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a  b  s  t  r  a  c  t

We  quantify  the  capillary-pressure  effect  on  the phase  equilibrium  of  the  CO2–water  system  and  subse-
quently  on  the  CO2 storage  capacity  and  heat-energy  recovery  for  CO2–water  injection  into  geothermal
reservoirs.  Our  interest  is  in the  capillary-pressure  range  between  0 and  100  bars  for  temperatures
between  293  and  372  K  and wetting-phase  pressures  between  25  and  255  bars.  For  this  purpose,  we
have  implemented  capillary  pressure  in  the PRSV  equation  of state.

The  results  show  that  capillary  pressure  promotes  interfacial  evaporation.  Capillary  pressure  reduces
the CO2 solubility  in water  and  the  aqueous-phase  density  up  to 64%  and  1.3%,  respectively,  whereas
it  increases  the  water  solubility  in  the CO2-rich  phase  and  the  CO2-rich-phase  density  up  to  1172%
(1.0  +  11.7  = 12.7  times)  and  13%,  respectively.  If  the CO2-rich-phase  properties  were  calculated  as a
function  of the  wetting-phase  pressure,  capillary  pressure  would  shift  the  CO2 liquid–vapor  transition
and  consequently  the  upper  critical  point  of  the  CO2–water  system  to  a lower  pressure.  Therefore,  the
CO2-rich-phase  properties  must  be  calculated  using  the  non-wetting-phase  pressure  to  avoid  this  shift.
For  mixed  CO2–water  injection  into  a geothermal  reservoir,  the  influence  of capillary  pressure  on  the
phase  equilibrium  reduces  both  the  heat  recovery  up  to 37%  and  the CO2-storage  capacity  up to  37%.
We  construct  a plot  of the  recuperated  heat  energy  versus  the  maximally  stored  CO2 for  a  variety  of
conditions;  we  compare  the  results  including  and  excluding  the  effect  of  capillary  pressure  in the  phase-
equilibrium  calculations.  We  also  provide  a cursory  evaluation  of  the  energy  and  economics  of mixed
CO2–water  injection  into  a geothermal  reservoir.
. Introduction

In the transition period from a fossil-fuel based society to a
ustainable-energy society, it is expected that CO2 capture and
equestration in geological formations plays a major role in reduc-
ng greenhouse gas emissions. An alternative way  of reducing CO2
missions is to partly replace conventional-energy sources for heat-
ng buildings (e.g., cogeneration units) with geothermal energy. For
O2 sequestration, the interaction between water and CO2 (i.e., the
utual solubility of CO2 and water in the CO2-rich phase and in

he aqueous phase) plays a crucial role to estimate the CO2-storage
apacity. As a result, many experimental data and thermodynamic
odels of vapor–liquid and liquid–liquid equilibrium (VLE and LLE)

f a mixture of CO2 and water/brine can be found in the literature
e.g., Duan et al., 1995; Duan and Sun, 2003; Spycher et al., 2003;
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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ruess and Spycher, 2007).
One of the characteristics of porous media that does not

xist in bulk is capillary pressure. However, studies of the
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thermodynamic behavior of petroleum mixtures are usually per-
formed in a laboratory PVT-cell in the absence of a porous medium.
The assertion that the depletion behavior of the mixture in a PVT-
cell is the same as in a petroleum reservoir is not always correct;
it disregards the influence of capillary forces on thermodynamic
equilibrium. Capillary pressure (interfacial phenomena) influences
the phase equilibrium of fluid mixtures (e.g., shifts phase composi-
tions and dew/bubble temperature/pressure points), particularly in
less permeable media, since capillary pressure is inversely propor-
tional to the square root of the permeability (Leverett, 1939). The
magnitude of this shift in thermodynamic behavior with respect
to bulk conditions depends on various factors, such as the texture,
pore radius, phase contact angles, pore shape, and surface prop-
erties (Llamedo et al., 2004). The effect of interfacial phenomena
on oil–gas systems has been studied for less-permeable gas con-
densate reservoirs (Brusilovsky, 1992; Bedrikovetsky, 1993; Guo
et al., 1996; Shapiro et al., 2000; Zhang et al., 2001; Qi et al., 2007a,
2007b). Furthermore, the effects of capillary pressure on phase
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

equilibria in shale-gas reservoirs and in very tight rocks are impor-
tant because of very low permeabilities of shales and caprocks
and consequently very high capillary pressure (Hildenbrand et al.,
2002, 2004; Li et al., 2005; Tonnet et al., 2011; Skurtveit et al.,

dx.doi.org/10.1016/j.ijggc.2012.09.015
dx.doi.org/10.1016/j.ijggc.2012.09.015
http://www.sciencedirect.com/science/journal/17505836
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012; Ishida et al., 2012). Recently, Liu and Flemings (2011) studied
he three-phase (liquid + gas + hydrate) stability of the methane-
ydrate system in marine sediments by considering the capillary
ffects on both hydrate and free gas phases. They concluded that
apillary pressure exerts a key control on the methane solubility in
iquid + hydrate and liquid + gas systems.

However, none of the existing experimental data and/or
hermodynamic models includes the effect of capillary forces
n the phase behavior of the CO2–water system, since many
xperiments have been performed outside porous media or
n highly permeable cores, for which capillary-pressure effects
re negligible. Consequently, thermodynamic models have been
ptimized/tuned based on the available experimental data in
ulk.

In this paper, we include the capillary-pressure effect in the
hase-equilibrium calculation of the CO2–water system. However,
ffects of salinity are not considered. Implementation of salt in the
O2–water system is kept for future work. Our rationale to investi-
ate the influence of capillary pressure on the phase equilibrium of
he CO2–water system is that the effect might substantially influ-
nce the CO2-storage capacity and CO2-trapping mechanism in
ess permeable zones of reservoirs. Our hypothesis is that inclu-
ion of capillary pressure in VLE reduces the solubility of CO2
n the aqueous phase and increases the solubility of water in
he CO2-rich (non-wetting) phase. We  use thermodynamics to
etermine the range of capillary pressures for which discernable
ffects occur in the fluid-phase equilibrium compositions and den-
ities.

To examine for which values of the injected CO2 concen-
rations inclusion of capillary pressure in the phase-equilibrium
alculations shows an influence on the displacement process of
he CO2–water system, we simulate mixed CO2–water injection
nto a geothermal reservoir. In this way, synergy is established
etween geothermal-energy production and subsurface CO2 stor-
ge. We  apply the non-isothermal negative-saturation (NegSat)
olution approach (Salimi et al., 2011b, 2012a, 2012b)  to solve
fficiently non-isothermal compositional CO2–water flow that
nvolves phase appearance, phase disappearance, and phase transi-
ions. The advantage of this solution approach is that it circumvents
sing different equations for single-phase and two-phase regions
nd the ensuing unstable switching procedure. In this paper, we
se the simulation results of mixed CO2–water injection for various

njected CO2 concentrations to give a complete overview of optimal
eat recovery and maximally stored CO2 for a selected heterogene-

ty structure derived from the Delft Sandstone Member (Gilding,
010; Salimi et al., 2011a).

The objectives of this paper are (1) to construct a thermody-
amic model in which the influence of capillary pressure on the
hase equilibrium of the CO2–water system is included; (2) to
uantify conditions for which inclusion of capillary pressure can
ubstantially shift the thermodynamic properties of the CO2–water
ystem; and (3) to assess inclusion of capillary pressure in the phase
quilibrium on the efficiency of CO2 sequestration and heat-energy
ecovery for mixed CO2–water injection into a geothermal reser-
oir.

The paper is organized as follows. First, we develop a thermo-
ynamic model in which the effect of capillary pressure on phase
quilibria is included. Then, we briefly explain our novel NegSat
olution approach for non-isothermal compositional flow to deal
ith problems that involve phase transitions. After that, we discuss

he thermodynamic results that show for which values of capillary
ressure the mutual solubilities of CO2 and water and phase densi-
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

ies change. Subsequently, we give a set of simulation results that
ncludes the effect of capillary pressure in the phase-equilibrium
alculations of cold mixed CO2–water injection into the geothermal
eservoir. Next, we estimate the total amount of energy invested for
 PRESS
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mixed CO2–water injection into the geothermal reservoir for a vari-
ety of conditions. Afterward, we  also provide a cursory evaluation
of the economics of the proposed project. A plot of the recuperated
heat energy versus the maximally stored CO2 for a variety of con-
ditions is discussed in detail; we compare the results including and
excluding the effect of capillary pressure in the phase-equilibrium
calculations. Finally, we  summarize our findings in the conclusion
section.

2. Thermodynamic model

The phase equilibrium of the CO2–water system plays an
important role in CO2-sequestration processes. Cubic equations
of state are reasonably fast in the numerical-multicomponent-
phase-equilibrium (flash) calculations. To use an equation of state
for the nonideal CO2–water system, an appropriate mixing rule
must be implemented. In this work, we include capillary pres-
sure in the Peng–Robinson–Stryjek–Vera (PRSV) equation of state
with the Modified Huron–Vidal second order (MHV2) mixing rule
that uses the Non-Random Two-Liquid (NRTL) activity-coefficient
model. The reason that we  selected PRSV with MHV2 was  that
these EOS and mixing rule give the best fit to experimental data of
CO2 and water in the pressure and temperature range of our inter-
est (Eftekhari et al., 2011). This thermodynamic model has been
extended to include salt in the CO2–water system (Eftekhari et al.,
2011). The predicted liquid density by the PRSV equation has been
adjusted using a volume-shift parameter (Péneloux et al., 1982).
The general form of the PR equation of state (Peng and Robinson,
1976) is

P = RT

v − b
− a

v(v + b) + b(v − b)
, (1)

where T is the absolute temperature in Kelvin, P is the absolute
pressure, v is the specific volume (m3/mol) of the fluid mixture, and
R = 8.314 Pa m3/(mol K) is the gas constant. The effects of the inter-
actions between molecules and the volume of individual molecules
are represented by the force parameter a and by the volume param-
eter b, respectively. The expressions for calculating parameters a
and b for each component are given in Appendix A. The MHV2
(Dahl and Michelsen, 1990) is a modification of Huron and Vidal
(HV) mixing rule (Huron and Vidal, 1979). For parameter b in Eq.
(1), one uses

b =
Nc∑
i=1

xibi, (2)

where Nc denotes the number of components and xi is the mole
fraction of component i in the mixture. To find the force parameter
a for the mixture, the following quadratic equation is solved for the
variable ε

q2ε2 + q1ε +
(

−q1

N∑
i=1

xiεi − q2

N∑
i=1

xiε
2
i − gE

RT
−

N∑
i=1

xi ln
b

bi

)
= 0.

(3)

In the summations of the above equation, εi = ai/(biRT)  and gE

(J/mol/K) are functions of T and xi. The mole fraction xi belongs
to the two-component CO2–water system. The excess free energy
gE is calculated using the NRTL activity-coefficient model (see Eq.
(B-1)). For the PRSV equation of state, the MHV2-model param-
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

eters q1 and q2 are −0.4347 and −0.003654, respectively (Huang
and Sandler, 1993), independently of the system considered. Eq.
(3) has a positive and a negative root. We  choose the positive
root for ε. Parameter a in Eq. (1) can then be calculated using the

dx.doi.org/10.1016/j.ijggc.2012.09.015
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efinition ε = a/(bRT). The expression for gE is given in Appendix
.

To calculate the fugacity coefficient ˚i of each component, we
se

n ˚i = bi

b
(Z − 1) − ln(Z − B) − 1

2
√

2
ε̄i ln

Z +
(

1 +
√

2
)

B

Z +
(

1 −
√

2
)

B
, (4)

here

¯ i = q1εi + q2(ε2 + ε2
i
) + ln �i + ln(b/bi) + (bi/b)  − 1

q1 + 2q2ε
, (5)

nd where Z = Pv/(RT)  is the compressibility factor. The compress-
bility factor Z is a root of the following dimensionless form of the
quation of state, i.e.,

3 − (1 − B)Z2 + (A − 2B − 3B2)Z − B(A − B − B2) = 0, (6)

here A = aP/(RT)2 and B = bP/(RT). Above the critical point there is
ne real root. Below the critical point there are three real roots.
he middle root does not represent a stable situation. The smallest
ositive root of the equation of state represents the liquid-phase
ompressibility factor and the largest one represents the vapor-
hase compressibility factor. In Eq. (4),  ˚i = ˚il is obtained for the
mallest value of Z, whereas ˚i = ˚ig is obtained for the largest value
f Z.

