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a b s t r a c t

Vaporization of water during both gas reservoir development and CO2 geological sequestration in saline
formations can cause salt precipitation with rapid loss of formation porosity and permeability. Water
vaporization and precipitation of halite around a single well from stage production to CO2 injection are
studied to investigate the effect on reservoir properties in a gas reservoir. This paper identifies and
quantifies post-flood dry zones and permeability changes in depleted gas reservoir after CO2 exposure
with the comparison in gas production period by performing the numerical simulation with the
compositional simulator. Simulation results indicate that water vaporization and salt precipitation occur
during gas production, and can be intensified by CO2 injection. Dry supercritical CO2 injection vaporizes
the brine promoting brine concentration and halite precipitation. The simulation indicates a drying area
with a radius of 78 m around wellbore after CO2 injection. Porosity reduces with the most scope of 58%,
and permeability can be decreased by up to 93.9% due to salt precipitation. And the injectivity is
damaged by 99.77% at the end of injection period based on maximum permeability reduction. Moreover,
six factors are investigated to conduct the influence analysis, showing that higher salinity brine, higher
injection rate, higher irreducible water saturation, lower initial permeability, higher temperature and
with capillary flow are conditions enhancing the salt precipitation due to dry CO2 injection.

© 2017 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

More recently interest in the geochemistry of formationwater in
sedimentary basins has increased significantly, because depleted
petroleum fields and saline aquifers are being investigated as
possible repositories for large amounts of anthropogenic CO2 [1].
And depleted gas fields are among themost probable candidates for
CO2 sequestration, with proven reservoir and good sealing.

Depleted gas reservoir is a porous media system featured with
natural gas-high salinity brine phases under high temperature.
After injection of CO2 into depleted gas reservoir, the initial
physico-chemical equilibrium may need to achieve rebalance.

In gas reservoir development, when a well is placed under
production, the drop in pressure causes formation water to evap-
orate quickly, and the molar content of the water in the gas phase
increases. Meanwhile, as vaporization takes place, the dissolved
salts become more concentrated. If the salt concentration exceeds
the solubility of salt under the pressure and temperature condition,
minerals will precipitate out and fill in the pore space, which causes
decreases in reservoir porosity and permeability, and thus reduces
formation productivity [2e5].

The injection of dry supercritical CO2 displaces the brine around
the wellbore. A small part of CO2 dissolves in the brine, whereas a
fraction of the saline water is vaporized by the flowing CO2. Water
evaporates the salt content contained into the brine is enriched.
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And halite deposition occurs where the solubility limit of approx-
imately 26.5% by weight is exceeded [6]. Water vaporization and its
induced damage around thewellbore is important in CO2 geological
sequestration in saline formations [7e10]. Salt precipitation re-
duces porosity and impairs permeability of the reservoir in the
vicinity of the wellbore, and can lead to reduction in injectivity [5].
Similar problems are documented for injection wells in gas storage
operations, where dry natural gas is injected in saline aquifers [11].
By means of numerical simulations, halite precipitation could also
occur by injecting dry CO2 into depleted gas reservoirs where a
medium salinity brine is presented, as in several gas reservoirs
exploited in Italy [12]. With advancing time, a precipitation front
slowly moves from the injection point downstream, accumulating
salt on its way [13].

Measurements and simulations of water vaporization on for-
mation porosity and permeability have been conducted in several
works. Effects of water vaporization rate and different formation
rocks and formation brines on salt precipitation have been studied.
Zuluaga [14] performed experiments to study the relationship of
water vaporization rate to core permeability reduction. It was
shown that as pressure decreases from 2000 psi to 1000 psi, at
constant temperature of 90 �C, the rate of water vaporization in-
creases from approximately 0.016 g/min to 0.025 g/min. The ex-
periments also indicated that reduction in absolute permeability
after the vaporization experiments ranged from approximately 14
to 30%. Moreover, higher gas velocity will result in higher water
evaporation rates. The gas velocity in the near wellbore region is
much larger than that in the region far away from the wellbore.
Therefore, the salt precipitation due to evaporation of reservoir
water during gas production will take place predominantly in the
near wellbore region, where gas velocity is high [15e17].

