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H I G H L I G H T S

• Effects of the binary impurities N2-H2S on carbon storage in stratified formations were investigated.

• The plume spread and injection-induced pressure build-up in the geologic reservoirs were predicted.

• The binary impurities had more significant effects on geological storage after injection completion.

• Increasing ratio of N2/H2S resulted in larger plume spread enhancing the dissolution trapping.

• Permeability distribution and multiple injection on the geological carbon storage were investigated.
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A B S T R A C T

Impurities are unavoidable during CO2 geological storage, and they would potentially affect the plume spread as
well as storage capacity and/or efficiency of CO2. The current study numerically investigated the effects of
binary impurities comprising typical components N2 and H2S on CO2 geological storage in stratified formations.
For a fixed total content of the binary impurities, increasing ratio of N2/H2S resulted in larger plume spread
which meant a higher dissolution trapping efficiency. Because of the backflow of formation brine during the
post-injection period, the residual trapping efficiency decreased while the dissolution trapping efficiency in-
creased. This tendency was reinforced with increasing ratio of N2/H2S. Besides, this work examined the effects of
the ratio of vertical permeability (kv) to horizontal permeability (kh) and the addition of an injection point in the
stratified formation. It was found that lower kv/kh shrunk the plume spread and intensified the maximum
pressure build-up. However, in the case of two injection points, the plume in the vertical direction was elongated
and the maximum pressure build-up was lessened. The results should be taken into consideration to determine
the types and concentrations of impurities allowed in the injected CO2 stream as well as the site selection and
injection design for impure CO2 geological storage in stratified formation.

1. Introduction

CO2 capture and storage (CCS) is considered as the most promising
technology to reduce anthropogenic greenhouse gas emissions into the
atmosphere [1,2]. Geological storage of CO2 in deep saline aquifers
represents the best option in the short-to-medium term [3]. Because of
deposition and erosion in the processes of strata forming, most potential
geological reservoirs consist of alternating high-permeability (high-k)
layers such as sandstones and low-permeability (low-k) layers such as
shales. The characteristics of the stratified layers are supposed to affect
the behaviours of the injected CO2 stream, including the plume

footprint, the amount of CO2 dissolved and residually trapped, storage
capacity and/or efficiency, etc. [4].

The footprint of the injected CO2 plume plays an important role in
the security and permanence of CO2 geological storage. Because of both
the injection-induced pressure and buoyancy force resulted from the
density difference between CO2 plume and the formation brine in situ,
CO2 plume will migrate upwards after injection. If running into faults or
abandoned wells in the ascending process, CO2 may leak into the at-
mosphere. In stratified formations, the vertical propagation of the CO2

plume depends on both the layer thickness and the permeability con-
trast between the low-k layers and the high-k host formation [5]. Apart
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from layer thickness and permeability, sensitivity analyses performed
by Kano and Ishido [6] implied that geothermal gradient, capillary
pressure and relative permeability were also influential factors on the
long-term fate of the CO2 plume in the multi-layered aquifer. Higher
capillary force would slow down CO2 plume spreading in both the
vertical and horizontal directions [7]. Viscosity difference between CO2

and formation brine as well as the buoyancy force also played a role in
the vertical migration of the CO2 plume in the stratified formations [8].
Core-flooding tests conducted by Oh et al. [9] indicated that stratified
heterogeneity including anisotropy and configuration of the embedding
low-k layers dominated the upward movement of the CO2 plume in
multi-layered cores. Furthermore, the migration of CO2 plume was
demonstrated to be significantly affected by the sloping of stratified
formations [10]. If injection rates and temperature were taken into
account, Liu et al. [11] suggested that they were the two most influ-
ential factors determining the plume spread in multi-layered forma-
tions.

