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Abstract

Oil recovery from low-permeability (‘tight’) oil reservoirs remains low despite the appli-
cation of modern drilling and completions technologies, which has increased interest in
trialing enhanced oil recovery (EOR) schemes. Cyclic gas injection (Huff-n-Puff, HNP) is a
promising approach to EOR for these reservoirs. However, the underlying mechanisms of
EOR using the HNP scheme in tight reservoirs are not yet fully understood. This laboratory
study investigates the performance of lean gas (80%C; + 20%C,; approximating produced
gas compositions from the field) HNP using low-permeability core plug samples from
the Montney Formation of Canada. An objective of the study was to evaluate the effects
of induced fractures, and brine saturation and distribution, on the efficiency of lean gas
HNP performance. Both intact and artificially fractured core plugs were studied. The
introduction of fractures into the low-permeability core plugs improved recovery factors
by 17.5-18.5%. However, the presence of brine limited oil production from both intact and
fractured core plugs. Notably, when brine was concentrated along the fracture surfaces,
the recovery factor dropped significantly, down to just 1.2% of original oil in place (OOIP).
This reduction is primarily attributed to the low solubility of methane and ethane (C; + Cy)
in brine, which hinders the injectant’s ability to diffuse into the core matrix and mobilize
oil. The findings of this study will be of interest to operators evaluating the potential of
cyclic gas injection in low-permeability reservoirs.

Keywords: brine distribution; brine saturation; EOR; Huff-n-Puff; lean gas; tight reservoirs

1. Introduction

With global oil and gas consumption continuing to rise and conventional hydrocarbon
reserves on decline, there has been an increased focus on low-permeability (“unconven-
tional”) hydrocarbon (such as tight oil and liquid-rich gas) reservoir development. Multi-
fractured horizontal wells (MFHWSs) are currently the most popular technology used to
exploit these resources. However, oil recovery from these reservoirs remains low, and
production decline rates are often rapid [1]. To address this low recovery, there has been
an increased focus on enhanced oil recovery schemes. The gas Huff-n-Puff (HNP) scheme
using MFHWSs, which involves cycles of gas injection (“huff”), soaking, and production
(“puft”), has been tested in the laboratory and in the field, yielding favorable results [2-7].
Nevertheless, the complex reservoir characteristics of tight oil reservoirs—such as fracture
complexity, reservoir heterogeneity, fluid saturation distributions, wettability distribution,
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etc.—affect lean gas HNP EOR results [5,8-13]. Moreover, there have been limited studies of
EOR performance in tight oil reservoir where reservoir energy has been depleted following
primary recovery.

As shown in Table 1, several experimental studies have focused on the gas HNP
scheme in tight rock. Gas type, reservoir pressures and reservoir petrophysical properties
(e.g., permeability, porosity, and wettability) are the primary factors influencing recov-
ery performance [1,3]. Several studies also explored the impact of brine saturation on
oil recovery from tight rock samples (e.g., Table 1; [3,8,14]) It has been observed that in-
creased brine saturation consistently resulted in a decline in oil recovery. However, these
investigations typically assumed a homogeneous distribution of brine within the rock,
which does not accurately reflect in situ reservoir conditions [8,14,15]. It is believed that
reservoir heterogeneity caused by the introduction of hydraulic fractures could lead to
highly heterogeneous brine distributions [1,16]. Importantly, the impact of heterogeneous
brine distributions on cyclic solvent injection processes, particularly lean gas HNP, in tight
oil reservoir remains largely unexplored.

Table 1. Literature review of laboratory HNP experiments for tight reservoirs (partially adapted from
Song et al. [17]).

