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Abstract: CO; sequestration in sediments as solid hydrate is considered a potential way to capture
and store anthropogenic CO,. When CO, hydrate is formed in front of CO, migration, the injection
channel will be blocked, and the removal of hydrate blockage becomes the first problem that must
be faced. This work proposed an Nj injection method to remove CO, hydrate blockage. Based
on numerical simulation, a study was conducted using TOUGH+MIXHYD v.1.0 to confirm the
feasibility of Ny injection and compare it to depressurization. The spatial and temporal distribution
characteristics of pressure, temperature, hydrate saturation, and gas saturation were investigated.
Under the combined effects of temperature, pressure, and gas composition, secondary CO,-Nj
hydrate can form far from the injection point, causing an increase in local temperature and hydrate
saturation. The rate of CO, hydrate dissociation using direct depressurization is significantly slower
compared to N injection methods. As the pressure of N injection increases, the rate of CO,
hydrate dissociation notably accelerates, which does not show a significant increase with increasing
injection temperature. This work introduced a novel approach to addressing the issue of CO, hydrate
blockage, which holds prominent significance for the advancement of hydrate-based CO, geological
sequestration.

Keywords: CO, hydrate; hydrate blockage; Ny injection; depressurization; hydrate dissociation

1. Introduction

Hydrates refer to ice-like crystals formed by the guest and water under suitable
temperature and pressure conditions. The guest molecules are usually small hydrocarbon
gases such as methane and ethane, as well as non-hydrocarbon molecules such as CO,
and HjS [1]. The hydrates formed by natural gas, also known as combustible ice, are
widely distributed in the seabed and permafrost regions on land and are considered future
alternative energy sources due to their high energy density [2]. The safe and efficient
development of natural gas hydrates has always been a hot topic and focus of research in
the current field. At present, the main methods for extracting natural gas hydrates include
traditional methods such as depressurization, heat injection, and chemical agent injection,
which stimulate hydrate decomposition by changing the phase equilibrium conditions of
hydrate formation [3-6]. The CO; replacement method is considered a promising natural
gas hydrate extraction method, which not only achieves natural gas extraction but also
seals CO; in the form of solid hydrates in seafloor sediments and has dual significance in
energy and environment [7,8].

At present, there are four types of CO; injection forms proposed: pure gas CO;,
liquid CO,, CO; emulsion, and CO, containing mixed gas [9-11]. Among them, the
displacement efficiency of pure gas and liquid CO; is relatively low. CO, emulsion can
improve the mobility of CO, in the formation and the contact area with natural gas hydrate

Processes 2024, 12, 204. https:/ /doi.org/10.3390/pr12010204

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12010204
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-2768-388X
https://doi.org/10.3390/pr12010204
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12010204?type=check_update&version=2

Processes 2024, 12, 204

20f13

and improve the displacement efficiency. However, when the emulsion is unstable, it can
also lead to the direct formation of CO, hydrate, reducing the effect of hydrate replacement.
CO, mixed gases mainly include (CO5-Nj, COy-air, CO,-Hy, etc.), which improve CO,
displacement efficiency by introducing small molecule gases (N, Hy, O;). Park et al.
proposed adding N, a gas that is difficult to form hydrates, to CO, to attack CH, in the
small pores (5'2) of hydrates, thereby improving the degree of displacement [12]. Kang et al.
conducted a methane release process by injecting a mixture of air and CO, (20 mol%
COy) [13]. Li et al. compared the methane release performance of fracture-filled hydrates
under different conditions when injecting a mixture of high N> (75 mol% Nj) and high
CO; (75 mol% COy) [14]. The results indicate that under different pressures and hydrate
forms, more methane is released by injecting high N» content mixed gas. Yang et al. and
Hassanpoolyouzband et al. compared the gas production and CO; storage effects of
injecting flue gas (85.4 mol% N; and 14.6 mol% CO,) to extract hydrate reservoirs under
different temperature conditions [15,16]. The method of injecting CO, + N; mixed gas to
extract hydrates has been successfully applied to the northern slope of Alaska, the United
States g Nik-Sikumi hydrate trial production project [17]. Wang et al. proposed a new
hydrate extraction concept based on injecting CO, + H; mixture gas [18]. This method
combines hydrate extraction with methane steam reforming, and the extracted CO, is
converted into Hp and CO; through steam reforming. After separation, CO, and some H,
can be injected back into the sediment to maintain continuous extraction.

