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Abstract

Carbon dioxide (CO2) is considered to be one of the greenhouse gases that may contribute most to global warming on the earth. Dis-
posal of CO2 from stationary sources into subsurface structures has been suggested as a possible means for reducing CO2 emissions into
the atmosphere. However, much remains to be done in the issues regarding the safety and reliability of CO2 geological sequestration. In
this study, we have developed a simulation code by using the mathematical model of two phase flow in porous media to analyze the flow
dynamics in the subsurface. The equation of state for CO2 covering the fluid region from the triple point to the supercritical region is
employed to model the states of CO2 gas, liquid and supercritical state. The correct understanding of the CO2 state under the geological
formation condition is an important factor to predict the injection pressure and CO2 fluid permeation because the fluid density has a
great effect on the injection behavior. The numerical simulation was implemented under several geological conditions including gas,
liquid and supercritical states to examine the optimal injection condition. Comparing the numerical results obtained using the equation
of state for CO2 with those obtained using the ideal gas equation, it has been shown that the difference in the injection pressure appears to
be significant near the condition of the critical point of CO2 and the phase equilibrium curves between the gas and liquid states. The
numerical simulation has been implemented to examine the effect of the reservoir condition on the injection behavior. The injection pres-
sure is decreased at the lower reservoir temperature and higher hydrostatic pressure condition. The CO2 permeation is also strongly
affected by the reservoir condition, and the spatial CO2 saturation becomes higher with increasing reservoir temperature. It has been
demonstrated that the simulation code developed in this study may be useful to provide knowledge required to select the reservoir con-
dition for CO2 geological sequestration.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Human activity since the industrial revolution has had
the effect of increasing the concentration of atmospheric
greenhouse gases such as carbon dioxide (CO2) [1]. Increas-
ing concentrations of greenhouse gases lead to enhancing
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the greenhouse effect. A reduction in the release rate of
CO2 to the atmosphere is considered as essential for con-
trol of global warming. One way of achieving CO2 reduc-
tion is to dispose of CO2 in deep aquifers [2]. Deep
aquifers have a large potential for CO2 sequestration in
geological media in terms of volume and duration. The
conceptual model of CO2 geological sequestration is shown
in Fig. 1. CO2 can be stored in aquifers in three ways. First,
CO2 can be hydrodynamically trapped as a gas or super-
critical fluid in deep aquifers. Because of a very long flow
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Fig. 1. Schematic illustration of CO2 sequestration.

Fig. 2. Phase diagram of CO2 covering the solid region to supercritical
state.
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path, it would take a long time for the CO2 to reach the
surface. This process is called hydrodynamic trapping
[3,4]. It may be the controlling mechanism for the initial
period of CO2 storage. Second, CO2 can dissolve in the
groundwater. It is considered that CO2 dissolution in the
water may increase the capacity of the reservoir to seques-
ter CO2 because of decreasing the volume of injected CO2.
The solubility of CO2 in groundwater depends on the res-
ervoir pressure, temperature and salinity. This process is
referred to as solubility trapping [5]. It may be an impor-
tant mechanism at the period of injection because the pres-
sure increase caused by CO2 injection enhances CO2

dissolution into the formation water. Third, the chemistry
between formation water and rock mineralogy plays an
important role in determining the potential for CO2 cap-
ture through geochemical reactions. The dissolved CO2 in
water can react with minerals in the geologic formation,
leading to the precipitation of secondary carbonates. This
process is called mineral trapping [3,6]. CO2 can be perma-
nently sequestered in deep aquifers because mineral trap-
ping would lead to CO2 immobilization. The fluid in the
aquifer consists of groundwater and gas or supercritical
CO2. The multi-phase system in the aquifer is formed by
CO2 injection, and one phase affects the flow behavior of
the other phase [7].