Taberner [18] assessed the impact of CO2 injection in saline
aquifer on mineralogical and rock property changes by using
TOUGHREACT. The simulation found that a dryout zone is devel-
oped within a few meters from the injection well due to displace-
ment by supercritical CO2 and dissolution of water into CO2 stream,
and at the front of the dryout zone, brine is further concentrated
due to water dissolution into CO2. Moreover, halite and anhydrite
precipitate, and near well-bore porosity reduces by 5%e17%.
Nghiem [19] presented a framework for inclusion of chemical
equilibrium reactions into an equation-of-state compositional
simulator. Case of halite precipitation during gas injection indicated
that as more volumes of gas pass through the block, the water
saturation slowly decreases as H2O is vaporized into the gas phase.
When enough water has vaporized, the brine becomes saturated
with NaCl and halite begins to precipitate. Tambach [20] simulated
CO2 injection and long-term brine flow in the near-well zone of a
theoretical reservoir, based on characteristics of the P18 gas field in
the Dutch offshore. The results indicated that injection of dry CO2
led to dry-out and salt precipitation in the near-well bore area,
which resulted in a maximum permeability reduction of 23%.

Although the effects of water vaporization on rock permeability
for different rocks have been measured, limited studies have been
done about salt precipitation during CO2 injection in depleted gas
reservoir and the comparison between different development
stages. The drying effect was evaluated experimentally on sand-
stone cores before [21]. Based on that, this paper specially aims at
identifying and quantifying water evaporation and salt precipita-
tion in post-flood dry zones and porosity-permeability changes in
depleted gas reservoir after CO2 exposure by using a compositional
simulator (CMG-GEM); comparing the water vaporization effect
between gas reservoir production and injection stages; and
analyzing the influence factors of water vaporization effect.
Knowledge about this is of great value to any secure operation of
storage site.

2. Analytical model

The following assumptions are made to develop the model:

(1) Water vaporization is occurring in a one dimensional, radial,
homogeneous medium of constant porosity and perme-
ability in which only two pseudo-components, water and
gas, are present.

(2) No gravity or capillary forces considered.
(3) Constant temperature.
(4) Dispersion, sorption and chemical reaction (except for the

water) have been neglected.
(5) All the phases are in local thermodynamic equilibrium.

A model for radial CO2/brine displacement is developed [5]. CO2
is injected in a well of radius rw, which is placed in the center of an
infinite-acting brine aquifer. In the studied area, there are two
shocks (discontinuities in saturation or concentration) in this case:
the leading shock (always ahead of the trailing shock) and the
trailing shock. Far from the injectionwell, a fresh brine region exists
that is being displaced by the injected CO2. Upstream of the leading
shock, a region of two-phase flow exists (an equilibrium region), in
which an aqueous phase (brine and dissolved CO2) and a gaseous
phase (CO2 and vaporized water) flow. A trailing evaporation shock
separates the equilibrium region from the dry-out region closest to
the wellbore where salt has precipitated, shown as in Fig. 1.

2.1. Salt precipitation in the dry-out zone

In the following, an equation is developed to calculate the
saturation of solid salt in the dry-out zone. From the saturation of
gaseous and aqueous phases we can write [5]:

�
mwater;a þmsalt þmCO2;a

��
ra�

mCO2;g þmwater;g
�
=rg

¼ 1� Scg
Scg

(1)

where m is the number of moles (kmol); Sgc is the saturation
downstream of the trailing shock; r is themolar density (kmol/m3);
subscript a and g refer to aqueous and gaseous respectively. The
molar salt concentration in the aqueous phase is:

usalt;a ¼ msalt

mwater;a þmsalt þmCO2;a
(2)

The solid salt saturation is defined as:

Ssalt ¼
msalt=rsalt

V
¼ msalt=rsalt�

mwater;g þmCO2;g
�
=rgScg

(3)

Combining the above equations and solving for solid salt satu-
ration (Ssalt) gives:

Ssalt ¼
rausalt;a

rsalt

�
1� Scg

�
(4)

2.2. Porosity and permeability change model

Due to salt precipitation, the porosity decreases based on Eq. (5)
[5]:

f ¼ f0ð1� SsaltÞ (5)

Salt may precipitate in pores with different sizes, and may
precipitate in pore bodies to throats. Depending onwhere the salt is
precipitated, it may or may not significantly affect the permeability.
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The Kozeny-Carman equation is then used to determine the new
permeability as follows:

k
k0

¼
�
f

f0

�3�1� f0

1� f

�2

(6)

where k0 and 40 are the initial permeability and porosity
respectively.

Combining Eqs. (5) and (6) gives:

k
k0

¼ ð1� SsaltÞ3�
1þ f0

1�f0Ssalt
�2 (7)

Since the solid salt saturation in the dry-out zone is constant,
the permeability reduction in the dry-out zone is independent of
radius. However, with the expansion of the dry-out zone with time,
the permeability reduction affects an increasingly larger area of the
aquifer [5].

2.3. Skin factor

The change in permeability can be described by a skin factor
which may be included in injectivity calculations [22]:

skin ¼
Zr

rw

�
k0

k
� 1

�
dr
r

(8)

Combining Eqs. (7) and (8) gives [5]:

skin ¼

0
B@
�
1þ f0

1�f0Ssalt
�2

ð1� SsaltÞ3
� 1

1
CAln

�rdryðtÞ
rw

�
(9)

where rdry is the radius of the dry-out region which is time
dependent (m). Therefore, Eq. (9) gives skin as a function of time.

2.4. Calculation of injectivity

The injectivity index quantifies the pressure increase due to
pumping a known rate and volume of fluids into the formation [23].
Mathematically, this is represented as the ratio of the injection flow

rate divided by the pressure increase.
Injectivity can be defined in various ways. Here, the injectivity is

calculated as [24]:

Injectivity ¼ Qinj

Pbhp � Pavg
(10)

where Pbhp is the injection well bottom hole pressure (kParpsia);
Qinj is the injection rate at reservoir conditions (m3/dayrft3/day);
and Pavg is the pattern average pressure (kParpsia). The injection
rate Qinj is given by:

Qinj ¼ WIlT
�
Pbhp � Pwe

�
(11)

where Pwe is the pressure of grid block containing well (kParpsia);
and WI is the well index for phase j (j ¼ g,w):

WI ¼ 2pkwh

ln
�
re
rw

�
þ skin

(12)

Kw is the effective permeability for an injection well (mD); h is
the grid block thickness in the well direction (mrft); re is the
effective radius for the well block (mrft); skin is the skin factor
(dimensionless); and lT is the total mobility of the fluid in the well
block given by:

lT ¼
X
j

krj
mj

j ¼ g;w (13)

where krj and mj are evaluated at the well block.

3. Numerical simulation

3.1. Model establishment

The following assumptions are made to develop the model:

(1) Homogeneous porous medium.
(2) NaCl is the only salt considered, and no any halite mineral

initially present in the reservoir.
(3) Isothermal condition.

Fig. 1. Schematic of radial CO2/brine displacement and arrangement of phases [5].
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(4) Porosity-permeability relationship refers to the Kozeny-
Carman equation.

(5) No capillary pressure forces and no gravity effect. And rela-
tive permeability curves are not affected by salt precipitation.

(6) Reservoir rock is water-wet.

A single well 12 � 1 � 4 r-q-z radial model is used to investigate
water vaporization and halite precipitation by applying the
compositional simulator CMG-GEM. The grid sizes in the radial
direction used for the 3D simulation are: 0.16 m, 0.26 m, 0.55 m,
0.89m,1.56m, 3.86m, 8.5m,18m, 45m,100m,170m, 250m. Basic
reservoir parameters are shown in Table 1. And the composition of
gas reservoir fluid is shown in Table 2. For simplicity, here only CH4
is considered as the hydrocarbon component, and H2O is included
to simulate the water vaporization effect. Fig. 2 shows a view of the
grid structure and depth of formation. Total pore volume of the
model is 6.76 � 106 m3.