In addition to considering improving the efficiency of CO, replacement, it is also
necessary to pay attention to the injectivity of CO;. If the temperature or pressure is not
properly controlled during the injection process, it may lead to the formation of solid
CO; hydrates around the wellbore to block the formation pores, resulting in a decrease in
information permeability, an increase in injection pressure, difficulty in injecting dioxide,
and the injection process may be terminated [19,20]. Once the process of injecting CO,
forms hydrate blockage, how to remove the blockage becomes the first problem that must
be faced.

The problem of hydrate blockage removal is commonly encountered in pipeline flow
safety assurance, while hydrate blockage removal around the wellbore is currently less
involved [21]. Hydrate blockage removal is also a process of induced hydrate dissociation.
Similar to mining methods, hydrate blockage removal can be achieved by injecting heat,
reducing pressure, or injecting hydrate inhibitors (such as high-concentration alcohols) [22].
The blockage removal process is very complex and risky. Heat injection usually requires
heating the formation together, resulting in low thermal efficiency. The chemical injection
method requires a high concentration of chemical agents, high cost, and may also cause
environmental problems. Reducing pressure is the most traditional and effective method to
solve hydrate blockage, and it is also the easiest method to implement in the development
of offshore deep-water oil and gas fields. However, during the process of depressurization
and unblocking, if the depressurization amplitude is too large, it is easy to form secondary
hydrates, leading to more severe hydrate blockage. A single method is difficult to fully
meet the needs of solving hydrate blockage, and combined methods are usually used
to promote the decomposition of hydrates. The above methods are mainly achieved by
directly changing the temperature, pressure, or liquid phase composition of the system.

In addition, the method of changing the gas phase composition to change the stability
of the hydrate can also be used to achieve the removal of the hydrate plug. In this regard,
the idea of using CO, mixed gas displacement to extract natural gas hydrates can be
referred to, which involves injecting small molecule gases such as N into the vicinity
of hydrate blockage points to stimulate the decomposition of hydrates [23]. Due to the
extremely harsh conditions for Nj gas to form hydrates, it can significantly reduce the
partial pressure of CO; in the gas phase, thereby promoting the decomposition of CO,
hydrates. The CO; released from the hydrate to the gas phase is carried away by the N
gas flow, promoting further decomposition of CO, hydrates. In addition, studies have also
shown that small molecule gases such as Nj can enter hydrate cages where gas molecules
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already exist, making it easier for gases with larger molecular sizes to detach from the
cages or diffuse within the hydrate phase [24]. At present, there is relatively little research
on using the N injection method to solve the problem of hydrate blockage, especially
in large-scale and long-term research. Further research is needed into its feasibility and
suitable operating methods.

The numerical simulation method is a necessary method for rapid feasibility evalu-
ation and operating conditions. Currently, the development of hydrate simulation soft-
ware for gas injection development is still in its infancy internationally, mainly including
TOUGH+HYDRATE v.1.0, MH21-HYDRES, and STOMP-HYD. TOUGH+HYDRATE [25] is
a simulation software for methane hydrate mining developed by the Lawrence Berkeley
National Laboratory in the United States and is also the most widely used hydrate mining
simulation software internationally [26-28]. To simulate the hydrate behaviour of a ternary
hydrate, Kan et al. [29] developed a new code from the most widely used hydrate extraction
simulator TOUGH+HYDRATE, adding guest components of hydrate including Nj, O,
CO,, Hy, etc. This code was named TOUGH+MIXHYD which covers existing gas injection
hydrate mining methods such as N, /Air injection, CO, + Nj injection, CO, + Hj injection,
etc. In addition to natural gas hydrate development, it can also be used for research such as
CO; storage and hydrate blockage removal.

