, since it can be used in industrial, agricultural and other applications [27]. These horizons
have the greatest ability to sequester CO> [28, 29]. A brief analysis of the world experience in CO>
burial, given in [30-32], is presented to determine the most optimal characteristics of reservoir for-
mations. Basically, this experience is presented in foreign markets, since foreign countries addressed
the issue of carbon dioxide utilization much earlier [33-35]. Based on the results of the performed
assessment and on the basis of the work [36], it was concluded that the cost of implementing CO>
storage technologies in depleted oil deposits and in deep salt formations is similar, while storage in
gas deposits can cost much more. Injection into oil fields for IOR and increased extraction of coal
methane CO; has a positive effect and can make burial more economically attractive, however, in this
case, many factors must be taken into account (technology efficiency, oil/methane prices, etc.). At
the same time, the main costs in the implementation of most technologies, with the exception of burial
in coal reservoirs, are capital expenditures for injection equipment [37].

A comprehensive work is presented to substantiate the choice of an object for CO injection,
the properties of the collector are determined, laboratory studies are performed to determine the
pressure-volume-temperature (PVT) properties of the target gas, as well as its dissolution coeffi-
cient in the reservoir fluid and to determine the volume of injection of the target gas into the
studied deposit.

Methods.

Geological requirements for reservoirs for efficient CO> disposal. A review of global CO; storage
projects shows that the rock must have high porosity, be permeable to carbon dioxide; the reservoir must
be covered with impermeable rocks, located at a depth at which the gas is under pressure corresponding
to liquid or supercritical conditions, and be composed of rocks that do not react with CO- in the presence
of water (sandstone, mudstone, siltstone, etc.). The availability of infrastructure and communications in
the region is also an indispensable criterion. Criteria for selecting an object:

« collector horizons should have caps stacked with impermeable plastic or hard rocks above
them;

« the cap above the selected object must be sustained in the area of distribution, its capacity must
be at least 2-6 m at a depth of up to 600 m and 4-5 m at a depth of more than 600 m;

« the depth of the collector must ensure that CO; is in supercritical or liquid states;
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« in order to ensure the long-term operation of storage facilities, additional interlayers with
sealing ability must be identified in the section;

« there should be no tectonic disturbances within the design contour of the future CO: storage,
causing a decrease in the tightness of the main and backup caps;

« the permeability of the cap to carbon dioxide should not exceed 7-10 um?2.

The results of the research have shown that for CO; storage facilities at elevated pressure, the
depth of its deposition is of great importance. To prevent gas leaks through cracks, the hydrostatic
pressure of groundwater along the storage contour must exceed the internal gas pressure. Large
granitoid massifs are recognized as the best in terms of stability of underground structures. In the
practice of selecting locations for underground gas storage facilities, great importance is attached to
the search for monolithic structural blocks in geological formations.

In [38], the properties of CO were studied under various conditions and it was determined that
the depth of the reservoir for its injection should be more than 1000 m, since at this mark the injected
CO2 will be in a supercritical state.

Selection of the research object and quantitative assessment of the reservoir volume. Based
on certain criteria and analysis of oil field development facilities, an aquifer complex of one of
the oil fields in the south of the Perm Region, in particular, the Famensk deposits, was selected
for CO2 storage.

An expert assessment of the volume of the reservoir, which theoretically can accommodate the
injected carbon dioxide, was carried out on the basis of the formula for calculating reserves by the
volumetric method, excluding variables responsible for saturation:

Vies = Sheffkp, (1)

where S — collector distribution area, m?; hest — effective thickness of the reservoir, m; kp — porosity
coefficient, fraction units.

To calculate the area of the formation under consideration, a structural map of the roof of its
surface was created, based on a map based on the reflecting horizon Il (roof of Visean terrigenous
deposits) using the convergence method in the Surfer and CorelDraw software product. Using
well breakdowns, the thickness values from the known surface along the roof of the Tula terri-
genous horizon to the roof of the Famensk deposits were determined. The Isochore map is based
on these data. Combining the structural map according to Ilx with the isochore map, when they
intersect, it is possible to determine the absolute mark of the required surface — the roof of the
Famen deposits at many points on the map, the calculation is performed according to the rules of
algebraic summation. As a result, a structural map of the roof of the Famen deposits was obtained.