The procedure to obtain the phase-equilibrium properties with
apillary pressure is the same as for the CO2–water system without
ncluding capillary pressure (Wahanik et al., 2010; Eftekhari et al.,
011). The presence of capillary pressure is taken into account by
valuating the chemical potential of each component in each phase
t the corresponding phase pressure.

.1. Flash calculation including capillary pressure

The complete procedure requires the mole fractions xil in the
iquid phase and the mole fractions xig in the vapor (gas) phase.
hese mole fractions are obtained from a flash calculation. The
apor–liquid phase-equilibrium (flash) calculation is done using
he PT-flash algorithm (Walas, 1985; Smith et al., 2001). To include
apillary pressure in the phase-equilibrium calculations, we  mod-
fy the algorithm such that it calculates the molar fraction of each
omponent in each phase at the corresponding phase pressure but
t constant temperature using the mass balance equations and the
ollowing chemical-potential condition for each component i

ig˚ig(xig, T, Pg) = xil˚il(xil, T, Pl). (7)

The pressure difference between the gas pressure and the liquid
ressure across the interface is the capillary pressure Pc, i.e.,

c = �gl�

√
ϕ

k
0.51/�(1 − Sg)−(1/�) cos �, (8)

here �gl is the interfacial tension between gas and liquid, � is
 parameter that in many cases assumes values between 0.3 and
.7, � is the sorting factor, and � is the contact angle measured

n the aqueous phase. Here we use � = 0.5 and �gl = 0.03 N/m. We
ote that, indeed, the surface tension of the CO2–water system
epends on the phase-density difference. However, for a phase-
ensity difference lower than 650 kg/m3, the surface tension is
table and remains constant at 0.03 N/m (Chalbaud et al., 2009).
f the phase-density difference becomes 800 kg/m3 (e.g., at lower
ressures or higher temperatures), the surface tension reaches
pproximately 0.035 N/m. For the simulation of mixed CO2–water
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

njection into the geothermal reservoir, the reservoir pressure is
etween 205 and 250 bars and, therefore, the phase-density differ-
nce for this range of pressure is much lower than 650 kg/m3. As

 result, the surface tension is approximately 0.03 N/m (Chalbaud
 PRESS
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et al., 2009; Plug and Bruining, 2007; Chiquet et al., 2007). We
use � = 0.5, because any Leverett J-function is essentially in the
range of 0.5 ± 0.2 at Sw = 0.5 (Bear, 1972). In writing Eq. (8),  we use
Swc = 0 (zero connate water saturation) since otherwise there would
be no single-phase gas region, which makes the use of the non-
isothermal NegSat approach less illustrative. The porous medium
is completely water wet and consequently the contact angle is zero.
We follow the paper of Li and Horne (2002) in using the same value
of � for the capillary pressure as for the relative permeabilities.
Typical values for � are 0.2 < � < 7. We  use � = 2 in the numerical
model.

All adjustable parameters of the NRTL model are optimized by
fitting the thermodynamic model to the experimental VLE data of
the CO2–water system in bulk, i.e., in the absence of capillary pres-
sure. The details of the objective function for the optimization of the
NRTL parameters are explained in Eftekhari et al. (2011). The opti-
mized values of the binary-interaction parameters of NRTL based
on experimental results are given in Appendix B. To make a cor-
rection to the liquid density computed by the equation of state, the
volume-shift parameters (Péneloux et al., 1982) were used as listed
in Appendix B.

3. Physical model

Many problems in enhanced oil recovery and CO2 sequestration
involve transitions between single-phase and two-phase regions
(Pruess, 2004; Chen et al., 2006). Different systems of equations
describe the behavior in the single-phase and in the two-phase
regions (Chen et al., 2006; Lake, 1989). Consequently, primary vari-
ables for each phase-state region will be different. A location in
the reservoir can stay either in the two-phase (saturated) state
or in the single-phase (undersaturated or oversaturated) state. In
addition, from the mth iteration to the (m + 1)th iteration in a
Newton–Raphson (NR) procedure (Chen et al., 2006), the grid cell
can stay in the same state or change to another phase state. Fur-
thermore, apart from the system of equations, the thermodynamic
conditions can vary in different phase states. Therefore, from a com-
putational point of view, it is important to deal properly with the
phase appearance and disappearance in order to obtain conver-
gence of the NR procedure.

Conventional algorithms require a cumbersome procedure to
switch between single-phase and two-phase behavior in a grid
cell (Pruess, 2004; Chen et al., 2006). The main problem is that in
a sequence of NR steps, consecutive iterations may switch from
single-phase to two-phase or vice versa, and by that, hampering
convergence.

Recently, a new solution approach, called the “negative satura-
tion approach” (NegSat), has been introduced, which circumvents
the use of cumbersome switches in isothermal reservoirs and does
not require an additional equation. The NegSat solution approach
was first introduced by Abadpour and Panfilov (2009) for isother-
mal  flow without diffusion and by Panfilov and Rasoulzadeh (2010)
for isothermal flow with diffusion. Salimi et al. (2011a, 2011b,
2012a, 2012b) have extended the NegSat solution approach to non-
isothermal compositional flow. This requires that also the thermal
parameters (e.g., enthalpies and heat capacities) must be defined
in the single-phase regions in the same way  as the non-thermal
parameters (e.g., the relative permeabilities) in isothermal systems.
Without these extensions, the original NegSat solution approach
is not capable of solving non-isothermal systems. Besides, we use
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

including the composition, temperature, and pressure dependence
of the densities. In this paper, we  apply the non-isothermal NegSat
solution approach to simulate cold mixed CO2–water injection into
a geothermal reservoir.

dx.doi.org/10.1016/j.ijggc.2012.09.015
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.1. Non-isothermal negative-saturation approach

We formulate the NegSat solution approach for non-isothermal
ompositional two-phase flow. Our aim is to have a single sys-
em of equations for the entire reservoir that could properly deal
ith different phase states of the reservoir without changing the
rimary variables and thermodynamic-constraint conditions. For
his purpose, we need to know beforehand how many phases
n principle coexist at most. For cold mixed CO2–water injection
nto a geothermal reservoir, two phases could coexist at most
viz., a CO2-rich phase and a water-rich phase). Therefore, we
eplace the equations for single-phase regions (i.e., oversaturated
nd undersaturated) with the equations for equivalent fictitious
wo-phase regions with specific properties. We  use the principle of
quivalence to derive the specific properties. Further details about
he non-isothermal NegSat solution approach and non-isothermal
ompositional multi-phase equations can be found in Salimi et al.
2011b, 2012a, 2012b).

.1.1. Specific properties
For two-phase regions, the fictitious two-phase flow equations

emain the same as the classical two-phase flow equations. The
rinciple of equivalence enables us to define expressions for all
ymbols of the fictitious two-phase flow so that they also describe
he single-phase flow behavior. If we use these expressions, we
onvert two-phase flow equations to single-phase flow equations.

The principle of equivalence implies that firstly the single-phase
olar density has to be equal to the total molar density of the

ctitious two phases. Secondly, the single-phase density must be
alculated from an equation of state (EOS) program or measured. It
epends apart from the temperature and pressure also on the over-
ll composition of each component i (Voskov, 2010; Salimi et al.,
011b, 2012b). Here, we use an EOS to calculate the single-phase
olar density. A volume-shift procedure is applied to obtain an

ccurate liquid density. Thirdly, the overall concentration of com-
onent i in the single-phase must be equal to that in the fictitious
wo phases. Fourthly, the single-phase flux must be equated to the
otal flux of the fictitious two phases. From this flux equality, we
ould derive specific properties for viscosity, relative permeabili-
ies, pressures, and mass densities. Finally, the energy-conservation
quation for the single-phase must be equivalent to that for the fic-
itious two phases. The saturation of the equivalent gas Ŝg is called
he extended gas saturation; it reads

ˆg = zi − x̂il

x̂ig − x̂il
, i = 1, 2, . . . , Nc. (9)

The extended gas saturation for the undersaturated state is neg-
tive (i.e., Ŝg < 0). The reason is as follows. For light components (i.e.,
ig/xil > 1), the phase state of a system at a given temperature T and
ressure P, is undersaturated when zi < xil. Therefore, the numerator
f Eq. (9) is negative and the denominator of Eq. (9) is positive. As

 result, the extended gas saturation Ŝg becomes negative. Also for
eavy components (i.e., xig/xil < 1), the phase state of a system at a
iven temperature T and pressure P, is undersaturated when zi > xil.
ence, the numerator of Eq. (9) is now positive and the denomina-

or of Eq. (9) is now negative. As a result, the extended gas saturation
gain becomes negative. When the extended saturation is zero, the
hase state of a system is at the bubble point. Further details are
escribed in Salimi et al. (2011b, 2012b).

For the oversaturated state, the extended gas saturation is pos-
tive and larger than unity (i.e., Ŝg > 1). The reason is that for light
omponents (i.e., xig/xil > 1), the phase state of a system at a given
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

emperature T and pressure P, is oversaturated when zi > xig. There-
ore, the numerator of Eq. (9) is positive and is larger than the
ositive denominator of Eq. (9).  As a result, the extended gas sat-
ration Ŝg becomes larger than unity. In the same way, for heavy
 PRESS
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components (i.e., xig/xil < 1), the phase state of a system at a given
temperature T and pressure P, is oversaturated when zi < xig. Hence,
the numerator of Eq. (9) is now negative and is smaller than the neg-
ative denominator of Eq. (9).  Therefore, the extended gas saturation
is again larger than unity. When the extended gas saturation is one,
the phase state of a system is at the dew point.

In summary, when the extended gas saturation is between zero
and one, it is the same as the actual gas saturation and there are
two phases. If the extended gas saturation is above one, we have
a single gaseous phase and the actual gaseous saturation is one. If
the extended gas saturation is below zero, we have a single liquid
phase and the actual gas saturation is zero.

3.2. Reservoir-numerical model

To illustrate the influence of inclusion of capillary pressure in the
phase behavior on CO2-displacement processes, we simulate cold
mixed CO2–water injection into a geothermal reservoir that can
be used for simultaneous heat-energy production and CO2 seques-
tration. We  illustrate this process using a two-dimensional (2D)
vertical porous medium initially filled with hot liquid water. In the
model, we  consider capillary pressure and gravity, but we disregard
the diffusion flux of components in phases. Indeed, the diffusion
coefficient in the temperature range of interest is between 10−8

and 10−9 m2/s (see, e.g., Gmelin, 1973). For a typical Darcy velocity
(0.04 m/day ∼ 5 × 10−7 m/s) and a reservoir length of 1500 m,  the
Peclet number is in the range of 106–107. As we are solving the
equations numerically, we inevitably introduce numerical diffu-
sion. We  take into account heat conduction within the porous rock,
but for illustration purposes, we  avoid the complication of heat loss
to the overburden and underburden as it has minor effects until CO2
breakthrough.

We  use empirical data for the transport parameters. The vis-
cosities of the liquid and gaseous phase are approximated by the
viscosities of CO2 and water as functions of temperature (Perry and
Green, 1997); they read

�g = 1.6128 × 10−3 − 9.0436 × 10−6T + 0.0135 × 10−6T2

− 1.9476 × 10−12T3, (10)

�l = 2.414 × 10−5 × 10(247.8/(T−140)). (11)

In Eqs. (10) and (11), T is the absolute temperature in Kelvin and
the viscosity is in Pa s. These equations disregard the compositional
dependence as being negligible (Sayegh and Najman, 1987; Chang
et al., 1988; Frank et al., 1996). To calculate the heat capacity of
phase �, we assume that the heat capacity of phase � is the sum of
the molar heat capacities of its components (i.e., we disregard the
enthalpy of mixing). We  use the following expressions for the heat
capacity of CO2 and water (Perry and Green, 1997):

Cp,CO2 = 45.369 + 8.6881 × 10−3T − 9.6193 × 105T−2, (12)

Cp,H2O = 2.7637 × 102 − 2.0901T + 8.125 × 10−3T2 − 0.014116

× 10−3T3 + 9.3701 × 10−9T4. (13)

Eqs. (12) and (13) express the heat capacity in (J/mol/K); T is the
absolute temperature in Kelvin. The gas and liquid Brooks–Corey
relative-permeability functions used in the numerical model are
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

krl = (1 − Sg)(2+3�)/�, (14)

krg = S2
g (1 − (1 − Sg)(2+�)/�), (15)

dx.doi.org/10.1016/j.ijggc.2012.09.015
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Table  1
Data used in the numerical simulations.