And a single reaction is used for precipitation of halite:

Halite4Naþ þ Cl�

The parameters for this reaction are given in Table 3.

3.2. Water vaporization and salt precipitation during gas
production

3.2.1. Analysis of water vaporization and salt precipitation
The well operation is constrained by constant gas operation rate

of 80000m3/day. Results are shown for a single grid cell (5,1,1) near
the production well (3.41 m from the wellbore in layer 1) in Fig. 3.
With advancing time, pressure and water saturation decreases
gradually and gas mole fraction of H2O increases, then halite pre-
cipitates out at the later stage of production accordingly.

The average pressure declines from the original reservoir pres-
sure (35000 kPa) to 6230 kPa after 30-year production. The greater
pressure drop leads to water evaporation in the near wellbore area,
which induces salt precipitation accordingly at themiddle and later
periods of gas reservoir development. The water saturation de-
creases and gas mole fraction of H2O increases rapidly as H2O is
vaporized into the gas phase. Moreover, the changes are more
significant at the near wellbore area, as shown in Figs. 4e6. The
increase of water content in gas, on one hand, is helpful to promote
gas production because of the water saturation reduction; on the
other hand, salt precipitation is supposed to occur from water
evaporation, which in turn reduces the production.

Brine concentration increases significantly, affecting the chem-
ical equilibrium of H2O vaporization and solubility of gas compo-
nents in the aqueous phase. Once the critical salinity (317.1 g/L or
5.10 mol/kg under the simulated conditions in this paper) is sur-
passed, halite precipitates out [25]. The total deposits are
18628 mol (Fig. 7). And it is also shown that halite precipitates out
at the near wellbore area (in the range of 10 m) because of the

significant water evaporation.

3.2.2. Effect of water vaporization and salt precipitation
Water vaporization and the resulted salting out can block the

flow channel and reduce permeability, leading to the poor gas
production performance.

Halite is precipitated in the limited area of near wellbore. The
average porosity variation is not so significant (from 0.15 to 0.147),
reduced by 2.07% (Fig. 8). According to the Kozeny-Carman equa-
tion, the corresponding permeability reduction is 6.75% (Fig. 9).
Halite does not deposit homogeneously across the reservoir. In this
way, porosity drops by a great margin in certain grids. And it can be
seen that gas production suffers from the salt precipitation (Fig. 10).
After salt precipitation, the duration of stable production stage
decreases, 230 days less than that before salting-out. The gas pro-
duction rate is dropped by 34.42% at most. The production change
is subject to both the influences from gas saturation increment and
salt precipitation. And the curves share the similar trend at the last
period because of being depletion with time.

3.3. Water vaporization and salt precipitation during CO2 injection

The injection of dry supercritical CO2 displaces the brine around
the wellbore. A small part of CO2 dissolves in the brine, whereas a
fraction of the saline water is vaporized by the flowing CO2. Based
on above, after 30-year of production, the reservoir is expected to
be depleted while the reservoir pressure declines to 6230 kPa. The

Table 1
Basic reservoir parameters for simulation.

Parameters Value

Reservoir temperature (�C) 150
Reservoir pressure (kPa) 35,000
Reservoir top depth (m) 4000
Porosity 0.15
Permeability (mD) 25
Connate water saturation Swc 0.35
Brine concentration (mg NaCl/L solution) 128082
Radial extent (m) 598.78
Thickness (m) 40

Table 2
Gas reservoir fluid composition.

Component CO2 CH4 H2O

Composition (mole%) 0.001 0.997781 0.001219

Fig. 2. Grid structure and top depth of the single-well radial model.

Table 3
Halite reaction parameters [19].

Parameters Value

Log (Keq) 1.597
Activation energy (J/mol) 7400
Log standard rate constant at 25 �C �0.21
Specific reactive surface area (m2/m3) 1512
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original producer is changed to the injection well, then CO2 is injected at a rate of 80000 m3/day for 20 years. As Fig. 11(a)-(d)
show, one year after commencing the injection, the CO2 plume
extends across the region localized at a distance of around 180 m
from the wellbore. And CO2 plume extends further and wider with
continuous injection.

