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Abstract:
The presence of rock heterogeneity and fractures may cause abrupt spatial changes
in capillary action and flow characteristics, which eventually change the precipitation
behavior during CO2 geological storage. Therefore, the salt precipitation mechanism of the
heterogeneous structure needs to be studied. In this paper, the salt precipitation behavior
in different heterogeneous structures was studied through pore-scale experiments at room
temperature and atmospheric conditions. In the up-down heterogeneous structure, the salt
precipitation has little effect on the injectivity regardless of the CO2 injection rate. When
the CO2 injection rate is low, the salt tends to precipitate in situ in the small pore structure
to form a crystal structure. When the CO2 injection rate is high, the salt tends to precipitate
in the large pore structure to form a cluster structure. In the left-right heterogeneous
structure, regardless of the CO2 injection rate, the precipitated salt is mainly in the cluster
structure, and the salt is more dispersed in distribution, the impact on injectivity is small.
The injection well can be selected in the formation with strong heterogeneity, to alleviate
the blockage caused by salt precipitation. When CO2 leaks in the fractures, salt tends to
grow until the fracture is plugged, which is of great significance for the self-healing of
the fracture for the caprock.

1. Introduction
CO2 geological storage is an effective way to deal with

global climate change (Bentham and Kirby, 2005; Yang et
al., 2014; Liu et al., 2020; Ren et al., 2021). The saline
aquifer is an ideal reservoir for CO2 geological storage due to
the advantage of large storage capacity (Yang et al., 2014;
Salih et al., 2017). The injectivity of CO2 is an essential
indicator in CO2 geological storage. The decrease in injectivity
caused by salt precipitation is more serious near the injection
well (Bacci, 2011; Grude et al., 2014; Piao et al., 2018;
Akindipe et al., 2021; Norouzi et al., 2022). CO2 geological
storage projects such as Ketzin (Baumann et al., 2014) and
Snøhvit (Grude et al., 2014) have found the problem of poor
injectivity caused by salt precipitation. Due to the continuous

injection of a large amount of dry CO2, the water in the brine
is continuously evaporated into the CO2 phase and carried
away. The concentration of the brine gradually increases and
eventually reaches supersaturation. Salt will precipitate in the
pores, change the porosity and permeability of the reservoir,
and ultimately affect the injectivity of CO2. In severe cases,
a complete blockage may occur (Tang et al., 2015; Cui et al.,
2023).

Many laboratory studies and numerical simulations have
been carried out on the salt precipitation problem during
CO2 injection. The effects of thermodynamic conditions like
temperature, pressure, and salt concentration (Bacci et al.,
2013; Nooraiepour et al., 2018), the CO2 injection rate (Wang
et al., 2009, 2010; Ott et al., 2015), and rock properties (Tang
et al., 2015; Hu et al., 2022) (porosity and permeability) on
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Fig. 1. Experimental system and micromodel structure diagram: (a) experimental system, (b) up-down heterogeneous
micromodel, (c) left-right heterogeneous micromodel and (d) composite micromodel.

salt precipitation behavior were studied. For the vicinity of
reservoir injection wells, it is necessary to reduce or even avoid
salt precipitation to alleviate the effect of salt precipitation
on injection. He et al. (2019) studied the mechanism of salt
precipitation in homogeneous porous media and its influence
on permeability. It was found that under hydrophilic conditions
when the CO2 injection rate was small, salt accumulated in the
injection front and mainstream area, seriously damaging the
reservoir’s injectivity. While increasing the parameters such as
CO2 injection rate and contact angle could reduce the effect
of salt precipitation on injectivity. In actual formations, the
rock structure is very complex, and the rock may contain var-
ious types of mineral layers, textures, and interfaces between
mineral layers formed by natural evolutionary processes such
as mineral deposition and erosion (Bergstad et al., 2018). The
long-term safety of CO2 geological storage is an important
index to evaluate the target reservoir, which requires the target
reservoir to have long-term caprock integrity. However, in
actual projects, the injection of CO2 may cause overpressure
in the caprock, and the reservoir pressure exceeds the capillary
breakthrough pressure of the caprock, resulting in CO2 leak-
age. The injection of CO2 may also lead to the activation of
old fractures in the caprock or even overpressure to form new
fractures. In addition, there may be existing fracture systems
that are not detected below the resolution of seismic data.
These would be potential pathways for CO2 leakage through
caprocks (Vialle et al., 2016). For caprocks, if salt precipitation
can plug the fractures, will achieve the effect of fracture self-
healing (He et al., 2022). The existence of rock heterogeneity
and fractures may cause abrupt spatial changes in capillary
action (Cai et al., 2014, 2022) and flow characteristics, and
change the process of fluid transport, which may eventually

change the precipitation behavior and spatial distribution of
salt. Therefore, the salt precipitation mechanism and law of
heterogeneous structure need to be further studied.