. . Initial Brine Final
No. Formation Samp 'le Gas Type Por:) sity Permeability Saturation Cycle Recovery Reference
Condition (%) (md) o No. o
(%) (%)
Duvernay, ¢ tured co, 32 0.000125 0 4 15
Canada
1 b [3]
vvernay, Fractured Lean Gas 2.1 0.000125 0 4 29
Canada
Montney/
2 Duvernay Fractured Lean gas 6 ~0.0008 20 7 ~35 [8]
Canada
3 Balcken, Intact CO, 18.6-23.1 0.56-0.83 35.8-57.1 6 42.8-63 [1]
Canada
4 I;Iﬁzf‘:f}gge Fractured Lean gas 8 0.0006-0.0009 ~11 7 35-50 [15]
5 Anonymous Intact CO, 9.0 0.88 424 3 37 [14]
Intact 9.6 0.012 3 ~70
dos Basi Intact 3.8 0.00053 3 ~55
6 O T co, 0 [11]
Fractured 8.9 0.018 3 ~78
Intact 43 0.00025 3 ~58
Anonymous, Intact 41-17.0 N/A 5 29-88
Russia
7 A Rich gas 0 [18]
R Fractured 2.3-109 N/A 5 41-88
ussia
Anonymous Intact 6.5 0.89 1 23
8 CO, N/A [19]
Anonymous Fractured 6.8 0.89 1 13
Ordos Basin CH, 11.4 0.145 57.7 3 25
9 Chi ’ Intact [20]
mna Rich gas 11.7 0.145 60.6 3 31
CO, 11.9 0.001 6 84
10 Anonymous Intact 0 [21]
Rich gas 11.7 0.001 6 74

To assess the impact of brine saturation and its distribution on lean gas HNP perfor-
mance in depleted tight oil systems, a series of experiments were conducted using dead
oil and core samples from the Montney Formation in Alberta, Canada. Initially, two HNP
experiments were performed on two intact core plugs (i.e., without induced fractures),
each with a different level of brine saturation (0% vs. 33.9%), to evaluate the influence
of brine content on oil recovery. Following this, the same two core plugs were artificially
fractured under in situ conditions, and subjected to a second set of HNP tests, allowing
for a direct comparison of the effect of brine saturation in fractured versus unfractured
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samples. Additionally, a third core plug sample was fractured prior to the HNP testing,
and formation brine was introduced directly through the fractures to simulate non-uniform
brine distribution in the matrix—a condition more representative of the actual reservoir en-
vironment immediately after hydraulic fracturing. The HNP test with the third core sample
aimed to examine the effect of heterogeneous brine distribution on lean gas HNP efficiency.
The findings from these experiments provided valuable insights into the roles of brine
saturation and distribution during solvent-based EOR schemes applied to low-permeability
hydrocarbon reservoirs.

2. Mechanisms of Lean Gas HNP in Tight Oil Reservoirs

As previously discussed (e.g., Ghanizadeh et al. [3]), during cyclic gas injection (e.g.,
lean gas) in tight oil reservoirs, the primary EOR mechanisms include gas-induced oil
swelling, interfacial tension (IFT) reduction, oil viscosity reduction, extraction of light-
medium components, solution gas drive, and free gas expansion [7,22-27]. Additionally,
the induced fractures of tight oil reservoir increase the contact interface between the injected
lean gas and crude oil, enhancing the diffusion of gas into the oil-saturated matrix [28,29].
However, the presence of brine in the matrix also hinders oil flow by reducing oil phase
relative permeability, which in turn leads to a lower oil recovery factor [30].

3. Materials
3.1. Rock Samples

Three core plug samples were collected from the Montney Formation of Alberta,
Canada. These samples were extracted from the 2/3 slabbed cores, with the core plugs cut
parallel to the bedding planes. Prior to performing the HNP experiments, a comprehensive
suite of petrophysical and geochemical analyses were conducted on the core samples.
As summarized in Tables 2 and 3, the quartz, K-feldspar, and clay content of the rock
are around 42.03 wt.%, 7.82 wt.%, and around 22.64 wt.%, respectively. The porosity
of the core samples is 4.2% for Sample #1, 4.4% for Sample #2, and 2.6% for Sample #3,
respectively, while the permeability is 0.00042 md for Sample #1, 0.00078 md for Sample
#2, and 0.00022 md for Sample #3, respectively. Samples #1 and #2 were sister core plugs
obtained from the same depth, whereas Sample #3 was collected from a nearby location
and exhibits similar petrophysical properties.

Table 2. Bulk mineralogy of Montney core sample in the vicinity of the analyzed cores (adapted from
Song et al. [17]).

Quartz K-Feldspar Plag. Feldspar Calcite Dolomite Pyrite Illite Chlorite
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
42.03 7.82 159 1.69 7.59 2.3 18.47 42

The core samples used in this study were selected to have a limited range in composi-
tion and petrophysical properties so that the impact of rock heterogeneity on results could
be minimized, and the impact of brine saturation and distribution on the EOR performance
could be more clearly ascertained. By minimizing the influence of other geological factors,
this study allowed for a more reliable identification of key mechanisms impacting gas
injectivity and recovery during the lean gas HNP process in tight oil reservoirs.
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Table 3. Summary of the petrophysical properties of the analyzed core plug samples.

