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Abstract—In gas-condensate reservoirs suffering from condensate banking, the supercritical CO, injection process is
regarded as one of the most effective technical remedies to reduce the liquid formation and achieve higher quality gas
production. With proper well configuration and spacing designs, the injected CO, can decrease the loss of heavy com-
ponents effectively. The main goal of this study was to minimize the loss of heavy components during CO, injection by
implementing a proper well configuration. The results show that the integration of pressure maintenance and chemical
reactions, including reduced viscosity and interfacial tension, improves the C,, component recovery by 42.9, 49.4, and
49.3% for the base five-spot, inverted five-spot, and line drive cases, respectively. The total recovery is the highest for
the line drive pattern with a recovery factor of 72.7%. The results also indicate that there is a critical length maximiz-

ing the effect of gas cycling.
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INTRODUCTION

Condensate banking, which is a production problem in the devel-
opment of natural gas reservoirs, occurs after a short period of pro-
duction as a result of pressure drop below the dew point. As the
condensate saturation increases, the gas relative permeability de-
creases and the productivity of the well decreases. Accumulated
condensate banking at the near wellbore area can cause damage in
the formation as well as a decrease of the well productivity [1-3].
The prediction of condensate banking problems and their solu-
tions strongly depends on accurate modeling and assessment. With-
out proper investigation, building up of condensate in the gas res-
ervoirs could result in potential problems because there is always
the possibility of overestimating or underestimating reservoir pro-
duction performance [4,5]. Condensate banking also leads to an un-
expected loss of flow. Since fulfilling contractual obligations is critical
in the gas industry, an inconsistent gas supply can cause undesired
situations. Recently, reported problems have provoked a dramatic
increase of investigations involving technical solutions [2,6-9].

One of the most effective techniques to minimize the problems
caused by condensate banking is carbon dioxide (CO,) injection
[10,11]. CO, injection is common for pressure maintenance pur-
poses. Pressure maintenance is economically justified by keeping
the reservoir pressure above the dew point and re-vaporizing any
valuable condensate that may have formed. Kurdi [11] found that
the injection of supercritical CO, increases the density of gas, de-
creases the viscosity and density of condensate, and reduces the sur-
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face tension between the gas and condensate phases to lower capil-
lary pressure. As a result, the residual condensate saturation decreases
and condensate recovery increases. According to Zick [12], the com-
bination of a condensing-vaporizing gas drive mechanism is the con-
trolling phenomenon for the CO, EOR process. However, actual
simulation runs based on his studies indicate that the traditional
condensing-vaporizing concept does not occur in many cases. To
improve the efficiency of CO,, supercritical CO, injection was pro-
posed [9,13-16]. Above the minimum miscibility pressure (MMP),
the injection of supercritical CO, (above 7,380 kPa, 87.8 °C) leads
to enhancement of the displacement efficiency by a condensing-
vaporizing mechanism. The beneficial achievements can be veri-
fied based on both mechanisms; reduction of the interfacial ten-
sion and condensate viscosity.

In gas-condensate fields undergoing natural depletion, gas and
condensate recovery is essentially independent of the well spacing
if sufficient wells have been drilled to penetrate all productive zones.
However, investigating the effects of the well configuration and well
spacing on the gas-condensate reservoir productivity is a primary
step. Liu [17] determined that the anisotropy of reservoir permea-
bility has significant impacts on well pattern and reservoir exploita-
tion results. Proper well designs are capable of determining the
value of accelerated income in the natural depletion of gas-conden-
sate reservoirs, indicating that the overall profit from gas-conden-
sate development can be maximized depending on the well design
scenario.