This paper proposes a Nj injection method to remove hydrate blockage caused
by the injection process of CO,. A numerical simulation study was conducted using
TOUGH+MIXHYD to confirm the effectiveness of N, injection for the removal of CO,
hydrate plug-in sediment. In this work, we investigated the performance of hydrate disso-
ciation at blocked regions under N, injection pressures and temperatures and compared it
with the depressurization methods. Based on the numerical results, appropriate operating
conditions were determined.

2. Numerical Code and Simulation Method
2.1. Simulation Code

In this study, the simulation work was carried out by the equilibrium model of the
TOUGH + MIXHYD code [29], which can describe the distribution and transfer of heat and
up to five components including H,O, inhibitor and three guest gases (currently, CHy, CO,,
Ny, Hy, O, can be chosen) between four possible phases. Thus, it can simulate the coupling
processes of mixed hydrate formation and dissociation, guest molecule displacement, heat
and mass transfer in porous media involved in the hydrate unblocking process through
gas injection.

This work was carried out with the equilibrium model in this code. For the Ny, CO;,
and H,O systems, there are four primary variables and corresponding governing equations
(3 correspond to each mass component and 1 for heat) for each phase state (13 phase states
in total) to calculate the phase distribution and balance of mass and heat. Considering the
actual distribution of each component between phases, for gas components N, and CO5,
the governing equations can be described as follows (see Nomenclature),

d
S L @Sspwop)dv = [ L wgmendrt [qdv,e=ncw ()
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The advective mass flux of mobile phases (gas and liquid) is computed according to
Darcy’s law:
k
mg = —k%pﬁ(vpﬂ —0p8) 3)
B
In this code, the spatial discretization is conducted using the integral finite different
method and the time discretization is fully implicit. The non-linear problems in the
discretized governing equations are solved through Newton-Rapson iteration. The hydrate
equilibrium data and the occupancy of gas components in hydrate cages are calculated by
the Chen-Guo hydrate model [30]. The density of the mixed hydrates and the hydration
number is calculated according to the cage occupancies at specific temperature, pressure,
and gas composition.

2.2. Geometry and System Description

To simulate the unblocking process of CO, hydrate blockage involved in CO; se-
questration by injecting CO; into formations with appropriate temperature and pressure,
a one-dimensional was established for the simulation work, as shown in Figure 1. The
simulation model is 50 m long with an inner diameter of 5 cm. The left 1 m length is filled
with CO; hydrates and water (saturation of 0.5 each), and the remaining part is water
saturated. The location for gas injection or depressurization is at x = 0 m. The model
domain is discretized non-equidistantly into 195 x 1 = 195 grid cells in (x, r) with the
minimum interval of 0.005 m. and the size of the grid cells increases with the distance
from x = 0 m. An open boundary was set through an inactive grid at x = 50 m, which has
constant temperature and pressure. There is no heat or mass transfer in the radial direction.

N, injection

Sediments

Constant conditions of 3.5 MPa, 3 °C

and water saturation (1.0 ) \

‘Water

Figure 1. The schematic depiction of the geological setting.

2.3. Initial Conditions and Simulation Cases

In this study, we focus on the hydrate blockage problems near the wellbore involved
in CO; sequestration through hydrate formation in conditions of permafrost region. The
parameters used in this model come both from accessible data in the literature and rea-
sonable predictions. The geologic properties and the initial conditions of the model are
listed in Table 1. After a short simulation, the system was initialized to an equilibrium
state. Hydrates were evenly distributed between the range of 0-1 m with the saturation of
0.5, and the aqueous saturation was 1.0 (1-50 m). All the conditions remained unchanged
before gas injection or depressurization.
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Table 1. Model parameters and geological properties.