Therefore, this paper will carry out pore-scale experiments
to study the effect of different CO2 injection rates on the
precipitation behavior of salt in fractures and heterogeneous
structures, and explore the mechanism of salt precipitation in
heterogeneous structures and the self-healing mechanism of
salt precipitation in fractures.

2. Experimental system and method

2.1 Experimental system and micromodel
As shown in Fig. 1(a), the experimental device was similar

to the previous experimental platform of our research group (Li
et al., 2017; Xu et al., 2017; He et al., 2019). The CO2 cylinder
with a pressure-reducing valve (CO2 purity of 99.99%) is
connected to a high-pressure plunger pump (Teledyne ISCO,
500D) to ensure accurate adjustment of the CO2 flow injected
into the micromodel. Differential pressure is measured using
a differential pressure transducer (EJA430E). During the ex-
periment, to obtain a full field of view and fast imaging, a
Canon EOS-7D camera equipped with a MACRO 100 mm
lens automatically takes photos every few seconds. After the
experiment, a Nikon Ti-E inverted microscope (resolution of
1.83 µm under 5 objective lenses) was used to observe the
salt precipitation microstructure in the micromodel. The mi-
cromodel is made of silica substrate etched with hydrofluoric
acid (Kim et al., 2013), the wettability is hydrophilic and the
contact angle is approximately 22◦.

Figs. 1(b)-1(d) are the structure of the three different
micromodels, in which Fig. 1(b) is an up-down heterogeneous
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Table 1. List of experimental conditions.

Type Case CO2 injection rate (mL/min) Capillary number (-) Total time (h)

Up-down

UD-1 0.1 2.79×10−6 63.7

UD-2 0.5 1.40×10−5 12.5

UD-3 2 5.59×10−5 3.0

Left-right

LR-1 0.1 3.49×10−6 9.1

LR-2 0.5 1.75×10−5 7.4

LR-3 2 6.99×10−5 2.5

Composite microstructure
CO-1 0.1 2.00×10−6 143

CO-2 2 3.99×10−5 8

micromodel. From top to bottom, the porous regions of the
large aperture and small aperture are distributed in turn, in
which the pore throat of the large aperture is 100 µm and
the pore throat of the small aperture is 50 µm. The pore
volume is approximately 5.9 µL. Fig. 1(c) is a left-right
heterogeneous micromodel, and the porous regions with large
and small apertures are distributed from left to right, in which
the pore throat with a large aperture is 100 µm and the pore
throat with a small aperture is 50 µm. The pore volume is
approximately 4.6 µL. Fig. 1(d) is a composite micromodel,
including fractures, large-aperture porous regions, and small-
aperture porous regions. The area near the inlet is a large
aperture porous area with a pore throat of 100 µm, and the
right side is a small aperture porous area with a pore throat
of 50 µm. A fracture with a width of 700 µm is opened
in the middle of the small aperture porous area. The pore
volume is approximately 3.5 µL. The etching depth of the
three micromodels is 45 µm.

2.2 Experimental procedure and conditions
The sodium chloride solution with a mass fraction of 20%

was prepared with high-purity sodium chloride and deionized
water. The air dissolved in the solution was extracted by a
vacuum pump. To prevent residual air in the micromodel, the
first injection of large amounts of CO2 to replace the air,
and then with at least 100 times the pore volume of sodium
chloride solution to displace and dissolve the CO2 in the
micromodel, until the sodium chloride solution fully saturated
pore volume of the micromodel. The micromodel saturated
with solution is loaded horizontally into the autoclave. In this
paper, three CO2 injection rates (0.1, 0.5 and 2 mL/min) are
designed, and the capillary number ranges from 2.00×10−6

to 6.99×10−5 which can be matched to that in the Quest CCS
Project in Canada (around 4.5×10−6) (Duong et al., 2019; He
et al., 2019). The experimental temperature is room tempera-
ture and the pressure is atmospheric. The specific experimental
conditions are shown in Table 1. The camera is set to shoot
every few seconds to record the salt precipitation state in the
micromodel until the solution is completely evaporated. The
salt distribution and morphology of the micromodel after salt
precipitation were observed by a high-resolution microscope.

