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Abstract: As one of the most important ways to reduce the greesehgas emission, carbon dioxide (E€nhanced gas recovery (6BGR) is attractive since the gas recovery
can be enhanced simultaneously with,G®questration. Based on the existing EOS module of TOUGH2XMEOS7C is developed to calculate the phase partition@f H
CO,-CH,-NaCl mixtures accurately with consideration of dissolved Na@l taine properties at high pressure and temperature corgitéarifications show that it can be
applied up to the pressure of 100 MPa and temperatus®f°’C. The module was implemented in the linked simul@@UGH2MP-FLAC3D for the coupled hydro-
mechanical simulations. A simplified three-dimensional (3[@)rhodel (2.2 km x 1 km x 1 km) which consists of the letreservoir, caprock and baserock was generated
based on the geological conditions of a gas field in the NBetman Basin. The simulation results show that, underjection rate of 200,000 t/yr and production rate of
200,000 sriid, CO, breakthrough occurred in the case with the initial reservesspre of 5 MPa but did not occur in the case of 42. MRder low pressure conditions, the
pressure driven horizontal transport is the dominant proedsie under high pressure conditions, the density driveticaéflow is dominant. Under the considered conditions,
the CQ-EGR caused only small pressure changes. The largesprsgure increase (2 MPa) and uplift (7 mm) occurrébeacaprock bottom induced by only €i@jection.
The caprock had still the primary stress state and its integaisynet affected. The formation water salinity and temperaaniations of +20 °C had small influences on the
CO,-EGR process. In order to slow down the breakthrough siiggested that GEEGR should be carried out before the reservoir pressops below the critical pressure of
CO,.

Keywords: carbon dioxide (C¢) enhanced gas recovery (EBGR); CQ sequestration; equation of state; coupled thermo-hydro-mieeh&fiHM) modeling; TOUGH2MP-
FLAC3D

The research on GEEGR started in the 1990s (van der Burgt et ab2)9
Its concept and feasibility were investigated isteely in Oldenburg et al.
(2001, 2004), Oldenburg and Benson (2002), ancthikt al. (2003). The

1. Introduction

The industrialization process all over the worldds to rapid increase of
anthropogenic greenhouse gas emissions throughuttming of fossil fuels.
carbon dioxide ) (C&@ntributes
significantly to the global warming as well as tienate change. Strategies to

Among these greenhouse gases,
reduce its emission are necessary and urgent. Thiewc this, many
technologies, in particular, the carbon capturesiochge (CCS) technologies,
have been developed in the past few decades (Halu @015; Kolditz et al.,
2015). The CCS technologies are treated as the pobsttial and direct way
of reducing CQ emissions. In recent years, the carbon captureutiimhtion
(CCU) technologies draw more attentions than CC8rtelogies (Liu et al.,
2015), because GQtorage itself is expensive and not cost-effectiVih the

mechanisms of CEEGRare different from those of the G@nhanced oil
recovery (CQ-EOR), which has been developed and applied suctigssver

40 years (Clemens et al.,, 2010). There are stitiolwed problems which
restrict its application. The maximum incrementak gecovery with C®

EGR lies normally at about 10% and there arerstiervoirs in which the gas
recovery factor remains nearly zero (Clemens ef8l0). The main factors
influencing the C@EGR process include geological conditions (e.g.
formation rock types, and faults), reservoir coodié (e.g. pressure,
temperature, brine saturation, homogeneity, andotmoipy), facility on the
ground surface, production history, injection amddoiction strategies (e.g.
injection amount and rate, location and number eflsvand well forms

utilization of CQ, the CCU technologies are more economical and morghorizontal/vertical)) (Jikich et al., 2003; Al-Hasi et al., 2005; Kalra and

preferred by industries.

The CQ enhanced gas recovery (€BGR) is the process by which €@
injected into almost depleted gas reservoir to ldisp the natural gas and
increase the gas production. As one of the CCUnwohies, the most
important advantage of GEEGR is to combine the GGequestration with
the gas production, so that more gas can be resd\feym the reservoir and

Wu, 2014). According to the studies, the early,Qfeakthrough, quality
degradation of produced gas due to gas mixing, feetdrogeneity related
dispersion are the major problems and challengesglt{ek et al., 2012; Honari
et al., 2013). Furthermore, the amount of,@Qed for CQEGR is usually
limited because of site conditions.

By considering these factors, there are differe@ @jection strategies.

the cost of C@ sequestration is reduced at the same time. Ther otholdenburg et al. (2001) suggested increasing thtamtie between injection

advantages of C£EGR include (Oldenbrug et al., 2001; Hou et al12
Eshkalak et al., 2014): (1) the reservoir has diydaeen well characterized
during the primary production; (2) the infrastruets exist already; (3) the
integrity and capacity of the caprock are proved gnaranteed; and (4) after
CO,-EGR, it is also possible to apply the gas resem®iunderground storage
site for natural gas, by which G@ used as cushion gas.

*Corresponding author. E-mail: liuhj429@hotmail.com

and production wells, and injection at lower levédsslow down the C®
breakthrough. According to Jikich et al. (2003)véw recovery is obtained by
injecting CQ from the very beginning, while more methane cameoevered
with injections of CQ after the primary production. Al-Hasami et al. (8D
and Hussen et al. (2012) found that the dissolufo80;, in formation water
is beneficial for delaying CObreakthrough. Kalra and Wu (2014) suggested
that perforation of wells should be located in lowermeable formation to
delay the C@breakthrough in the production well.