3.3.1. Analysis of water vaporization and salt precipitation
Comparewith the gas production period, water saturation drops

and salinity increases further in a larger affected area during CO2
injection, as shown in Figs. 12 and 13. A visible evaporation front is
formed by water, as Fig. 14 shows. It can be observed that the mole
fraction of water increases in a particular zone with time (through
evaporation) until the arrival of the evaporation front at that zone.
Moreover, the evaporation propagates further to extend the dry
zone over injection time can be seen. A dryout zone is developed
with radius about 78 m at most around injection well in the end.
Salt saturation distribution is shown in Fig. 15, halite does not
precipitate homogeneously across the reservoir because drying can
cause the dissolved ions to flow toward evaporating surfaces
[26,27]. And for layer 1 (with 34 m of dry area) as example, the
largest salt saturation is observed at 16 m radial distance. CO2

Fig. 3. Near-wellbore profiles for gas production.

Fig. 4. Water saturation with the change of radial distance at different production time (layer 1).

Fig. 5. Gas mole fraction (H2O) with the change of radial distance at different pro-
duction time (layer 1).
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injection aggravates the salt precipitation to a great extent, as
shown in Fig. 16, with total precipitated amount of 1.82 � 108 mol.

3.3.2. Effect of water vaporization and salt precipitation
CO2 injection worsens the salt precipitation effect dramatically.

However, CO2 injection is supposed to benefit the porosity because
of the induced mineral dissolution. In this way, porosity variation is
controlled by both the mineral precipitation and dissolution. CO2

injection leads to further porosity reduction at first. But porosity
shows a modest rebound because of the dissolution effect caused
by CO2with advancing time.While CO2 is injected, a dip occurred at
a positon of about 16 m, corresponding to the salt precipitates, as
given in Fig.15. Overall, porosity is reduced by 58.93% at most in the
near wellbore area after injection. But it shows a little rise of 0.81%
over time, reducing by 58% the maximum in porosity in the end.
And the corresponding permeability is reduced by 93.9% according
to the Kozeny-Carman equation, as shown in Figs. 17 and 18. With

Fig. 6. Aqueous salinity with the change of radial distance at different production time (layer 1).

Fig. 7. Halite precipitation in whole reservoir with increasing production time.

Fig. 8. Porosity with the change of radial distance at different production time (layer
1).

Fig. 9. Permeability with the change of radial distance at different production time
(layer 1).

Fig. 10. Effect of salt precipitation on gas production.
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the expansion of the dry-out zone, Porosity and permeability
reduction affects an increasingly larger area with time.

Assuming a wellbore radius of 0.072 m, skin effect and injec-
tivity evolution are simulated equivalently to the maximum
permeability reduction. It shows that skin factor will be about 0.26
after the first year, increasing sharply to about 78.27 after 2 years of
CO2 injection and then reach the maximum value of 108 at last,
indicating the severe damage (Fig. 19). Besides, as Fig. 20 shows,
injectivity suffers from salt precipitation dramatically. The injec-
tivity index (P) decreases by 99.61% after 2 year of injection, then
reduces to 0.23% of initial. Well injection capacity is almost lost
completely.

3.3.3. Influence factors analysis
Water evaporation and salt precipitation are profoundly modi-

fied by various factors, which may be of either reservoir conditions
or anthropic factors. In order to investigate how salt precipitation is
affected by different conditions, several factors here are considered
to do the influence analysis: the injection rate, brine salinity, irre-
ducible water saturation, initial permeability, temperature and
capillary pressure. The simulation conditions are consistent with
section before except the individual factors studied.

3.3.3.1. Effect of injection rate on salt precipitation. The evaporation
rate is directly proportional to the injection rate [8]. Different in-
jection rate of 100000 m3/day and 80000 m3/day are considered to
conduct the comparison. As more volumes of gas pass through the
block, more H2O is vaporized into the gas phase. The brine con-
centration increases significantly, and more halite begins to pre-
cipitate. Subsequently, 7.89 � 108 mol of halite deposits out
cumulatively with 100000 m3/day of injection rate, as shown in
Fig. 21, 4.34 times of halite with lower injection rate. And because of
the excessive halite precipitation, porosity changes accordingly.