The main objective of this study was to quantify the effect of CO,
cycling on the enhancement of gas-condensate productivity by ana-
lyzing interactions between injected CO, and the fluid in the res-
ervoir. We also investigated the changes of the condensate com-
position due to several mechanisms. The primary aim was to derive
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optimal well design scenarios based on supercritical CO, injection
to minimize the loss of valuable heavy components, C,,. The loss
of heavy components requires additional cost to maintain the heat
value of the gas supplied. Furthermore, these liquid rich heavy
ends are more valuable because of current low gas prices. Preven-
tion or delay of the loss of valuable components resulting from
condensate build-up should be thoroughly analyzed in the predic-
tion of the performance of proposed treatments in field-scale res-
ervoirs. Considering the effects of compositional change in a
heterogeneous reservoir, this study provides insight into optimiza-
tion on the field-scale. Reservoir heterogeneity affects the injection
performance significantly. Since gas mobility is high, the injected
gas tends to flow preferentially through the high permeable path
causing early breakthrough and poor sweep. It results in less effec-
tive performance with low hydrocarbon recovery. To reflect the effect
of heterogeneity more realistically, a field-scale model needs to be
applied. Three-dimensional simulation studies were conducted to
quantify the sweep efficiencies and improvement of hydrocarbon
recovery for different well pattern scenarios. In addition, optimum
well spacings for the given scenarios were evaluated based on eco-
nomic analysis in the field-scale reservoir model.

MATHEMATICAL FORMULISM

1. Governing Equations

The Peng-Robinson equation of state (EOS) can be tuned to
characterize the fluid of the reservoirs [18]. A cubic equation of state
follows:
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For mixtures, the parameters a and b are defined by the following
mixing rule.
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where x; is the mole fraction in phase L and d; is the empirically
determined interaction coefficient.

The components in each phase can be expressed by using the
continuity equation.
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where §; is saturation of the j phase, @ is the mass fraction of com-
ponent i in the j phase, Kj; is the dispersion of component i in the j

phase, r; is the reaction of component i in the j phase, and u; is the
Darcy velocity calculated by using the following equation:
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2. Interfacial Tension Reduction
For multicomponent systems, the interfacial tension, o; is calcu-
lated through the Macleod-Sugden correlation [19]:
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where y; is the mole fraction in phase V and p,, is temperature-inde-
pendent parameter parachor. It is a weak function of temperature
for a variety of fluids and within wide ranges of temperature.
3. Condensate Viscosity Correlation

In the compositional reservoir simulation of miscible gas injec-
tion and depletion of near-critical reservoir fluids, the oil and gas
compositions can be almost similar. A single viscosity relation con-
sistent for both phases is desired [20]. The Jossi-Stiel-Thodos ap-
proach can be used as a viscosity correlation for nonpolar fluids in
the dense gaseous and liquid phase regions under reservoir condi-
tion, which is applicable in the range of 0.1<0,<3 [21]. The method
ensures that the viscosities of both gas and condensate converge to
the same value when the pressure approaches the critical point.
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where £/* is the low pressure viscosity of the mixture and p, is the
reduced mixture density defined as follows:
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where v,,, is the critical molar volume, which is identical to the criti-
cal volume of the component. The mixture viscosity parameter, &
is given as follows:
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Because CO, density of is less than condensate, liquid density de-
creases with CO, injection leading to condensate viscosity reduc-
tion [11].

(10)

MODEL DESCRIPTION

A 3D field-scale model consisting of an anticline structure with
a size of 62,225x41,012x355m’ was considered. To analyze the
drainage area in detail, a sub-domain with a size of 2,829%2,298x
33m’ was extracted. Fig. 1 shows the original model and sub-
domain extracted for the simulation study. The reservoir is located
at a depth of 2,752 m from the surface, with 84% of gas filled in.
The average porosity of the reservoir is 0.19 and the average per-
meability has a comparably low value of 5.23x10"* um’. Permea-
bility distribution is also illustrated in Fig. 1. The initial reservoir
pressure is 34,474 kPa, which is higher than the dew point of the
fluid at the initial reservoir temperature of 204 °C. All the reser-
voir properties are presented in Table 1.

Fluid composition data from a study by Izuwa and Obah [22]
was used to generate the fluid model. As shown in Table 2, the
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Fig. 1. 3D field-scale model evaluated in the simulation study and
specific domain separated from the original region.

