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ABSTRACT

Condensate banking is a key challenge for gas condensate reservoirs with low permeability as it reduces gas relative perme-
ability as much as ~60% near the wellbore. Condensate banking occurs when the bottom-hole pressure in the near-well bore
region falls below the dew-point pressure of the gas. This study investigates condensate-banking treatment using a combined
low-salinity waterflooding (LSW) and electrokinetic enhanced oil recovery (EK-EOR) techniques. The theoretical framework
proposed in this paper is derived from the principles of fluid-rock interaction, electrokinetic phenomena, and water salinity.
Methodologically, results from IFT laboratory experiments were fed into simulation models and used to evaluate the effec-
tiveness of LSW-EKEOR treatment. Numerical simulations were performed using a synthetic reservoir model that captures
typical reservoir conditions, including pressure, temperature, fluid properties, and rock characteristics. The results show that
combining LSW with EKEOR increases condensate recovery by 228%, primarily by reducing gas condensate accumulation—
particularly in high-permeability zones. Additionally, the approach suggests a potentially superior environmental performance
by lowering the energy required for treatment and reducing chemical use. The discussion explores the broader implications of
this technique for future oil recovery processes, emphasizing its potential to reduce operational costs and carbon footprints in
mature fields.

1 | Introduction Significant amounts of natural gas reservoirs exist as conden-

sates; according to [2], 68% of all giant gas reservoirs discovered

The increasing demand for sustainable and cleaner energy, in
addition to the need for reliable energy, has skewed interests to
natural gas as a cleaner and more efficient energy source.
Among all hydrocarbon energy sources, natural gas and con-
densate provide the lowest carbon footprint during its lifecycle
use and is thought to be a viable long-term solution to meet the
increasing energy needs of the world [1]. The environmental
and price benefits associated with natural gas and condensates
are perhaps the biggest reason for the preferential increase in
natural gas consumption by all sectors (Figure 1).

in the world exist as condensate reservoirs. One major problem
cutting across these reservoirs is called condensate banking
[3, 4]. It reduces the productivity of these reservoirs by as much
as 60% in tight gas reservoirs, traps substantial amounts of
valuable condensate and results in low return on investment
[5]. Condensate banking occurs when the reservoir pressure
declines below the dewpoint (saturation) pressure of the gas
condensate [6, 7]. Previous studies have proposed several
techniques to treat gas condensate banking such as; injection of
solvents and alcohols (i.e., methanol) to reduce the interfacial
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FIGURE 1 | Natural gas yearly consumption (source: https://www.iea.org/data-and-statistics/data-product/natural-gas-information).

tension (IFT) [3], injection of surfactants, polymers and nano-
particles to alter the wettability of the reservoir rock from water
wet to preferentially gas [8, 9], injecting acids to improve per-
meability [10, 11], injecting gas or water-alternating-gas injec-
tion to maintain reservoir pressure above dew point pressure
[12, 13], and introducing electric current to support the
hydrodynamic condition of the reservoir to yield more con-
densate. The limitations of each of these techniques are high-
lighted by [4], these include; degradation of acids at high
temperature, high cost of solvents/alcohols due to the need for
regular injection, sensitivity of in-situ clay particles within the
reservoir to solvents, potential severe pore throat blockage and
irreversible well damage due to reservoir rock wettability
alteration, etc. Consequently, there is an apparent need to ex-
plore relatively low-cost and environmentally beneficial meth-
ods of treating condensate banks.

The injection of low salinity brine as a treatment method for
condensate-banking is relatively new [14]. Conventionally,
waterflooding is used primarily as a pressure maintenance
mechanism. However, when used to treat condensate-banking,
low salinity waterflooding is used to drive the condensate from
the near-wellbore regions into the production well. The ability
to do this effectively depends on the IFT acting between the
brine and the condensate molecules. A lower IFT increases the
oil displacement efficiency of the brine [15]. This is largely due
to the multicomponent ionic exchange between the rock min-
eral surface and the displacing low-salinity brine. The potential
for treating condensate banks using low-salinity waterflooding
(LSW) in sandstone reservoirs has high interest because of its
relatively low cost and environmental benefits [16].