3.3.3.2. Effect of brine salinity on salt precipitation. Different brine
salinity of 50000 mg/L (0.8 mol/kg) and 128082 mg/L (2.06 mol/kg)

are considered to conduct the comparison. It can be observed that
the higher the initial brine salinity, the greater the residual brine
salinity and the more the crystal salts were precipitated after water
evaporation and thus the greater the porosity and permeability
reduction. And the different salt saturation distribution patterns
result in different residual brine salinity, seen as in Fig. 22. Residual
brine salinity (5.69 mol/kg) in the wellbore vicinity area of lower
brine salinity case is much smaller than that (7.20 mol/kg) with
higher initial salinity. With lower initial brine salinity, the cumu-
lative halite precipitation is 9.33 � 106 mol (Fig. 23).

3.3.3.3. Effect of irreducible water saturation on salt precipitation.
Different irreducible water saturation (Swi) of 0.45 and 0.35 are
considered to conduct the comparison. The irreducible water
saturation determines the maximum relative permeability CO2 can
obtain. The higher Swi, the lower the maximum relative perme-
ability of CO2, is leading to more serious water vaporization. Be-
sides, water saturation diminishes more significantly with higher
Swi, as shown in Fig. 24. When Swi is 0.45, water saturation de-
creases by 74.4% at most; when Swi is 0.35, water saturation de-
creases by 67.26% at most. In this case, with higher Swi, cumulative
halite precipitates up to 4.17� 108 mol, 2.3 times of halite with 0.35
of the Swi (Fig. 25).

3.3.3.4. Effect of initial permeability on salt precipitation.
Different initial permeability of 15mD and 25mD are considered to
conduct the comparison. When the initial permeability is 15mD,
the largest porosity and permeability reduction are 61.4% and
95.32% respectively; by comparison, porosity and permeability
reduction are 58% and 93.9% respectively with 25mD as initial
permeability after injection, as demonstrated in Figs. 26 and 27.
Halite does not deposit homogeneously across the reservoir,
porosity drops more significant in certain grids following the salt
saturation trend. In a given formation, the lower the initial
permeability, the larger the permeability loss. This is because the
pore throat of a low-permeability rock is relatively smaller. Those

Fig. 11. CO2 molality map after CO2 injection for (a) 1 year; (b) 5 years; (c) 10 years; and (d) 20 years.
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small pore throats can be easily plugged with small crystallized
particles, which results in a pronounced decrease in permeability.
For rocks with higher permeability, pore throats are relatively
larger and cannot be blocked easily, leading to minor permeability
decrease.

3.3.3.5. Effect of temperature on salt precipitation. Different cases of
heat-loss model and constant temperature (150 �C) model are
considered to conduct the comparison. For the heat-loss considered
case, heat-loss is to take place from the bottom, top and boundary
of reservoir, and CO2 injection tends to cool the reservoir. In addi-
tion, the injection temperature is set as 35 �C.

Temperature changes are shown as Figs. 28 and 29. The average
temperature decreases gradually to 148.3 �C after heat-loss
considered. And the rise section on the curve is caused by shut-in
period. CO2 injection cools off the reservoir, especially in the near
wellbore area, down to 35.03 �C. Moreover, NaCl solubility changes
little with temperature because no heat releases from the chemical
bonds rupture during NaCl dissolution (Fig. 30).

It can be seen that higher the temperature, lower the water
saturation, greater the halite precipitation, shown in Figs. 31 and
32. And the halite deposit is 4.07 � 106 mol in heat-loss model.
Formation water vaporization effect is stronger with higher reser-
voir temperature, leading to the greater opportunity to suffer from
salting out. And therefore, this explains the pronounced water
evaporation and resulting salting-out effect in high temperature
gas reservoir.