3. Results and discussion

3.1 Up-down heterogeneous micromodel
Fig. 2 is the salt precipitation process (UD-1) of the up-

down heterogeneous micromodel at a CO2 injection rate of
0.1 mL/min. In the beginning, the whole micromodel was
filled with salt solution (as shown in Fig. 2(a)). CO2 was
injected from the left inlet, and the solution in the porous
medium began to be replaced after 1.7 h. It can be seen from
Fig. 2(b) that CO2 preferentially displaced the solution in the
large pore area because the larger the pore size, the smaller
the capillary resistance. When CO2 completely breaks through
the porous region, the residual solution distribution is shown
in Figs. 2(c) and 2(d). It can be seen from the figures that
most of the residual solution is distributed in the small pore
size porous region. As the CO2 is continuously injected, the
residual solution evaporates (as shown in Figs. 2(e)-2(i)) and
the area it occupies gradually decreases. After about 64 h, the
solution completely evaporated, and the precipitation of white
salt was almost not observed. Instead, as shown in Fig. 2(i),
a patch of the same color as the residual solution is seen in
the small-pore region, which is further observed by a high-
resolution microscope to be transparent crystal structure salt.

Fig. 3(d) shows the salt precipitation structure observed
under the microscope after the complete evaporation of the
solution. It can be seen from the figure that the precipi-
tated salts are almost colorless and transparent large crystal
structures, and ultimately occupy the pore space. From the
spatial distribution of salt, it can be seen that salt is mainly
distributed in the small pore-size regions (as shown in Fig.
3(a)). Because the residual solution is primarily distributed
in the porous region of the small aperture (as shown in Fig.
2(c) and Fig. 2(d)). When the CO2 injection rate is low,
due to the water’s low evaporation rate, the salt solute has
sufficient time to re-diffuse back into the residual solution
under the salt concentration gradient. With the continuous
evaporation of water, the salt concentration in the residual
solution increases continuously and finally reaches supersat-
uration. The nucleation rate depends on the concentration.
The growth of the critical nucleus in the residual solution
will lead to a rapid decrease in local supersaturation and
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Fig. 3. (a)-(c) The salt distribution under three different CO2 injection rates in the up-down heterogeneous structures and (d)-(f)
microstructure of salt at different injection rates.

a sharp decrease in nucleation rate, which is easy to form
crystal shape salt (De Yoreo and Vekilov, 2003). Therefore,
when the CO2 injection rate is low (the evaporation rate is
small), the residual solution can easily form isolated crystals
of salt structure. Homogeneous nucleation of the salt begins to
form inside the residual solution in the small pore size region.
As the solution evaporates, the salt gradually grows until the
residual solution is completely consumed and the crystal salt
stops growing (Kim et al., 2013). At this time, a large crystal
structure is formed in the pores of the small pore size porous
region. Since the micromodel is an up-down heterogeneous
structure, the salt is mainly precipitated in the small pore size
porous region, blocking the channels in many small pore size
regions. However, there is little salt precipitation in the large

pore-size porous region, which has little effect on the flow of
CO2. From the pressure drop results (as shown in Fig. 5(a)), it
can also be seen that after CO2 completely breaks through the
micromodel (about 14 h), the pressure drop begins to decrease.
After evaporation is complete, the pressure drop falls to about
1 kPa, so salt precipitation has little effect on the injectivity
of CO2.