Until now, there are many GEEGR demonstration projects worldwide,
e.g. Rio Vista (Oldenburg et al., 2001) in USA, @&ita in Canada (Pooladi-
Darvish et al., 2008), Otway Basin in Australia ¢gevic et al., 2011),
Altmark in Germany (Kuhn et al., 2012), Atzbach-@ehenstadt in Austria
(Polak and Grimstad, 2009), K12-B gas field in tHetherlands (van der
Meer, 2005). In recent years, the £BGR technology is applied not only to
conventional sandstone formations, but also to mwedtional shale gas
reservoirs (Kalantari-Dahaghi, 2010; Yu et al., £01n these reservoirs, the
mechanisms will be more complicated due to comfiiesture networks, gas
adsorption and desorption and chemical reactiotvedss CQ and rocks.

The objective of this paper is to study the twogghdlow process and
coupled thermo-hydro-mechanical (THM) responsestafage formation and
caprock during C@EGR process. In this study, we focus on the aislyb
fluid displacement process, induced stress charagesdeformations of the
storage formation including the caprock integrityder conditions of various
pressures, temperatures and salinities. For thepeges, the existing equation
of state (EOS) module EOS7C of TOUGH2MP was exténidecalculate the

Gas phase:
H20(g) + CO,(g) + CHa(g)

Liquid phase:
H,0 (I) + CO,(aq) + CHy(aq) +
NaCl(aq)

A

Solid phase:
NaCl(s)

e Y e

Fig. 1. The considered multiphase multicomponent system.

Table 1. Components and primary variables of extEOS7C under eliffeonditions.

Component Water, salt, GQracer, CH, heat

Primary variables X1 X, Xa X, X Xg
Single-phase, gas p X orSS50 X0z X Xocha T
Two-phase, gas-liquid p X orSS+50 Xco: Xy SGHI0 T
Single-phase, liquid p X or SS+50 Xco: X Xowa T

Note: p is the gas pressur8Sis the solid phase saturatid®®Gis the gas phase saturation,
Xs is the mass fraction of NaCt/X is the mass fraction in gas/aqueous phass, the

phase partition of C£CH,-H,O-NaCl mixture accurately, especially at high temperature, an, is the mass fraction of gas tracer.

pressure and temperature conditions. The influenEetissolved salt on gas
solubility, phase change as well as brine propedie also taken into account.
The extended EOS7C module (named as extEOS7C)mydsmented in the
previously developed coupled THM simulator TOUGH2KEAC3D, which

is based on the coupling approach by Rutqvist asah@ (2002), Rutqvist et
al. (2002), and Gou et al. (2014). With this sinbolanumerical studies were
carried out using a three-dimensional (3D) geolaigicodel simplified from a
gas reservoir in the North German Basin.

2. Thermodynamic models and implementation

TOUGH2MP (Zhang et al., 2008) includes many EOS utexideveloped

for the simulation of subsurface @8equestration. The most commonly used

modules are ECO2N (Pruess and Spycher, 2007) al8VEQOldenburg et
al., 2004). However, they have their own limitatoim different aspects.
ECO2N can calculate the phase partition more atalyravith consideration
of the dissolved salt. But it cannot be used f& $imulation of CQEGR
because Cilis not taken into account in this module. Furthanen the
pressure and temperature are restricted to 60 MB&l&0 °C, respectively,
which makes it inapplicable for the reservoirs vétrelative high temperature,
e.g. the German Altmark gas reservoir with therwesetemperature of about
125 °C. EOS7C is designed specifically for the dation of CQ-EGR.
However, it uses the evaporation model to calcutetegphase partition, which
underestimates the water mass fraction in the ¢w@sep In addition, the
influences of dissolved salt on gas solubility, gh@hange as well as brine
properties are neglected.

In this study, the extEOS7C module is developedwercome the above
limitations. The involved thermodynamic system umigs components of
water, salt (NaCl), C&(as the non-condensable gas), tracer ang(Eig. 1).
The solid salt may precipitate or dissolve. In ortte consider the brine as
well as solid salt, the second primary variablehsnged from brine mass
fraction to salt mass fraction (without salt prétifion) or solid phase
saturation + 50 (with salt precipitation). Tabletows the primary variables
in the EOS module extEOS7C. The thermodynamic madeluding the

phase partition of CECH,-H,O mixture, the consideration of dissolved salt

and the brine properties are discussed in theviollg sections.

2.1. Phase partition of CO2-CH4-H20 system

There are a large number of investigations on #leutation of real gas
mixture properties and its distribution in two-pea®nditions. Among others
the Soave-Redlich-Kwong (SRK) cubic EOS is one & most famous
models, which was also implemented in the previeersion of EOS7C. In
this paper, the second-order SRK-HV model, i.e. SRith Huron-Vidal
mixing rule (Austegard et al., 2006), is selectedctlculate the real gas
properties of the COCH,-H,O system. Austegard et al. (2006) corrected the
relevant parameters and made it valid above theabydurve from 0 °C to
200 °C as well as 0-2000 bar (1 bar = 0.1 MPa).