Maximum injection pressure (bar) 255
Bottomhole production pressure (bar) 205
Initial temperature (K) 353.15
Injection temperature (K) 293.15
Maximum water-injection rate (m3/s) 0.04167
Rock grain density (kg/m3) 2650
Rock specific heat capacity (J/kg/K) 1000
Total thermal conductivity (W/m/K) 2.1
Geometric mean permeability (md) 21.6
Mean porosity 0.17
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We quantify the influence of capillary pressure on the
Residual water saturation 0
Residual gas saturation 0
Number of grid cells (Nz × Nx) 23 × 35

here � is the sorting factor. We  use � = 2 in the numerical model.
e  use a zero connate water saturation Swc = 0.
We consider a geothermal reservoir with a length of 1500 m,

 width of 1500 m,  and a height of 60 m.  Initially, the reservoir is
aturated with hot water and by that, the initial gas (CO2) satura-
ion in the geothermal reservoir is equal to zero. A cold mixture
f CO2–water is injected through the entire cross-section of the
eservoir from the left side and, subsequently, water and CO2 are
roduced through the entire cross-section of the reservoir at the
pposite side. Table 1 shows the basic input data for the numerical
imulations. The geothermal-reservoir properties correspond to a
eal geothermal reservoir that is located in the West Netherlands
asin, in particular the early Cretaceous Delft Sandstone Member,
elow the city of Delft, The Netherlands. Figs. 1 and 2 display the
ermeability and porosity distribution of a cross section through
he facies model between the planned injection and production
ell of the Delft geothermal doublet, which show the level of het-

rogeneity in the Delft Sandstone Member (Gilding, 2010; Salimi
nd Wolf, 2012). Indeed, the permeability and porosity field are cor-
elated, but not everywhere; in particular, the intermediate layer
nd the bottom permeability pattern are correlated with the cor-
esponding porosity patterns. The reason is due to the type of
ediment (facies) present in this area. Fig. 3 displays a cross-section
hrough the facies model between the planned injection and pro-
uction well of the Delft geothermal doublet, which shows that
he sediment of the top part is sandy, whereas the sediment of the
ottom part is silty sandstone, which has a lower porosity. Fur-
her details on how the geological model was built can be found in
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

ilding (2010) and Salimi et al. (2011a).
We discretize the geothermal reservoir into 23 × 35 grid-cells in

he vertical and horizontal direction. The number of grid cells is the
ame as that used for the permeability and porosity distribution
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Fig. 1. Permeability distribution (md) of the vertical x–z cross-section.
Nx

Fig. 2. Porosity distribution of the vertical x–z cross-section.

(Figs. 1 and 2). For discretization in space, we  use the implicit
upwind finite-volume method with the cell-centered scheme
(Salimi et al., 2010). For each simulation case, the water-injection
rate is uniform. Moreover, the initial target mode for the injection
well is the uniform water-injection rate. However, a maximum
bottomhole pressure of 255 bars acts as a constraint for the
injection well. If the bottomhole pressure of the injection well
exceeds 255 bars during the simulation, the maximum bottomhole
pressure becomes the target mode for the injection well and the
injection rate is reduced accordingly. The production well operates
based on a constant bottomhole pressure of 205 bars.

4. Results and discussion

First, we  demonstrate the effect of capillary pressure on the
phase equilibrium of the CO2–water system. After that, we  investi-
gate the influence of capillary-pressure inclusion in phase equilibria
on CO2-displacement processes.

4.1. The effect of capillary pressure on the phase equilibrium of
the CO2–water system
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

phase equilibrium of the CO2–water system. Our interest is
in the capillary-pressure range between ∼0 and 100 bars for
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Fig. 3. Cross-section through the reservoir model between the planned injection
well (DAP GT 01) and production well (DAP GT 01). Colors represent the type of
sediment (facies) present in the cell (see the legend).
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emperatures between 293 and 372 K and wetting-phase pressures
etween 25 and 255 bars. The range of capillary pressure corre-
ponds approximately to the permeability range between 1000
nd 0.01 md.  We  emphasize on the fact that capillary pressure is
ot only a function of the pore-size distribution but also a func-
ion of the fluids distribution (saturation). This is because when
e are dealing with two phases, the wetting phase (water) goes

o the corners of the pores. As the non-wetting phase (CO2) pen-
trates further, the wetting phase (aqueous) is pushed further to
he corners and therefore the inscribed radius of the corners is

uch smaller than the pore size and consequently capillary pres-
ure would be much higher. Depending on the water-saturation
alue, the capillary-pressure value may  vary considerably for a con-
tant permeability (e.g., Pc = 95 bars for a permeability of k = 0.1 md,

 porosity of ϕ = 0.2, and a water saturation of Sw = 0.01, whereas
c = 10 bars at Sw = 0.99 keeping all other variables the same).

Fig. 4a illustrates the equilibrium CO2 mole fraction in the
queous phase versus the wetting-(aqueous)-phase pressure at a
onstant temperature of T = 293 K. These results are based on ther-
odynamic considerations. Fig. 4a shows that the equilibrium CO2

olubility in the aqueous phase decreases as the capillary pressure
ncreases. Indeed, as the wetting-phase (bulk) pressure increases
rom zero, the relative reduction in the equilibrium CO2 mole frac-
ion [|(xPc=0 − xPc /=  0)|/xPc=0] between Pc = 0 and Pc = 100 bars is 63.4%
t Pw = 47 bars. After that, the relative reduction – due to capil-
ary pressure – decreases as the pressure increases. For example,
he relative reduction in the equilibrium CO2 solubility is 29.5%
t Pw = 185 bars, which is larger than 20.3% at Pw = 255 bars. This
ehavior is attributed to the relative reduction of the capillary pres-
ure with respect to the bulk (wetting-phase) pressure. We  note
hat for most subsurface reservoirs, the combination of low tem-
eratures and high pressures (high depth) is unlikely to occur.

The reason that the solubility of CO2 in water decreases as the
apillary pressure increases at a constant temperature and wetting-
hase pressure can be explained using the Kelvin equation. The
elvin equation describes the change in the vapor pressure of a
roplet of a pure substance due to a curved liquid/vapor inter-
ace (meniscus) with a radius (for example, in a capillary or over

 droplet), it reads

n
Pcurved

Pflat
= 2�Vm

rRT
= PcVm

RT
, (16)

here Pcurved is the vapor pressure for the curved surface, Pflat is the
apor pressure for the flat surface, � is the surface tension, Vm is the
olar volume, R is the universal gas constant, r is the radius of the

roplet, T is temperature, and Pc is the capillary pressure. We  note
hat Eq. (16) is derived for a pure substance (Firoozabadi, 1999);
owever, it is useful for the justification of the results. Accord-

ng to this equation, as the capillary pressure increases, the curved
apor pressure increases and becomes sufficient enough to over-
ome the fluid pressure, and consequently liquid evaporates from
he droplets in order to reduce the radius of curvature. There-
ore, capillary pressure enhances evaporation (see also Zhang et al.,
001). In this case, the solubility of CO2 in water will decrease
ecause of evaporation. On the other hand when the capillary pres-
ure decreases, the radius of curvature increases and consequently
curved decreases and the gas condenses into the droplets and the
roplets grow into bulk liquid. In this case, the solubility of CO2

n water increases because of condensation. All the same, Eq. (16)
ndicates that in Henry’s equation, the actual CO2-rich phase (gas)
ressure Pcurved is higher than the saturated CO2 gas pressure Pflat
or a flat surface and therefore the CO2 solubility in water (water
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

ressure is lower than the gas pressure) becomes lower in agree-
ent of our findings.
Fig. 4b shows the equilibrium H2O mole fraction in the CO2-

ich phase versus the non-wetting-(CO2-rich)-phase pressure at a
 PRESS
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constant temperature of T = 293 K. Fig. 4b shows that the equilib-
rium H2O mole fraction in the CO2-rich phase increases as the
capillary pressure increases. In addition, the jump in the equi-
librium H2O mole fraction because of the liquid–vapor transition
of the CO2-rich phase becomes taller as the capillary pressure
increases. Furthermore, for capillary pressures larger than 60 bars,
the liquid–vapor transition of the CO2-rich phase is not observed
and the trend of the equilibrium H2O mole fraction versus the
non-wetting-phase pressure changes (i.e., the equilibrium H2O
mole fraction monotonically decreases as the non-wetting-phase
pressure increases). Indeed, this can be expected as for capil-
lary pressures larger than 60 bars, the non-wetting-phase pressure
would be higher than the upper critical point of the CO2–water
system (60 bars at T = 293 K). Beyond 60 bars, there is no transi-
tion between the liquid CO2 and gas CO2 at T = 293 K. We  note
that the vapor–liquid coexistence curve for pure CO2 and the
liquid–vapor curve for the CO2–water system almost coincide
(Spycher et al., 2003). The CO2 critical point, which is at T = 304.21 K
and Pbulk = 73.825 bars (Angus et al., 1976), is very close to the upper
critical point of the CO2–water system, which is at T = 304.63 K and
Pbulk = 74.11 bars (Wendland et al., 1999).

For a non-wetting-phase pressure of 60 bars, the relative
increases in the equilibrium H2O mole fraction at T = 293 K are 455%
(3.55 + 1 = 4.55 times) and 77.8% at Pc = 45 bars and 25 bars, respec-
tively. For Pnw = 93 bars, the relative increases are 1004%, 106.5%,
and 39.7% at Pc = 75 bars, 45 bars, and 25 bars. For Pnw = 127 bars,
the relative increases are 961.3%, 63.5%, 59.3%, and 25.8% at
Pc = 100 bars, 75 bars, 45 bars, and 25 bars. Finally, for Pnw = 255 bars,
the relative increases are 65.4%, 40.7%, 20.4%, and 10.2% at
Pc = 100 bars, 75 bars, 45 bars, and 25 bars, respectively.

It should be mentioned that if the equilibrium H2O mole frac-
tion in the CO2-rich phase were plotted versus the wetting-phase
pressure, the jump in the equilibrium H2O mole fraction because of
the liquid–vapor transition of the CO2-rich phase would be shifted
to the left by an amount equal to the value of the capillary pressure.
In other words, when Pc = 0, the liquid–vapor transition of the CO2-
rich phase occurs at the wetting-phase Pw = 60 bars and T = 293 K.
However, the liquid–vapor transition occurs at Pw = 35 bars for
Pc = 25 bars and at Pw = 15 bars for Pc = 45 bars. Therefore, it is impor-
tant to evaluate the equilibrium H2O mole fraction in the CO2-rich
phase using the non-wetting-phase pressure.

Fig. 5a and b shows, respectively, the equilibrium CO2 mole
fraction in the aqueous phase versus the wetting-phase pressure
and the equilibrium H2O mole fraction in the CO2-rich phase
versus the non-wetting-phase pressure at T = 372 K. Fig. 5a illus-
trates that the influence of capillary pressure on the solubility of
CO2 is less at T = 372 K with respect to that at T = 293 K. The relative
decrease in the equilibrium CO2 mole fraction because of capillary
pressure, decreases monotonically as the wetting-phase pressure
increases as opposed to the relative decrease in the CO2 mole
fraction at T = 293 K shown in Fig. 4a, which is not monotonous.
Indeed, at T = 372 K, as the capillary pressure increases from zero
to 100 bars, the equilibrium CO2 mole fraction decreases 26.9%
and 13.3% at Pw = 25 bars and at Pw = 255 bars, respectively. Fig. 5b
shows that the equilibrium H2O mole fraction in the CO2-rich phase
increases as the capillary pressure increases. This relative increase
is more significant at lower pressures. For a non-wetting-phase
pressure of 36 bars, the relative increase in the equilibrium H2O
mole fraction at T = 372 K is 255.7% at Pc = 25 bars. For Pnw = 56 bars,
the relative increases are 493.3% and 117.9% at Pc = 45 bars and
25 bars, respectively. For Pnw = 86 bars, the relative increases are
1038%, 119.8%, and 43.3% at Pc = 75 bars, 45 bars, and 25 bars. For
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

Pnw = 117 bars, the relative increases are 1172%, 201.9%, 64.5%, and
27.2% at Pc = 100 bars, 75 bars, 45 bars, and 25 bars. Finally, for
Pnw = 250 bars, the relative increases are 72.7%, 45.1%, 22.3%, and
11.1% at Pc = 100 bars, 75 bars, 45 bars, and 25 bars, respectively.

dx.doi.org/10.1016/j.ijggc.2012.09.015
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Fig. 4. (a) The equilibrium CO2 mole fraction in the aqueous phase versus the wetting-phase pressure at T = 293 K and (b) the equilibrium H2O mole fraction in the CO2-rich
phase  versus the non-wetting-phase pressure at T = 293 K.
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ig. 5. (a) The equilibrium CO2 mole fraction in the aqueous phase versus the wetti
hase  versus the non-wetting-phase pressure at T = 372 K.