Fig. S1 (see the attachment) is the salt precipitation pro-
cess (UD-2) of the up-down heterogeneous micromodel at a
CO2 injection rate of 0.5 mL/min. After about 5.6 h, CO2
completely breaks through the porous region, and the residual
solution is distributed as shown in Figs. S1(c) and S1(d).
It can be seen from the figure that the residual solution is
also mainly distributed in the porous region of the small pore
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Fig. 4. Salt precipitation process of case LR-1.
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Fig. 5. Pressure drop results under heterogeneous conditions: (a) up-down heterogeneity and (b) left -right heterogeneity.

size, and white salt begins to precipitate at the inlet. With the
continuous injection of CO2 (as shown in Figs. S1(d)-S1(i)),
the water evaporates, and the salt precipitates and grows. After
12.5 h (as shown in Fig. S1(i)), the residual solution is wholly
consumed. As can be seen from the figure, the color of the
precipitated salt is white, which is completely different from
that at a low injection rate (colorless or transparent). The
microscopic results after salt precipitation are shown in Fig.
3(e). It can be seen from the figure that the precipitated salt
has two structures. One is the same large crystal structure as
that at a low injection rate (colorless and transparent under
the camera). In addition, a cluster structure is added, which
is white in Fig. 3(b). From Fig. 3(b), it can be seen that the
salt with a cluster structure is mainly distributed in the pores
of the large pore size porous region, while the salt with a
transparent crystal structure is mainly distributed in the small
pore size porous region. This is because as the CO2 injection
rate increases, the water evaporation rate increases, and the
solute carried by the reflow liquid film cannot be diffused in
time to the residual solution in the small pore size region.

Therefore, the salt with cluster structure tends to be formed
at the evaporation front in the large pore-size region. Some
salt solutes are homogeneously precipitated in the residual
solution in the small pore size region to form crystal salt. The
precipitated salt is dispersed in the up-down heterogeneous
micromodel, which has little effect on the continuous injection
of CO2. It can also be seen from the pressure drop results (as
shown in Fig. 5(a)) that the pressure drop begins to decrease
after 3 h and finally maintains at about 6 kPa.

Fig. S2 (see the attachment) is the salt precipitation process
(UD-3) of the up-down heterogeneous micromodel at a CO2
injection rate of 2 mL/min. CO2 is injected from the left inlet
and begins to displace the solution in the porous medium
after 10 min. It can be seen from Fig. S2(b) that after the
CO2 injection rate increases, CO2 still preferentially displaces
the solution in the large pore area. It can be seen from the
figure that the residual solution state is reached after 50 min
of CO2 injection, and the residual solution is also distributed
in the porous area with a small pore size (as shown in Figs.
S2(c) and S2(d)). With the continuous injection of CO2, the
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microstructure of salt at different injection rates.

salt is continuously precipitated and grown. Finally, after 180
min, the solution is completely evaporated. Compared with
the results of the CO2 injection rate 0.1 mL/min (shown in
Fig. 2(i)) and 0.5 mL/min (shown in Fig. S1(i)), it can be
found that with the increase of CO2 injection rate, the time
required for evaporation is sharply shortened, indicating that
the water evaporation rate increases. It can be seen from
Fig. 3(c) that salt is mainly precipitated at the tail of the
micromodel. From the microscopic results of salt precipitation
in Fig. 3(f), it can be seen that almost all salts are precipitated
in a cluster structure. This is because after the injection rate
is further increased, the water evaporation rate increases, and
the salt solute cannot be diffused into the residual solution in
time. Therefore, the salt tends to be ectopically precipitated
at the evaporation front in the large pore size region, thereby
forming a cluster structure, while the salt is less distributed
in the porous region with small pore size. From the pressure
drop results in Fig. 5(a), it can be seen that the pressure
drop is finally stabilized at about 19 kPa, indicating that the
precipitated salt has little effect on the CO2 injection.

It can be found that regardless of the CO2 injection rate,
salt precipitation has little effect on its permeability in the
up-down heterogeneous structures. When the CO2 injection
rate is low, the salt tends to precipitate in situ in the small
pore porous region to form a crystal structure. When the CO2
injection rate increases, the salt tends to precipitate in the large
pore structure to form a cluster structure. However, regardless
of the structure of salt precipitation, the salt is more dispersed
in the micromodel to maintain the flow of the CO2 channel,
so the impact on permeability is small. It should be noted
that the experiments were conducted at room temperature,
where the temperature is low and the rate of evaporation is
low. If the actual formation conditions, the temperature will
be higher, thus increasing the evaporation rate of water. It can
be predicted that the water evaporation rate will remain high
at higher temperatures, even if the CO2 injection rate is low.
Therefore, the salt solute cannot return to the residual solution
in the small pores in time and the salt precipitation will tend

to be in the large pores, and precipitate in a cluster structure.