While CO2 sequestration into deep aquifers is an
attractive way to reduce the concentration of atmospheric
CO2, much remains to be done in the issues regarding the
flow dynamics and the mechanical response in the reser-
voir such as the leakage of CO2 from the aquifer and
excessive pressurization of the injection well [8]. It is cru-
cially important to understand the fluid flow and pressure
response in the reservoir in order to ensure the reliability
of CO2 injection into the subsurface. Some simulation
studies dealing with CO2 disposal into aquifers have been
performed with existing reservoir simulators. Some
numerical simulations have been implemented by using
TOUGH2 [9], which is a general purpose multiphase flow
simulator, or TOUGH2 with some modules for adapting
to CO2 geological sequestration to evaluate the capability
of this technology [10]. Numerical simulation by using
TOUGHREACT involves not only multiphase flow but also
chemical interactions between the reservoir fluids and
the rock [3]. However, the treatment of the fluid density
for the computation of fluid flow is insufficient. Particu-
larly, there are few numerical investigations with involve-
ment of the consideration of all the CO2 fluid states,
namely, gas, liquid and supercritical states.

Thus, we have developed a simulation code by using
the mathematical model of two phase flow in porous
media. The simulation code developed in this study takes
into account the state for CO2 covering the triple point
temperature and pressure to the supercritical region [11].
Our treatment includes a realistic representation of the
CO2 density of the gas, liquid and supercritical states.
The CO2 density changes drastically near the liquid-gas
phase equilibrium condition or the critical point of CO2,
and the density change affects the injection behavior.
Large scale CO2 injections have been performed at several
field sites, including Alberta, Canada [12,13], Sleipner
North Sea [14,15], Gippsland Basin, Australia [16,17]
and Nagaoka, Japan [18]. The temperature and pressure
conditions of CO2 expected for those field sites are plotted
on the phase diagram of CO2 as shown in Fig. 2. As
exemplified in Fig. 2, the CO2 temperature and pressure
conditions fall in the supercritical region. The data of
Fig. 2 may indicate the importance of incorporating the
phase change of CO2 in the analysis of CO2 injection.
The paper presented here focuses on issues of the site
dependence of the injection behavior. The geothermal
and hydrostatic pressure gradients for the vertical direc-
tion of the calculation region are employed to take into
account realistic reservoir conditions for CO2 geological
sequestration. Simulation results are presented in order
to examine the impact of CO2 injection for various reser-
voir temperature and pressure conditions. Finally, we
investigate the effective injection condition for CO2

sequestration into the aquifer.



Fig. 3. Relative permeability vs. effective saturation curves for each phase.
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2. Mathematical model and computation conditions

To develop a simulation code of CO2 injection, the
model of two phase flow in porous media was employed.
The two phases are assumed to be groundwater as wetting
phase and CO2 fluid as non-wetting phase. The equation of
state for CO2 used in this study can calculate the CO2 den-
sity covering the fluid region from the triple point condi-
tion to the supercritical region. The CO2 density was
calculated by two ways; one is the equation of state for
CO2 and another is the ideal gas equation. The formulation
of the numerical model and theoretic explanation is as
follows.

2.1. General form of two phase flow

The mass balance equation for two phase flow in a por-
ous medium for each phase a (wetting or non-wetting) is
given by (for example [7,19])

oðmSaqaÞ
ot

þ divðqavaÞ ¼ 0: ð1Þ

where the subscript a refers to w for the water phase and n
for the CO2 phase, m is the porosity, Sa the saturation, qa

the density, t time and va the Darcy flux velocity. Darcy’s
law extended to two phase flow can be written for each
phase as

va ¼ �
kra

la

Kðgradpa � qagÞ; ð2Þ

where K is the absolute permeability, kra the relative perme-
ability, la the viscosity, pa the pressure and g the accelera-
tion due to gravity. Inserting Eq. (2) into Eq. (1) yields the
general form of the two phase flow differential equation, as
follows:

oðmSaqaÞ
ot

� div qa

kra

la

Kðgradpa � qagÞ
� �

¼ 0: ð3Þ

The multiphase system in porous media is characterized by
parameters such as the capillary pressure, relative perme-
ability and saturation relationship. Relative permeability
is a ratio of the effective permeability of a particular fluid
at a particular saturation to the absolute permeability of
that fluid at total saturation. Capillary pressure is defined
as the pressure difference across the interface between
two immiscible fluids. These relationships were considered
by using the van Genuchten model [19,20]. According to
the van Genuchten model, the relationships between the
relative permeabilities and the effective saturation are given
by

krw ¼ S�ef1� ð1� S1=w
e Þ

wg; ð4Þ
krn ¼ ð1� SeÞcð1� S1=w

e Þ
2w
; ð5Þ

where Se is the effective saturation, �, c and w are parame-
ters that are determined by the shape of the pores. The
effective saturation is described as follows:
Se ¼
Sw � Swr

1� Swr � Snr

¼ f1þ ðgpcÞ
lg�w

; ð6Þ

where Sar is the residual saturation, pc the capillary pres-
sure and g, l(=1 � 2/w) are rock specific parameters deter-
mined by the connectivity and shape of the pores. The
capillary pressure, however, was neglected under the
assumption that the injection pressure would be much
higher than the capillary pressure (pw = pn). Fig. 3 shows
the relative permeability curves as a function of effective
saturation, which was used in this study. According to
the literature [19], typical values for the parameters �, c
and w are 1/2, 1/3 and 0.77, respectively. These representa-
tive values were used for �, c and w throughout the numer-
ical simulation of this study.

2.2. Equation of state for CO2

For computation of the CO2 density for reservoir pres-
sure and temperature, we employed the equation of state
developed by Span and Wagner [11]. The equation of state
is built by applying a fitting procedure for reliable experi-
mental data and an optimized mathematical form. The
details of the fitting and optimization method ares written
in the literature [21]. The fundamental equation is
expressed in a form of the Helmholtz energy A with the
two independent variables density q and temperature T.
The dimensionless Helmholtz energy / = A/(RT) is com-
monly split into a part depending on the ideal gas behavior
/0 and a part that takes into account the residual fluid
behavior /r, namely

/ðd; sÞ ¼ /0ðd; sÞ þ /rðd; sÞ; ð7Þ
where d = q/qc is reduced density and s = Tc/T is the in-
verse reduced temperature. Both the density q and the tem-
perature T are reduced with their critical values, qc and Tc

with qc = 467.6 kg/m3 and Tc = 304.1282 K, respectively.
Since the Helmholtz energy is one form of a fundamental
equation as a function of density and temperature, all the



Fig. 5. Schematic illustration of 2-D calculation region. The geothermal
and hydrostatic pressure was given linear profile for the analytic depth.
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thermodynamic properties of CO2 can be obtained by com-
bining derivatives of Eq. (7). The pressure for the density
and temperature is given by

pðd; sÞ
qRT

¼ 1þ d/r
d; ð8Þ

where /r
d ¼ ðo/r=odÞs. On the basis of Eq. (8), the CO2

density can be calculated from the pressure and tempera-
ture with the thermodynamic definition. The CO2 density
calculated by using the equation of state for CO2 is shown
in Fig. 4 together with the phase equilibrium curve between
the liquid and gas states. The CO2 density changes drasti-
cally under conditions near the critical point and the phase
equilibrium curve.

2.3. Numerical method and boundary conditions

For the spatial discretization of Eq. (3), we implemented
a finite differential method. Since the system of equations
has strong nonlinear properties, we used the de-coupled
method [19,22]. The idea of this method is to eliminate
the saturation terms from the flow equations to obtain an
equation that involves only one dependent variable.
Assuming that the non-wetting phase is compressible and
the wetting phase is incompressible, the chain rule is
applied to Eq. (3), and the resulting equation that includes
only pressure as a variable is given by

r2pw ¼ n
opw

ot
þ n

opc

ot
� ffrqwrpwg;

n ¼ m
Kðkw þ knÞ

Sn

qn
ðdqn

dpn

Þ;

f ¼ kn

kw þ kn

1

qn

;