Fig. 6a shows the equilibrium CO2 mole fraction in the aqueous
hase versus temperature for different capillary-pressure values
t a constant wetting-phase pressure of Pw = 30 bars. Fig. 6a again
hows that the solubility of CO2 in the aqueous phase decreases
s the capillary pressure increases because capillary pressure
nhances evaporation. Moreover, the reduction in the CO2 solu-
ility due to capillary pressure is larger at lower temperatures than
t higher temperatures. Indeed, as the capillary pressure increases
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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rom zero to 100 bars, the relative reduction is 62.7% at T = 293 K.
fter that, the relative reduction monotonically decreases as the

emperature increases and becomes 26.4% at T = 372 K.
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ig. 6. (a) The equilibrium CO2 mole fraction in the aqueous phase versus temperature at
n  the CO2-rich phase versus temperature at the non-wetting-phase pressure Pnw = 130 ba
ase pressure at T = 372 K and (b) the equilibrium H2O mole fraction in the CO2-rich

Fig. 6b illustrates the equilibrium H2O mole fraction in the
CO2-rich phase versus temperature for different capillary-pressure
values at a constant non-wetting-phase pressure of Pnw = 130 bars.
Fig. 6b shows that the solubility of water in the CO2-rich (either
subcooled or supercritical) phase increases as the capillary pres-
sure increases. Based on the Kelvin equation (Eq. (16)), as the
capillary pressure increases, evaporation enhances. The thermo-
dynamic analysis confirms that the capillary pressure indeed
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

promotes evaporation. The phase-equilibrium temperature of the
liquid–vapor decreases with increasing surface tension and/or
decreasing radius of curvature of the liquid/vapor interface (Zhang

b)
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t al., 2001). Therefore, capillary pressure enhances the evapora-
ion of water into the CO2-rich phase, but it reduces the solubility
f CO2 in the aqueous phase.

For a temperature of T = 293 K, the relative increases in the equi-
ibrium H2O mole fraction at Pnw = 130 bars are 654%, 165.4%, 57.4%,
nd 25% at Pc = 100 bars, 75 bars, 45 bars, and 25 bars, respectively.
or a temperature of T = 372 K, the relative increases in the equilib-
ium H2O mole fraction at Pnw = 130 bars are 474.1%, 155.4%, 55.7%,
nd 24.4% at Pc = 100 bars, 75 bars, 45 bars, and 25 bars, respectively.

Again, note that if the equilibrium H2O mole fraction in the
O2-rich phase were plotted at a constant wetting-phase pres-
ure instead of a constant non-wetting-phase pressure, a jump in
he equilibrium H2O mole fraction due to the liquid–vapor tran-
ition of the CO2-rich phase at T = 305 K for Pc = 45 bars would
ppear. Therefore, it might be inferred that capillary pressure shifts
he liquid–vapor transition of the CO2-rich phase to lower bulk
ressures. Consequently, it can be inferred that the upper critical
oint of the CO2–water system also shifts to lower wetting-phase
bulk) pressures by an amount equal to the value of the capillary
ressure. So it is important to evaluate the CO2-rich phase proper-
ies at non-wetting-phase pressures.

Fig. 7a shows the equilibrium CO2 mole fraction in the aqueous
hase versus temperature for different capillary-pressure values
t a constant wetting-phase pressure of Pw = 70 bars. The effect of
apillary pressure on the solubilities at Pw = 70 bars is similar to
he effect at Pw = 30 bars. The main difference is that the effect of
apillary pressure weakens at Pw = 70 bars. As the capillary pres-
ure increases from zero to 100 bars, the relative reduction in the
quilibrium CO2 mole fraction is 57.7% at T = 293 K. After that,
he relative reduction monotonically decreases as the temperature
ncreases and attains a value of 25.1% at T = 372 K.

Fig. 7b illustrates the equilibrium H2O mole fraction in the
O2-rich phase versus temperature for different capillary-pressure
alues at Pnw = 170 bars. Again, for a given temperature, as the
apillary pressure increases, the equilibrium H2O mole fraction in
he CO2-rich phase increases because capillary pressure enhances
vaporation (see also Zhang et al., 2001). For a temperature
f T = 293 K, the relative increases in the equilibrium H2O mole
raction at Pnw = 170 bars are 173%, 86.7%, 37.3%, and 17.4% at
c = 100 bars, 75 bars, 45 bars, and 25 bars, respectively. For a tem-
erature of T = 372 K, the relative increases in the equilibrium H2O
ole fraction at Pnw = 170 bars are 172.4%, 87.1%, 37.6%, and 17.6%

t Pc = 100 bars, 75 bars, 45 bars, and 25 bars, respectively.
Fig. 8a shows the equilibrium CO2 mole fraction in the aqueous

hase versus temperature for different capillary-pressure values at
 constant wetting-phase pressure of Pw = 185 bars. As the capillary
ressure increases from zero to 100 bars, the relative reduction in
he equilibrium CO2 mole fraction is 29.5% at T = 293 K, whereas the
elative reduction at T = 372 K is 18.4%.

Fig. 8b demonstrates the equilibrium H2O mole fraction in the
O2-rich phase versus temperature for different capillary-pressure
alues at a constant non-wetting-phase pressure of Pnw = 285 bars.
ig. 8a and b illustrates that capillary pressure enhances the
vaporation of water into the CO2-rich phase, but it reduces the
olubility of CO2 in the aqueous phase. In fact, for a tempera-
ure of T = 293 K, the relative increases in the equilibrium H2O

ole fraction at Pnw = 285 bars are 52.6%, 33.8%, 17.3%, and 8.7% at
c = 100 bars, 75 bars, 45 bars, and 25 bars, respectively. For a tem-
erature of T = 372 K, the relative increases in the equilibrium H2O
ole fraction at Pnw = 285 bars are 57.5%, 36.6%, 18.7%, and 9.4% at

c = 100 bars, 75 bars, 45 bars, and 25 bars, respectively.
The trend in behavior of the mutual solubilities versus temper-
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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ture for different capillary-pressure values remains the same at
igher wetting-phase pressures (not shown here); however, the

nfluence of capillary pressure on the mutual solubilities of the
O2–water system decreases.
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Fig. 9a and b shows, respectively, the aqueous-phase density
versus the wetting-phase pressure and the CO2-rich-phase density
versus the non-wetting-phase pressure for different capillary-
pressure values at a temperature of T = 293 K. Fig. 9a illustrates
that the aqueous-phase density decreases as the capillary pres-
sure increases. This is attributed to less CO2 dissolution in the
aqueous phase as the capillary pressure increases (see Fig. 4a). As
the capillary pressure increases from zero to 100 bars, the relative
decrease in the aqueous-phase density is 1.3% at Pw = 59 bars. After
that, the relative reduction decreases as the wetting-phase pressure
increases and is 0.5% at Pw = 255 bars.

Fig. 9b demonstrates that the CO2-rich-phase density increases
as the capillary pressure increases, as opposed to the behavior of the
aqueous-phase density shown in Fig. 9a. This is because more CO2
remains in the CO2-rich phase as the capillary pressure increases.
For a capillary-pressure increase from zero to 45 bars, the relative
increases in the CO2-rich-phase density are 0.6%, 12.9%, 0.7%, 0.3%,
and 0.1%, respectively, at Pnw = 55 bars, 60 bars, 93 bars, 126 bars,
and 255 bars. The relative increases in the CO2-rich-phase density
for a capillary-pressure increase from zero to 75 bars, are 7%, 0.9%,
and 0.1% at Pnw = 93 bars, 126 bars, and 255 bars, respectively. The
relative increases in the CO2-rich-phase density for the capillary
pressure between zero and 100 bars at T = 293 K are 5.2% and 0.2%
at Pnw = 126 and 250 bars, respectively.

Similar to Fig. 4b, if the CO2-rich-phase density shown in Fig. 9b
were plotted versus the wetting-phase pressure (instead of the
non-wetting-phase pressure), a shift in the liquid–vapor transi-
tion of the CO2-rich phase to a lower wetting-phase pressure
would appear. As a result of this shift, the relative increases in
the CO2-rich-phase density for a capillary-pressure increase from
zero to 100 bars at T = 293 K, would be 1544% (16.5 times), 287%,
26.7%, 7.9% and 5.6% at Pw = 25 bars, 60 bars, 61 bars, 185 bars, and
255 bars, respectively. These values are much higher than the cor-
responding values for which the non-wetting-phase pressure is
used to evaluate the CO2-rich-phase density for different capillary-
pressure values. This indicates that it is important to calculate
the non-wetting-phase (CO2) properties as a function of the non-
wetting-phase pressure.

Fig. 10a and b illustrates, respectively, the aqueous-phase
density versus the wetting-phase pressure and the CO2-rich-
phase density versus the non-wetting-phase pressure for different
capillary-pressure values at a temperature of T = 372 K. As
the wetting-phase and non-wetting-phase pressure increase at
T = 372 K, the influence of capillary pressure on both the aqueous-
phase density and the CO2-rich-phase density decreases. As
the capillary pressure increases from zero to 100 bars, relative
increases in the CO2-rich-phase density of 13% and 0.1% are attained
at Pnw = 116 bars and 255 bars, respectively.

Fig. 11a shows the aqueous-phase density versus temperature
for different capillary-pressure values at a constant wetting-phase
pressure of Pw = 30 bars. Fig. 11a demonstrates that the aqueous-
phase density decreases as the capillary pressure increases. This is
because of lower CO2 solubility in the aqueous phase due to cap-
illary pressure. For a capillary-pressure increase of 100 bars, the
relative reduction is 0.7% at T = 293 K. After that, the relative reduc-
tion monotonically decreases as the temperature increases and is
0.04% at T = 372 K.

Fig. 11b shows the CO2-rich-phase density versus tem-
perature for different capillary-pressure values at a constant
non-wetting-phase pressure of Pnw = 130 bars. Fig. 11b  illustrates
that the CO2-rich-phase density increases as the capillary pres-
sure increases. Again, this is attributed to the fact that capillary
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

pressure promotes evaporation and consequently reduces the sol-
ubility of CO2 in the aqueous phase. Therefore, more CO2 remains
in the CO2-rich phase in the presence of capillary pressure than in
the absence of capillary pressure (bulk). For a capillary-pressure

dx.doi.org/10.1016/j.ijggc.2012.09.015
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Fig. 7. (a) The equilibrium CO2 mole fraction in the aqueous phase versus temperature at the wetting-phase pressure Pw = 70 bars and (b) the equilibrium H2O mole fraction
in  the CO2-rich phase versus temperature at the non-wetting-phase pressure Pnw = 170 bars.
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Fig. 8. (a) The equilibrium CO2 mole fraction in the aqueous phase versus temperature at the wetting-phase pressure Pw = 185 bars and (b) the equilibrium H2O mole fraction
in  the CO2-rich phase versus temperature at the non-wetting-phase pressure Pnw = 285 bars.
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Fig. 9. (a) The aqueous-phase density versus the wetting-phase pressure at T = 293 K and (b) the CO2-rich-phase density versus the non-wetting-phase pressure at T = 293 K.
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Fig. 10. (a) The aqueous-phase density versus the wetting-phase pressure at T = 372 K and (b) the CO2-rich-phase density versus the non-wetting-phase pressure at T = 372 K.
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ig. 11. (a) The aqueous-phase density versus temperature at the wetting-phase p
etting-phase pressure Pnw = 130 bars.

ncrease of 100 bars, the relative increase in the CO2-rich-phase
ensity is 3.4% at T = 293 K and is 1.5% at T = 372 K.

Fig. 12a shows the aqueous-phase density versus temperature
or different capillary-pressure values at a constant wetting-
hase pressure of Pw = 70 bars. For a capillary-pressure increase
f 100 bars, the relative reduction in the aqueous-phase density
s 1.2% at T = 293 K. After that, the relative reduction monoton-
cally decreases as the temperature increases and is 0.09% at

 = 372 K. Fig. 12b illustrates the CO2-rich-phase density versus
emperature for different capillary-pressure values at a constant
on-wetting-phase pressure of Pnw = 170 bars. The relative increase

n the CO2-rich-phase density at T = 293 K is 0.7%. Subsequently,
he relative change decreases as the temperature increases and
ecomes 0.5% at T = 372 K.