Table 1. Reservoir properties used for the reservoir model

Properties (Unit) Values
Grid size (m’) 2,829%2,298x33
Depth (m) 2,752
Average porosity 0.19
Average permeability (m?) 5.23x10°°
Temperature (°C) 204
Initial pressure (kPa) 34,474
Initial gas saturation 0.84

fluid is mainly composed of 69.40 mole% methane and also con-
tains heavy components, C,,. To reduce the simulation time, the
heavy components in the reservoir fluid are lumped into the C,,
component group. Fig. 2 shows the phase behavior of this fluid. The
critical pressure and temperature for the fluid were determined by
using the Heidemann and Khalil method [23] as 38,222 kPa and
161.5 °C, respectively.

We divided the well configuration schemes into three different
cases: base five-spot, inverted five-spot, and line drive cases. Fig. 3
illustrates the flow behaviors of the different well configurations
for each case. Well locations were selected with considering typi-
cal well spacing in gas-condensate reservoir. In addition, all wells
were placed near the outer boundary of gas bank and distance to
the aquifer was also considered to avoid early water breakthrough.
The base five-spot model consists of four injectors surrounding

Base five-spot

August, 2016

Table 2. Fluid composition used in the fluid model

Inverted five-spot

Components ~ Molecular weight ~ Composition (mole%)
N, 28.01 0.24
Co, 4401 1.00
CH, 16.04 69.40
C,H, 30.07 6.39
C;H, 44.10 498
IC, 58.12 1.36
NC, 58.12 2.07
IG5 72.15 0.98
NG, 72.15 0.79
Cs 86.20 1.39
C. 168.50 11.40
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Fig. 2. Phase envelope of the gas-condensate fluid model.

one producer at the center. The inverted five-spot model is com-
posed of one injector at the center surrounded by four producers.
For both base and inverted five-spot cases, injector-producer well
spacing ranges from 3,000 to 3,700 m. Three injectors are parallel
to two producers in the line drive case, where injector-producer
well spacing ranges from 4,800 to 5,200 m. Although the typical
line drive case has the same number of producers and injectors,
two producers are used to keep the number of wells the same as
in the other cases, which is directly related to the drilling cost.

In all cases, the total production rate was set as 283,168 m’/day
and the total injection rate was the same as the production rate.
Since each case has different numbers of injectors and producers,

Line drive
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Fig. 4. Well-block pressure with and without CO, injection: (a) Base
five-spot, (b) inverted five-spot, (c) line drive.

the total rate was equally allocated into the producers and injectors
for each case. The entire operation time simulated was ten years.

RESULTS AND DISCUSSION

1. Pressure Maintenance

For the main purpose of gas cycling, reservoir pressure mainte-
nance is a critical issue. Gas cycling aims to keep the pressure higher
than the dew point of the gas in the reservoir. As a result, any lig-
uid condensate which may have been formed is revaporized to the
gas phase to prevent the condensation of valuable heavy compo-
nents [24]. However, it is very hard to re-vaporize condensed lig-
uid because the condensed liquid phase and uncondensed gas
phase segregate after condensation, and this phase separation dra-
matically slows the reverse process of recombining gas and liquid
[25].

As shown in Fig. 4, the pressures in the CO, injected cases are
higher than those in the non-CO, injected cases in all well configu-
rations. The injected CO, maintains the pressure and mitigates the
production reduction effect. For the base five-spot case illustrated
in Fig. 4(a), the pressure decreased by 7,019 kPa, whereas the injec-
tion of CO, maintained the pressure up to 26,200 kPa throughout
the operation period. The sudden rise of the pressure over ten
months is caused by four injectors surrounding the producer. This
is because fewer space blocks spreading the pressure decline, and it
can be considered to be more effective from a pressure mainte-
nance perspective. After CO, breakthrough, the pressure starts to
decline again, similar to the other cases. In the inverted five-spot
case, the pressure around the producers was 3,999 kPa after ten
years of production. The pressures in the producer well-blocks
were maintained up to 28,269 kPa when CO, was injected for ten
years. This shows that injection of CO, by a single injector can pos-
sibly support the pressures of four producers. The well-block pres-
sure dwindled from 34,474 to 4,509 kPa with production in the line
drive case and CO, injection increased the pressure up to 22,911
kPa, as exhibited in Fig. 4(c).