The SRK model is formulated as

__RTn _ arf
V-bn V2+bnVv

(€Y

whereR is the real gas constant (J/(mol K))is the gas quantity (mol), and
is the gas volume (n The parametera and b are related to the molar
fractions of gas components and their critical prips. The parametéris
written as

bzzi(Yigl?)' b:%

ci

(@]

wherey? (i = 1, 2 and 3, corresponding to £@H, and HO, respectively) is
the molar fraction of gas in the gas mixtuFg;is the critical temperature (K);
and pg is the critical pressure (Pa). The parametés dependent on the
mixing rules. In Huron-Vidal mixing rule, this paneter is expressed as

) GE
a=b X i -~
=5
212
a 0.4274R°T; @
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where a; is calculated according to the Twu-Bluc Cunninghd&®BC)

©)

formulation, which is more suitable for simulatitbe polar molecules
(Austegard et al., 2006):
a, =T D explG, (1- %)

whereT,

©)
is the reduced temperatufB=T/T.. The parameter€;, C, andCs
are listed in Table Al in Appendix AGE is the excess Gibbs energy (J) at

'infinite pressure that is related to the gas mixttwmposition and the binary

parameters as

GE gZi(Y?% G)
—° = A Y= 6
RT z'{y >0/ ©
whereg; andC; are defined as
_9i~% _Ag
FTORT RT )



Cji =expta;7; )
The binary parametersy;/R anda; are listed in Table Al in Appendix A.
By solving the cubic equation, the real gas fadocould be obtained,

which will be used to calculate the density of gaixture and the fugacity

coefficient. The fugacity coefficient is importafdr calculating the phase
partition. With the application of cubic EOS, thegécity coefficient could be

directly derived from the second-order SRK-HV moghgbpendix B).

(C))

y = XiI/Mi
Y6 M)

With the molar fraction of water and dissolved £@g. (9) is used to

(11)

calculate their molar fractions in the gas phashijlen ng4 is equal to
1-y¢o, = Yi,0. SO that the sum of gas molar fraction is equdl.tBecause
the fugacity coefficient is dependent on the gasmusition, several iterations
are performed until constant values are achievgutoagmately. With the

The phase equilibrium between aqueous and gasphasebe expressed as obtained gas compositions, the molar fractions haf tissolved gases are

K, ZLIQ _@¥’p

a Ky
where K; is the equilibrium constant (Pa)f®is the fugacity of the
components in gas (Pa)ai' is the activity of dissolved ga® is the fugacity
coefficient, i is the activity coefficient, angii' is the molar fraction of
dissolved component in the aqueous phase. Sincedifsolved salt is
discussed later, the activity coefficients are eegd in this section. This

equation works for both of water and gas.

The equilibrium constari; is dependent on the pressure and temperature

with the following semi-empirical equation:

K,(p. T) = Ky, T)exr{%} (10)

whereK? is the equilibrium constant under the referencesreepy, and V,
is the average molar volume of the componenf/rfral) for Poynting
correction. This formulation is adopted in manyvoes works (Prausnitz et
al., 1999; Spycher et al., 2003; Ziabakhsh-Gardi l4aoi, 2012).

In this study, the parameteis® and V, of H,O are obtained from Wagner

and Pruss (1993), since it covers a wider rangpredsure and temperature

(Duan and Mao, 2006). The equilibrium constantsG@ and CH are taken

from IAPWS (2004), which is valid from 2 °C to 38C. The molar volumes
of CO, and CH are set as 38 cifmol and 43 criimol, respectively. These
values are relative larger than that used in Spyehel. (2003), since the
partial volume of gas will increase rapidly abov 1°’C according to Garcia
(2001) and Duan and Mao (2006).

For the isothermal flash calculation, one of thesmoommonly used
algorithms was provided by Rachford and Rice (Ratidl., 1987; Seader et
al., 2010; Ziabakhsh-Ganji and Kooi, 2012). For igeg composition of
mixtures, the Rachford-Rice equation, combined Wit EOS, is solved for
the compositions in the gas and aqueous phasesGH2MP/extEOS7C uses
the simulation

the variable switching scheme for afiultiphase

multicomponent flow. Under the single-phase conditithe third and fifth

variables in the module are G@nd CH mass fractions in the gas (or liquid) CO, solubility increases in the presence of

phase, respectively. The above algorithm can bel wheectly. However,
under the two-phase condition, the third and fiftimary variables are
changed to C® mass fraction in the liquid phase and gas sabmati
respectively. The total composition of a grid blpthe CH as well as the
H,O mass fraction in the liquid phase, is unknown tte® above algorithm
cannot be used directly. In such a case, the abtgarithm is modified as
follows (Fig. 2): Choosing the water mass fractio:h20 as the variable (its
initial value is assumed as 0.95, since the satyhif gas is small), the molar
fraction of CQ, H,O and CH in the liquid phase can be calculated as

(9) recalculated by using Eqg. (9). These new valuesheme used to calculate the

residual values, namely
R(%) =2, ¥ -1=0

The above nonlinear equation is solved using Nevgaphson iteration

(12

method. After that the molar fractions are conette mass fractions for the
mass transport simulation in TOUGH2MP.

With the developed algorithm, the compositions @ @nd agueous phases
can be obtained. The simulation results are showRig. 3. The simulated
results of gas solubility in aqueous phase forptessure range of 0 — 1000
bar and temperature range of 60 °C — 180 °C arershimFig. 3a and c. They
were compared with the results from Duan and S063pand Duan and Mao
(2006), which have been validated by a large nunafeexperimental data.
For the CG-H,O binary system, the calculated water molar frastion gas
phase (Fig. 3b) were compared with the experimetagd from Wiebe and
Gaddy (1941) and Tabasinejad et al. (2011) (sunzediin Li et al. (2015)).
For the CH-H,O binary system, the calculated water molar frastion gas
phase (Fig. 3d) were compared with the experimete#h from Olds et al.
(1942). It can be seen that most of the data carrepeoduced by the
developed model in this study. Some misfit betwbenexperimental data and
simulation results may be due to the fact that rtin@ar volumes of the
components (Eq. (10)) are also dependent on peesswt temperature, but in
this model only average values are adopted.