Storage capacity and/or efficiency is one of the most essential issues
associated with CO2 geological storage [12]. In stratified formations,
the number of layers was indicated to increase CO2 dissolution since the
low-k layers hindered the upward movement of the CO2 plume and
increased the contact area with the formation brine [13,14]. Oh et al.
[9] suggested that storage capacity in the low-k layers was more sen-
sitive to the increase of injection rate than in the high-k layers. Small
tank experiments by Agartan et al. [15] indicated that the amount of
dissolved CO2 increased in the low-k layers because of the slow diffu-
sion rates in them. Simulation investigations based on the experiments
confirmed that the embedding low-k layers in the multi-layered for-
mations might contribute to the long-term storage of dissolved CO2

[16]. It was indicated that placing both injection and production well in
the lowest permeable layer would result in the maximum CO2 storage
[17]. Although water alternate gas injection was considered to be the
least attractive economically, it resulted in the highest overall dis-
solution and residual trapping in layered reservoirs [18].

The above investigations have contributed to the understanding of
CO2 storage in stratified formations. However, they only considered
pure CO2. In practical CCS projects, captured CO2 streams from power
plants and other large industrial stations usually contain a certain
amount of non-CO2 species, such as N2, O2, Ar, H2S and SO2 [19,20].
Since the separation of CO2 from the captured streams was estimated to
comprise the major cost of CO2 capture [21], impure CO2 injection is
often practiced to reduce the total cost of CCS. On the other hand, the
inclusion of non-CO2 species would affect CO2 plume migration as well
as storage capacity and/or efficiency in the geological formations. For
instance, the inclusion of low-viscosity impurities such as N2 and/or
CH4 would result in higher mobility and thus faster migration of the
injected CO2 mixture [22]. Specifically, upward movement of CO2

plume tended to be enhanced because of the low-density impurity such
as N2 [23].

Generally speaking, the presence of non-condensable impurities and

inert impurities such as N2, O2, CH4, Ar as well as the mixture of them
would decrease the structural trapping capacity of CO2 [20]. On the
contrary, the inclusion of condensable impurities such as SO2 would
increase the structural storage capacity. Apart from the structural sto-
rage capacity, storage capacity in deep saline aquifers also involves
solubility trapping mechanism [24]. According to the model of Zia-
bakhsh-Ganji and Henk Kooi [25], most impurity gases, including N2,
O2, Ar, CH4, H2S, decreased CO2 storage capacity for solubility trapping
mechanism, while SO2 would enhance it. Furthermore, it was demon-
strated that N2 impurity would impede the convective mixing process in
the solubility trapping mechanism, leading to reduced dissolved CO2

inventory while the effects of SO2 impurity were opposite [26].
For CO2 storage in the multi-layered formations, however, there

were very few investigations devoted to study the effects of co-injected
impurities. Our previous study [23] investigated the effects of one
specific impurity (N2 or H2S) on CO2 geological storage in stratified
formations. The footprint of injected CO2 plume extended with N2

impurity, resulting in larger dissolved CO2 mass while the effects of H2S
were contrary to N2 and less significant. In practical CO2 storage pro-
jects, usually more than one kind of impurities would be co-injected.
The primary goal of present study was to investigate the effects of N2

and H2S binary impurities on CO2 geological storage in stratified for-
mations, which is the first of its kind. Firstly, the effects of concentra-
tion combinations of the binary impurities were evaluated. Secondly,
the impact of the ratio of vertical permeability (kv) to horizontal per-
meability (kh) in the stratified formations was estimated. Last but not
least, the number of injection points was tested to find its influence on
the plume spread and injection-induced pressure build-up. Results from
this study are supposed to provide insights on impure CO2 geological
storage in stratified formations, which may be beneficial to the practical
deployment of CCS technology.