ð9Þ

where ka is the mobility (=kra/la).
The schematic illustration of the calculation region and

boundary conditions is shown in Fig. 5. The numerical simu-
Fig. 4. Pressure-temperature diagram for CO2 density calculated by the
equation of state for CO2.
lation was conducted for the horizontal (X)- vertical (Z)
two dimensional model domain (200 m · 200 m) to take
into account the hydrostatic pressure gradient (0.01 MPa/
m) and the geothermal gradient (0.1 K/m). In addition, in
order to evaluate the effects of reservoir conditions on
injection behavior, the reservoir temperature and hydro-
static pressure at the upper boundary of the calculation
region was varied from 273 K to 473 K and 5 to 25 MPa,
respectively. The calculation region was divided into 40
grids in both the vertical and horizontal directions and
equally spaced. The injection point was set at the center
of the calculation region, and the saturation Sn was set to
be 1.0 at the injection point to simulate CO2 injection.
The saturation in the calculation region, except for the
injection point, was set to be 0.10 as an initial condition,
which indicated that the reservoir was mainly filled with
water before CO2 injection was started. The flow rate at
the injection point qn was fixed at 5.0 kg/s for every simu-
lation trial, and the flow rate was converted to vector com-
ponents for each direction by using the following equation,
which is derived from fluid dynamics definition [23]:

qn ¼ qnBvn; ð10Þ
where B (=2pr L) is the surface area of the borehole of the
injection well, r (=0.1m) the radius of the injection well and
L(=20m) the length of the open hole. Staggered grids were
used for discretization in order to increase the accuracy and
stability of the numerical simulation [23]. The key feature
here is that the pressures and velocities are calculated at
different grid points. An advantage of the staggered grid
is that when the velocity is calculated, a central difference
for opa/ox is based on adjacent pressure points. Generally,
these procedures enhance the accuracy of the numerical
simulation and prevent pressure oscillation.

3. Results and discussion

We implemented numerical simulations under various
temperature and hydrostatic pressure conditions. The
hydrostatic pressure covered in this study was 5–25 MPa,
and the temperature was in the range of 273–473 K. The



Fig. 6. Injection pressure vs. elapsed time curves for different reservoir
temperature.

a
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relevant parameters used for the simulation such as reser-
voir rock and fluid properties are shown in Table 1. The
calculation region was assumed to be homogeneous, and
the reservoir permeability and porosity was kept constant.
For comparison, two numerical simulations were con-
ducted under identical temperature and pressure condi-
tions. One simulation was conducted using CO2 density
calculated from the ideal gas equation, and the other calcu-
lation was executed based on the equation of state for CO2

described in the preceding section.
Here, injection pressure pinj is defined as the differential

pressure at the injection point, namely,

pinj ¼ pn;inj � phyd;inj; ð11Þ

where phyd,inj is the initial hydrostatic pressure (reservoir
pore pressure), which depends on the depth of the injection
point and pn,inj is the CO2 pressure at the injection point.
Fig. 6 shows the numerical result of injection pressure vs.
time for different temperatures, obtained with the equation
of state for CO2. The temperature shown is the rock mass
temperature. The higher is the reservoir temperature, the
larger is the injection pressure. This is because the CO2

density tends to decrease with increasing temperature. As
shown in Fig. 6, the injection pressure increases very rap-
idly at the initial stage and then tends to saturate at longer
injection times. The approximate time when the pressure
saturates is indicated by an arrow for each curve. A higher
temperature requires a longer period of injection due to the
decrease in CO2 density. With the injection flow rate of
5.0 kg/s, which is used for Nagaoka field [18], the injection
pressure appears to reach a saturation pressure within
1 day. The saturated pressure computed by the numerical
simulation is plotted in Fig. 7 on the hydrostatic pressure
and temperature diagram. In the case of the result using
the equation of state for CO2, the contour of injection pres-
sure is narrow when the hydrostatic pressure is relatively
Table 1
List of the relevant parameters used

Reservoir rock

Permeability K 1.0 · 10�13 [m2]
Porosity m 0.20 [–]
Temperature (injection

point)
T 273–473 [K]