Bulk Grain Helium Pulse-Decay (N3)

Sa;x;)ple Dgf:; h Density Density Porosity Gas Permeability
(g/cm3) (g/cm3) (%) (md) !
#1 2149.2 2.59 2.70 4.2 0.00042
#2 2149.2 2.61 2.73 44 0.00078
#3 2156.9 2.64 271 2.6 0.00022

1 Slip-corrected pulse-decay (N,) gas permeability evaluated at an effective stress of 500 psi.

3.2. Fluid Samples

The oil sample used in this research was also collected from the Montney Formation
(AB, Canada). Because this study aimed to experimentally simulate depleted reservoirs,
such as those with pressures below bubble point, dead oil was applied in the experiments.
The crude oil was filtered through a 0.1-micron filter at a commercial laboratory to remove
wax and solid impurities. The physical properties of the oil sample are detailed in Table 4.
The oil density was estimated to be 0.83 g/cm?, and oil viscosity was determined to be
2.48 cP under ambient conditions (i.e., 1 atm and 25 °C). The synthetic brine was prepared
based on the chemical composition of field-produced brine, with its physical properties
summarized in Table 5.

Table 4. Physical properties of the Montney (dead) oil sample used in this study.

Fluid Density (g/cm?) Viscosity (cP) Compressibility (psi—1)
[25°C, 1 atm] [25 °C, 1 atm] [25°C, 1 atm]
Montney Dead Oil 0.83 248 0.0000052

Table 5. Physical properties of the synthetic brine prepared based on the composition of formation
produced brine.

Fluid Density (g/cm?) Viscosity (mPa.s) Compressibility (psi—1)
[25 °C, 1 atm] [25 °C, 1 atm] [25°C, 1 atm]
Synthetic brine 1.04 0.998 0.000003

Compositional analysis of field-produced gas resulted in the following component
percentage estimates: 80.1% Cq, 10% Cp, 5.6% C3, 2.2% C4, 1% Ny, 0.4% Cs, 0.3% Cg, 0.2%
Cy, 0.1% CO; and other trace components. A simplified lean gas mixture—comprising 80%
methane (C;) and 20% ethane (C;)—was used in this study to approximate produced gas
in the field.

The results of this work will be used to inform future reservoir simulation and experi-
mental studies performed under in situ conditions (e.g., live oil to be applied). In this study,
dead oil and simplified lean gas mixture were used to reduce experimental complexity.

4. Experiments
4.1. Experimental Setup

The coreflooding setup used in this study (Figure 1) was largely adopted from previous
work [3], with modifications to accommodate lean gas HNP tests with both intact and
fractured core plug samples. For the intact core HNP test, gas injection and production
were performed at the same end of the coreholder. In contrast, for the fractured core HNP
test, fluids—including oil, water and gas—were produced from the opposite end of the
coreholder to the injection end.
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Figure 1. Schematic of lean gas HNP experimental setup used for both intact and fractured core

samples (adapted from Ghanizadeh et al. [3]).

4.2. Experimental Procedures

Five experimental scenarios were designed to examine the effects of induced fractures,
brine saturation and distribution on lean gas HNP EOR using the three Montney core plug
samples. The experimental procedures are outlined below:

1.  Helium porosity measurement—helium porosity of the three intact core plugs was
determined by combing helium pycnometry (Micromeritics® Norcross, GA, USA,
Accupyc II 1340™) to obtain a grain density/volume estimate and calipering to
estimate bulk density /volume.

2. Gas (Ny) permeability measurement—matrix permeability values of the core plugs
were determined using the gas (N,) pulse-decay technique (Corelab® Tulsa, OK, USA,
PDP-250™), under different effective stresses (500 and 1800 psi), with mean pore
pressures ranging from 200 to 1000 psi to derive the slip-correct gas permeabilities.

3.  Brine or oil saturation—after evacuating the core plugs for 48 hrs to remove gas,
the core plugs were fully saturated with either dead oil (Sample #1 and #3) or brine
(Sample #2) under 1500 psi for 5 days. Saturations were calculated from the mass
change in the samples before and after saturation.

4.  Liquid permeability measurement—liquid (oil or brine) pulse-decay permeability
measurements [31] were conducted on the core plugs (oil for Sample #1 and #3; brine
for Sample #2) under the same effective stress conditions used for the previous gas
permeability testing.