The area is calculated within the last closed isohypse lying inside the boundaries of the license
area. A closed stratoisogypse with an absolute mark of 1,420 m was selected. Within this isohypse,
the area is calculated using the GetCurve macro in the CorelDraw software. As a result, the area of
the selected site is 102.2 km?. Famensk oil deposits are distributed in the south of the Perm Region
and are confined to the southeastern side of the Kamsko-Kinel system of deflections. The effective
thickness and porosity were determined based on the analysis of the field experience of exploitation
of these Famen deposits. The data set for thickness was 107 values, and for porosity — 3,991. Based
on the obtained values, histograms are constructed, the boundaries of the values are determined and
a statistical analysis is carried out. For the best prediction of the determined indicator, the built-in
analysis packages in the Excel software product are used. Using the TRIANG_INV function, where
limits are set in the form of minimum, maximum, and modal values, 10 thousand random variables
(for representativeness) are modeled according to the porosity coefficient and effective thickness, the
reservoir propagation area remains unchanged. According to the formula for estimating the reservoir
volume, 10 thousand values were obtained.
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Physico-chemical properties of the studied sample of water and carbon dioxide. To implement
PVT research, a model of gas coming from the short-cycle adsorption unit (SCA) of one of the
industrial facilities of the Perm Region has been artificially created. This gas is a mixture of two
gases — carbon dioxide (93 %) and methane (7 %). The density of the studied water under normal
conditions is 1,180 kg/m?, viscosity is 1.55 mPa-s, mineralization is 256.6 g/l. Since sampling from
an undeveloped object is not possible, the sample was taken from an overlying object. According to
the project document for the development of the field in question, the properties of reservoir water at
these facilities differ slightly and do not make any changes to the results of laboratory experiments.

Laboratory tests on a PVT installation. The following equipment was used in the research:
AMCore AMR-F 1004.01 thermodynamic research unit, AMCore AMR-T 1000.15 sample recombi-
nation unit, AMCore AMR-F 1002 automatic gasometer, Anton Paar GmbH liquid density analyzer,
AMCore AMR-AMP200 automatic measuring press, AERUS 210/24 air piston coaxial compressor,
low-temperature liquid thermostat KR1O-VT-12-1 series MASTER of LLC “TERMEX”.

The main stages of research:

« estimation of the phase state of the target gas under various pressure conditions;

« analysis of the density of the target gas under various pressure conditions;

« determination of the compressibility coefficient of the target gas under various pressure conditions;

« estimation of the dissolution coefficient of the target gas in reservoir water under various pres-
sure conditions.

The analysis of the phase state of the target gas consisted in obtaining the P-V dependence for
the test sample with the release of a critical pressure corresponding to the transition of the gas from a
liquid state to a mixed one (liquid + gas). In other words, at a given pressure, the first bubble of gas
is released from the liquid. The temperature of the performed studies in all cases is 28 °C, which
corresponds to the thermal conditions of the studied formation. The density of the mixture was also
determined to represent its physical properties in reservoir conditions. Taking into account these val-
ues of gas density under various pressure conditions, the compressibility coefficients of the studied
mixture are calculated:

Z — l:)pOTO , (2)
PpT
where p — the density of the target gas at pressure P (MPa) and temperature T (K) modeled in a PVT
cell, kg/m3; po — the density of the target gas under standard conditions (Po=0.101325 MPa,
To = 293.15 K), assumed to be 1.983 kg/m?®.

The estimation of the gas dissolution coefficient in reservoir water plays an important role in
determining the possible volume of CO: burial in connection with the known fact of gas dissolution
in reservoir waters, as a result of which it is necessary to estimate the volume of the studied gas
capable of dissolving in water that saturates the target formation. To do this, a series of studies was
carried out on a PVT installation, into which a certain amount of a gas mixture and a 4.6 ml water
sample were pumped using auxiliary laboratory equipment.

Assessment of the possible volume of injection of the target gas into the studied deposit. Based
on the calculations of the volume of the deposit and the properties of the target gas, it was necessary
to calculate the volume of gas that the deposit in question can accommodate. To do this, it was
necessary to determine the maximum pressure that can be created in the reservoir, based on an
estimate of the hydraulic fracturing pressure and the maximum pressure limited by the technologi-
cal equipment. The injection volume is defined as the ratio of CO2 emissions to the calculated
reservoir volume.

Determination of the maximum pressure in the target deposit. According to the analysis
of the technical characteristics of the existing technological equipment, the maximum pressure
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is about 35 MPa. When estimating hydrau-
lic fracturing pressure, a calculation scheme
using the Hubbert — Willis formula was used:

Pfrac = 1/3(Prock - Pres) + Pres, (3)

where Prock — rock pressure, Prock = prock@Hres,
MPa; prock — rock density, kg/m?3; g — acceler-
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Pres = pwgHres, MPa; pw — Water density, kg/mq. Fig.1. P-V dependence of the target gas

Discussion of the results.