Another interesting method of treating condensate banks is the
use of electric current to alter the IFT between the condensate
and the water-wet rock surface in a process known as electro-
kinetic enhanced oil recovery (EK-EOR). The introduction of
direct current into the pore space activates mechanisms which

enhance condensate flow. These include: movement of charged
ions, drag force transfer of water molecules associated with
charged ion movement, disintegration of water molecules
into constituent gaseous and ionic phases, movement of
colloid particles, viscosity reduction and thermal mobility of
condensate fluid [17, 18]. Results from the IFT measurement
obtained from experiments performed by [4]. reveal a progres-
sive increase in IFT as the voltage is increased.

Therefore, the objective of this study is to compare the effec-
tiveness of LSW combined with EK-EOR method for the
treatment of a condensate-bank. To do this, a compositional
reservoir model was built using CMG-GEM, and the perform-
ance of both mechanisms (EK-EOR and LSW) were simulated
by altering the IFT properties using data from both experiments
and published sources. However, before describing the reservoir
model, the theoretical framework for the effectiveness of both
mechanisms needs to be outlined.

2 | Conceptual Framework

Relative permeability is important when two or more fluids
flow simultaneously through a porous medium. For gas con-
densate reservoirs, depending on the prevailing reservoir
pressure, 3 phases (condensate, gas, and water) could be an-
ticipated to flow simultaneously. As the saturations of each
flowing fluid changes, they interfere with the other
flowing fluid. The relative permeability profile of a reservoir is
the most effective way of predicting the effectiveness of a
displacement mechanism. From the perspective of fluid flow
mechanics, the residual condensate saturation is determined
by two main forces: capillary and viscous forces. The micro-
scopic displacement efficiency of any EOR method will
depend on the relative influence of each of these two forces.
The ratio of viscous forces to capillary forces is defined by [19,
20] as capillary number (Equation 1).
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where N, Capillary Number, u,, viscosity of the displacing
phase, V,,, flow velocity of the displacing phase, ¢, effective
porosity of the formation and oy, is the water—oil IFT.

For EK-EOR treatment of condensate banked reservoirs, the
reservoirs are flooded with low salinity brine in the presence of
direct current. The microscopic efficiency of the displacement
process is determined using Equation (2):

Ep = m’ )
1 — Sye

where E,,, microscopic efficiency, S,,, residual oil saturation,
and Sy, residual water saturation.

Laboratory experiments conducted by [21-23], show a strong
relationship between capillary number and residual oil satura-
tion. Higher capillary number improves the microscopic dis-
placement efficiency [20]. EK-EOR and LSW are both effective
in increasing the capillary number, as they reduce the IFT
between the displacing and displaced phase [24, 25].

The effect of EK-EOR for treating condensate banking is summa-
rized by Equation (3), from laboratory experiment conducted by [4].

Ch i
Effect of Applied voltage = Ange 1.n.
Permeability

+ Change in
Interfacial Tension |
(3)

To simplify the analytical model for EK-EOR effect on relative
permeability, the following assumptions were made:

1. The fluid flow is under steady state and its intrinsic
properties are independent of local electric field, ion
concentration, and temperature.

2. No slip-boundary conditions exist at the condensate-water
interface

Based on a cylindrical core sample, the increment in oil flow-
rate from EK-EOR process is captured by Equation (4).

A. KAp A K.E
q = + ’ 4
u. L u. L

where K, Darcy permeability, K,, electro-osmotic permeability,
while u is the viscosity and A & L represent cross-sectional area
and length of core sample. Also, because the effect of electric
current is applied to both the oil and water phase, the coupled
flow under applied electric gradient can be represented using
four relative permeability coefficients in Equation (5).