Parameter Value & Unit
Temperature 3°C
Pressure 3.5 MPa
Hydrate saturation 0.50
Intrinsic permeability 5.0 x 10714 m?2
Porosity 0.30

AR = Agp + (5K % + S1{?) (Arw — ArD) + ¢SitA1

Composite thermal conductivity model [25] Arp = 1.0 W/m/K

)\RW =31 W/m/K

Relative permeability model [31]

Sa = (Sa —Sia)/ (1 — Sira)
SE = (SG - SirG)/(l - SirG)
kea = (S3)™ ke = (S5)™
na = 3.5, ng = 3.5, SirA = 0.3, SirG =0.05

Pcap = _Pl ([SZ}_l/h - 1>17b

Capillary pressure model [25] S = (Sa — Sica) /(1 = Sira)

b =0.45,P; =10° Pa

As displayed in Table 2, a total of nine simulation cases were conducted, seven of which
correspond to hydrate unblocking by N injection (Cases A1-A7), and the remaining two
for unblocking by depressurization (Cases B1-B2). The gas injection and depressurization
periods are all 10 days.

Table 2. Simulation scenarios *.

Simulation ID Pinj (MPa) Tinj °C)
Al 45 25
A2 4.5 50
A3 5 10
A4 5 25
A5 5 50
Ab 5.5 25
A7 55 50
B1 1-5(Pdep) -
B2 2.5(Pdep) B

* Pinj: pressure of N injection; Tin;: temperature of N injection; Pgep: pressure of well bore during depressurization.

3. Results and Discussions

In this section, Case A4 (N, injection pressure and temperature are 5 MPa and 25 °C,
respectively) is selected as a reference case to analyze and discuss the evolutions of some
important characteristics within the formation during CO, dissociation enhanced with Np
injection. The evolutions of the physical characteristics are represented by a series of spatial
distribution diagrams at different injection times or time-dependent diagrams.

3.1. Pressure Change

Figure 2 shows the changes of pressure in sediments around the wellbore with time at
different locations during N injection. As can be seen, since the injection pressure of N is
1.5 MPa higher than the original formation pressure, the pore water is displaced after Nj
injection and migrates away from the injection point (x = 0 m), so the formation pressure
rises. The pressure in the hydrate plugging area rises (0—1 m) to 5 MPa within one day.
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Figure 2. Pressure evolution in sediment during N injection: (a) Pressure variation with time,
(b) Spatial distribution of pressure.

Over time, pressure spreads to further distances, and the decomposition of CO, hy-
drates leads to an increase in pressure near the injection point (convex curves in Figure 2b).
In addition, the rise of pressure may trigger the formation of secondary hydrates in the
case of lower temperature and higher CO, content, which can be demonstrated by changes
in temperature, gas saturation composition and hydrate saturation.

3.2. Temperature Change

After N injection into the sediments, the variation law of temperature in all locations
is the result of the joint action of three aspects: (1) the sensible heat carried by the injected
gas increases the formation temperature; (2) the endothermic decomposition of CO, hydrate
decreases the formation temperature; (3) the sediments temperature increases due to the
formation of secondary hydrate.

Figure 3a shows the changes in sediment temperature with time at different positions
during N, injection. The initial temperature of the formation and injected gas is 3 °C and
25 °C, respectively. As shown in the figure, after gas injection, the temperature at the
injection point (x = 0) drops rapidly and then rises slowly. The temperature at 0.5 m and
1 m away from the injection point showed a rapid rise and then a gradual decline. Figure 3b
shows the temperature distribution at different injection times. As can be seen from the
figure, as N injection begins, the temperature of the CO, hydrate plugging area (0-1 m)
decreases, and the low-temperature area gradually expands and moves away from the
injection point with the N injection process. In addition, the temperature peak appears
on the right side of the low-temperature region and moves away from the injection point
with the progress of the gas injection. On the first day of injection, the temperature peak
occurred outside the CO, hydrate plugging zone (x > 1 m).