The estimation of the reservoir volume
was performed according to the described a
method. As a result of statistical analysis us-
ing percentiles, the following results were
obtained:

« The 10th percentile means that only 10 %
of the sample collector volume takes values
less than or equal to 103,177.6 thousand m?;

* The 50th percentile — it is equally Fig.2. Cells filled with the target gas at different
likely that the volume of the collector can pressures: P = 45.51 MPa (a); P = 5.12 MPa (b)
take values both less and more than
269,216.9 thousand m?;

* The 90th percentile — only 10 % of the
sample collector volume takes values greater
than and equal to 591,583.8 thousand m®.

The authors of the work for further re-
search adopted the volume according to the
worst case scenario, i.e. 10 percentile — 200
103,177.6 thousand m®. 0 . . . . .

Studies of PVT properties of the target 0 10 20 30 40 50
gas. Based on the results of the interpreta- Pressure, MPa
tion of the P-V dependence of the target gas
(Fig.1), it was determined that the critical Fig.3. Dependence of the target gas density on the
pressure of the transition from a liquid state pressure created in the PVT unit cell
to a mixed one corresponds to a value of
5.59 MPa. Images of a cell filled with a target gas are presented. At a pressure of 45.51 MPa, the
target gas is completely in the liquid phase (Fig.2, a) and a phase boundary is observed at 5.12 MPa
(Fig.2, b). The obtained critical pressure is confirmed by visual analysis.

The result of the measurement of the density of the mixture performed in this study is shown in
Fig.3. Based on the results of the density assessment, the values of the compressibility coefficient are
calculated according to the formula (2). When the pressure increases to a critical value, the compressi-
bility coefficient decreases from 0.64 to 0.51, after which it decreases to 0.28 at a pressure of 6.9 MPa.
With a further increase in pressure, this parameter increases to 0.29 at a pressure of 9.4 MPa, 0.35 at
13.0 MPa, 0.56 at 24.1 MPa and 0.96 at 45.51 MPa. The value of the results obtained lies in the
possibility of increasing the accuracy of estimating the numerical values of gas injection volumes
from the SCA block to the target object.

The results of the study of the dissolution coefficient of the target gas in reservoir water are
shown in Fig.4. The interface between the phases of the target gas and water is clearly visible in
the image of a PVT cell filled with a mixture of the target gas and reservoir water at a pressure
of 39.12 MPa (Fig.5).

1000 1
800 -
600
400 A

Density, kg/m3
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Fig.4. P-V dependence of the mixture of the target gas and water at P =39.12 MPa

To estimate the coefficient of dissolution of the target gas in reservoir water, a combined graph
of P-V dependencies was constructed, and a graph of the P-V dependence of the mixture of target gas
and reservoir water minus the volume of this water was added, which allows, when analyzing graphs,
to estimate the dissolved volume of gas in water under various baric conditions (Fig.6). The super-
imposition of red (a mixture of gases) and green (a mixture of gases and water (minus the volume of
water) lines indicates that the process of dissolving the target gas in reservoir water is absent in the
entire range of considered baric conditions at reservoir temperature, therefore, when estimating the
volume of gas injection from the SCA block into the Famensk deposits, it must be taken into account
that the entire volume of injected gas will be in a free state under reservoir conditions

The experience of CO> burial [31, 34, 35] also indicates the low solubility of this gas in reservoir
water. In [39-41], laboratory studies of the effect of various factors on the solubility of CO. in water
were carried out, which showed a decrease in solubility with an increase in water mineralization.
Moreover, the solubility of CO> increases significantly with an increase in the temperature of the
study. Based on this analysis, it can be concluded that the research is correct.

Determination of the volume of injection of the target gas into the studied deposit. It is assumed
that the entire volume of the Famensk deposit will be occupied by this gas, and the reservoir water is
displaced beyond the established volume of the trap within the license area. This assumption is justi-
fied by the laws of gravitational phase separation due to the lower density of the target gas in the
considered pressure range.

The analysis of hydraulic fracturing pressures at the Famensk deposits of the Perm Region, as well
as according to equation (2), showed that the hydraulic fracturing pressure corresponds to a value
of 23 MPa, which is less than the maximum allowable pressure of the technological equipment used.
As a result, when estimating the volume of injection of the target gas into the deposit under con-