Fig. 13a demonstrates the aqueous-phase density versus tem-
erature for different capillary-pressure values at a constant
etting-phase pressure of Pw = 185 bars. For a capillary-pressure

ncrease of 100 bars, the relative decreases in the aqueous-phase
ensity are 0.7% and 0.1% at T = 293 K and at T = 372 K, respectively.
ig. 13b  shows the CO2-rich-phase density versus temperature
or different capillary-pressure values at a constant non-wetting-
hase pressure of Pnw = 285 bars. For a capillary-pressure increase
rom zero to 100 bars, the relative increases in the CO2-rich-phase
ensity are 0.2% and 0.06% at T = 293 K and at T = 372 K, respec-
ively.

Fig. 14a illustrates the aqueous-phase density versus tem-
erature for different capillary-pressure values at a constant
etting-phase pressure of Pw = 255 bars. Fig. 14b shows the
O2-rich-phase density versus temperature for different capillary-
ressure values at a constant non-wetting-phase pressure of
nw = 355 bars. For a capillary-pressure increase of 100 bars, the rel-
tive decreases in the aqueous-phase density are 0.5% and 0.1% at

 = 293 K and at T =372 K, respectively. The relative increases in
he CO2-rich-phase density are 0.06% and 0.01% at T = 293 K and

 = 372 K, respectively. The behavior of the capillary-pressure influ-
nce on the phase densities is similar to the behavior shown in
ig. 13a  and b at Pw =185 bars and Pnw = 285 bars, respectively.
he main difference is that Fig. 14b shows that for low tempera-
ures (<302 K), the CO2-rich-phase density becomes higher than the
queous-phase density for the corresponding wetting-phase pres-
ure and capillary-pressure values (Pnw − Pw = Pc). In other words,
he CO2-rich phase becomes heavier than the aqueous phase at
ower temperatures and higher capillary pressures. Consequently,
he Cahn wetting transition (De Gennes, 1985) may  occur because
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

he CO2-rich phase becomes heavier in some ranges of tempera-
ures, pressures, and capillary pressures. This effect and the Cahn
etting transition may  alter the displacement process (e.g., gravity

ffects and capillary-trapping mechanisms).
re Pw = 30 bars and (b) the CO2-rich-phase density versus temperature at the non-

We note that the results of the effects of capillary pressure on the
phase equilibrium of the CO2–water system discussed earlier are
based on the thermodynamic model developed here to include cap-
illary pressure in the flash calculation. Therefore, it is recommended
to perform experiments to validate the modeling results.

4.2. The effect of capillary-pressure inclusion in phase equilibria
on CO2-displacement processes

In this part, we  extend our previous work (Salimi and Wolf,
2012) on simulating cold mixed CO2–water injection into a
geothermal reservoir that is used for simultaneous heat-energy
production and CO2 sequestration. The extension comprises the
influence of inclusion of capillary pressure in the phase behavior
on CO2-displacement processes.

In the simulations, we vary the overall mole fraction of the
injected CO2. Based on the possible phase sequences for CO2–water
injection into a geothermal reservoir and flow patterns, we exam-
ine three cases in terms of the overall injected CO2 mole fraction
(viz., 0.02, 0.03, and 0.2) for the discretized heterogeneous poros-
ity and permeability field shown in Figs. 1 and 2 (Salimi et al.,
2012a). For a low overall injected CO2 mole fraction of 0.02, we
have only a single phase in the entire reservoir from the injection
to the production side. For an intermediate overall injected CO2
mole fraction of 0.03, a two-phase region will emerge between the
injection and production side. For a high overall injected CO2 mole
fraction of 0.2, there is also a two-phase region at the injection side.
To emphasize the effect of capillary pressure on the phase equilib-
rium of the CO2–water system during the displacement processes,
we compare the results that include capillary pressure in the phase
behavior with the results that exclude capillary pressure in the
phase behavior (Salimi and Wolf, 2012). In all cases, we  continue
to inject cold mixed CO2–water into the reservoir and produce hot
water until either CO2 breakthrough or cold-water breakthrough
(for pure cold-water injection) occurs.

4.2.1. Low-CO2-injection-concentration case
This case has an overall injected CO2 mole fraction of zinj = 0.02

in the heterogeneous permeability and porosity field (Figs. 1 and 2).
Fig. 15a shows that the extended gas saturation is below zero
at t = 30 yr, indicating that all the injected CO2 is completely dis-
solved in the aqueous phase. The figure thus essentially displays a
single-phase displacement process in the entire domain. As a result,
capillary pressure has no influence on the phase equilibrium and
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

displacement. Note that when the extended gas saturation becomes
equal to zero, the phase state of the reservoir is at the bubble-point.
Furthermore, Fig. 15a clearly reveals that the extended-saturation
distribution is spread out (mixed) by the permeability and porosity

dx.doi.org/10.1016/j.ijggc.2012.09.015


ARTICLE IN PRESSG Model
IJGGC-724; No. of Pages 20

H. Salimi et al. / International Journal of Greenhouse Gas Control xxx (2012) xxx–xxx 11

290 30 0 31 0 32 0 33 0 34 0 35 0 36 0 37 0

975

980

985

990

995

1000

1005

1010

1015

1020

Temperature, K

A
q

u
eo

u
s-

P
h

as
e 

D
en

si
ty

, k
g

/m
3 P

c
 = 0 bar

P
c
 = 25 bar

P
c
 = 45 bar

P
c
 = 75 bar

P
c
 = 100 bar

290 30 0 31 0 32 0 33 0 34 0 35 0 36 0 37 0

400

500

600

700

800

900

Temperature, K

C
O

2-R
ic

h
-P

h
as

e 
D

en
si

ty
, k

g
/m

3 P
c
 = 0 bar

P
c
 = 25 bar

P
c
 = 45 bar

P
c
 = 75 bar

P
c
 = 100 bar

(a) (b)

Fig. 12. (a) The aqueous-phase density versus temperature at the wetting-phase pressure Pw = 70 bars and (b) the CO2-rich-phase density versus temperature at the non-
wetting-phase pressure Pnw = 170 bars.

290 30 0 31 0 32 0 33 0 34 0 35 0 36 0 37 0

980

990

1000

1010

1020
(a) (b)

Temperature, K

A
q

u
eo

u
s-

P
h

as
e 

D
en

si
ty

, k
g

/m
3

P
c
 = 0 bar

P
c
 = 25 bar

P
c
 = 45 bar

P
c
 = 75 bar

P
c
 = 100 bar

290 30 0 31 0 32 0 33 0 34 0 35 0 36 0 37 0

650

700

750

800

850

900

950

1000

1050

Temperature, K

C
O

2-R
ic

h
-P

h
as

e 
D

en
si

ty
, k

g
/m

3 P
c
 = 0 bar

P
c
 = 25 bar

P
c
 = 45 bar

P
c
 = 75 bar

P
c
 = 100 bar

F  press
n h othe

d
f

T
t
r

g
C
c
e
i

F
n

ig. 13. (a) The aqueous-phase density versus temperature at the wetting-phase
on-wetting-phase pressure Pnw = 285 bars. In (b), there are five curves lying on eac

istribution of the reservoir, and thus, the computed distribution
or the extended gas saturation is dispersive.

Fig. 15b shows the temperature profiles at t = 30 yr for this case.
he temperature distribution is smoothed, which is attributed to
he high value of the thermal-diffusion coefficient of the reservoir
ock.

By combining the temperature distribution with the extended-
as-saturation distribution, we obtain the corresponding overall-
O -mole-fraction distribution (Fig. 15c). This requires the
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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2
omputation of the densities that are uniquely determined by the
xtended gas saturation, temperature, and pressure. Fig. 15c  clearly
llustrates that the CO2 front moves ahead of the temperature front.
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ig. 14. (a) The aqueous-phase density versus temperature at the wetting-phase press
on-wetting-phase Pnw = 355 bars. In (b), all curves lie on each other.
ure Pw = 185 bars and (b) the CO2-rich-phase density versus temperature at the
r.

In Fig. 15c, the overall CO2 mole fraction is the same as the CO2
mole fraction in the aqueous phase because the entire displace-
ment is single phase or in other words the amount of injected CO2 is
dissolved in water as the extended gas saturation is negative. There-
fore, Fig. 15c  shows the CO2 mole fraction in the aqueous phase.
As can be seen in Fig. 15c, CO2 breakthrough has already occurred
before 30 years. Furthermore, the maximum value of the overall
CO2 mole fraction at t = 30 yr, is zmax = 0.02. Because the highest
value is the same as the overall injected mole fraction (z = 0.02),
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

inj
there is no CO2 bank in this case. The distribution shown in Fig. 15c
is dispersive and therefore the mixing is efficient. This is attributed
to a very large variation of permeability values that are smaller than
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ig. 15. (a) Extended-gas-saturation distribution, (b) temperature distribution, an
inj = 0.02 at t = 30 yr. In (a), the extended gas saturation is below zero, meaning the a
he  temperature variations because of permeability contrasts. The vertical direction

.01 md  and larger than 382 md  in combination with a low mobil-
ty ratio. The mobility ratio, M,  is here defined as the ratio of the
njected fluid mobility (kr/�) to the initial fluid mobility.

.2.2. Intermediate-CO2-injection-concentration case
This case has an overall injected CO2 mole fraction of zinj = 0.03.

ig. 16a shows the extended-gas-(CO2)-saturation distribution at
 = 33 yr for this case. The extended gas saturation is below zero
t the injection and initial reservoir conditions, indicating single-
hase aqueous regions. However, close to the injection side, we
bserve CO2 banks (high gaseous-saturation values) at which the
xtended gas saturation is above zero and below one, indicating
wo-phase regions. Therefore, there are three regions with differ-
nt phase states: (1) a single-phase region of an aqueous phase,
pstream, downstream, and in the less permeable zones, (2) a two-
hase region (i.e., 0 < Ŝg < 1) with a supercritical CO2-rich phase
nd an aqueous phase in the highly permeable zones, and (3) a
wo-phase region of a subcooled (liquid) CO2-rich phase and an
queous phase in the cold highly permeable zones. Hence, a gas
hase appears and subsequently a phase transition from subcooled
O2 to supercritical CO2 takes place in this case. We  note that
ubcooled CO2-rich phase exists only when the temperature is
ower than the CO2 critical temperature and pressure is higher
han the CO2 critical pressure. Hence, the part of the domain that
s behind the temperature wave, connecting the injection temper-
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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ture (below the CO2 critical temperature) to the initial reservoir
emperature (above the CO2 critical temperature), contains sub-
ooled CO2-rich phase if the extended saturation would be above
ero. As a result, the subcooled CO2-rich phase is only in the near
verall-CO2-mole-fraction distribution for an overall injected CO2 mole fraction of
e of a gas phase. In (b), the high value of the thermal-diffusion coefficient smoothes
ward and the zero level is at the bottom of the geothermal reservoir.

vicinity of the injection well and is too small to be observed in
Fig. 16a.

As opposed to the previous case, the gas (CO2-rich) phase forms
in this case. This behavior reflects the intermediate CO2/water
injection ratio, which is higher in this case. For this reason, as the
cold injected CO2–water mixture encounters the high temperature
of the geothermal reservoir, the CO2 concentration exceeds the sol-
ubility limit and, hence, a gas phase forms and the extended gas
saturation increases.

Fig. 16a illustrates that the extended gas saturation attains a
maximum value of Ŝg,max = 0.3875 at t = 33 yr. This highest value
of the extended gas saturation is much larger than the injection
value (−0.0092). The reason for this behavior is as follows. As
the gas (CO2-rich) phase forms, it travels more rapidly upward
because of the larger density difference between the aqueous
phase and the CO2-rich phase and because of the higher mobility.
However, when the gas encounters a highly permeable region that
is surrounded by the less permeable regions, it stays temporarily
trapped because of capillary forces. The permeability contrasts in
the heterogeneous case are very large. Consequently, the effect of
capillary forces is pronounced in the heterogeneous case because
capillary pressure is inversely proportional to the square root of
permeability/porosity according to the model of Leverett (1939),
see also Eq. (8).  Therefore, the gaseous CO2 banks – while being
supplied from the injected side – will be trapped between the less
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

permeable zones for a while until they are enough pressurized,
after which they will be able to pass slowly through these less
permeable zones. This process in turn, leads to accumulation of the
gas phase in the highly permeable zones. It is also surprising to see

dx.doi.org/10.1016/j.ijggc.2012.09.015
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Fig. 16. (a) Extended-gas-saturation distribution, (b) temperature distribution, and (c) overall-CO2-mole-fraction distribution for an overall injected CO2 mole fraction of
zinj = 0.03 at t = 33 yr. High extended-gas-saturation values are mainly found in highly permeable zones because of capillary forces. High overall-CO2-mole-fraction values are
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lso  found in the highly permeable zones as in (a). In (c), zero overall CO2 mole fracti
eterogeneity in the middle of a CO2 invaded zone.

he lack of significant CO2 flow in the continuous highly permeable
ayers (e.g., layer Nz = 18 in Fig. 1). We  infer that the CO2-trapping

echanism due to capillary forces and the frequent occurrence of
vaporation and condensation lead to slow down the movement
f the injected CO2 and to enhance CO2 trapping consequently.