The mutual solubility of C@and CH in the CQ-CH,-H,O ternary system
is also simulated with the developed model. Theltesre shown in Fig. 4.
The simulation results under various pressurefiénrange of 20.5 MPa and
49.9 MPa and temperatures (51.85 °C and 102.85v&@) compared with the
experimental results from Qin et al. (2008). Initheork, the relationship
between the apparent Henry's law constant (defiasdpy?ly’ for each
component) and the ratio of G@nd CH in the reaction cell was analyzed.
With the same gas partial pressure, the largeH#gy's law constant is, the
smaller the gas solubility in the aqueous phaskbeil It can be seen that the
bt all the results, while the
CHj, solubility increases in the presence of CThis trend is consistent with
the experimental results. However, due to the échitumber of experimental
data points under each temperature, there aredgitepancies. Especially
under high pressure conditions at 102.85 °C, theeldped model
overestimates the GGolubility and underestimates the £sblubility in the
aqueous phase. Further researches are requireftitesa the reasons of this
inaccuracy.
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Fig. 2. The flowchart of phase partition algorithm.
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Fig. 3. The simulated phase partition without the dissolved NaCl: (ajleséc molar fractions of COn liquid phase of the C&H,O system compared with the results from Duan and
Sun (2003); (b) calculated molar fractions @Hn gas phase of the G®I,0 system compared with the experimental data from Wieb&addy (1941), and Tabasinejad et al. (2011);

the CH-H,O system compared with the experimental data from Olds @d2).

(c) calculated molar fractions of Gl liquid phase of the C}H,0 system compared with the results from Duan and Madsf208) calculated molar fractions o£® in gas phase of
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Fig. 4. The simulated phase partition of the GCH,-H,0 system without the dissolved NaCl compared with the experiiraattafrom Qin et al. (2008): (a) the simulated and medsure
apparent Henry's constants for €& 51.85 °C; (b) the simulated and measured apparemydeconstants for CHat 51.85 °C; (c) the simulated and measured apparemny’slen

constants for Coat 102.85 °C; (d) the simulated and measured appagemyid constants for CHat 102.85 °C. n,, and n,,, stand for the total molar fractions of each component in
the whole system.

2.2. Consideration of dissolved salt in brine With the developed algorithm, the phase compostiomder various
By adding the activity coefficient in the phase tjpimn calculation (Eq. pressures (0 — 1000 bar), temperatures (60 °C —°C30and salinities (0
(9)), the influences of dissolved salt on the gaskslity can be considered. In - mol/kg, 2 mol/kg, 4 mol/kg) were simulated. Fig.&ad c shows the G@nd
this study, the activity coefficient for G@s calculated according to Duan and CH, molar fractions in gas phase of a binary systeespectively. The
Sun (2003) using the following equation: simulation results were also compared with the lteftom Duan and Sun
INVeo, = 2Aco,- ndMnat § co- Nat M ndMa (13) (2003) and Duan and Mao (2006). They match welhweich other. Fig. 5b
where Aco, o @Nd Geo,na-cr @re the second- and  third-order interactionShows the corresponding,® molar fractions in gas phase of the &0
parameters for COdissolved in water, respectively. These parametges Mixture under various conditions, while Fig. 5d wkothe HO molar
calculated by fractions in gas phase of the £B,0 mixture.
2.3. Thermodynamic properties of brine

par(pT=g+T+2+ gF+—S_+ ¢ pr . . .

T 630-T The brine properties are dependent on pressurpgtature, salinity, etc. In

c7p|nT+M+ QP qoﬁ +6,Tih p (14) this study, the brine viscosity is calculated witte model from Mao and

T 630-T (630-TY Duan (2009), which is valid up to 623 K and 1000.Ha this model, a

wherepar is the interaction parameters, andi = 1, 2 ..., 11) is the fitting simpler formulation for the viscosity of liquid veatis developed without the

parameter and listed in Table A2 in Appendix A. Butivity coefficient for  loss of accuracy. The calculation is much fastantthe complicated IAPWS
CH, is calculated according to Duan and Mao (2006haighe following  formulation from Huber et al. (2009).

equation: Similar to that in ECO2N module, the brine dengtgalculated as
In Ve, = 2Ach,-ndMna* € chy- nar cMnaMay (15) 1 _1- )('COZ - >J(?H4 . )&coz . *CHI,

@an
Pmix P pcoz pCH4

whereAgy, _na @Nd Cep, —nai-c) @re the second- and third-order interaction
parameters for Cdissolved in water, respectively. These parametees Where g is the brine density (kg/in without dissolved gas calculated
calculated by according to Haas (1976) and Andersen et al. (1988 oo, andpg, are
the densities (kg/fy of dissolved gases calculated according to thpaetive
molar mass and the partial molar volume. The gari@ar volume of CQis
obtained from Garcia (2001), while the partial nmolalume of CH is
p+opT+ 2P+ 2Py g BT (16) rcia. (2001) P cH
T T calculated according to Duan and Mao (2006). ltuthde emphasized that
t h e

par(p,T)= g + 9T+%+ 912+T%+
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brine density will increase with the dissolution @D, but decrease with the grid cell at almost the same time. The reason a the evaporation model
dissolution of CH.

adopted in EOS7C underestimates the water masofran the gas phase.
2.4. Verification example

Fig. 6b shows also the simulation results from bafthhe codes under high
The extEOS7C module was implemented in TOUGH2MR dimulator is  temperature conditions, e.§.= 90 °C. It can be seen that the gas exsolution
verified by two examples. The first one is the eadliow from a CQ injection  occurred earlier than that under lower temperataeditions. The results
well, which is taken from Pruess (2005). The second is the Taggart's

from extEOS7C and ECO2N match well with each othed thus this EOS
problem described in Taggart (2010) and Oldenbtied. 2013). module can be verified.