2. Simulation methodology

2.1. Conceptual model

The dynamics of injected CO2 stream in the geological formations
may involve many processes, including multiphase flow, geochemical
reactions, heat transfer as well as mechanical deformation. The present
study was mainly focused on important processes of the multiphase
flow and the only reactive chemistry considered was the dissolution of
gas species in the aqueous phase while other reactive processes were
not taken into consideration explicitly. A simplified model in the Utsira
Sand Formation of the Sleipner project was adopted [23,27], as shown
in Fig. 1. Embedded in the high-k sand, there were four layers of 3m-
thick low-k shale, naming as SL1-4 from top to bottom. The injection
point (IP) was located 30m beneath SL4. Fluid properties and model
parameters were listed in Table 1.

To simplify the problem, reservoir temperature was supposed to
vary linearly with depth. Specifically, a temperature of 37 °C was used

Nomenclature

K permeability
S phase saturation
X, Z Cartesian coordinates
y component mole fraction in gas phase

Abbreviations

CCS CO2 capture and storage
DTI dissolution trapping index
EOS equation of state
IP injection point

IP2 additional injection point 39m above IP
PR Peng-Robinson
PT Patel–Teja
RTI residual trapping index
SL shale layer
SRK Redlich–Kwong–Soave
TTI total trapping index

Subscripts

g gas phase (supercritical fluid)
h in the horizontal direction
v in the vertical direction
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at the injection point while the geothermal gradient was 30 °C/km. The
simulation domain was initially saturated with formation brine. The left
boundary was set as no flow condition while the 6000m-away
boundary was fixed at hydrostatic pressure, allowing fluid flow through
it. The other two boundaries were both impermeable.

2.2. Simulation details

Simulations for CO2 storage in saline aquifers were carried out with
the compositional reservoir simulator CMG-GEM which was capable of
multiphase multicomponent flow simulations [28]. The Peng-Robinson
(PR) model was employed in this study because it could provide rea-
sonable results for the vapour-liquid equilibrium properties [29] as well
as the volume property of CO2 mixtures [30]. The viscosity of the CO2

mixtures was computed by the Lee-Eakin formula, which took into
account fluid composition, pressure and temperature. The equilibrium
partitioning of formation fluid and CO2 mixtures between the two
phases was modelled as a function of temperature, pressure and salinity
[28]. The correlations of gas and liquid relative permeability as well as
capillary pressure were the same as those in the simulations of Pruess
et al. [27].

Five scenarios were simulated, as listed in Table 2. It was estimated
that the total content of impurities contained in the captured CO2

streams was no more than 10% in mole fraction [31]. In this study, the
total mole fraction of N2 and H2S impurities was kept at this value.
Three combinations of CO2–N2–H2S mixture were chosen to investigate
the effects of the ratio of N2/H2S, namely, 90% CO2+2% N2+8%
H2S, 90% CO2+ 5% N2+5% H2S, 90% CO2+ 8% N2+2% H2S.
Scenario 4 was used to compare with Scenario 2 to study the effects of
the ratio of kv/kh on impure CO2 storage. In these two scenarios, the

value of kh was fixed while kv was different. Scenario 5 was set to in-
vestigate the effects of the number of injection points on the reservoir
performance.

In order to ensure the mesh was sufficiently refined not to affect the
simulation results, a grid independence check was performed first. The
90% CO2–5% N2–5% H2S mixture was chosen as the testing case.
Different meshes, ranging in size from 29×34 to 232×136 and
116× 272 were examined. Fig. 2 showed the variation of dissolved
CO2 mass and supercritical CO2 mass with different meshes. It can be
seen that the mesh of 116× 136 was sufficient to solve this problem
and was used in the subsequent simulations.

3. Sensitivity investigations

3.1. Effects of ratio of N2/H2S

The injected CO2-N2-H2S mixture existed as supercritical fluid (re-
ferred to as “gas” occasionally for easier reference below) under the
selected reservoir conditions. Figs. 3 and 4 illustrated the saturation of
the supercritical mixture (Sg, fraction of pore space occupied by the gas
phase) for Scenarios 1–3 after 2 years and 10 years respectively.
Figs. 5–7 showed the mole fraction distributions of CO2, N2 and H2S in
the supercritical mixture after 10 years, respectively. The supercritical
mixture rose upwards because of its lower density compared with the
formation brine. In the meantime, it displaced the formation brine in
the horizontal direction. With the total mole fraction of N2 and H2S
being 10%, the plume footprint area enlarged distinctly with increasing
ratio of N2/H2S during both the injection and post-injection periods
(Figs. 3 and 4).