After N injection, the thermodynamic stability of CO, hydrate is broken, and a large
amount of CO; hydrate at the injection point decomposes and absorbs heat, resulting in
lower temperatures at the injection point. With the continuous injection and migration
of Ny, CO, hydrate at different points in the sediments continuously decomposes, and
the hydrate decomposition area expands, so the temperature of the formation at 0.5 m
decreases earlier than that at 1 m. When the hydrate decomposes to a certain extent, a
certain amount of sensible heat is brought in with the increase of injected gas, and the
formation temperature gradually increases. Thus, the temperature at the injection point
and in the hydrate decomposition area first decreases and then gradually increases. It also
explains the rightward shift of the low-temperature zone in Figure 3b. When the released
CO; at the injection point reaches x = 0.5 m and x = 1 m, secondary hydrates form under
higher pressure (Figure 4a), thus the temperature increases. When the subsequent high
concentration of N arrives, the hydrate decomposes, resulting in a temperature decrease.
The temperature drop at 0.5 m is greater than that at 1 m and is even close to 0 °C on about
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day 6. This difference may be caused by the difference of CO, and N, contents in the gas
phase, that is, N, concentration at 0.5 m is higher than that at 1 m which offers a stronger
driving force for CO, hydrate decomposition.
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Figure 3. Temperature evolution in sediment during N injection: (a) Temperature variation with
time, (b) Spatial distribution of temperature.
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Figure 4. Hydrate saturation evolution in sediment during N, injection: (a) Hydrate saturation
variation with time, (b) spatial distribution of hydrate saturation, (c) mole fraction of CO; in hydrate
phase, (d) mole fraction of N; in hydrate phase.

The appearance of the temperature peak (x < 1 m) in Figure 3b is also the result of
secondary hydrate formation at the gas front. Due to the large amount of decomposition
of CO, hydrate at the N, gas front, the released CO, may again form hydrates with N»
during migration under a pressure higher than that of the original formation. In the
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process of migration, CO, gradually accumulates in the hydrate phase, leading to increases
in temperature and Nj content in the gas phase, so the rate and amount of secondary
hydrate formation will decrease, and the temperature rise caused by secondary hydrate
formation will also be weak. As shown in Figure 4b, the peak temperature outside the
hydrate plugging zone gradually decreases with the increase in distance. This can be
further demonstrated by the analysis of hydrate saturation evolution.

3.3. Hydrate Saturation Change

Figure 4 shows the changes in hydrate saturation at different locations with time
during N injection. As can be seen from Figure 4a, after N injection, the hydrate saturation
at the injection point quickly reduces to 0 (hydrate completely decomposed), while the
locations of 0.5 m and 1 m undergo a process of hydrate saturation decreasing and rising
successively. As discussed in Figure 3a, the CO, hydrate rapidly decomposes after contact
with the N front, resulting in a decrease in saturation. However, due to the rise of formation
pressure and the accumulation of CO, concentration at the front, secondary hydrates are
formed. As can be seen from Figure 4a, the hydrate saturation at 0.5 m increased by about
10% at 0.13 days, and at 0.1 m at 0.4 days increased by about 20%, reaching a maximum
of 71%. The formation of secondary hydrates reduces the permeability of the reservoir,
slowing down the injection rate of N, and the migration rate in the reservoir, and leading
to a decrease in the removal efficiency of CO, hydrate in the blocked area.

As can be seen from Figure 4a, after the formation of secondary hydrate, CO, hydrate
at 0.5 m and 1 m begins to decompose under the action of N, and its hydrate saturation
begins to decline, but the rate of hydrate dissociation is different. The hydrate saturation at
0.5 m slowly decreases but drops sharply to 0 around day 6 when the high concentrations
of N arrive, while the hydrate saturation at 1 m is always at a high level during this period
(Figure 4b). As mentioned above, this difference is due to lower formation temperatures
and higher CO, concentration in the gas phase at x = 1 m (Figure 3). It is worth noting
that hydrates with low saturation also appears outside the hydrate blockage zone, and
the farther away from the blockage zone, the lower the hydrate saturation. This indicates
that the gas composition of the gas coming from x = 1 m can still form hydrates under the
temperature and pressure conditions in this region. The hydrate-free region (x > 1.6 m) can
be explained by the following two points: (1) During the formation of secondary hydrates
(0-1 m, especially at x = 1 m), a large amount of CO, was captured and fixed in hydrate
cages, leading to higher N, content in the gas phase (2) The exothermic effect accompanying
the formation of hydrates causes an increase in temperature. Therefore, gas in this region
with high N, content and temperature can no longer form hydrates.