In the first example, C&is injected into a homogenous and isotropic saline In the second example, a 1D model of 61 m x 0.38480.3048 m (200 ft

formation (Fig. 6a). The saline aquifer with a #riess of 100 m lies at the x 1 ft x 1ft) was set up to study the extractiondisolved CH from a
depth of 1200 m, and it has a porosity of 0.12 padneability of 100 mD.

saturated formation through G@njection (Fig. 7a). The formation has a
The initial pressure of the aquifer is 12 MPa dmel teservoir temperature is porosity of 0.25 and permeability of 1 D. The ijen occurs at the left

45 °C. The salinity of the brine is 15%. €@ injected at a constant rate of boundary, while the right boundary has a consteeggure. The injection rate
100 kg/s. A one-dimensional (1D) radial model af #quifer is built with the

is circa 0.159 rid (1 bbl/d) at the reservoir condition. More distaian be
internal mesh generation module of TOUGH2MP. Thelehdias a radius of found in Oldenburg et al. (2013). This problem wvesiwulated with the

100 km and is discretized into 435 grid cells. Tipper and lower boundaries developed extEOS7C module. The simulation results=a3 d are shown in

are impermeable, while the outer boundary in thiéatadirection has a very Fig. 7b-d. Fig. 7b shows the distribution of thegsure and gas saturation
large volume to represent a constant reservoiritiondinfinite-acting). The

geomechanical effects are not considered in thasnge. injection well have small mismatches. This is daethte fact that the CO

The simulated gas saturation is shown as functésgmilarity variabled = density predicted by SRK model is lower than thatdicted by Peng-
r?it in Fig. 6b. Since there are tim8 énd coordinater in the similarity ~ Robinson EOS. Fig. 7c shows the £&nd CH mass fractions in the gas
variable, the temporal evolution of gas saturation = 25.25 m is used for phase, while Fig. 7d shows their mass fractionghim liquid phase. The

along the model. It can be seen that the pressutegas saturation near the

plotting. It can be seen that the dry-out simulatéth EOS7C ¢ ~ 1x10°  gaseous Cldbank ahead of the G@lume can be seen clearly, and the results
m?s, t ~ 20 yr) takes obvious longer time than those WItBORN and  from extEOS7C match well with the results from Giderg et al. (2013).
extEOS7C ¢~ 1x10°° m/s, t = 2 yr), although the gas phase appears in the
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3. Application example

With the newly developed extEOS7C module, theEGR process was
investigated with numerical simulations. In thisdst, a simplified 3D model
was built based on the geological structure aratigtaphy of a gas reservoir
in the North German Basin. The main gas resenmaifudes 10 sandstone
layers and 9 siltstone layers of the upper PeriRiattiegend formation. It lies
at the depth of about 3500 m and is covered by gteohsalt formations. The
gas reservoir is occupied by gas and connate watkrthe initial reservoir
pressure of 42 MPa and temperature of about 125After many years’

porosity and permeability are 21% and 11 mD, repelg. More details can

be found in Singh et al. (2012), Ganzer et al. §@ihd Gou et al. (2014).
The simulation model in this study is a simplifiddd model with a

dimension of 2200 m x 1000 m x 1000 m (Fig. 8)s Wiscretized into 50,600

rectangular elements. The 1/4 model contains aaction well and a
production well. They are 1800 m away from eactentffhe elements near

the injection and production wells are fine disaed. The model includes not

only the sandstone and siltstone layers but al€orb=aprock, i.e. rock salt

and anhydrite, and 245 m basement rocks.

production, the reservoir pressure dropped to 5.MP& average reservoir
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The rock properties of each reservoir formationdifferent (Table 2). The
porosity and permeability of the formation rocks revemeasured in the
laboratory with core plugs (Ganzer et al., 2014 Rydraulic simulation in
this study, the average porosity and permeabildy éach of the rock
formation layers were adopted. The layers 6-10 Havger porosity and
thickness, so CgQinjection and gas production take place in thesers.
During the simulation, all boundaries were assurteedbe closed. For the
mechanical simulation, the properties were takemfiGou et al. (2014)
(Table 2). The rock properties, including rock dsnsYoung's modulus,
Poisson's ratio and Biot's coefficient, were deieed with core samples
retrieved in the North German Basin using RACO@Rock Anisotropy
Characterization on Samples) (Braun et al., 1998 strength parameters,
including internal friction angle and cohesion, eietetermined with triaxial
compression tests in the laboratory. The rockasadt volcanic basement rocks
were assumed to be elastic materials, while othendtions were described
by the Mohr—Coulomb constitutive model. As the neetbal boundary
conditions, four lateral boundaries and the botteere fixed in the vertical
direction, while vertical compression stress waglieg to the top boundary.
The initial stress was also measured with RAEQSou et al., 2014). The
determined ratios of horizontal effective stresyvedtical effective stress for
different rock formations K, = a,,/ 0, K, =0, / 0,) are listed in Table 2.
In this study, the minimum horizontal stress liesheX-direction.

TOUGH2MP-FLAC3D was used to simulate the coupledMTidrocess
(Fig. 9). It was developed based on the couplingr@gch of TOUGH-FLAC

Table 2. Mechanical and hydraulic properties of the rock formatiorteénsimulation model

;njéesiqr_\ well Production well

1/4 simulation model.

by Rutqvist and Tsang (2002) and Rutqvist et 20%). TOUGH2MP is the
parallel version of the TOUGH2 code. In comparidonits serial version,
TOUGH2MP can divide a simulation domain into mamngpbdomains and
distribute them to various cores on multi-CPU matfs. By solving the

nonlinear systems of subdomains with several cehescode performance is
strongly improved. In the coupled simulator, datanf two codes are
exchanged in every time step through Windows Secketring each time
step, TOUGH2MP will calculate the pore pressureyidfl composition,

saturation and temperature of the model. Theseaias are then collected
from each processor and transferred to FLAC3D feckmanical simulation.
After the mechanical simulation, the new deformaiand stresses will be
transferred back to TOUGH2MP and distributed on twresponding

processors. These variables are then used to tdineedydraulic parameters
for the next time step. The flowchart of the codpleHM simulator is shown
in Fig. 9. In this study, we use the coupling mdalgIChin et al. (2010) and
Cappa and Rutqvist (2011). In this model, the pabiiy change due to the
deformation is related to the volumetric strajras

p=1-(1-g)"

¢ n
=3)

4
where ¢ and k are the porosity and permeability Jmwith deformation,

respectively; ¢ and k are the porosity and permeability nwithout any
deformation, respectively; andis a material parameter (herel5).