Fig. 5 shows the pressure distribution over time for the base five-
spot case. The pressure drop extends over a wide range of the res-
ervoir, and there is a particularly sharper and larger drop in the near
wellbore region. Without CO, injection, the pressure continuously
decreased from the wellbore to the outer boundary of the reservoir
and the pressure at the well-block decreased to 21,000 kPa from
the initial value of 34,474 kPa after 500 days of production. On the
other hand, a pressure increment at the outer boundary and less
drop in the near wellbore region are observed while maintaining
the well-block pressure up to about 30,000 kPa with CO, injection.

The time for CO, breakthrough differed from case to case. Since
CO, breakthrough causes a large portion of CO, to be produced
and lowers the hydrocarbon gas fraction, the delay of CO, break-
through can be a substantially important factor to validate the effec-
tiveness of the CO, cycling process. Fig. 6 shows the time for CO,
to reach each producer in the various well configurations. The time
when well block CO, saturation exceeded 0.2 was considered as
breakthrough time. The average time to breakthrough is the short-
est in the inverted five-spot case with a value of 8.5 months fol-
lowed by the base five-spot and line drive cases with values of 10
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Fig. 5. Reservoir pressure distributions over time with and without CO, injection (kPa) in base five-spot case.
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Fig. 6. CO, breakthrough times at each producing well for the vari-
ous well configurations.

and 13 months, respectively.
Because of the constant rate condition of the producers, there
are no big differences in the total gas production. However, the
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Fig. 7. Total hydrocarbon gas mole rate with and without CO,
injection for the different well configurations.
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hydrocarbon gas rates are different in terms of quantity. As illus-
trated in Fig. 7, the sum of the gas phase moles excluding CO, from
each producer shows a lower production rate at the initial stage.
This is because condensate formed near the wellbore is flooded by
the injected CO,. The flooded condensate lowers the relative gas
permeability and decreases gas production. Later, the condensate
volume drops with pressure maintenance and the gas rate should
be restored. However, the gas mole rate decreases consistently be-
cause of CO, breakthrough. The production condition keeps pro-
ducing gas at a constant rate, but the high CO, mole fraction in
the produced gas phase lowers the hydrocarbon gas recovery in all
cases with values over 70% 4 years after injection. Overall, produc-
tion rate reaches a plateau after breakthrough. However, the base
case does not show the same trend. By setting total production
rate the same as total injection rate through four different injec-
tors, production rate is four-times greater than injection rate in the
base case. Therefore, the pressure near producer decreases rapidly
at initial stage. When injected CO, surrounds the producer well
block, the pressure recovers significantly, resulting in de-condensa-
tion and increased gas recovery due to less space to spread as men-
tioned above. Thus, the base case does not reach plateaus at break-
through time even though CO, mole fraction increases steadily at
near wellbore zone.
2. Condensation Alleviation

Accumulated condensate near the wellbore region is closely related
to gas flow based on the relative permeability concept. As the bot-
tom-hole pressure drops below the dew point pressure, increased
condensate saturation and decreased gas relative permeability result
in less gas flow. Fig. 8 shows the condensate volume near the well-
bore region for the three different cases. After CO, injection, the
condensate formed is flooded from the outside of the wellbore,
causing higher condensate saturation despite the pressure mainte-
nance. Condensate occupies larger volume in CO, injected cases
near the wellbore compared to non-CO, injected cases at initial
stage. The base five-spot case exhibited a 34% increment of the
condensate volume. It increased from 11 to 40% for the inverted
five-spot case, and from 23 to 25% for the line drive case. As injec-
tion continues, the effect of pressure support mitigates condensate
formation and, consequently; the condensate volume near the well-
bore decreases significantly.
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Fig. 8. Well-block condensate volumes at the reservoir condition with
and without CO, injection: For the (a) base five-spot, (b) in-
verted five-spot, (c) line drive.