Ke oo Ke-
K, = e—00 e—ow , 5
¢ [Ke—wo Ke—ww ( )

where the subscripts 0o, ow, wo and ww represent the electro-
osmotic permeability of oil in oil phase, oil in water phase, water in
oil phase and water in water phase, respectively. In another related
experimental study by [26], the diagonal component of Equation
(5); Keoo and the off-diagonal component K,.,, are negligible
because of the non-polarity of the hydrocarbon. Although the
direct application of electric field creates a significant electro-
osmotic force in the water phase, the electro-osmotic permeability
of water in the water phase, K, has negligible impact on the
condensate production. The dimension of electro-osmotic perme-
ability of interest in this analysis is the oil in water phase, because
the primary aim is condensate displacement.

Integrating results from the experimental analyses of [4]. into
Equation (4) and adapting Equation (5), the combined flowrate
from the EK-EOR process is given in Equation (6).

A
W=7 L( KAp + Ke_ow.VE). (6)

From Al Shalabi et al. [27] the electro-osmotic permeability is
inversely proportional to the normal permeability (Equation 7).
Assuming all other factors affecting electrokinetic flow are kept
constant, then

Keow = Keow=—, @)

where c is a constant extracted from experimental analysis.

Replacing K,_o with expression in Equation (7) yields:

A c
=——| K.Ap+ —.VE|. 8
0, = o Kap+ £vE) ®)

3 | Methodology

The impact of both EKEOR and LSW process on the production
performance of any reservoir can be evaluated using a full-field
compositional reservoir model. Reservoir models are physics-
based representations that capture the behavior of fluids within
porous media under varying pressure, temperature, and com-
positional conditions. Reservoir simulation facilitates under-
standing of fluid flow behavior in the reservoir and predicts the
liquid dropout ratio under varying production conditions. In
this study a 3D reservoir grid model was adapted from an initial
model based off on Kenyon [28] (Figure 2). The reservoir model
uses a cartesian styled framework with nine cells in the
x-direction, nine cells in the y-direction and four layers in the
i-direction and was built using CMG GEM—a commercially
available compositional simulator. Kenyon's model was origi-
nally designed for gas cycling, but for this study the injection
parameters were modified to reflect water injection. The res-
ervoir properties and PVT validation are presented in [29]. The
reservoir is composed of four layers with differing perme-
abilities; Layer 1-130 md, Layer 2-40 md, Layer 3-20 md and
Layer 4-150 md. The high permeability in Layer 4 promotes
rapid movement of injected water. The injected water mixes
with the aquifer water to support reservoir pressure.
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FIGURE 2 | Reservoir grid model based on Kenyon [28].

Vertical heterogeneity is defined by the four horizontal layers
whose permeabilities range from 2 to 15 mD. From the data, the
initial reservoir pressure is 3550 psi, temperature of 200 °F, and
the rock compressibility of 3.60 X 10°1/psi. Two wells were
completed in the model in positions shown in Figure 2 and
production simulated for 15 years. To simulate the effect of
LSW and EK-EOR on gas condensate productivity, the reservoir
grid data is combined with the experimental PVT data from
Tkpeka et al. [4] in a compositional simulator (CMG-GEM). The
compositional simulator was then validated against published
laboratory data to ensure consistency in results. A detailed
flowchart of the methodology adopted for this analysis is shown
in Figure 3.

The relative permeability curves for the reservoir were gener-
ated using Corey's model which assumes the wetting and non-
wetting phase relative permeabilities to be independent of the
saturations of the other phases and requires only a single suite
of gas/oil relative permeability data. Figure 4 summarizes the
relative-permeability curves used in this study.

Although some minor disparities were observed at the lowest
pressures shown, the plot shows an overall excellent agree-
ment between the reservoir model and PVT data given by
[28]. The pressure/volume data shows a good agreement
between the reservoir model and the published data in the
constant composition expansion experiment as shown in
Figure 5a. This agreement is more so important within the
pressure range of 2500 and 3400 psi where most of the study
takes place. The biggest differences between the reservoir
model and the PVT data occur around 2500 psi pressure
where the highest liquid dropout varies between about 18%
and 22% of the initial gas volume as seen in Figure 5b. The
reservoir model forecasts a higher liquid saturation near the
wellbore, and this is attributed to flow and subsequent
deposition of heavier components in this area because of
pressure-drop.