(18)

J19

(Ganzer et al., 2014; Gou et al., 2014)

Formation p (kg/m) ¢ (%) k (mD) E (GPa) v (9 ¢ (MPa) a Ky K

Rock salt 2180 0.01 1x10 23.4 0.25 - - 0 1

Anhydrite 2940 0.1 0.1 33.6 0.27 53 12.4 0 1 1
Claystone 2720 11 1 22.1 0.21 22 26 0.2 1 0.84
Layer 1 2460 5.1 2.33 21.2 0.13 38 20.6 0.645 0.97 0.72
Layer 2 8.5 1.39

Layer 3 8.8 1.48

Layer 4 2.2 0.03

Layer 5 9.3 3.97

Layer 6 22.4 79.03

Layer 7 17 8.56

Layer 8 22.3 82.18

Layer 9 225 97.62

Layer 10 18 38.03

Siltstone 2700 11 1 27.6 0.19 25 26 0.2 0.98 0.82
Sandstone 2460 2.3 0.5 21.2 0.13 38 20.6 0.645 0.97 0.72
Volcanite 2700 0.01 1x10 85 0.26 - - 0 1 1
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In this study, the C®EGR and storage process under various pressuresitra-low permeable caprock (rock salt). Fig. 10bows the pressure

temperatures and salinities were investigated. Bs baseline case, a
geothermal gradient of 30 °C/km was adopted andeimperature on the land
surface was assumed as 20 °C. Based on these \learitial temperature
of the reservoirTp) was about 125 °C. The salinity of formation wateas

distribution in the whole model. With such injectiand production rates, the
pore pressure change in the reservoir was smadl.riféiximum pore pressure
change occurred in the layer 7. In this layer,gbee pressure at the injection
zone was increased by 1.6 MPa, while that in thedgpetion zone was

not consideredx¢ = 0). CQ was injected into layers 6-10 at a total injectiondecreased by 0.5 MPa. The pore pressure incretse tie layer 10 (bottom

rate of 50,000 t/yr in the 1/4 model, i.e. 200,008 for the whole model
during 5 years. The injection started either beforeary production with an

of the main reservoir) was about 0.7 MPa, whickdmparable to that in the
upper part of the main reservoir. Fig. 10c shovesértical displacement of

initial pore pressurgo, ~ 42 MPa or at depleted state with an initial porethe model. The uplift occurred mainly near thedtign well, while the nearby

pressurgyp ~ 5 MPa. For these cases, the pore pressure aefite df-3440

m (injection section) was assumed as 42 MPa, vhiléPa for the depleted
case. The pore pressures at the other grid cefis gedculated with a gradient
of 1743 Pa/m, while 250 Pa/m for the depleted cdepending on the gas
density. The gas production rate was 50,000/crin the 1/4 model, i.e.
200,000 sriid for the whole model. The injection and productimtes for

each layer were averaged from the total rate aguptd the thickness. After
that simulations were run with the initial saliniof 28% (almost saturated
brine) to address the effects of dissolved salt.la&t the initial reservoir
temperature was also varied by +20 °C to studyrtfieences of temperature.

4. Simulation results and discussion

Fig. 10 shows the simulation results for the ihitiservoir pressure of 5
MPa at depleted state with @@jection and gas production. Under this initial
condition, CQ was injected at a super-heated gas state. Theagagation
does not change obviously because most of the fmmavater is connate

region of the production well had almost no vefticaovement. The
maximum uplift of 3.6 mm occurred at the bottomttoé caprock (rock salt),
since the pore pressure was transferred into therypart of the reservoir but
almost not into the caprock. This is consistenhwlite simulation results with

a 2D model in Hou et al. (2012). Fig. 10d shows@i® breakthrough curves
at different positions along the profile througheition and production zones
in the layer 9. It can be seen that J0 the gas phase reached 500 m after
about 0.4 year and 1000 m after about 1.8 years.

Fig. 11 shows the simulation results for the ihitiservoir pressure of 5
MPa with only CQ storage. It can be clearly seen that the, @@nsport
process was almost not affected by the gas pramuetith the rate of 200,000
snt/d in this case (Fig. 11a). However, the gas prédandid have influences
on the reservoir pressure. The maximum pore pressas 7.09 MPa, which
is a little higher than that with production. Theaximum and average
reservoir pressure changes were 2 MPa and 0.75 MBgectively. Fig. 11b
shows the distribution of vertical displacementnaldhe section across the
injection well (Y = 0). The maximum vertical displacement of 6.9 mm

water. Fig. 10a shows the distribution of O®@ass fraction in the gas phase atoccurred at the bottom of caprock and was twicevéical displacement

the end of 5 years’ injection and production. i &g seen that GQransport
in each layer differs because of the different floapacities. C® was
transferred further in the injection layers witHatevely higher permeability

with gas production. The vertical displacement éased by 2 mm along tie
axis from the injection zone to the far field. Fid.c shows the stress and pore
pressure changes along the vertical line throughirifection zone. Both the