All cases show similar tendencies of increasing at the beginning
of injection and consistently decreasing after the peak. Condensate
volume reduction relies on the permeability and distance between
the injector and producer. For example, in the inverted five-spot
case, there are longer distances for producers 1 and 4 compared to
producers 2 and 3, so that the flooding effect lasts longer. Addi-
tionally, the pore volume near each well is different and, hence,
they contain different amounts of condensate.

Fig. 9 describes condensate saturation with different well pat-
terns 50 days after production. In all cases, most of the condensa-
tion occurs near the wellbore region due to the large pressure re-
duction. The non-CO, injection cases show substantial condensa-
tion over a larger area of the reservoir, whereas CO, injection sig-
nificantly reduces the amount of condensate formed.

Viscosity reduction is an influential effect that helps condensate
to be recovered more easily. As illustrated in Fig. 10, CO, injection
in the base five-spot patterned model reduces the condensate vis-
cosity effectively over time, while in the non-CO, injected case the
viscosity continuously increases. CO, condensing into the oleic phase
makes the condensate have lower viscosity in accordance with vis-
cosity and density mixing. This results in an enhancement of the
oil phase mobility and, hence, a higher recovery of condensate can
be achieved.

Fig. 11 shows the interfacial tension between the oil and gas
phases. In the CO, non-injected case, the interfacial tension near
the producer increases as production continues. Due to the pres-
sure decrease around the producer, condensates are generated and
the phases are separated. However, in the CO, injected case, the
interfacial tension is mostly sustained because of the pressure main-
tenance effect.

3. Heavy Components in the Produced Gas

Since the aim of gas cycling is to not lose heavy components as
a liquid phase, heavy component production in the gas phase is of
critical importance to demonstrate its performance. Fig. 12 shows
the gas phase mole fraction of C,, components at the near well-
bore region. In all cases, there is an increment of the production of
gas phase C,, components at the initial stage and it decreases over
time. Similar to the condensate volume, a longer distance between
the injector and producer causes this component to stay near the
wellbore longer, as shown in Fig. 12(b).

Efficient pressure maintenance supports more C,, to be pro-
duced in the base five-spot case. However, this does not mean that
the base five-spot case has the best heavy component recovery. Fig.
13 illustrates the recovery factors of the C,, components for each
well configuration. At the end of the simulation, the C,, recovery
factors are 72.1%, 69.5%, and 72.7% for the base five-spot, inverted
five-spot, and line drive cases, respectively. The trends of the recov-
ery for the base five-spot and inverted five-spot cases are similar.
However, early CO, breakthrough in the inverted five-spot case
deteriorates the displacement of C,, components over time. Since
only one producer in the base five-spot case has to cover the effect
of four producers compared to the inverted five-spot, its bottom-
hole pressure decreases more rapidly until the injected CO, sup-
ports the pressure. Because of this effect, the bottom-hole pressure
reaches the abandonment pressure within several months, caus-
ing a substantial drop of the production rate. A poor recovery was

Korean J. Chem. Eng.(Vol. 33, No. 8)
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obtained in the initial stage, but it gradually improved again due to
pressure support from CO, injection. Much lower C,, displace-
ment was observed at the early to mid-stage for the line drive case
because the distance between the injector and producer was larger
than in the other cases. Since C;, in the gas phase stays in the near
wellbore region for a long time, long term C,, recovery is possible.
Eventually, the recovery factor in the line drive system overtakes

August, 2016

the other cases at the end of the simulation.
4. Well Spacing

Since the line drive case showed the best performance in recov-
ering heavy components after ten years, two additional cases were
evaluated to examine the effect of well spacing. In one case, the
injectors were shifted 305 m closer to the producer in the x-direc-
tion, and in the other case the injectors were moved 305 m away
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Fig. 13. C,, component recovery factor with and without CO, in-
jection.

from the producers. Therefore, the distances between the injectors
and producer in the original well spacing, shorter spacing, and lon-
ger spacing cases are 1,585 m, 1,280 m, and 1,890 m, respectively.