Pressure (injection
point)

phyd 5.0–25.0 [MPa]

Fluid
Water (wetting phase)

Density qw 1000 [kg/m3]
Viscosity lw 0.283 · 10�3 [kg/(ms)]
Residual saturation Swr 0.05 [–]

CO2 (non-wetting phase)

Density qn Calculated by eq. of state
for CO2

[kg/m3]

Viscosity ln 0.216 · 10�4 [kg/(ms)]
Residual saturation Snr 0.05 [–]
Flow rate qn 5.0 [kg/s]

b

Fig. 7. Injection pressure diagram for each hydrostatic pressure and
temperature. (a) CO2 density is calculated by using equation of state for
CO2. (b) Fluid density is calculated by using ideal gas equation.



Fig. 8. Hydrostatic pressure versus injection pressure curves for different
temperture. The solid lines with open symbol represent the results
calculated by using ideal gas equation and the ones with closed symbol are
calculated by the equation of state for CO2.
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lower. This result indicates that the injection pressure is
sensitive to the slight change of reservoir pressure under
the above mentioned condition. In addition, the reservoir
a b

c d

Fig. 9. CO2 saturation distribution after CO2 injection of 1 day. (a)
condition close to the critical point of CO2 yields a signif-
icant difference for the injection behavior between an ideal
gas and CO2. As seen in Fig. 8, the ideal gas equation tends
to provide a good estimate of injection pressure at higher
temperature conditions. Specifically, the ideal gas equation
is sufficiently accurate when the temperature exceeds
380 K. When the ideal gas equation predicts higher injec-
tion pressure than that obtained with the equation of state
for CO2, the difference between the two predictions be-
comes significantly large when the condition of CO2 is close
to the critical point. It is clear that under the pressure and
temperature conditions of the field scale CO2 injections
shown in Fig. 2, the ideal gas modeling of CO2 is inaccurate
to simulate actual CO2 injection behavior. The comparison
may demonstrate the use of the equation of state for CO2 is
necessary for prediction of the CO2 injection behavior.

It is important to understand the time variation of the
spatial saturation distribution caused by the CO2 injec-
tion in order to evaluate the capacity and reliability for
CO2 storage. The spatial distributions of CO2 saturation
are shown in Fig. 9 for the CO2 injection duration of
0.01, 0.10, 0.50 and 1 day. The temperature and hydro-
static pressure are 353 K and 8 MPa, respectively. The
initial CO2 saturation Sn is set to be 0.1 at every point.
t = 0.01 day; (b) t = 0.10 day; (c) t = 0.50 day; (d) t = 1.00 day.



Fig. 10. The variation of spatial average of CO2 saturation with time.
Fig. 11. The spatial average of CO2 saturation distribution for different
temperatures and hydrostatic pressures.
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Initially, the injected CO2 is observed to permeate in an
isotropic fashion into the rock mass from the injection
point, and the CO2 region has an approximately circular
shape. It is seen that there is a region around the injec-
tion point where the CO2 saturation is slightly decreased.
The lower region with the decreased CO2 saturation may
be due to compression of the CO2 phase caused by CO2

pressurization. As the injection progresses, the injected
CO2 permeates into the upper region, and no migration
of CO2 in the downward orientation is observed. The pre-
dominantly upward growth of the CO2 region may be
due to the effects of buoyancy and vertical pressure gra-
dient in the hydrostatic pressure. Similar upward growth
of the CO2 region was also observed for all the other
temperature and pressure conditions. The spatial average
of CO2 saturation is shown in Fig. 10 for temperatures
from 293 to 413 K under a hydrostatic pressure of
10 MPa. A region selected to calculate the spatial average
of the CO2 saturation was 100 m · 100 m whose central
location comes from the injection point. It has been
shown that the CO2 region does not exceed the above cal-
culation region within the CO2 injection duration of
1 day. Initially, the CO2 saturation decreases only slightly
and increases monotonically almost in a linear fashion
with respect to time. The initial slight decrease in CO2