4 | Results and Discussions

4.1 | Condensate Flow Behavior Under Natural
Depletion

The natural depletion case was first examined to establish a
baseline for reservoir performance. Under natural depletion
scenario, the gas rate, condensate saturation, and reservoir
pressure profile were analyzed to understand the flow
behavior of the condensate and the effect of condensate
banking on this reservoir. During natural depletion, the
production profile is driven only by reservoir pressure, with
no external pressure input. To simulate natural depletion
scenario, the injector for the reservoir model was shut-in
during the entire production period. Both field wise analysis
and localized near-wellbore production performance analysis
were then conducted to understand the extent of the damage
caused by in-situ retrograde condensation around the pro-
duction well. The result for decline pressure in pressure
against time is shown in Figure 6. As observed, a sharp
decline in reservoir pressure began from the first day of
production from a pressure of 3540 psi to about 3000 psi
within the first year of production (322 days). This decline
results in the condensation of heavier hydrocarbon compo-
nents from the gas phase to the liquid phase.

This condensate dropout leads to a reduction in the effective gas
saturation and affects the flow behavior of the reservoir as
observed in Figure 7. The pressure decline stabilized at about
365days and continued in a uniform decline from 2965 psi to
about 550 psi after 3285 days. The pressure decline profile is
indicative of a reservoir with no strong aquifer support to
maintain its pressure. The gas production profile also reported
increasing rates (corresponding to the decline in well pressure)
within the period (0-3285 days), after which a decline in pro-
duction rate was observed. The decline in gas productivity is
attributable to the reduction in permeability and possible build-
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FIGURE 3 | Methodology adopted for simulating the effect of LSW and EK-EOR on condensate reservoirs.

up of immobile condensate. This gas production profile re-
ported in this study agrees with previous study by Rahimzadeh
et al. [30] who emphasized a significant reduction in well pro-
ductivity owing to a sharp fall in the effective permeability of
the gas. Figure 7 shows the average pressure profile within the
reservoir and gas production rate taken from the production
well on a linear scale.

As the reservoir pressure decreases with time, an increase in
condensate saturation is observed. The saturation profile can be
delineated into 3 distinct regions:

Region 3: Only the gas phase exists as the pressure is still above
dewpoint pressure therefore there is no condensate dropout
within this region. From Figure 7, the duration of this region
was 20 days. This period is relatively small because of the rapid
decrease in Well pressure observed in this study, and is

expected to increase with any external pressure intervention in
the reservoir [31].

Region 2: In this region, liquid condensates begin to drop-out of
the gas phase as the reservoir pressure declines below dewpoint.
The first condensate saturation value was observed after
65 days. This means that between 20 and 65 days the first drop
of liquid condensed out of the gas phase. At this region, the
condensate saturation remains immobile and continues accu-
mulating with the pore-space until its saturation exceeds a
critical point.

Region 1: In this region, the condensate saturation exceeds the
critical point and becomes mobile. Condensate saturation
begins to decline as it now flows into the production well. From
this analysis the critical saturation was observed to be at 16.7%
at 1030 days.
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4.2 | Treatment of Condensate Banking With
Low-Sanity Waterflooding

Low salinity water flooding is beneficial for reservoir clay sta-
bilization, and improved water-condensate interaction due
wettability alteration [32, 33]. LSW intervention mechanism
was triggered when the bottom hole pressure of the producer
fell below 2500 psi. Brine was injected at 3500 psi and 3000 bbl/
day for the remainder of field life. As observed in Figure 8, the
initial rapid pressure decline is halted by the pressure support
from the injected water. However, as the production continues
at constant rate, the additional pressure support from the
injected brine was not sufficient to maintain reservoir pressure
and the overall reservoir pressure continues to decline. The
impact of the injected brine on the gas production rate is
significant—first the peak gas production rate increases from
1.78 to 1.92 mmscf/d, then an additional 520 days of more
production before decline in rate is observed.