Fig. 16b displays the temperature distribution for this case at
 = 33 yr. The temperature profile is relatively smooth because of the
igh value of the thermal-diffusion coefficient of the reservoir rock
nd, therefore, it is not significantly influenced by the permeability
eterogeneity.

Fig. 16c  shows the overall-CO2-mole-fraction distribution at
 = 33 yr (CO2-breakthrough time). It reveals that for the zones with
igh values of the extended gas saturation, the overall CO2 mole

raction is also high, because the overall mole fraction is a saturated-
eighted mole fraction. The overall CO2 mole fraction reaches a
aximum of zmax = 0.1616 at t = 33 yr, which is much larger than the

verall injected value of zinj = 0.03. Therefore, the CO2 concentra-
ion is not monotonically decreasing from the injection side toward
he production side as opposed to the previous case. We  note that
ecause the injected water contains some dissolved CO2, the initial
eservoir water does not have any dissolved CO2, and the lead-
ng (fasting) wave of the overall-CO2-mole-fraction profile is the
ompositional single-phase wave, the leading front of the overall-
O2-mole-fraction pattern in Fig. 16c  represents the front of the
Please cite this article in press as: Salimi, H., et al., The influe
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njected water.
Because a gas phase forms in this case, we anticipate seeing the

nfluence of the implementation of capillary pressure in the phase
quilibrium on the displacement process. When the influence of
wnstream are indicated by a white color, which can also occur due to permeability

capillary pressure on the phase equilibrium would be disregarded,
for the same initial and injection conditions, CO2 breakthrough
would occur at t = 51 yr (Salimi and Wolf, 2012), whereas CO2 break-
through happens at t = 33 yr as can be confirmed when capillary
pressure is included in the phase-equilibrium calculations. In addi-
tion, the maximum value of the extended gas saturation and overall
CO2 mole fraction are Ŝg,max = 0.2549 and zmax = 0.1030 at t = 51 yr,
respectively, which are lower than Ŝg,max = 0.3875 and zmax = 0.1616,
respectively. Indeed, as shown earlier, inclusion of capillary pres-
sure in the phase-equilibrium calculation shows the reduction of
the CO2 solubility in the aqueous phase and shows the increase
of the equilibrium H2O mole fraction in the CO2-rich phase. As a
result, for the same injected CO2 concentration z = 0.03, less injected
CO2 dissolves in the aqueous phase and consequently a larger vol-
ume of the CO2-rich phase (higher saturations) is attained. Hence,
inclusion of capillary pressure in the phase-equilibrium calcula-
tions shows an earlier CO2-breakthrough time. Because the process
ends when CO2 breakthrough occurs, inclusion of capillary pressure
shows a lower heat-energy production and a lower CO2-storage
capacity.

4.2.3. High-CO2-injection-concentration case
Here we consider an overall injected CO2 mole fraction of

zinj = 0.20 in the heterogeneous permeability and porosity field.
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

With an overall CO2 mole fraction of zinj = 0.20 and, considering
the injection temperature and pressure, the extended gas satura-
tion is above zero at the injection side (Ŝg,inj = 0.3245). It implies
that there are two  phases at the injection side, as opposed to

dx.doi.org/10.1016/j.ijggc.2012.09.015


ARTICLE IN PRESSG Model
IJGGC-724; No. of Pages 20

14 H. Salimi et al. / International Journal of Greenhouse Gas Control xxx (2012) xxx–xxx

Fig. 17. (a) Extended-gas-saturation distribution, (b) temperature distribution, and (c) overall-CO2-mole-fraction distribution for an overall injected CO2 mole fraction of
z verall
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 = 0.2 at t = 7 yr. The displacement indicates appreciable channeling. In (c), a zero o
ue  to permeability heterogeneity in the middle of a CO2 invaded zone.

he other cases discussed earlier. Fig. 17a shows the extended-
as-saturation distribution at t = 7 yr. Furthermore, it illustrates a
hanneling pattern for the extended gas saturation as opposed to
he previous cases. The extended gas saturation attains a maxi-

um  value of Ŝg,max = 0.9242 at t = 7 yr. The maximum value is larger
han the maximum extended gas saturation obtained with an over-
ll injected mole fraction of zinj = 0.03. This is attributed to a larger
atio of the CO2-injection rate to the water-injection rate in the case
ith zinj = 0.20. The supercritical CO2 is a light (xg/xl > 1) component

ompared to water. As a result, when the injection ratio increases
or approximately the same range of pressure and temperature
ariations, the gas (supercritical CO2) saturation also increases.
urthermore, the highest value of the extended gas saturation in
his case, is the same as the maximum value of the extended gas
aturation (Ŝg,max = 0.9243 at t = 6.5 yr; Salimi and Wolf, 2012) in
he case in which the influence of capillary pressure on the phase
quilibrium is disregarded. Therefore, inclusion of capillary pres-
ure on the phase equilibrium does not show any influence on
he displacement process in this case (zinj = 0.20). The behavior is
ttributed to the fact that the gas-saturation value in two-phase
egions is close to one even without including the effect of cap-
llary pressure in the phase equilibrium (i.e., Ŝg,max = 0.9243 with
inj = 0.2). Therefore, the decrease in CO2 solubility in the aque-
us phase because of capillary pressure, which shows a higher
O2-rich (gas) phase saturation, cannot significantly contribute to
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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he already high CO2-rich phase (gas) saturation. In other words,
or these cases, the phase state of the two-phase regions is close
o the oversaturated single phase (CO2-rich phase). Hence, the
ffect of capillary pressure on phase equilibrium is insignificant.
 CO2 mole fraction downstream is indicated by a white color, which can also occur

Furthermore, Fig. 17a demonstrates that that gravity effects are
weakened by the heterogeneous-permeability field and there is no
gravity override; overriding of a gas phase with mainly supercritical
CO2 at the top of the reservoir in a homogeneous reservoir with the
same injected CO2 concentration (not shown here) was  observed.

Fig. 17b illustrates that the cold-temperature front does not
considerably penetrate into the reservoir. This is attributed to the
fact that as the amount of injected CO2 increases, the difference
between the speed of the thermal front and the speed of the compo-
sitional front becomes larger. The reason for this is that heat transfer
by the aqueous phase is more efficient than heat transfer by the gas
phase.

Fig. 17c  shows the overall-CO2-mole-fraction distribution at
t = 7 yr. The overall CO2 mole fraction reaches a maximum of
zmax = 0.7629 at t = 7 yr, which is the same as the maximum overall
CO2 mole fraction zmax = 0.7621 at t = 6.5 yr attained when the influ-
ence of capillary pressure on the phase equilibrium is disregarded.
Therefore, inclusion of capillary pressure in the phase-equilibrium
calculations only shows a negligible effect on the CO2–water dis-
placement process. The reason for this behavior is similar to the
reason mentioned earlier for the extended gas saturation.

In addition, Fig. 17c illustrates that a channeling regime occurs
for this case. With channeling, we mean that the CO2 plume
develops along the highly permeable streaks (i.e., the progress
of CO2 plumes is dominated by the permeability distribution in
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

combination with a high mobility ratio). Fig. 17a  and c shows that
faster plume-development (breakthrough time is at t = 7 yr) occurs
along the highly permeability regions compared with the case
considered in Fig. 16 (breakthrough time is at t = 33 yr). Due to

dx.doi.org/10.1016/j.ijggc.2012.09.015
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hanneling, water is bypassed and thus dissolution is not efficient.
his leads to earlier breakthrough and a small sweep efficiency. By
omparing the CO2 concentrations shown in Figs. 16c and 17c, we
otice that the displacement mechanism changes from dispersive
o channeling as the overall injected CO2 mole fraction increases
rom 0.03 to 0.20 for the same heterogeneous reservoir structure.
his is because of the difference in mobility ratios. In the next
aragraph, we discuss this different behavior in detail.

Overall, the effect of heterogeneity on the character of flow in
orous media can be represented by three flow regimes: fingering,
ispersive, and channeling (Waggoner et al., 1992; Farajzadeh et al.,
011). A dispersive displacement exhibits iso-concentration lines
hat are roughly uniform in the transverse direction. It occurs for
igh permeability contrasts, relatively small correlation length, and

n the absence of high mobility ratios. Viscous fingering occurs at
igh mobility ratios in relatively homogeneous permeability fields
i.e., for laboratory conditions). Channeling occurs for large correla-
ion lengths and high mobility ratios (Koval, 1963; Waggoner et al.,
992; Farajzadeh et al., 2011). However, the degree of heterogene-

ty is large here as shown in Fig. 1 (i.e., permeabilities vary over five
rders of magnitude). Hence, we are dealing with dispersive and
hanneling type of displacements.

Firstly, we note that the heterogeneous character (i.e., the
egree of heterogeneity and correlation length) in the low, inter-
ediate, and high CO2-injection concentration cases is the same.

econdly, the only difference between the case with zinj = 0.03 and
he case with zinj = 0.20 is the injected CO2 concentration and the
act that in the case with zinj = 0.03, a single phase was  injected
i.e., CO2 was completely dissolved in the aqueous phase at the
njection side), whereas in the case with zinj = 0.20, two  phases

ere injected at the injected side. Therefore, the reason for the
ransition from dispersion to channeling must be attributed to
he mobility ratio. The mobility ratio for the case with zinj = 0.03
s approximately M = 1, because CO2 was completely dissolved
nto water at the injection side. On the other hand, the mobility
atio for the case with zinj = 0.20 is approximately M = 5.7 because
wo phases (aqueous phase and CO2-rich phase) were injected.
n other words, in the intermediate CO2-injection-concentration
ase (zinj = 0.03), the displacement is miscible at the injection side,
hereas in the high-CO2-injection-concentration case (zinj = 0.20),

he displacement is mainly immiscible at the injection side. As
s well known, adverse-mobility-ratio (M > 1) displacements will
lways have smaller sweep and displacement efficiency than those
orresponding to M ≤ 1 displacements. Thus, with the mobility ratio
s a characteristic measure, the transition from dispersion to chan-
eling occurs as the mobility ratio from equal and less than one goes
o above one. The transition between regions is gradual. We  assert
hat the reservoir heterogeneity (Koval factor or Dykstra-Parsons’
oefficient), the correlation length, and the mobility ratio together
etermine the character of the displacement process.

.3. Energy invested

For any energy source, one important attribute is the recovery
fficiency, i.e., how much energy can be extracted from this source
ith respect to the amount of energy invested during the pro-

ess of energy extraction. The energy analysis (Dincer and Rosen,
007; Eftekhari et al., 2012) for mixed CO2–water injection into
eothermal reservoirs is presented in Salimi and Wolf (2012),  but
or reasons of easy reference, we include the analysis in this paper.

We  prefer to do the full calculations, because otherwise we  need
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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o resort to imprecise results of rounded computations, which may
e physically reasonable but difficult to follow. Indeed, we are well
ware that the numbers quoted below have at most two significant
igits.
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We  assume that the total energy invested in this process con-
sists of energy for producing materials (steel and cement), drilling,
CO2 capture and compression, and circulation pumping power.
First, we  calculate the energy consumed to produce materials
(steel and cement) for the production and injection well. Based
on the depth of the geothermal reservoir (2 km), the amount
of steel needed for the injection-well casing is approximately
248,572 (250,000) kg and for the production-well casing is 392,549
(400,000) kg (De Mooij, 2010). The total weight of steel for both
wells is 641,121 kg. Typical energy required to produce steel is
60 MJ/kg (Costa et al., 2001). Therefore, the total energy con-
sumed for the steel tubing is 60 MJ/kg × 641,121 kg = 38,467.26 GJ.
Secondly, we obtain the energy used to produce cement. The
total amount of cement needed for the injection and produc-
tion well is 223,207 kg (De Mooij, 2010). The specific energy for
producing cement is approximately 2950 kJ/kg. Hence, the total
energy consumption for production of cement for two wells is
223,207 kg × 2950 kJ/kg = 658.46 GJ. Thirdly, the energy invested
in drilling the geothermal doublet is about 8712 GJ (Samuel and
McColpin, 2001). Fourthly, the energy demand for CO2 capture and
compression is 1.2 MJ/kg CO2 (Freeman and Rhudy, 2007). Fifthly, a
pump is needed to inject a mixture of water and CO2, via dual com-
pletion, into the reservoir. The pumping power should be such that
it compensates the power loss along the well tubes and the power
loss within the reservoir. The power loss in the tubes is a result of
friction of the fluid to the tubing surface of both wells. Based on an
injection rate of 0.04167 m3/s (Table 1) and a pump efficiency of
0.36, the pumping power is 0.30 MW (0.09 MW for the power loss
in the wells and 0.21 MW for the power loss in the reservoir).