(layers 6-10). Especially in the layer 9, Ofdeakthrough occurred already at pore pressure and stress changes were very lowlaBito the case of gas

the end of the 5th year. Although the mass fraaib€0; in the gas phase in
the production well was still low, the produced gaarted to degrade (Fig.
10d). Because the density of €100 kg/m) is larger than that of CH25

kg/m?), the injected gases moved also downward to twerlsandstone layers
and reached the volcanic basement formation. Itrdit penetrate into the

production, the pore pressure increase below thterbaf the main reservoir
was comparable to that in the upper part of thenmeservoir. According to
Rutqvist (2012), the increase of horizontal stressecorrelated with the pore
pressure change under elastic conditions. The ationlresults in this study

c o] n f i r m e d t h i s
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relationship. Fig. 11d shows the stress path ofrtfeetion zone of layer 7 that

had the highest pore pressure increase and theakapottom above it. It is

clearly seen that the stress point of injectionezomoved to the left after

injection started. However, it was still far awaprh the rock strength and
even the cohesionless rock strength, e.g. for plessnicro-fractures in the

rock. The stress state at the bottom of the capn@sknot changed, so that its
mechanical integrity can be guaranteed.

Fig. 12 shows the simulation results for the ihiteservoir pressure of 42
MPa in the condition before the primary productisith CO; injection and
gas production. With this initial condition, G@vas injected at a supercritical
state, at which the density and viscosity becomehmarger. This resulted in
that CQ stayed only in the nearby region of the injectieell. Even in the
layer 7, CQ reached about 800 m at the end of 5 years’ impecand
production (Fig. 12a). The pore pressure distrdruts shown in Fig. 12b. The
maximum pressure increase was only 0.6 MPa andrmectun the main
reservoir area. This is due to the fact that thecbed gas volume was lower,
compared with the case with initial reservoir puessof 5 MPa. The initial
gas in place was still large, so that the influent@roduction was smaller.
The pore pressure increase below layer 10 (maierves bottom) was
obviously larger than that above the injection zorihis is different from the
results under 5 MPa (Fig. 10b and c). The reastimaisthe density difference
between injected CQO= 600 kg/nf) and CH (= 150 kg/nf) under 42 MPa is
much larger. This leads to the downward flow of ,CThe CQ transport in
horizontal direction is slowed down, which is becief to CO-EGR. Since
the maximum pore pressure increase was not so, l#rgeinduced vertical
(Fig. 12c)

displacement and

XNCG(GAS) ()

E 1.000e+00

(@)

Y (m)
20001000 800 600 400 00 0

X (m)

1500

EO 000e+00

Volcanite
Rocksalt
Layer 6\
Layer 7.
Layer 8.'m
Layer 9
Layer 10 :
Sandstone
Anhydrite
Claystone
Layer 1/8
Layer 2/™
Siltstone
Layer 3 m
Layer 4//m
Layer &
Zdisp (m)

1.595e-03
5

=0.0012382

©
Y (m)
20001000 800 600 400 00

0008254

Volcanite
Rocksalt
Layer 6\g
Layer 7.
Layer 8 '®m
Layer 9.
Layer 10
Sandstone
Anhydrite
Claystone
Layer /M
Layer 2 =
Siltstone
Layer 3 m
Layer 4/m
Layer 5

stress change were also relatively low (Fig. 12d).

In order to address the effects of dissolved sattulations were run with
the initial salinity of 28% (almost saturated bjind-ig. 13a shows the
comparison of the COmass fraction along the profile through injectemd
production zones in the layer 9 after 2 years’,0@jection and ChH
production. It can be seen that the Qfass fraction in gas phase was larger
but that in liquid phase was smaller, if there vwaat dissolved in the
formation water. The gas solubility was reducedabse of the dissolved salt.
However, CQ breakthrough was almost not affected by the foionat
salinity. Fig. 13b shows the development of avereggervoir pressure for
both cases. The pressure increase for the casesatithated brine (0.22 MPa)
was slightly larger than that without salinity (OMPa). Fig. 14 shows the
results for the initial pressure of 42 MPa. Und®ttcondition the COmass
fraction in the gas phase was almost not affectéde that in the liquid phase
showed the same tendency (Fig. 14a). The averagevmer pressure increase
without and with dissolved salt was 0.14 MPa antbOMPa, respectively
(Fig. 14b). The difference was small.

In order to study the impacts of reservoir tempertsimulations were run
with the temperature variations of +20 °C. Figs.at& 16 show the results
under 5 MPa and 42 MPa, respectively. For boths;abe influence on the
phase partition was small in the considered tentperavariation range. It is
very interesting that the gas solubility in waterdar 5 MPa reduced with
increasing temperature (Fig. 15a), but increasedbud2 MPa (Fig. 16a).
However, the C@ breakthrough was also not affected by this tentpeza
variation. In comparison to the phase partitior, #iverage reservoir pressure
influenced more by the
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temperature variation. With the initial pressure ®f MPa and initial

In this paper, the extEOS7C module was developddraplemented in the

temperatures of 105 °C, 125 °C and 150 °C, theewsfe pressure increases coupled THM simulator TOUGH2MP-FLAC3D. In comparnsdo the
were 0.16 MPa, 0.2 MPa and 0.26 MPa (Fig. 15b)hWie initial pressure of existing EOS7C module of TOUGH2MP, this module caftulate the phase
42 MPa and initial temperatures of 105 °C, 125 A@ 250 °C, the respective partition of HO-CO,-CH,-NaCl mixture accurately with consideration of

pressure increases were 0.1 MPa, 0.14 MPa and\Pi8 (Fig. 16b). The

difference was also larger than that induced bystiimity variation.