Interestingly, the average condensate deposition appeared to
have been reduced by the injection of low salinity brine as
shown in Figure 9. During low salinity waterflooding, the
pressure of bypassed gas trapped by the water begins to
decrease and condensate precipitation begins. The condensate

saturation continues to increase until it exceeds the critical
point and flows into the production well. The effect of low
salinity water flooding on the condensate bank is only felt after
a stabilized condensate profile is attained. The explanation for
this behavior can be attributed to the piston effect of the low
salinity brine on the deposited condensate [34, 35].

As a result of the pressure decline in the reservoir, the com-
position of both the gas and condensate also changes dynami-
cally with time. This change is reflected on the mole density
profile of both the gas and condensate in Figure 10. It is noted
that while a steep gradient was observed for change
reservoir fluid composition (oil and gas mole density) during
natural depletion, the change in composition during low
salinity waterflooding was more gradual. For example, after
3250 days of production, the gas mole density decreased by 27%
while the condensate mole density decreased by 82% during
waterflooding compared against 30% for gas and 85% for con-
densate during natural depletion. The profile of the IFT
between the gas and condensate showed a steady and consistent
increase from the start of the production to about 3800days. The
change in IFT mirrors the pressure decline in the reservoir and
increases from an initial value of 0 N/m to a maximum value of
0.012 N/m.
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Water Injection in Gas Condensate
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4.3 | Treatment of Condensate Banking With
EK-EOR

To simulate EK-EOR treatment in the reservoir, an electric
potential is applied across the production and injection wells.
The EK-EOR process builds on the low salinity waterflood
treatment. Previous experiments by Yim et al. [36], confirm that
EK-EOR is ineffective with a higher salinity brine because of
salt precipitation at the electrodes and consequent formation
damage. From the experimental analysis in [4], the effect of EK-
EOR is anticipated at both the macroscopic and microscopic
levels. At the macroscopic level, change in relative permeability
to oil is observed while at the microscopic level, a change in the
IFT is recorded. To simulate the effect of EK-EOR using CMG
GEM, IFT and relative permeability curve of the water-
condensate is adjusted by integrating Equation (8) into the
reservoir flow equation.

An increase in IFT between the injected low salinity brine and
condensate dropout causes a corresponding change in the res-
ervoir pressure dynamics during the flooding process. When the
EK-EOR effect is simulated, a significant increase in average
reservoir pressure was observed in Figure 11. The effect of EK-
EOR in reservoir pressure is also reflected on the gas rate. From
the analysis, we observed an increased peak gas production rate
higher than that obtained from the low salinity waterflood and
natural depletion. The result obtained in this analysis is con-
sistent with previous studies by Abou Sayed et al. [37]. How-
ever, one key aspect of the effect of EK-EOR is the delayed peak
rate which is a consequence of changing reservoir pressure
profile. In addition to the changes in reservoir pressure profile,
EK-EOR also affects the condensate saturation in the reservoir
as seen in Figure 12. Whereas LSW decreases the saturation
through a piston-like displacement process, EK-EOR decreases
the saturation by altering the deposition path.

During EK-EOR, the electroosmotic permeability to oil
increases and as a result, water displaces condensate via viscous
dragging. However, some areas of the reservoir are bypassed by
the low salinity brine and the condensate saturation continues
to build within the bypassed region because of reservoir het-
erogeneity. Ultimately, the condensate saturation attains a
critical level beyond which it begins to flow. The path of flow
for the mobile phase of the condensate differs from that of low
salinity waterflood. This path is also a function of the compo-
sitional changes in gas condensate saturation during production
as seen in Figure 13. It is noted that whereas a less steep gra-
dient was observed for change in condensate and gas mole
density during LSW compared to natural depletion, an even less
change in composition was observed during EK-EOR process.
After 3250 days of production, the gas mole density decreased
by 20% while the condensate mole density decreased by 78%
compared to 27% and 82%, respectively, during low salinity
waterflooding. The change in IFT mirrors the pressure decline
in the reservoir and increases from an initial value of 0 N/m to a
maximum value of 0.0115 N/m. Whereas the final IFT is slightly
lower for the EK-EOR compared to the LSW. Another profile of
the IFT between the gas and condensate, for EK-EOR is like
that of low salinity waterflood. A summary of the key per-
formance index of each condensate treatment technique is
provided in Table 1.