According to Darcy’s law, velocity of fluid phase is proportional to
phase mobility which is the ratio of the relative permeability to phase
viscosity. As shown in Table 1, the viscosity of N2 at the reservoir
condition was about one third of that of CO2, and thus the existence of
N2 impurity would increase the mobility of the supercritical plume,
enabling faster horizontal migration of the plume and more efficient
displacement of the formation brine. Furthermore, the density of N2

was less than one sixth of that of CO2, and the inclusion of N2 impurity
would benefit the upward movement of the injected plume. Although
the viscosity of H2S is more than twice of CO2 and the density is slightly
higher than CO2, H2S has dissolved at the contact area between the
plume and brine because of its preferential solubility. The low-solubi-
lity and low-viscosity N2 dominated the leading edge of the super-
critical plume (Fig. 6) while H2S was mainly distributed in the rear part
of the plume and the spread range of H2S was quite limited, especially
in the vertical direction (Fig. 7).

There are mainly four trapping mechanisms in the saline forma-
tions, including static trapping, residual trapping, dissolution trapping
and mineral trapping [3]. The latter three mechanisms are deemed as
safe and permanent processes while mineral trapping mechanism is not
expected to have distinct contribution before hundreds of years [2].
Considering the time scale in the present study (10 years), we focused
on the residual trapping and dissolution trapping mechanism. Residual
trapping is a process in which CO2 is trapped in the pore space at ir-
reducible gas saturation. Even if there are possible pathways, CO2 could
not flow away because of the interfacial tension between CO2 and
formation water. Dissolution trapping occurs when CO2 dissolves in the

Fig. 1. Schematic representation of the geometry in Utsira Formation [23,27].

Table 1
Fluid properties and model parameters.

Property Value

Pressure at well 110 bar
Density of injected CO2 721.63 kg/m3

Density of injected N2 117.79 kg/m3

Density of injected H2S 770.67 kg/m3

Viscosity of injected CO2 5.8950×10−5 Pa⋅s
Viscosity of injected N2 2.0530×10−5 Pa⋅s
Viscosity of injected H2S 1.3516×10−4 Pa⋅s
Salinity 3.2 wt%
Sand permeability 3×10−12 m2

Shale permeability 10−14 m2

Sand porosity 0.35
Shale porosity 0.1025
Irreducible water saturation 0.20
Residual gas saturation 0.05
Injection rate 17.23m3/day
Injection time 2 years
Simulation time 10 years

Table 2
Summary of the simulation scenarios.

No. N2 mole fraction (%) N2/H2S kv/kh Number of IP

1 2 1/4 0.1 One
2 5 1/1 0.1 One
3 8 4/1 0.1 One
4 5 1/1 1.0 One
5 5 1/1 0.1 Two

D. Li et al. Applied Energy 229 (2018) 482–492

484



formation fluid. In order to estimate the effectiveness of CO2 geological
storage, three trapping indices were used to represent the contribution
of residual trapping and dissolution trapping mechanism [32],

=Residual trapping index (RTI)
Total mass of residually trapped CO (kg)

Total mass of injected CO (kg)
2

2

(1)

=Dissolution trapping index (DTI)
Total mass of dissolved CO (kg)
Total mass of injected CO (kg)

2

2

(2)

= +Total trapping index (TTI) RTI DTI (3)