3.2 Left-right heterogeneous micromodel
Fig. 4 shows the salt precipitation process (LR-1) of a left-

right heterogeneous micromodel at a CO2 injection rate of 0.1
mL/min. The micromodel is first filled with salt solution (as
shown in Fig. 4(a)), and CO2 displaced solution in the porous
region from the left inlet (as shown in Fig. 4(b)). It can be
seen from Fig. 4(c) that CO2 reaches the residual solution
state after 5.8 h of injection, and the residual solution is mainly
distributed in the porous region of the small pore size. With the
continuous injection of CO2, the water in the residual solution
evaporates, and the salt also precipitates and grows (as shown
in Figs. 4(d)-4(i)). Finally, after 9.1 h, the solution completely
evaporates. It can be seen from Fig. 4(i) that the salt is mainly
precipitated in the small pore porous region of the micromodel.
From the microscopic results of salt precipitation in Fig. 6(d),
The salt precipitates mainly in cluster form, which is different
from the isolated transparent crystal structure formed in the
up-down heterogeneous structures (as shown in Fig. 3(d)).
This is because, in the left-right heterogeneous structures,
CO2 passes through the porous regions of large and small
apertures in turn from left to right, and cannot be selected
to pass preferentially in the large aperture porous region.
Therefore, even when the CO2 injection rate is low, CO2 can
fully contact the residual solution in the small aperture porous
region to form a forced convection, which fully removes
the evaporated water vapor, thereby promoting evaporation of
water. Therefore, the left-right heterogeneous structure will
increase the water evaporation rate in the small pore size
region, so the supersaturation of the solution in the reflow
liquid film increases, and the nucleation rate increases sharply,
which tends to precipitation to form a cluster structure. As can
be seen from Fig. 4(i), the distribution of the precipitated salt
is more dispersed throughout the space, and there is no severe
blockage of the inlet and outlet channels. Therefore, it can
also be seen from the pressure drop results in Fig. 5(b) that
the pressure drop gradually decreases after 6 h and eventually



He, D., et al. Advances in Geo-Energy Research, 2023, 7(3): 189-198 195

stabilizes at about 1 kPa. Hence, it has little effect on the
continuous injection of CO2.

Fig. S3 (see the attachment) is the salt precipitation process
(LR-2) of the left-right heterogeneous micromodel at a CO2
injection rate of 0.5 mL/min. From Fig. S3(c), it can be seen
that the residual solution state is reached after 1.5 h of CO2
injection, and the residual solution is mainly distributed in
the porous area with a small aperture. As CO2 is continuously
injected, the salt precipitates and grows (see Figs. S3(d)-S3(i)),
and finally, the solution evaporates completely after 7.4 h (see
Fig. S3(i)). From the microscopic results of salt precipitation in
Fig. 6(e), it can be seen that the salt precipitated is almost clus-
ter structure. Therefore, increasing the CO2 injection rate can
further increase the supersaturation of the solution, eventually
forming a cluster structure. The precipitated salt is dispersed
throughout the micromodel, and there is no serious blockage of
the inlet and outlet channels. Therefore, it can be seen from
the pressure drop results in Fig. 5(b) that the pressure drop
gradually decreases and finally stabilizes at about 5 kPa after
1.5 h, which has little effect on the continuous injection of
CO2.

Fig. S4 (see the attachment) is the salt precipitation process
(LR-3) of the left-right heterogeneous micromodel at a CO2
injection rate of 2 mL/min. It can be seen from Fig. S4(c) that
the residual solution state is reached after 120 min of CO2
injection, and the residual solution is distributed in the porous
area with large and small pore sizes. As CO2 is continuously
injected, the salt precipitates and grows (as shown in Figs.
S4(d)-S4(i)), and finally, the solution evaporates completely
after 150 min (as shown in Fig. S4(i)). Compared with the
results of the CO2 injection rate of 0.1 (Fig. 4(i)) and 0.5
mL/min (Fig. S3(i)), it can be found that with the increase
of the CO2 injection rate, the time required for evaporation
decreases sharply, indicating that the water evaporation rate
increases. From the microscopic results of salt precipitation
in Fig. 6(f), it can be seen that the precipitated salts are
clustered, because the water evaporation rate growth with the
further increase of the CO2 injection rate. On the one hand,
the salt solute cannot diffuse into the residual solution in
time. On the other hand, increasing the CO2 injection rate can
further increase the supersaturation of the solution, eventually
growing up to form a cluster structure. Therefore, the salt
tends to precipitate ectopically at the evaporation front, and
the precipitated salt is dispersed throughout the space without
seriously blocking the inlet and outlet channels. Therefore,
it can be seen from the pressure drop results in Fig. 5(b)
that the pressure drop gradually decreases after 120 min and
eventually stabilizes at about 18 kPa, which has little effect
on the continuous injection of CO2.