Note that the energy invested in materials and drilling is
assumed to be constant during time. The energy demand for
CO2 capture and compression and pumping power are demand
controlled and therefore depend on time. Moreover, the energy
invested in materials, drilling, and pump is relatively small com-
pared to the energy needed for CO2 capture and compression.
Below, we  present the total energy invested for each case consid-
ered. The only source of energy production is the amount of heat
produced from the geothermal reservoir.

4.4. Recuperated heat energy versus maximally stored CO2

Fig. 18 plots two curves for the recuperated heat energy versus
the maximally stored CO2 at the end of the process: (1) the
curve with the blue-star points excludes the capillary pressure
in the phase-equilibrium calculations and (2) the curve with the
red-square points includes the capillary pressure in the phase-
equilibrium calculations. The figure includes the results for various
overall injected CO2 mole fractions. In Fig. 18,  the black-triangular
points represent the total energy consumed for each case includ-
ing the capillary pressure in the phase-equilibrium calculations. For
all cases, the initial reservoir conditions, water-injection rate, and
injection temperature are the same. However, the overall injected
CO2 mole fraction is different for each case. Along the blue-stars
and red-circle curves, the overall injected CO2 mole fraction essen-
tially increases from left to right. With no added CO2, the criterion
to end the project is cold-water breakthrough, while if any amount
of CO2 is added, the criterion to end the project is when CO2, dis-
solved into the aqueous phase, breaks through. If the entire pore
volume of the reservoir were filled with CO2 at T = 353.15 K and
Pw = 220 bars, a total CO2-storage capacity of 13,678 ktonnes would
be attained. When no CO2 were added, a total geothermal-energy
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

production of 16,492 TJ (1 T = 1012) could be achieved. Table 2
shows the CO2-breakthrough time, cumulative CO2-mass injected
up to the CO2-breakthrough time (i.e., stored CO2), and cumulative
heat-energy production for each red-square point in Fig. 18.

dx.doi.org/10.1016/j.ijggc.2012.09.015
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se z to denote the overall injected CO2 mole fraction. The trend from left to right
epresents an increase in the injected CO2 mole fraction. The point that corresponds
o  cold-water injection (i.e., no CO2) is located on the y-axis (not shown here).

First, we describe the curve with the red-square points. Subse-
uently, we compare the curve with the red-square points with the
urve with the blue-star points. After that, we discuss the energy
alance over the entire process for each case. Then, we  provide a
ursory evaluation of the economics of the proposed project.

The red-square curve consists of six regions in terms of heat
nergy/stored CO2. Region 1 pertains to cases of small overall
O2 mole fractions (0.002 < zinj < 0.02). In region 1, the heat energy
ecreases, but the stored CO2 increases because the ratio of the CO2-
Please cite this article in press as: Salimi, H., et al., The influe
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njection rate to the water-injection rate increases. From region 1
o region 2 (0.02 < zinj ≤ 0.03), the heat-energy/stored-CO2 behav-
or changes and a transition occurs. In region 2, there is a drastic
ncrease in both the heat-energy production and the CO2-storage

able 2
he CO2-breakthrough time, cumulative CO2 injection, and cumulative heat-energy pr
quilibrium calculations.

Overall injected CO2 mole
fraction, dimensionless

CO2-breakthrough
time, months

0.01 235 

0.02  221 

0.025  219 

0.0275  220 

0.03  390 

0.04  220 

0.05  232 

0.06  246 

0.07  254 

0.08  262 

0.09  266 

0.10  252 

0.11  213 

0.12  176 

0.13  150 

0.14  129 

0.15  116 

0.16  106 

0.17  96 

0.18  90 

0.19  85 

0.20  77 

0.25  62 

0.30  53 

0.35  49 

0.40  47 

0.45  46 

0.50  45 

0.99  44 
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capacity. In this region, the injected CO2 concentration is still low
such that CO2 remains completely dissolved in the aqueous phase
at the injection side. However, gaseous CO2 is formed further
downstream. It is inferred that the frequent occurrence of evapora-
tion and condensation enhances mixing and counter-current flow
movement of the CO2-rich phase and the aqueous phase (Salimi
and Wolf, 2012). The frequent evaporation and condensation is the
main reason to delay CO2 breakthrough and consequently increase
considerably both the cumulative heat-energy production and the
maximally stored CO2.

As the overall CO2 mole fraction increases from zinj = 0.03 to
zinj = 0.04, a gas (supercritical CO2) phase is formed at the injection
side (i.e., two-phase injection) and another bifurcation occurs. In
region 3 (0.03 < zinj < 0.04), both the recovered heat energy and the
maximally stored CO2 decrease drastically from 3182 TJ (19.3% heat
recovery as a fraction) to 1754 TJ (10.6% heat recovery) and from
902 ktonnes (6.6% storage capacity as a fraction) to 626 ktonnes
(4.6%), respectively. The main reason for this sharp change in the
heat-energy/stored-CO2 behavior is that the competition between
evaporation and condensation, which slows down the CO2 move-
ment toward the production well, weakens because of higher
CO2 supply and the existence of two  phases at the injection side.
Consequently, it leads to earlier breakthrough and a shorter mixed-
CO2–water-injection period.

In region 4 (0.04 < zinj ≤ 0.09), the recuperated heat energy
remains more or less constant (i.e., it changes from 1754 TJ
to 1681 TJ), but the stored CO2 increases from 626 ktonnes to
975 ktonnes. When the concentration is still low, the single-phase
compositional-rarefaction wave is still the fastest (leading) wave
and the sequence of waves has not yet changed. Moreover, as
the overall injected CO2 mole fraction increases, the ratio of the
CO2-injection rate to the water-injection rate becomes larger.
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

Consequently, the CO2-trapping mechanism and the character of
counter-current flow become stronger because of higher CO2 (gas)
saturation and, therefore, larger capillary forces (see also Kumar
et al., 2005). These effects lead to slightly later breakthrough.

oduction for the heterogeneous cases including capillary pressure in the phase-

Cumulative CO2 injection
(storage), kton

Cumulative energy
production, TJ

183.1 1896.1
343.4 1794.4
423.8 1782.8
467.4 1792.3
902.3 3181.5
626.4 1754.5
631.1 1757.2
658.3 1768.5
706.9 1737.2
811.7 1713.8
957.4 1681.4

1141.2 1561.8
1214.9 1318.7
1262.5 1108.0
1334.5 975.7
1396.5 878.5
1497.8 832.7
1600.6 807.0
1663.3 777.5
1759.9 772.0
1855.5 771.3
1833.3 740.2
2032.3 740.6
2049.3 725.3
2093.8 726.5
2139.2 736.5
2179.9 748.4
2205.5 749.8
2369.4 793.6

dx.doi.org/10.1016/j.ijggc.2012.09.015
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owever, this advantage annihilates because of higher CO2/water
njection ratios; the reservoir pressure becomes somewhat lower.
s a result, the productivity index – because of well constraints

 becomes lower, which sufficiently compensates later break-
hrough. Hence, the heat-energy extraction remains more or less
he same.

At still higher CO2 injection (0.09 < zinj < 0.13), the
ompositional-rarefaction wave is overtaken by a compositional
hock, which moves much faster than the compositional-
arefaction wave in region 4. Therefore, in region 5, the time
f breakthrough gradually decreases and both the possible amount
f stored CO2 and the heat energy decrease. Note that still the
obility ratio M between the injected fluid and the initial reservoir

uid is below one. This continues until zinj = 0.13.
Finally, from region 5 to region 6 (0.13 < zinj < 1), the heat-

nergy/stored-CO2 behavior changes because the sequence of
aves changes and a Buckley–Leverett wave is formed. Further-
ore, a transition from dispersive to channeling occurs because

f high mobility ratios (M > 1). For that reason, the breakthrough
ime of the compositional shock decreases. However, there is an
ncrease in storage capacity because of higher CO2/water injec-
ion ratios, which sufficiently compensates earlier breakthrough.

oreover, in region 6, the energy recovery remains approximately
onstant. This is because of higher CO2/water injection ratios; the
eservoir pressure now becomes somewhat higher for this range
f injection concentrations. As a result, the productivity index –
ecause of well constraints – becomes higher, which sufficiently
ompensates earlier breakthrough.

The blue-star curve in Fig. 18,  which excludes the influence
f capillary pressure on the phase equilibrium (Salimi and Wolf,
012), reveals the same behavior in terms of heat-energy pro-
uction and CO2 storage. As expected for zinj < 0.02, the entire
isplacement is in the single-phase region and hence there is no
ifference between the red-square and blue-star curve. However,
or injected CO2 concentrations close to the bubble point, the effect
f capillary pressure on the phase equilibrium reduces both heat
ecovery and CO2 storage by 37%. For overall injected CO2 mole
ractions between 0.04 and 0.13, the reduction in heat recovery
nd CO2 storage is 10%. For zinj > 0.13, again the result shows no
ignificant effect of inclusion of capillary pressure in the phase-
quilibrium calculations on heat recovery and CO2 storage. The
eason for this observation is that in this range of injected CO2
oncentrations, the gas-saturation value in the two-phase regions
s close to one even without including the effect of capillary pres-
ure in the phase-equilibrium calculations (e.g., Ŝg,max = 0.9243 with
inj = 0.2). Therefore, the decrease in the CO2 solubility in the aque-
us phase because of capillary pressure, which leads to a higher
O2-rich-(gas)-phase saturation, cannot significantly contribute to
he already high CO2-rich phase (gas) saturation. In other words,
or these cases, the phase state of two-phase regions is close to
n oversaturated single phase (CO2-rich phase). Hence, the effect
f capillary pressure on the phase equilibrium is insignificant for
eat-recovery and CO2-storage computations.

We note that most of the capillary pressure effects occur for
ressures below 150 bars, while the modeling of mixed CO2–water

njection into the geothermal reservoir is preformed at an aqueous-
hase pressure over 200 bars. Therefore, the observed influence
f the capillary pressure on the carbon-sequestration efficiency
nd heat-energy recovery could be higher at lower aqueous-phase
ressures.

.4.1. Net energy balance
Please cite this article in press as: Salimi, H., et al., The influe
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Fig. 18 shows that those points with an overall injected
O2 mole fraction less than 0.10 are above their corresponding
riangular points, which represent the invested energy. This indi-
ates that these cases produce more energy than they consume.
Fig. 19. Net energy balance versus the overall injected CO2 mole fraction for the
heterogeneous cases. The inserted plot shows an expanded part of the plot with
injected mole fractions between zero and 0.1.

However, the cases with zinj ≥ 0.10, which fall below the energy-
invested triangular points, eventually consume more energy than
they produce.

Fig. 19 shows the net energy balance for all injection mix-
tures except for pure cold-water injection (no added CO2, zinj = 0)
including the capillary pressure in phase equilibria. With no added
CO2, the net energy recovery attains a maximal value of 14,552 TJ,
because the process is not stopped at CO2 breakthrough and no
energy is required for CO2 capture, transport, and storage. As the
overall injected CO2 mole fraction increases, the net energy bal-
ance decreases. This behavior continues until zinj = 0.025 at which
value there is a bifurcation (i.e., a marking point between different
types of solutions). For 0.025 < zinj < 0.03, the net energy balance
increases as the overall injected CO2 mole fraction increases.
For higher injection concentrations (zinj > 0.03), again the solution
behavior changes (i.e., the net energy balance decreases as the over-
all injected CO2 mole fraction increases). The net energy balance
reaches zero at zinj = 0.1. For overall injected CO2 mole fractions
larger than 0.1, the net energy balance continues to decrease and
consequently becomes ever more negative. This case may  still rep-
resent a viable option as the energetically most efficient way  to
store CO2.

From the energetic point of view, we note that even for cases
with a negative energy balance, still the amount of CO2 storage
is higher than the amount of CO2 emitted during this process.
Therefore, if we look at this process (mixed CO2–water injection
into geothermal reservoirs) from a CO2-storage point of view, it is
worthwhile to do it because the carbon emission is still negative,
even though more energy is needed than the amount of energy
produced.