Figure 4c,d shows the changes in CO, and N, content in the hydrate phase during
N, injection. As can be seen from the figure, with the presence of N, the content of CO,
in the hydrate phase decreases, while the content of N, increases to a maximum value
of 25% (The maximum N, molar fraction when hydrate can exist stably under formation
temperature and pressure conditions). This also shows that the secondary hydrate forms a
mixed hydrate of CO; and Nj.

3.4. Gas Saturation Change

Figure 5 shows the evolutions of gas saturation and gas composition at different
positions with time during N injection. As can be seen from the figure, as Ny is injected,
the gas saturation at different locations shows a sudden increase trend and then slows
down, and the gas saturation at the locations of 0.5 m and 1 m is significantly lower than
the injection point. This is because the injected gas continuously displaces the pore water
away from the injection point. Within the first 6 days, the mole fraction of N in the gas
phase at 0.5 m and 1 m increases rapidly, but the molar fraction of CO, at 1 m is higher
than the value at 0.5 m. This is because the released CO; from the CO, hydrate migrates
away from the injection point under the driving force of gas injection.
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Figure 5. Gas saturation evolution in sediment during N injection: (a) Gas saturation variation with
time, (b) spatial distribution of gas saturation, (c) mole fraction of CO; in the gas phase, (d) mole
fraction of N in the gas phase.

Moreover, due to the pressure gradient decreases (caused by hydrate dissociation
near the injection point, as can be seen in Figure 2b) and the decreased permeability of the
reservoir (caused by secondary hydrate formation), the gas migration in the reservoir slows
down, which easily leads to the accumulation of CO, generated by decomposition at the
front. Therefore, in the process of N, injection, the CO; content in the front is high, and the
N, content in the region after N, displacement is high. As discussed above (Figure 4a), due
to the difference in gas composition, the hydrate behaviour at different points is different.
The gas saturation at 0.5 m suddenly increases on about day 6, then continues to stabilize
for 3 days, and begins to decline around day 9. This sudden increase in gas composition
is caused by the arrival of the gas with high Nj. It can be seen from Figure 5c,d that
the concentration of N in the gas phase at 0.5 m on day 6 is close to 100%, while the
concentration of CO, decreases sharply. Accordingly, as shown in Figure 4a, CO; hydrate
decomposes rapidly on the sixth day, and the saturation drops to 0 very quickly. These also
confirm the analysis above in Figures 3 and 4.

3.5. Comparison of N, Injection and Depressurization

Figure 6 shows the influence of injection pressure and temperature on the changes
in residual saturation of CO; hydrate under different conditions of depressurization and
N, injection. It can be seen from the figure that with the increase of N injection pressure,
the dissociation rate of CO, hydrate significantly accelerates. Under the same temperature
(25 °C) and Nj injection pressure of 4.5 MPa and 5 MPa, the residual saturation of hydrate
after 10 days is 52% and 23%, respectively. When the injection pressure is increased to
5.5 MPa and 6.5 MPa, the residual hydrate saturation drops to 0 at 9.6 and 5.8 days,
respectively. Thus, the higher the N; injection pressure, the more beneficial it is to eliminate
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the hydrate blockage. It can also be seen that under the same injection pressure, the rate of
hydrate dissociation is not improved significantly when the injection temperature increases,
especially when the injection pressure is at 5 MPa (compared to 4.5 MPa). On the one hand,
because the heat-carrying capacity of the gas is poor, the heat loss is fast after injection into
the sediments. On the other hand, when the injection pressure is higher (5 MPa), the gas
flow rate is faster, and reducing the methane partial pressure is the main factor for hydrate
decomposition. When the gas injection pressure is relatively low (4.5 MPa), the heat transfer
through conduction plays a certain role in the decomposition of CO; hydrates. Overall,
reducing methane partial pressure is the controlling factor for hydrate decomposition
when using N, injection to remove hydrate blockages, rather than an increase in reservoir
temperature caused by the sensible heat carried by the injected gas.