Fig. 8 demonstrated the variation of total injected CO2 mass and the
trapping indices over N2–H2S binary impurities. With the total impurity
mole fraction being 10%, increasing ratio of N2/H2S in the injected
mixture would result in decreasing amount of CO2 injected into the

geological formation (Fig. 8a). Since the increase of the ratio of N2/H2S
in the injected CO2 streams enlarged the contact area between CO2

plume and formation brine (Figs. 3 and 4), thus enabling much efficient
dissolution of CO2 into the aqueous phase at the two-phase interface,
DTI increased accordingly (Fig. 8b). The variation of RTI was opposite
to that of DTI and less significant. In particular, the ratio of N2/H2S did
not have noticeable effect on the residual trapping mechanism during
the injection period. During the post-injection period, however, the
displaced formation brine would gradually flow back and return to the
regions that were invaded by supercritical CO2 plume during the in-
jection period (Fig. 3 vs. Fig. 4). Because of the backflow, residually
trapped CO2 in these regions would dissolve in the reflux, resulting in a
decrease of RTI and an increase of DTI. The phenomenon was more
significant in the high ratio of N2/H2S cases. As a result, total trapping
efficiency (TTI) increased with increasing ratio of N2/H2S. Generally,
the effects of the ratio of N2/H2S on the trapping indices were more
significant during the post-injection period than the injection period.

3.2. Effects of permeability ratio

In many natural formations, kv may be several times smaller than kh.
The ratio of kv/kh might affect the plume migration as well as pressure
build-up in the multi-layered formations. In this section, the results of
low kv/kh (0.1) and high kv/kh (1.0) were compared. Fig. 9 compared
the saturation of the supercritical plume with different values of kv/kh
(Scenarios 2 and 4), and Fig. 10 compared the variation of gas sa-
turation as well as pressure build-up at selected grid points. After
2 years’ injection, most supercritical CO2 plume was still constrained
below low-k layer SL1 in the low kv/kh (0.1) formation while the plume
has penetrated through this low-k layer in the high kv/kh (1.0) forma-
tion (Fig. 9a vs. Fig. 9b). Upflowing of the supercritical plume was
considerably impeded in the low kv/kh formation. For example, the
plume reached 60.5 m above the injection point after 150 days (about
0.41 years) in the low kv/kh formation while it took no more than

Fig. 2. Variation of dissolved CO2 mass and supercritical CO2 mass with dif-
ferent meshes.

Fig. 3. Saturation of the supercritical mixture after 2 years for (a) 2% N2+8% H2S, (b) 5% N2+5% H2S and (c) 8% N2+ 2% H2S.
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Fig. 4. Saturation of the supercritical mixture after 10 years for (a) 2% N2+8% H2S, (b) 5% N2+5% H2S and (c) 8% N2+2% H2S.

Fig. 5. CO2 mole fraction in the supercritical plume after 10 years for (a) 2% N2+ 8% H2S, (b) 5% N2+5% H2S, (c) 8% N2+ 2% H2S.
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Fig. 6. N2 mole fraction in the supercritical plume after 10 years for (a) 2% N2+ 8% H2S, (b) 5% N2+5% H2S, (c) 8% N2+ 2% H2S.

Fig. 7. H2S mole fraction in the supercritical plume after 10 years for (a) 2% N2+ 8% H2S, (b) 5% N2+5% H2S, (c) 8% N2+ 2% H2S.
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30 days in the high kv/kh formation (Fig. 10a).
In the low kv/kh formation, the horizontal migration distance was

shorter while the plume width in the vertical direction was much
thicker, especially under the lowest shale layer (SL4) where CO2 was
injected (Fig. 9). For instance, after 2 years’ injection, the migration
distance of the leading edge of the plume was about 2400m in Scenario
2, while the figure was approximately 2700m in Scenario 4. Further-
more, the plume ran through the point 500m horizontally outward
from the injection point in Scenario 2 and the maximum saturation at
this point was more than 0.3 while the supercritical fluid did not flow
through this point in the corresponding high kv/kh formation (Fig. 10a).