4.4.2. Economic analysis
In our previous work (Salimi and Wolf, 2012), the notion inten-

sity of embodied energy is used to relate the energy balance to
an economic analysis (Dincer and Rosen, 2007; Granovskii et al.,
2006). Here, we repeat the same approximation to provide an eco-
nomic analysis for mixed CO2–water injection into geothermal
reservoirs including capillary pressure in the phase-equilibrium
calculations of the CO2–water system. The intensity of embodied
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

energy is more or less a constant for a particular activity (e.g.,
metal manufacturing). Indeed, for most materials, the intensity
of embodied energy is 20 US$–1992/GJ. This represents the costs
of construction materials and devices per consumed fossil-fuel

dx.doi.org/10.1016/j.ijggc.2012.09.015
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nergy to produce them. The production cost of steel plus cement
ould be (38,467.26 GJ + 658.46 GJ) × 20.1 US$/GJ = 786,427 US$.
oreover, we assume that natural gas with an embodied

nergy intensity of 3.16 US$/GJ (Granovskii et al., 2006) is
sed to run the CO2 capture-compression unit. Therefore,
he cost of CO2 capture and compression is 1.2 GJ/ton CO2-
aptured × 3.16 US$/GJ = 3.792 US$/ton CO2-captured.

In other cases, we can find the costs directly. For example,
he cost of drilling and completion of wells can be estimated
y Klein et al. (2004); drilling cost (US$) = 240,785 + 210 × depth
m)  + 0.019069 × depth2 (m2). For a depth of 2 km,  the drilling cost
or the production and injection well would be 737,061 × 2 US$.
his would correspond to an intensity of embodied energy of
69 US$/GJ. Operational costs are determined by experience (e.g.,
he estimated operational cost is 2000 US$/well/month, Sedillos
t al., 2010).

Without the geothermal-energy option, natural gas can be used
o produce heat energy. When we use heat energy produced
rom the geothermal reservoir, an amount of natural gas that
rovides the same amount of heat energy as geothermal energy
ill be avoided. Consequently, we assume that the embodied

nergy intensity of geothermal energy is the same as natural gas
3.16 US$/GJ). Therefore, the revenue of the amount of produced
eothermal energy is 3.16 US$/GJ heat-production.

By this approximation, for overall injected mole fractions lower
han 0.045, the net revenue is positive, indicating that the pro-
ess is economically beneficial. However, for overall injected mole
ractions larger than 0.045, the net revenue is negative, implying
hat the investment is larger than the income of the process. When
apillary pressure is not included in the phase-equilibrium calcu-
ations, for zinj < 0.06 the net revenue is positive (Salimi and Wolf,
012). A detailed economic evaluation needs a thorough investiga-
ion, which is outside the scope of this paper. Our analysis shows
hat in principle such a storage option is economically acceptable.

In summary, including capillary pressure in the phase equilib-
ium, we have a choice of an optimal energy recovery of 19.2%
3182 TJ) with a limited storage capacity of 6.6% (902 ktonnes) or a

inimal energy recovery of 4.8% (794 TJ) with a maximal storage
apacity of 17.3% (2369 ktonnes).

The regions, as discussed previously, can be changed by different
eterogeneous structures, well outlays, well constraints, and salin-

ty; however, they are useful for showing the capillary-pressure
nfluence on the phase equilibrium of the CO2–water system and
ubsequently on CO2 sequestration.

. Conclusions

Our hypothesis that inclusion of capillary pressure in
apor–liquid equilibrium (VLE) reduces the CO2 solubility in the
queous phase and increases water solubility in the CO2-rich phase
s confirmed by the computational results. In the range of capil-
ary pressures between 0 and 100 bars, temperatures between 293
nd 373 K, and wetting-phase pressures between 25 and 255 bars,
nclusion of capillary pressure in the CO2–water phase equilibrium:

Reduces the equilibrium CO2 mole fraction in the aqueous phase
up to 64%.
Increases the equilibrium water mole fraction in the CO2-rich
phase up to 1172%.
Reduces the aqueous-phase density up to 1.3%.
Increases the CO2-rich-phase density up to 13%.
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
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Moreover:

The thermodynamic analysis conducted here demonstrates that
the capillary pressure promotes evaporation.
 PRESS
house Gas Control xxx (2012) xxx–xxx

• The influence of capillary-pressure inclusion in the CO2–water
phase equilibrium on the CO2-rich-phase density is noticeable
such that the CO2-rich phase becomes heavier than the aqueous
phase at lower temperatures, and higher pressures and capillary
pressures. Consequently, this effect can considerably change the
displacement mechanism (gravity override/underride, wetting
transition, and capillary trapping).

• If the CO2-rich-phase density and the equilibrium H2O mole
fraction in the CO2-rich phase were calculated as a function of
the wetting-phase pressure, inclusion of capillary pressure in
the phase equilibrium of the CO2–water system would shift the
liquid–vapor transition of the CO2-rich phase to lower pressures.
Therefore, it is important to evaluate the CO2-rich-phase proper-
ties as a function of the non-wetting-(CO2-rich)-phase pressure.

Inclusion of capillary pressure in the phase-equilibrium calcu-
lation of the CO2–water system makes it possible to determine
the capillary-pressure effect on the CO2-storage capacity and
heat-energy recovery for CO2–water injection into geothermal
reservoirs. For this process, the hydrostatic (wetting-phase) pres-
sure was  varied between 205 and 255 bars and the temperature
was changed between 293 and 358 K.

In all cases considered, a compositional wave that runs ahead
of the thermal wave, limits the period of simultaneous CO2 storage
and heat extraction before the end of the project. This paper quan-
tifies this effect. Therefore, CO2 injection reduces the lifetime of a
comparable conventional geothermal aquifer.

• Heat transfer is more efficient in an aqueous phase than in
a supercritical-CO2 phase. In addition, heat-transfer hetero-
geneities are averaged out because of the large value of the
thermal-diffusion coefficient.

• Heterogeneity significantly weakens gravity effects.
• CO2 banks are mainly formed in the highly permeable zones that

are surrounded by less permeable zones. However, the existence
of non-isolated highly permeable zones for some injected CO2
concentrations leads to earlier breakthrough.

• The character of heterogeneity and the mobility ratio control the
displacement regime. For the selected heterogeneous-reservoir
structure, a transition from a dispersive to a channeling regime
occurs as the mobility ratio increases from M ≤ 1 to M > 1.

• The frequent occurrence of evaporation and condensation sub-
stantially delays CO2 breakthrough and consequently leads to a
larger amount of heat-energy production and CO2 storage.

• Inclusion of the capillary-pressure effect on the phase behavior
shows a reduction in both heat recovery and CO2 storage by 37%
for injected CO2 concentrations close to the bubble point. It also
shows a reduction in heat recovery and CO2 storage by 10% for
overall injected CO2 mole fractions between 0.04 and 0.13.

Based on the simulations, it is possible to construct a plot of the
recuperated heat energy versus the maximally stored CO2. The plot
for the results that include the effect of capillary pressure on phase
equilibrium is similar to the plot of the results that exclude the
effect of capillary pressure on phase equilibrium, albeit that in the
injected-CO2-mole-fraction range between 0.02 and 0.13 the capil-
lary pressure reduces the recovered heat and CO2-storage capacity
as stated above. Including capillary pressure in phase equilibrium,
we have a choice of an optimal energy recovery of 19.2% (3182 TJ)
with a limited storage capacity of 6.6% (902 ktonnes) or a maxi-
mal CO2-storage capacity of 17.3% (2369 ktonnes) with a minimal
energy recovery of 4.8% (794 TJ). Moreover, for overall injected CO2
nce of capillary pressure on the phase equilibrium of the
ith geothermal energy. Int. J. Greenhouse Gas Control (2012),

mole fractions smaller than 0.1, the net energy balance is pos-
itive, indicating that the process produces more energy than it
consumes. However, the net energy balance becomes negative for
overall injected CO2 mole fractions larger than 0.1. The relation

dx.doi.org/10.1016/j.ijggc.2012.09.015
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Table B.1
Fitted parameters of the NRTL model.

�G0
12 (J/mol) �G1

12 (J/mol/K) �G0
21 (J/mol) �G1

21 (J/mol/K)

3909.50 18.90 1473.60 16.98

Table B.2
Optimized volume-shift values for CO2 and water for the PRSV-MHV2 EOS.
ARTICLEJGGC-724; No. of Pages 20
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etween useful energy and costs suggested in the literature makes
t plausible that processes with a positive energy balance are close
o economically viable. The results obtained in this paper show that
apillary-pressure effects on phase equilibrium and subsequently
n heat-energy production and storage capacity in aquifers cannot
e ignored. It is also recommended to perform experiments to vali-
ate the computational results of the capillary-pressure effects on
he phase equilibrium of the CO2–water system.
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ppendix A. Expressions for the force and volume
arameters in the PR EOS

The values of the force parameters ai and the volume parameters
i for each component i are calculated using

i = 0.457235
R2T2

cri

Pcri

˛i(T), bi = 0.077796
RTcri

Pcri

, (A-1)

here Tcr,i is the critical temperature in Kelvin and Pcr,i is the crit-
cal pressure of component i. The parameter ˛i(T) is a function of
he vapor pressure for each component i and is calculated by the
elation suggested by Stryjek and Vera (1986)

i(T) =
[

1 + 	i

(
1 −
√

Tri

)]2
,

	i = 	0i + 	1i

(
1 +
√

Tri

)
(0.7 − Tri), (A-2)

here

0i=0.378893+1.4897153ωi−0.17131848ω2
i +0.0196554ω3

i ,(A-3)

In Eq. (A-2), Tri is the reduced temperature (T/Tci) and ωi is the
centric factor of component i. Values of 	1i (0.04285 for CO2 and
0.06635 for water) are component-specific and are calculated
sing the vapor pressure data (Orbey and Sandler, 1998).

ppendix B. NRTL activity coefficient model for a binary
ixture

The NRTL model (Renon and Prausnitz, 1969) is implemented
n the estimation of excess Gibbs free energy gE of the solution and
he activity coefficients � i of the individual components in Eq. (5),
.e.,

gE

RT
= x1x2

(
�21G21

x1 + x2G21
+ �12G12

x2 + x1G12

)
, (B-1)

n �1 = (x2)2

(
�21

(
G21

x1 + x2G21

)2

+ �12G12

(x2 + x1G12)2

)
, (B-2)

n �2 = (x1)2

(
�12

(
G12

x2 + x1G12

)2

+ �21G21

(x1 + x2G21)2

)
, (B-3)

here �12 = �G12/(RT), �21 = �G21/(RT), G12 = exp(−˛12�12), and
21 = exp(−˛12�21). For the VLE calculation, the value of non-
andomness parameter ˛12 is set to the constant value of 0.3 (Renon
nd Prausnitz, 1969). The other two parameters of the model
Please cite this article in press as: Salimi, H., et al., The influe
CO2–water system: Application to carbon sequestration combined w
http://dx.doi.org/10.1016/j.ijggc.2012.09.015

G12 and �G21 are optimized by fitting the model to experimen-
al VLE data of the CO2–water system. In this work, we  assumed
hat �G12 and �G21 are a linear function of the temperature
i.e., �G12 = �G0

12 + �G1
12T and �G21 = �G0

21 + �G1
21T , where the
c0
CO2

(m3/mol) c1
CO2

(m3/mol/K) c0
water (m3/mol) c1

water (m3/mol/K)

1.496 × 10−6 4.706 × 10−9 −1.072 × 10−7 −1.012 × 10−8

subscript 1 and 2 denote CO2 and water, respectively). The opti-
mized NRTL parameters obtained in Wahanik et al. (2010) are
shown in Table B.1.  The optimized parameters are valid for the
temperature range of 278.22–375.10 K and the pressure range of
4.65–709.28 bars.

To make a correction on the liquid density predicted by the equa-
tion of state, the volume-shift parameters (Péneloux et al., 1982)
were used, leading to the following equation:

vexp = vcal +
Nc∑
i=1

xici, (B-4)

where ci (m3/mol) is the volume-shift parameter of component i,
vcal (m3/mol) is the specific volume of the mixture calculated by the
equation of state (Eq. (1)), and vexp (m3/mol) is the experimental
specific volume. It is shown in Péneloux et al. (1982) that adding
shift parameters does not affect the phase-equilibrium condition
(Eq. (7))  and therefore optimization leads to the same result for �G.
Further details about the objective function for optimization of the
volume-shift parameters can be found in Wahanik et al. (2010) and
Eftekhari et al. (2011).  It is assumed that ci in Eq. (B-4) is a linear
function of the temperature ci = c0

i
+ c1

i
T . The optimized volume-

shift values are given in Table B.2.
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