5. Conclusions

dissolved salt and real brine properties, espaciatl high pressure and
temperature conditions (pressure up to 100 MPatemgberature up to 150
°C). The comparison between experimental and stionlaesults shows that
most of the experimental data collected in thiglgtaan be reproduced with
the developed module.

The code was used

in
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the thermodynamic and coupled THM simulations of ;EGR with a
simplified 3D 1/4 model of a gas field in the Nor@erman Basin. The
following conclusions can be drawn from the simiolas:

(1) With the CQ injection of 200,000 t/yr and gas production obZDO0
srT?/d, CQ breakthrough occurred in the case with the inislervoir
pressure of 5 MPa but didn’t occur in the case »fMPa. This is
mainly due to the increase of density and viscosftynjected CQ.
Under low reservoir pressure conditions, the pmesduven horizontal
transport is the dominant process; while under megfervoir pressure
condition, the density-driven vertical flow is domant during C@
EGR. CQ breakthrough will increase the gas impurity angstreduce

of +20 °C are almost not affected, but the avenagervoir pressure
change is relatively larger.

The extensions of EOS7C make it possible to sirauleither CQ
sequestration in saline aquifer or EEGR at high pressure and temperature
conditions. It can also be applied to the simufatdwell fracturing treatment
with energized gases. However, there are stilltéitians. For example, the
pressure and temperature dependences of molar gotuien not considered.
There are still discrepancies during the phaseitjpartcalculation of C@
CH4-H2O ternary system at 102.85 °C under high pressonéitons. They
will be improved in the near future.

the efficiency of C@QEGR. In order to slow down the breakthrough, it Conflict of interest

is therefore suggested that EBGR should be carried out before the

reservoir pressure drops below the critical press@iCQ.
(2) For CO-EGR, the maximum and average pressure changes 48de
MPa are smaller than those in the case with thgalinieservoir
pressure of 5 MPa. The reason is that the injegaasdvolume under 42
MPa is smaller than that under 5 MPa, and theaingas in place is
still large.
The production rate of 200,000 Yoh and its influences on GO

transport are still small in the considered caBesthese do reduce the

®

average reservoir pressure (0.2 MPa), in compatisdhe case with

only CG injection with a pressure increase of 0.75 MPa.
(4) With a CQ injection rate of 200,000 t/yr, the mechanicakeffis very
small according to the simulation. Both reservaid &aprock behave
elastically and there is no evidence of plasticodeations under the
considered conditions. The largest uplift of 7 mecwred at the
bottom of the caprock above the injection zonéhimdase of only CO
injection. Even in this case, the largest pore qures and total stress
change are 2 MPa and 1 MPa, respectively, and dfattrem occur in
the reservoir formation (layer 7). Stress path ysialshows that the
caprock has still the primary stress state and#peock integrity is not
affected.
(5) The influence of salinity on the GE&GR process is small under the
considered conditions. Although it changes the ehasrtition,
especially the gas solubility in formation watdre tCQ breakthrough
is almost not affected.
(6) The temperature variations of +20 °C have also kimi@iences on the
CO,-EGR process under the considered conditions. npemison to

the effects of salinity, the phase partitions wigmperature variations
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Appendix A

Table Al. Parameters for the second-order SRK-HV model fop-CB,-H,O system
(Austegard et al., 2006).

Component p.(Pa) T, (bar) C C, G

O, 304.2 73.76 1.2341 1.3268 0.6499
CH, 190.5 45.39 0.5144 0.9903 1
H,O 647.3 220.89 0.3569 0.8743 2.4807

Binary parameters

Mixture Agi/R (K) AGi/R (K) o,
CO,CH,; k> =0.093 (van der Waals mixing rule)
H,0-CO,  -123715.5067+0.0289@" 5858+2.41T-0.01713° 0.03
H,0-CH, -1149+8.019-0.0086T 8404-28.0317+0.031472 0.15

Table A2. Fitting parameters to calculate the interaction parameters éoractivity
coefficient of CQ and CH in brine (Duan and Sun, 2003; Duan and Mao, 2006).

T-p . /lcoz»Na €co,-Na-clI Ack,-Na CCHy-Na-Cl
coefficient
Cisyste -0.41137058 3.36389723x10  -0.8122203 -0.29903571x18
[ 6.07632013x10  -1.9829898x10  0.10635172x18 -
Cs 97.534770 - 0.1889403x1C° -
Cs - - - -
Cs - - 0.44105635x10 -
(o - - 3 -
Cs -0.02376224¢€ 2.1222083x10 - -
C 0.017065623 -5.24873303x18 - -
Cic - - -0.46797718x10%° -
Cu 1.41335834x10 - - -
Appendix B

The SRK EOS could be written in the following form:

nv arf
= —_ (B1)
V-nb (V+nhRT
The fugacity coefficient is defined as (Reid et 80887):
v|( 0Z dv
ng =~ [—J -1|—-1InZz (B2)
an, TV \%

Substituting Eq. (B1) in Eq. (B2), the fugacity &fagent could be derived
as

. 1d(nb)
Ing=-In(Z-b)+(Z2-1)= -
ng =-In( )+ ( )b on
a 119(fa)_ 14 (nb) [ 2+ b ®3)
b |an dn ban z
wherea* andb* are defined as
._ap .« _ bp
a = , b =— B4
RT? RT (B4)

The derivatives are dependent on the mixing rulecofding to Huron-

Vidal mixing rule, they are expressed as
d(nb)

n =h (B5)
Ea(nza):qihb a _ 1 |2;YbAgg .
n on b b In2 ij?blqi
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