3.3.3.6. Effect of capillary pressure on salt precipitation. The injected
dry CO2 produces the persistent evaporation of water around the
injection well and associated halite precipitation. The decrease in
water saturation at the injection surface induces brine capillary
back flow that transfers the brine toward the injection surface. And

Fig. 12. Water saturation with the change of radial distance at different injection time
(layer 1).

Fig. 13. Aqueous salinity with the change of radial distance at different injection time
(layer 1).

Fig. 14. Gas mole fraction of H2O with respect to time at different grid cells (left: layer 1; right: layer 4).

Fig. 15. Salt saturation with the change of radial distance at different injection time
(layer 1).
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Fig. 16. Halite precipitation in whole reservoir with increasing time.

Fig. 17. Porosity with the change of radial distance at different injection time (layer 1).

Fig. 18. Permeability with the change of radial distance at different injection time
(layer 1).

Fig. 19. The skin factor of injection well over time.

Fig. 20. Injectivity index evolution over injection time.

Fig. 21. Halite precipitation comparison in whole reservoir between different injection
rates.
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Fig. 22. Aqueous salinity change comparison between different brine salinities (20
years of injection in layer 1).

Fig. 23. Halite precipitation comparison in whole reservoir between different brine
salinities.

Fig. 24. Water saturation change comparison between different Swi (3650 d of injec-
tion in layer 1).

Fig. 25. Halite precipitation in whole reservoir comparison between different Swi.

Fig. 26. Porosity change comparison between different initial permeability (layer 1).

Fig. 27. Permeability reduction comparison between different initial permeability
(layer 1).
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the generated capillary pressure gradient drives the counter-flowof
brine towards the evaporation/precipitation front, which can sus-
tain both evaporation and precipitation processes. Back flowsmove
the brine, however, which is then evaporated by the continuous
injection of CO2, depositing large quantities of salt in the region
close to well [4,8,13].

Different cases of capillary pressure model and no capillary
pressure model are considered to conduct the comparison. A graph
of capillary pressure versus water saturation is shown in Fig. 33.
With the consideration of capillary pressure, the accumulative
halite precipitation is 2.16 � 108 mol (Fig. 34), much higher than
case of no capillary pressure because of the effect of sustaining
precipitation process.

4. Conclusions

Gas production leads to dry-out and salt precipitation in the
near-wellbore area. The total halite deposits are 18628 mol in this
model after 30 years of production, which results in a maximum
porosity reduction of 2.07%, and a maximum permeability reduc-
tion of 6.75% in the range of 5 m around the wellbore. Moreover,

production suffers from salt precipitation extraordinarily, produc-
tion rate drops with the most scope 34.42%.

Vaporization of formation water and salt precipitation initiated
during the production period is intensified by CO2 injection. Water
saturation drops and salinity increases in a larger affected area.
1.82 � 108 mol of halite precipitates out in a wider area after the
CO2 injection. The simulation indicates a drying area with a radius
of 78 m around wellbore. Moreover, the ultimate porosity is
reduced by 58% at most after injection and the corresponding
permeability impairments range from 2.66% to 93.9%. On the other
hand, injectivity is damaged by 99.77% at the end of injection
period based on simulationwithmaximumpermeability reduction,
indicating injection capability is almost lost completely.

Water evaporation and salt precipitation are profoundly modi-
fied by various factors. The simulation shows that the higher
salinity brines, higher injection rate, higher irreducible water
saturation, lower initial permeability, higher temperature and with
capillary floware conditions enhancing the salt precipitation due to

Fig. 28. Average temperature variations between isothermal model and heat-loss
model.

Fig. 29. Temperature with the change of radial distance at different injection time
(layer 1).

Fig. 30. Solubility of NaCl with temperature.

Fig. 31. Water saturation change comparison between different reservoir temperature
models (3650 d of injection in layer 1).
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dry CO2 injection. Temperature and brine salinity exert greater
influence on salt precipitation.

The development of high temperature high pressure gas reser-
voir and carbon sequestration in depleted gas reservoir should take
the water vaporization and salt precipitation into consideration,
regarding the strategy, equipment and prevention.
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