6 sideration, it is necessary to limit the

pressure of hydraulic fracturing with a
149 1 _ margin of 20 %, i.e. the calculation of the
o 1207 A mixture of gases volumes of the target gas was carried out
& 100 - A mixture of gases and water at a critical pressure of 18.4 MPa. To de-
E 50 (Amrl':]':;‘igic\’/fo?jfﬁs 2?3\,‘;2?? termine the mass of the injected volume
S 601 of the target gas into the reservoir,
40 1 an extrapolation of the graph of the
20 1 dependence of the density of the target
0 ' . —_ . — gas on pressure was performed (see
0 10 20 30 40 % Fig.3). It was determined that at an ap-
Pressure, MPa proved critical pressure of 18.4 MPa, the
density of the gas mixture under study
Fig.6. P-V dependencies of the target gas, a mixture of the target gas WII.I be _784.'6 kg/m3, while the gas must
and reservoir water be in a liquid state.
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Taking into account the volume of the Famensk deposit, the mass of the target gas has been
determined, which is able to fit into this deposit according to the results of the implemented studies —
gas injection from the SCA block can last for 202 years (assuming a gas consumption of 400 thousand
tons per year) and will eventually amount to 80.95 million t.

Economic assessment of the project. The economic model of the proposed project involves as-
sistance from the state in the form of subsidies. This is due to the high cost at which the accumulated
discounted net cash flow (CDCF) is negative at the end of the estimated period. The model contains
all the costs of capital investments (construction of a carbon dioxide pipeline, well construction, nec-
essary equipment) and operating costs to ensure the operation of the system. One of the important
items of expenditure is the necessary complex of works on the additional study of deposits and fluids
for the final justification of the possibility and expediency of the project. Large fines for carbon di-
oxide emissions into the atmosphere are included in the profit column.

Economic calculations, according to which the payback period of the project was adopted,
equal to 15 years, showed that with a state subsidy of 24.6 rub. per ton of recycled gas, the project
reaches a positive CDCF. According to the authors, this model reflects a realistic version of the
project. With an increase in the accepted payback period, subsidies decrease.

Assessment of risks and environmental impacts in the implementation of CO; disposal technology.
Mechanisms contributing to the re-release of carbon dioxide to the surface [42, 43]:

* migration of gas in separate parts through disturbed and permeable rocks, as well as through
injection wells (corrosion, wear);

» molecular diffusion and dissolution of carbon dioxide through the covering rocks;

» movement of CO; along with moving aquifers;

» man-made land disturbance, mining dumps, tailings ponds, contributing to the disturbance of
the underground geological space and an increase in CO> leaks.

It is noted in [44] that pumping large volumes of carbon dioxide into underground storage
facilities can lead to earthquakes, collapse of the storage facility and subsequent emissions into
the atmosphere. The risks associated with leakage as a result of CO; storage in geological reser-
voirs are divided into global and local. Risks at the global level are associated with CO2 emis-
sions, which can significantly contribute to climate change if a certain proportion of gas leaks
into the atmosphere [45]. Local-level risks can be classified as risks to health, safety and the
environment — leakage of CO> into the atmosphere or shallow Earth layers, intensification of
chemical processes due to the ingress of dissolved CO: into the subsurface and effects arising
from the displacement of liquids by injected CO: [46, 47]. The classic ways to reduce the danger
associated with these types of leaks are careful design and selection of a storage system location,
as well as the use of early leak detection methods (preferably long before CO> reaches the earth's
surface) [48-50].

Conclusion.

The development and practical application of CO> disposal technologies is one of the most
important areas in the fight against global warming. The proposed technology for using carbon
dioxide can become the main one in solving the problem of CO2 emissions both at the considered
enterprise and in Russia as a whole.

The criteria for selecting an object for the implementation of carbon dioxide burial technology
in geological reservoirs are determined. Taking into account the geological structure, the optimal
target object was determined on the territory of the Perm Region, the volume of the deposit was
estimated, which with a probability of 90 % will be at least 103177.6 thousand m®.

Laboratory studies were performed, according to the results of which the PVT properties of the
target gas, its density and compressibility coefficient under various barometric conditions, as well as
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solubility in reservoir water were determined. The results obtained show that the entire volume of the
injected gas will be in a free state under reservoir conditions, and not partially dissolved.

The assessment of the injection parameters and calculations showed that when 400 thousand t
of CO; are captured from an industrial facility per year, injection until the reservoir volume is
fully filled can last for 202 years, and will amount to 80.95 million t of this gas.

The creation of an economic model allows us to approve the payback of the proposed project
over a fifteen-year period with the support of the state (for the disposal of CO2 emissions into the
Earth's atmosphere) in the amount of 24.6 rub./t.

The significant environmental effect of carbon dioxide burials in the underground sediments of
an undeveloped aquifer complex indicates the need to draw attention to these objects, which are cur-
rently little or not studied at all due to the lack of industrial significance.

As recommendations for further study of the host structure (determining the boundaries of the
deposit, its structure and characteristics), as well as the processes occurring in the reservoir, it is
proposed to conduct field and geophysical studies of existing wells and drilling new ones; laboratory
studies, including PVT studies and filtration.
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