As shown in Fig. 10a, since injection had stopped at 2 years, gas
saturation in the injection point began to decrease. For the case with
low kv/kh, gas saturation in the injection point decreased gradually to
0.4 in about two years, and then it increased slowly to 0.42 in almost
another two years. Since then, gas saturation in the injection point
decreased again and reduced to residual saturation (0.05) at about the

seventh years. As for the high kv/kh formation, gas saturation in the
injection point decreased rapidly and it only took one year for the
formation brine to occupy the injection point after the injection com-
pletion. The above features demonstrated that the low kv/kh formations
were not only negative to the displacement of brine by the supercritical
plume, but also not in favour of the backflow of the aqueous phase.

As shown in Fig. 10b, pressure increased rapidly in the formation
reservoir because of the injection of the CO2 mixture and the pressure
build-up reached the maximum value shortly after the start of injection.
In spite of the similar variation trend, the ratio of kv/kh was demon-
strated to play a role in the pressure build-up. The maximum pressure
build-up was approximately 56.7 bar in Scenario 4 while the figure was
more than 70 bar in Scenario 2. Even though the pressure build-up
decreased gradually after the peak value, the pressure build-up was
significant during the whole injection period. After the injection had
stopped, the pressure build-up decreased rapidly. Specifically, the in-
jection-induced pressure build-up reduced to less than 10 bar after only

Fig. 8. Variation of (a) injected CO2 mass and (b) trapping indices over N2–H2S binary impurities.

Fig. 9. Saturation of the supercritical plume with different values of kv/kh.
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one year.
Fig. 11 compared the variation of vertical and horizontal velocity at

selected grids with different values of kv/kh, respectively. The positive
vertical velocity indicated that the plume flew downward in the di-
rection of gravity while the negative value meant an upward move-
ment. In Scenario 2, for the points (e.g., X=20m, Z=8.3m and
X=20m, Z=15.8m) below the horizon of the injection point (X=0,
Z=22m), the plume migrated downwards, which explained the
thicker plume under SL4 in Fig. 9 in the low kv/kh formation. In Sce-
nario 4, however, the plume did not reach the point (X=20m,
Z=8.3m) 13.7m under the injection point, and the CO2 mixture rose
upwards at the point X=20m, Z=15.8m. At other selected points
with increasing Z values, the plume flew upwards with increasing
speed. For the points above IP, the upflowing speed of the plume in the
lower kv/kh formation was much smaller than that in the higher kv/kh
formation.

As shown in Fig. 11b, the lower kv/kh value resulted in lower hor-
izontal velocity, which explained the shorter horizontal migration dis-
tance in Fig. 9. Furthermore, in the lower kv/kh formation, it took longer
time for the plume to reach the points of X=200, Z=82.5m and
X=500m, Z=82.5m, which confirmed that the lower kv/kh multi-
layered formation hindered the upflowing of the supercritical plume.
Since the injection had stopped after 2 years, both the vertical and
horizontal velocities of the plume decreased rapidly afterwards.
Nevertheless, the leading edge of the plume kept flowing horizontally
away from the injection point at relatively low speed of the order of
magnitude of 0.01m/day, which explained the continuous increasing of
the plume under the low-k shale layers during the post-injection period
(Fig. 9).

3.3. Number of injection points

Multi-injection was suggested to be effective in multi-layered for-
mations in order to meet the desired injection rate as well as to keep the
injection-induced pressure build-up below the safety limit. In this sec-
tion, the results of the original one-IP scheme (Scenario 2) and the two-
IP scheme (Scenario 5) were compared. The additional injection point
(X=0, Z=61m), named as IP2, was set 39m above IP (X=0,
Z=22m). The same total injection rate was used for these two sce-
narios while the individual injection rate of the two IPs in Scenario 5
was half of that in Scenario 2.