Summary of key impact of each condensate treatment technique.

TABLE 1

Time to

peak
gas rate

Condensate Peak condensate

Change in condensate mole

Peak gas
production rate

Key mechanism

saturation

recovery

density after 3250 days

Technique

Pressure depletion only

3020 days

Peaks at ~38%, flows

1.78 mmscf/d 85% Baseline

Natural

after 1030 days
Reduced by ~1.7%, flows

(baseline)
1.92 mmscf/d (+7.87%

Depletion
LSW

Piston displacement, IFT

3335 days

+modest increase

~3% reduction vs baseline

reduction

after 1030 days

vs baseline)
1.98 mmscf/d

(+11.24% versus

3582 days Electroosmotic flow + IFT

Further reduced by
~5.7%, flows after

+228% versus

~8% reduction versus baseline

EK-EOR + LSW

reduction + wettability

baseline

alteration

1980 days

baseline)

Energy Science & Engineering, 2025

11

a ‘0 ‘S0S0050:

iy wouy

35UBO | SUOLULLIOD SAIERID) 3|ed![dde oy Aq peusenob a1 9P YO ‘88N J0 S9N 10} ARIqIT BUIIUO /1A UO (SUONIPUOD-PUR-SWLBYLI0D" A3 1M AR.d 1|BU1IUO//SANY) SUORIPUOD PUR SWIS 1 U1 885 *[GZ02/2T/EZ] U0 ARiqIT8UIIUO AB]1M ‘90UB|P0XT 18D PUe YIEaH Joj Iniisu| UoleN ‘301N AG 950, €9S9/200T 0T/I0p/W0Y Ao IM ARRIq1[U I JUO'S FUF



5 | Conclusions and Recommendations

This study was conducted using field scale numerical simulation
of the EK-EOR process based on the laboratory analysis conducted
in Ikpeka et al., [4]. The applied data were obtained from a pub-
lished study by Kenyon [28]. Three cases of natural depletion, low
salinity water flood, and combined EK-EOR and LSW were
investigated. In the natural depletion study, condensate deposi-
tions commence at the start of production and quickly forms a
ring of impaired regions around the wellbore. The saturation of
the condensate peaks at 38%, after which it begins to flow into the
production well. The compositional changes of the gas and con-
densate is captured by mole density changes. For the low salinity
waterflood study, condensate depositions profile initially re-
sembled that of the natural depletion study. However, the actual
injection begins only after the reservoir pressure declines below
2500 psi. Piston-like displacement of deposited condensate towards
the end of the production evaluation period is observed. The
condensate is displaced from a stabilized 0.12% saturation to 0.03%
at the end of the period under evaluation. During low salinity
waterflooding, cumulative gas recovery improved by 8.87% com-
pared to natural depletion study, whereas condensate saturation
dropped by 1.7%.

When an electrical potential is introduced into the reservoir dur-
ing the EK-EOR process, electroosmotic permeability of the oil in
water increases. Consequently, this led to higher recovery rates
due to viscous dragging of the condensate dropout during pro-
duction. Analyzing the cumulative condensate and gas production
at the reservoir, the EK-EOR process yielded a 4% increase in
cumulative gas production while the cumulative condensate pro-
duced more than doubled with 228% when compared with the
natural depletion process. This study concludes that combined
EK-EOR and LSW is more effective in treating condensate bank-
ing. However, to maximize the benefits of EK-EOR, it is essential
to carefully calibrate the electrical potential to achieve optimal
condensate recovery. Combining EK-EOR and LSW techniques
can provide a synergistic, environmentally friendly approach to
condensate banking treatment. It is important to note that the
results obtained from this study are limited by the model's input
data, and boundary conditions. Future studies should validate
these findings with core-scale or pilot field experiments under
varying salinity and heterogeneity conditions.
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