Regardless of the CO2 injection rate, the salt is precipitated
in a cluster-like microstructure in the left-right heterogeneous
structures, and the salt is more dispersed in the micromodel.
The distribution maintains the flow channel of CO2, so it has
little effect on injectivity. Compared with the results of ho-
mogeneous porous media (He et al., 2019), under hydrophilic
conditions, when the injection rate of carbon dioxide is small,
salt will accumulate locally in the inlet and mainstream area,
and the pressure drop will increase sharply to a larger value.

Salt precipitation will seriously damage the injectivity. There-
fore, whether it is the up-down or left-right heterogeneous
structure, even under a low CO2 injection rate, it can avoid the
local aggregation of salt in the inlet and mainstream area, thus
alleviating the influence of salt precipitation on the injectivity.

3.3 Composite micromodel
Fig. 7 is the salt precipitation process (CO-1) at a CO2

injection rate of 0.1 mL/min in the composite micromodel.
The micromodel begins to fill with NaCl solution. With the
continuous injection of CO2, the solution in the large-aperture
porous area near the injection inlet begins to be displaced. As
shown in Fig. 7(b), CO2 reaches the fracture. Because the size
of the fracture is much larger than the pore throat of the porous
medium on both sides, the capillary pressure is small, and CO2
preferentially passes through and breaks through the fracture.
After the breakthrough of CO2, with the continuous injection
of CO2, the water in the solution continues to evaporate,
as shown in Fig. 7(c), and salt precipitation begins near the
injection port. Subsequently, at 5 h, as shown in Fig. 7(d), it
can be observed that salt precipitation began to appear at the
front end of the fracture and gradually occupied the width of
the entire fracture channel. Due to the continuous precipitation
and accumulation of salt in the fracture, the micro-porous
media formed by the precipitated salt are becoming denser
and denser, increasing the resistance of CO2 passing through
the fracture, which is ultimately more incredible than the
resistance in the porous media with small pore sizes on both
sides. After 9.7 h of CO2 injection (as shown in Fig. 7(e)),
CO2 flows selectively in the porous media on both sides of
the fracture and forms a breakthrough path. After 48 h of
CO2 injection (as shown in Fig. 7(g)), due to the continuous
injection of CO2 in the newly formed path, the porous media
on both sides of the fracture are continuously precipitated
with salt in the pore throat, resulting in blockage. Therefore,
CO2 begins to displace the remaining residual solution and
form more breakthrough channels, as shown in the blue arrow
in Fig. 7(g). Due to the blockage of the precipitated salt to
the fracture, the injection rate of CO2 in the fracture is low.
Therefore, most of the CO2 is re-selected to pass through new
channels in the porous media on both sides of the fracture,
the residual solution is continuously evaporated, and salt is
constantly precipitated in the porous media, while there is
almost no new salt precipitation in the fracture. As shown
in Fig. 7(i), the solution is completely evaporated.

Fig. 8 is the microscopic result of the complete evaporation
of the residual solution. From Figs. 8(b) and 8(c), it can be
seen that the front end of the fracture is filled with precipitated
salt. The structure of precipitated salt in the fracture is mainly
the crystal structure and cluster structure with apparent edges
and corners. The crystal structure of the salt has no finer
hollow channels, so CO2 can’t pass through, resulting in a
complete blockage of the fracture, which also explains the
formation of the new CO2 path in Fig. 7. In the porous media
on both sides of the fracture (as shown in the purple box
marker in the figure), the salt precipitation is mostly a colorless
and transparent crystal structure. As shown in Fig. 8(d), the
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Fig. 8. Microscopic results of salt precipitation of composite
micromodel with a CO2 injection rate of 0.1 mL/min.