Fig. 12 compared the plume migration and distribution between
these two injection schemes at 2 years and 10 years respectively. Since
the injection rate at IP in Scenario 5 was only half of that in Scenario 2,
the plume range under SL4 was smaller in Fig. 12b and d. However,
above SL4, the horizontal migration distance in Scenario 5 extended
considerably because of the additional injection point under SL3. Fur-
thermore, the plume in Scenario 5 has penetrated through and spread
above SL1 at 2 years while the plume in Scenario 2 was still constrained
under it. Although the total injection rate was kept the same for these
two scenarios, the additional injection point above IP would result in
faster vertical migration of the plume, which may be against the safety
consideration of CO2 geological storage in the case of fractures and/or
cracks.

Fig. 13 showed the variation of gas saturation and pressure build-up
at several selected points with different numbers of injection points
respectively. In the two-IP case, because the injection rate of the ori-
ginal injection well was half of that in the one-IP case, both the vertical
and horizontal expansion of the supercritical plume under SL4 was
weaker during the injection period. For example, the displacing fluid

Fig. 10. Variation of (a) gas saturation and (b) pressure build-up at selected points with different values of kv/kh.
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Fig. 11. (a) Vertical velocity and (b) horizontal velocity at different points with different values of kv/kh.
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arrived at 500m in the horizontal direction in less than 0.6 year
(221 days) in Scenario 2 while it took almost 1.7 years (619 days) in
Scenario 5. Furthermore, gas saturation in this block was smaller in
Scenario 5 and the maximum gas saturation was lower than 0.15.
During the post-injection period, gas saturation was lower than the
residual gas saturation (0.05), confirming that the residual gas has
dissolved in the reflux of the formation brine.

In Scenario 5, for the point 60.5 m right above IP, the plume flew
through it almost immediately since IP2 was set in the same sand layer
under SL3. Because the plume continued to migrate upwards, gas sa-
turation at this point kept increasing. During the post-injection period,
however, gas saturation in these two scenarios began to become the
same. For the original injection point, the variation of gas saturation in
these two scenarios was similar. However, for the two-IP scheme, the
formation brine has taken back this point due to backflow after about
three years since the injection had stopped while it took five years for
the one-IP scheme.

With the same total injection rate, increasing the number of injec-
tion points in multi-layered formations would reduce the pressure
build-up. The maximum pressure build-up in IP was more than 70 bar in
the one-IP scheme while it reduced to 63.4 bar if another injection point
was set (Scenario 5). Furthermore, even though the injection rate was
the same at IP and IP2 in Scenario 5, the maximum pressure build-up at
IP2 was lower than at IP because of its lower depth.

4. Discussions

The inclusion of N2–H2S binary impurities in the injected CO2

streams was indicated to affect the plume migration and distribution,
pressure build-up as well as storage capacity and/or efficiency of CO2 in
multi-layered formations. Since the viscosity and density of N2 are
lower than those of CO2, the presence of N2 would increase the mobility
as well as the buoyancy experienced by the plume. Although the visc-
osity and density of H2S are higher than those of CO2, it has much

Fig. 12. Saturation of the supercritical plume for different number of injection points.

Fig. 13. Variation of (a) gas saturation and (b) pressure build-up at selected points with different numbers of injection points.
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higher solubility and has dissolved preferentially into the formation
brine. As a consequence, the existence of H2S impurity does not have
noticeable effects on the migration of the supercritical plume, which
agreed with the previous predictions [33]. The plume footprint area of
the CO2-N2-H2S mixture increased considerably with increasing N2

content in the injected CO2 stream, which is consistent with the PTAC
report [34]. Comparing with our previous study [23], it is suggested
that the plume footprint of the CO2-N2-H2S mixture is similar as that of
the corresponding CO2-N2 mixture at the same N2 mole fraction.