Paep(MPa) Piy(MPa) T (C)
120 + Depressurization N, injection 45 25

45 50

100

80

Residual hydrate ratio (%)

60
40 -
20 A
0 T T T T T I N I '
0 2 4 6 8 10
Time (days)

Figure 6. Temporal variation of residual saturation of hydrate under different conditions of depres-
surization and Nj injection.

Figure 6 also compares the effects of N injection and depressurization on the resid-
ual saturation of hydrate. As can be seen from the figure, when the local formation is
depressurized to 2.5 MPa, the hydrate saturation in the sediments remains at 70% for
10 days. Even if the pressure drops to 1.5 MPa, the remaining hydrate saturation reaches
30% after 10 days. This shows that compared with the N, injection method, the direct
depressurization method makes it difficult to quickly remove the blocked CO; hydrate.
Because the temperature and pressure conditions of CO, formation are relatively mild,
the reservoir pressure needs to be greatly reduced to stimulate its decomposition. The
decrease of reservoir temperature in the process of decomposition will reduce the driv-
ing force of hydrate decomposition and slow down the hydrate decomposition. Unlike
pressure reduction, continuous nitrogen injection can displace CO, released from CO,
hydrate decomposition and always maintain a high N, concentration in the CO; hydrate
decomposition area, so CO; hydrate decomposition can always maintain a high driving
force, which is also the main advantage of nitrogen injection plugging removal method.

4. Conclusions

CO; sequestration as solid hydrate is a potential way to capture and store the an-
thropogenic CO,. The removal of CO, hydrate blockage may be a challenge involved in
hydrate-based CO, sequestration. In this work, an N injection method was proposed to
remove hydrate blockage. A numerical study on the effectiveness of N injection on the
removal of CO, hydrate blockage was conducted using TOUGH+MIXHYD. Several major
conclusions can be drawn:
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(1) Compared with the direct depressurization method, N injection can quickly remove
the blocked CO, hydrate. The CO, hydrate dissociation rate can be improved by
increasing the N injection pressure. N, injection temperature has a relatively weak
effect on the removal of CO, hydrate blockage;

(2) The injection of N, can lead to the rise of sediment pressure. With the influence of
injected Ny, rapid CO, hydrate dissociation can decrease the temperature of sediments.
However, with the combined effect of temperature, pressure, and gas composition,
secondary CO,-N; hydrate can be formed far away from the injection point and lead
to the rise of local temperature and hydrate saturation. The continuous injection of
N, can eliminate the secondary hydrate formation;

(8) Our work provides a new method for eliminating the problem of hydrate block-
age, which has prominent significance for the development of hydrate-based CO,
geological storage technology.
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Nomenclature

Cr heat capacity of the dry rock (J/kg/K)

g gravitational acceleration (m/ s%)

h enthalpy of phase 3 or component k in phase 3 (J/kg)
k intrinsic permeability (m?)

k: relative permeability of phase 3

m advective mass flux vector of phase § (kg/ m?/s)

n the inward unit normal vector

P pressure (Pa)

Pq entry capillary pressure (Pa)

q source/sink term of mass component k (kg/ m3/s)
Qgiss hydrate dissociation heat (J/ m?)

5 source/sink term of heat (J/m3/s)

S phase saturation

T temperature (°C)

u the internal energy of phase {3 (J/kg)

14 volume (m?)

¢ porosity

AR composite thermal conductivity (W/m/K)

Arp  dry thermal conductivity (W/m/K)

Arw  wet thermal conductivity (W/m/K)

A1 thermal conductivity of ice (W/m/K)
u viscosity of phase 3 (Pa s)
4 density of phase p (kg/m3)

PR rock density (kg/m3)
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Subscripts and superscripts

b van Genuchten exponent

cap capillary

irA  irreducible aqueous phase

irG  irreducible gas phase

nA  permeability reduction exponent for the aqueous phase
nG  permeability reduction exponent for gas phase

B phase (G = gas, A = aqueous, H = hydrate, I = ice)

K mass component (n = nitrogen, ¢ = carbon dioxide, w = water)
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