saturation may be caused by the compressed CO2 volume
surrounding the injection point, as already mentioned. It
is seen from Fig. 10 that the CO2 saturation becomes
smaller when the temperature is lower. The result really
indicates that the lower temperature condition requires
a smaller rock volume for CO2 storage compared to that
of the higher temperature for the same hydrostatic pres-
sure. The spatial average of CO2 saturation after a CO2

injection duration of 1 day is plotted in Fig. 11 for differ-
ent hydrostatic pressures and temperatures. At the higher
temperature regime, the averaged CO2 saturation tends to
become smaller when the hydrostatic pressure becomes
higher. On the other hand, the averaged CO2 saturation
becomes less sensitive to the hydrostatic pressure for
the lower temperature regime for hydrostatic pressures
greater than approximately 10 MPa. Fig. 11 also indicates
that there is a general trend that the lower is the temper-
ature, the smaller is the averaged CO2 saturation, suggest-
ing smaller CO2 reservoirs can be created by CO2

injection at lower temperature compare to those at higher
temperature. The temperature and pressure effects on the
averaged CO2 saturation are most likely caused by the
variation of CO2 density. The CO2 density drastically
changes under the temperature condition close to the crit-
ical point of CO2. The numerical results obtained in this
study point out that it is of importance to account for the
equation of state for CO2 for analyzing and evaluating
CO2 injections.

4. Conclusion

In this study, a two phase numerical model for simula-
tion of CO2 sequestration into underground structures is
presented. To account for the proper CO2 density for the
gas, liquid and supercritical states, the equation of state
for CO2 is employed. The numerical simulation is imple-
mented to investigate the feasibility of CO2 injection
behavior for reservoir hydrostatic pressure and tempera-
ture conditions because the controlling factor for CO2 den-
sity is pressure and temperature. Modeling the injection
and storage with the realistic representation of the CO2

density into geological media has provided valuable
insights into the injection behavior and has verified confor-
mance with designing the CO2 injection condition of the
reservoir. The main results of the numerical simulation
are described below.

The numerical simulations have been conducted to mon-
itor the injection behavior with the treatment of the mod-
eling with the realistic CO2 density. Comparing the
numerical results obtained using the equation of state for
CO2 with the results from modeling with the ideal gas
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equation, the distinction in the injection pressure appears
to be significant near the condition of the critical point of
CO2 and the phase equilibrium curves. Although modeling
of the ideal gas equation for numerical simulation can be
applied to predict the CO2 injection behavior at high tem-
perature and low hydrostatic pressure region, this
approach for the practical injection condition has limita-
tions for simulation of realistic injections. Because the
CO2 density changes with the temperature and pressure
condition, the CO2 density at the injection point varies with
the selected reservoir condition. Moreover, the CO2 density
also increases with the pressurization at the injection well
caused by the CO2 injection. The injection pressure is
decreased at the lower reservoir temperature and higher
hydrostatic pressure condition. The lower is reservoir tem-
perature, the lower is the injection pressure because the
CO2 volume flow rate is decreased with increasing CO2

density. These results indicate that it is attractive to select
a CO2 injection site whose condition preserves the CO2

density high for the sake of preventing excessive pressuriza-
tion around the injection well. The CO2 permeation is also
strongly affected by the CO2 state in the reservoir. The CO2

saturation becomes higher with increasing reservoir tem-
perature. The analysis for the distribution of the spatial
CO2 saturation is directly connected to the capacity estima-
tion for the reservoir for CO2 geological sequestration.
Additionally, selecting the injection site that has low tem-
perature and higher hydrostatic pressure may allow long
term injection because it may prevent the increase of pres-
sure in the reservoir and CO2 permeation to a distance. At
the same time, the capacity of the reservoir may become
larger under the lower temperature and hydrostatic pres-
sure condition. Consequently, these results indicate that
the reservoir condition is a key factor to determine the pro-
ject details of CO2 geological sequestration.
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