The results imply that a longer distance between wells can cover
a larger volume of the reservoir and make it possible to sweep more
hydrocarbons. Figs. 14(a) and 14(b) show the cumulative hydrocar-
bon gas and condensate moles recovered in each case. With in-
creasing well spacing, the recovery improves as well. The C,, recov-
ery factor was improved by 1.6% in the longer spacing case and
declined by 3.1% in the shorter spacing case, as shown in Fig. 14(c).
Shorter well spacing results in faster gas recovery at early time, but
less amount of hydrocarbons and earlier breakthrough makes total
recovery decreased as shown in Fig. 14(d).

The recovery is not always proportionate to the well spacing.
When applying the same well spacing cases with a one-tenth vol-
ume of injected CO,, the results are reversed, as presented in Fig.
15. This indicates that there is a critical well spacing which can
maximize the recovery depending on injection and the produc-
tion rate. The existence of a critical well spacing is based on the
numerical results for cases considered in this study. As many other
studies have mentioned the impact of well spacing, the determina-
tion of appropriate well spacing during gas injection would be still
an important issue [26-28]. It is critical to analyze and determine
the proper well spacing when considering gas cycling method to
maximize hydrocarbon production.

CONCLUSIONS

We investigated the effects of well configuration on the recovery
of heavy components from a gas-condensate reservoir by inject-
ing supercritical CO, on the field-scale. The benefits and efficiency
were estimated in terms of gas productivity and petrophysical char-
acteristics. The following conclusions can be made.
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1) Effective pressure maintenance reduced the condensate bank-
ing effect. However, the total amount of hydrocarbon gas moles
produced decreased due to CO, breakthrough. The produced CO,
mole fraction reached over 70% within four years of injection.

2) Condensate flooding at the initial stage incurred a large incre-
ment of condensate accumulation near the wellbore from 11 to
40%, but it decreased significantly over time due to pressure main-
tenance.

3) The heavy component (C,,) recovery factors at the end of
the simulations were 72.1%, 69.5%, and 72.7% for the base five-spot,
inverted five-spot, and line drive cases, respectively. Because the
well spacing of the line drive case is longer than the other cases,
gradual and long-term production of heavy components was ob-
served and finally; its recovery factor exceeded those of the other
cases.

4) The well spacing between the injector and producer affected
the CO, response time, condensate decrease near the wellbore, and
the C,, production trend. A longer distance delayed CO, break-
through, curtailed condensate decreasing rate, and gradually pro-
duced C,, components for a long time.
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5) A longer well spacing also improved the performance of hy-
drocarbon displacement. However, there is a critical well spacing
depending on injection and the production rate, which can maxi-
mize the effect of gas cycling according to the reversed result of
the heavy component recovery factor obtained in additional cases.
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NOMENCLATURE

a  :attractive constant in the EOS

a;  :aftractive constant between components i and j

b :repulsive term constant in the EOS

b,  :repulsive term in the EOS

d;  :empirically determined interaction coefficient

g  :gravitational acceleration [m/s’]

k  :permeability [m’]

K; :dispersion of component i in phase j [m?s]

MW, : molecular weight of component i

N.  :number of components

N, :number of phases

p  :pressure [atm]

P, :parachor of component i

ps  :critical pressure of component i

:homogeneous reaction rate of component i in phase j [g/
m’-s]

: reaction of solid [g/m’-s]

:universal gas constant [atm-m’/K-mole]

: saturation of phase j

: time [sec]

: temperature [K]

: critical temperature of component i [K]

: darcy velocity of phase j [m/s]

: molar volume [m*/mole]

: critical molar volume used in the viscosity correlation [m?/
mole]

: mole fraction of component i in the liquid phase

: mole fraction of component i in the vapor phase

: mixing exponent parameter

: porosity

: fluid viscosity [kg/m-s]

: viscosity at atmospheric pressure [kg/m-s]

: density of phase j [mole/m’]

: molar density of the liquid phase [mole/m’]

: reduced liquid density [mole/m’]

: density of the solid [rock]

: molar density of the vapor phase [mole/m’]

s interfacial tension [N/m]

: mass fraction of component i in phase j

: mass fraction of component i in the solid

: mixture viscosity parameter [m-s/kg]
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