Co-injected H2S was supposed to give rise to geochemical reactions
in the saline aquifers. It was implied that the inclusion of H2S in the
injected CO2 stream would lead to the formation of pyrite [33]. Because
of its preferential solubility, H2S tended to lag behind the plume edge.
Consequently, geochemical reactions related to H2S was more im-
portant in the near-well areas than in the far field [33]. However,
previous investigations implied that co-injection of H2S impurity did
not have much effect on the final pH of the formation brine or the
mineral alteration [35]. Furthermore, H2S has been co-injected with
CO2 for several decades in Canada with no serious effects [20]. N2

impurity was anticipated to be chemically stable in almost all CCS
environment. The leading edge of the supercritical plume was domi-
nated by N2, consistent with the chromatographic partitioning phe-
nomenon in the gas phase of a pilot-scale field experiment [36]. The
partitioning between CO2 and N2 was useful for devising monitoring
procedures since high-purity N2 would be detected earlier than CO2 if
leakage happens [23].

Both the N2 and H2S impurities decreased the structural storage
capacity of CO2 while the reduction of N2 was more significant at the
same impurity concentration [20]. This explained our result that the
injected CO2 mass decreased with increasing ratio of N2/H2S. Because
of the enlarged contact area in the cases with higher ratio of N2/H2S,
however, CO2 dissolution trapping efficiency was enhanced con-
siderably. On the other hand, the larger plume spread increased the risk
of encountering crack or abandoned wells. The increasing content of
H2S of the N2-H2S binary impurities reduced the total trapping effi-
ciency of CO2 and should be controlled accordingly. Although N2 im-
purity was also negative to CO2 structural storage capacity, it was
beneficial to CO2 geological storage in stratified formations from the
perspective of CO2 trapping efficiency.

The results could be used as guidance for impure CO2 geological
storage in the stratified formations. The kinds and concentrations of
impurities co-injected should be selected considering many aspects. In
the first place, the existence of impurities decrease the structural sto-
rage capacity of CO2 in the geological formations. Impurities could
affect the plume migration and distribution of the injected mixtures,
with both positive and negative effects, i.e., larger plume range may
increase the risk of encountering crack or abandoned wells while it
would increase the trapping efficiency of CO2. Furthermore, chemical
non-CO2 species such as H2S may be involved in many geochemical
reactions during the long-term geological storage. Besides, N2 was
documented to increase the interfacial tension between the formation
fluid and the CO2 mixtures [20], while H2S was indicated to reduce it
[33]. All these aspects, along with consideration of impurity effects on
capture and transportation, should be taken into account in order to
determine the optimal range of co-injected impurities. Furthermore,
formation properties such as the ratio of kv/kh would also affect the
plume footprint as well as pressure build-up in the stratified formations
and should be taken into account for the site selection and injection
design for impure CO2 storage in stratified formations.

5. Conclusions

A series of numerical simulations were carried out to investigate the
key processes of impure CO2 storage in multi-layered saline aquifers,
focusing on the effects of N2–H2S binary impurities. Three aspects were
taken into consideration, including the composition of N2–H2S binary

impurities, the ratio of kv to kh and the number of injection points. The
plume footprint area of the CO2-N2-H2S mixture enlarged considerably
with increasing ratio of N2/H2S. The enlarged contact area between the
supercritical plume and formation fluid was beneficial to CO2 dissolu-
tion trapping in the geological formations. In the low kv/kh formation,
both the horizontal and vertical migration distances of the plume were
shortened. However, the pressure build-up was more significant in the
low kv/kh formation. To reduce the risk of injection-induced over-
pressure, multi-injection is often practised in these multi-layered for-
mations. If another injection well is added, the plume footprint area
expands considerably in the vertical direction while the maximum
pressure build-up decreases.

The simulations of N2–H2S binary impurities in the stratified for-
mations in the present study were limited by the simplification of the
Sleipner model, as well as the thermodynamic and transport models.
Empirical formulations including PR model were employed to calculate
the properties of CO2 mixtures. The performance of other EOS models
such as PT and SRK should be evaluated and compared in future work.
Further refinements would also be required, for example, the perme-
ability distribution details in the real situations should be taken into
account and the binary interaction parameters should be calibrated
based on experimental data for all the regarding CO2 mixtures.
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