crystal structure formed by the precipitated salt occupies the
pore space of the porous medium. A unique phenomenon is
also found in the figure, inside the crystal of the precipitated
salt, a hole appears, with the residual solution and CO2 gas
inside, which is trapped by the solid wall structure and the
precipitated crystal, thus wholly isolated from the outside
environment and forming a stable state. This phenomenon is
similar to inclusions in geology (Shepherd et al., 1985; Liu
et al., 2011), so the discovery is instructive for the formation
process and manner of inclusions. Fig. 9(a) is the pressure drop
result of the salt precipitation process. It can be seen from the
figure that the pressure drop curve has multiple pulsations,
which are caused by the multiple blockages of the fractures
and the formation of new channels. Although the precipitated
salt blocks the front fracture after the solution is completely
evaporated, a large number of CO2 channels are formed in the
small-aperture porous areas on both sides of the fracture, and

the final pressure drop is reduced to a lower value, which has
little effect on CO2 injection.

Fig. S5 (see the attachment) is the salt precipitation process
(CO-2) when the CO2 injection rate increases to 2 mL/min.
It can be seen from Fig. S5(b) that when the displacement
reaches 16 min, at a lower injection rate, CO2 has preferen-
tially broken through the fracture. Due to the continuous water
evaporation, salt precipitation began near the injection port
at 1.1 h (Fig.S5 (c)). With the continuous injection of CO2,
the pressure difference between the inlet and outlet gradually
accumulates and increases. When the pressure difference in-
creases enough to break through the capillary pressure of the
small aperture porous medium on both sides of the fracture,
the solution in the porous medium begins to be displaced.
Thereafter, as shown in Figs. S5(c)-S5(e), salt continues to
grow and spread. It can be observed from Fig. S5(f) that at the
back end of the fracture, the precipitated salt has completely
occupied the width of the fracture. Because there are more
residual solutions in the pores around the fracture so that the
salt here can continue to grow and eventually occupy the entire
fracture. In addition, since CO2 can enter the porous media on
both sides of the fracture, the water in the residual solution
is continuously evaporated. Finally the solution is completely
evaporated after 8 h (Fig. S5(i)). Fig. 10 is the microscopic
result diagram after complete evaporation. It can be seen from
the diagram that the amount of salt precipitation in the fracture
is less, and the salt is cluster structure. Because when the
injection rate of CO2 increases, a large number of solutions
in the porous medium will be displaced so that the amount of
residual solution is less. It can also be seen from the diagram
that there are fewer residual solutions on both sides of the
fracture. Therefore, there is no sufficient solution when salt
precipitation occurs in the fracture so that the salt cannot be
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Fig. 9. Pressure drop results of composite micromodel: (a) case CO-1 and (b) case CO-2.
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Fig. 10. Salt precipitation microscopic results of CO2 injection
rate of 2 mL/min in composite micromodel.

fully grown in the fracture, and there is no phenomenon
that the salt fills the entire fracture width. The pressure drop
results are shown in Fig. 9(b). It can be seen from the figure
that the pressure drop gradually increases to 36 kPa, and
there is no pressure pulsation. Because the salt precipitated
in the early stage does not completely block the fracture. The
accumulated pressure first breaks through the solution on both
sides of the fracture, so the pressure monotonically increases
and stabilizes at 36 kPa. The precipitated salt has little effect
on the continuous injection of CO2.

4. Conclusion
The salt precipitation behavior in different structures (up-

down heterogeneous, left-right heterogeneous, and composite
structure) was studied by pore-scale experiments. Whether the
up-down or left-right heterogeneous structure, even under a
low CO2 injection rate, can avoid the local aggregation of
salt in the inlet and mainstream area, thus alleviating the
influence of salt precipitation on the injectivity. When the
CO2 injection rate is low in the composite structure, the salt is
mainly precipitated in the fracture and porous area as a crystal
structure, which blocks the fracture.

In summary, the injection well can be selected in the
formation with strong heterogeneity to alleviate the blockage
caused by salt precipitation. While it’s important to note that

the heterogeneity of the reservoir promotes the formation
of dominant channels, leading to faster breakthroughs and
reduced displacement efficiency for CO2-EOR and storage
capacity for CO2 storage. Therefore, it is recommended to
select heterogeneous formations near injection wells, while
homogeneous reservoirs are preferred in most areas away from
injection wells. When CO2 leaks in the caprock fractures,
salt is easy to grow in the fractures until the fractures are
blocked. This phenomenon is of great significance to the salt
precipitation self-healing of caprock fractures.
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