5. Inducing various brine saturations—following the liquid permeability tests, brine
(for sample #1 and #3) or crude oil (for sample #2) was flooded into the core samples
to achieve different brine saturation levels. The brine saturations were determined
from the mass difference in samples before and after saturation, combined with the
measured quantities of fluids produced.

6. Lean gas HNP using intact core plugs—for each cycle of lean gas HNP, simplified lean
gas was injected into the intact core plugs at a constant pressure (1300 psig) for 1 hr.
The core plugs were then soaked with the injected lean gas for another hour, followed
by a production period (i.e., atmosphere pressure) for 4 h. Similar HNP scheme was
also employed in the previous study [3]. Three cycles of HNP were performed for
Sample #1 and Sample #2.
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7. Fracturing of intact core plugs—after completing the lean gas HNP experiments using
the intact core plugs, the core plugs were fractured under stress within the coreholder
using the procedure of Ghanizadeh et al. [3]. The axial pressure was increased in a
stepwise manner, while the radial pressure was kept constant until the core plugs
fractured. Sample #1 and #2 were both fractured using this procedure, while Sample
#3 was unintentionally fractured during oil saturation (Step 3). Hence, for Sample #3,
the intact core HNP test (Step 6) was skipped and Step 8 was implemented directly.

8.  Lean gas HNP with fractured core plugs—following Step 7, lean gas HNP experiments
were conducted on the fractured core plugs under similar conditions to the intact core
HNP tests. Another four HNP cycles were performed for each core sample (Sample
#1, #2, and #3).

9. Post-test liquid (oil) permeability measurement—after the HNP tests, liquid
(oil) permeability was measured again on the fractured core plugs under stress
loading (5004000 psi) and unloading (4000-500 psi) conditions, to evaluate
permeability hysteresis.

Note that Sample #1 was fully saturated with oil and contained no brine prior to the
HNP testing. Sample #2 was saturated with both oil and brine (57.3% oil + 33.9% brine)
prior to HNP testing. As noted, Sample #3 experienced unexpected fracturing during the
oil saturation stage (Step 3). As a result, intact core HNP test (Step 6) was not performed
and no additional fracturing was necessary (Step 7). Nevertheless, Sample #3 was included
for fractured lean gas HNP testing and the post-test permeability measurement (Step 8-9).
Following oil saturation and liquid permeability measurement (Step 3&4), brine was
assumed to have entered Sample #3 through the induced fractures during Step 5, resulting
in a saturation of 66.6% oil and 20% brine prior to the HNP test of Step 8.

Experiments were performed at 25 °C (room conditions). The objective of this proof-
of-concept study was not to reproduce field conditions, but rather to compare the results
of lean gas HNP tests for different water saturations and water distributions. Performing
the experiments at room temperature helped to simplify the experimental procedures
and minimize the risk of thermal-induced core damage (e.g., clay swelling or minerology
dissolution). The results of this work will be used to inform future reservoir simulation and
experimental studies performed under in situ conditions (e.g., reservoir temperature and
live oil), which in turn will be used to support the design of potential pilot tests in the field.

5. Results
5.1. Matrix Permeability

As shown in Figure 2, the slip-corrected gas permeability for Samples #1-3 was
0.00042 md, 0.00078 md, and 0.00022 md under 500 psi effective stress, and 0.00025 md,
0.00063 md, and 0.00017 md under 1800 psi effective stress. Liquid permeability values
for Sample #1 (oil) and Sample #2 (brine) are lower than gas permeability, aligning with
previous studies [3]. In contrast, Sample #3 exhibited higher liquid (oil) permeability than
gas permeability, which is not consistent with the literature [3,30].

The gas (N3) permeability for Sample #3 is smaller than for Sample #1 and #2. This
trend is consistent with the porosity results, suggesting that Sample #3 was not fractured
during the gas permeability measurements. However, it is believed that Sample #3 was
fractured during the oil saturation process, which was performed after gas permeability
measurements and prior to liquid permeability measurements. Post-test analysis also
revealed a significant fracture in Sample #3 (Figure 3), likely causing its elevated liquid
permeability. A possible reason for fracturing is the rapid variation in effective stress at the
beginning of oil saturation, when the pore pressure was increased from 0 psi to 1500 psi,
while the confining pressure was maintained at 2000 psi. As a result, the effective stress
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changed from 2000 psi to 500 psi in a short period of time, resulting in sample fracturing.
Previous research has suggested that Montney cores are relatively easy to fracture. For
example, Keneti and Wong [32] reported that the tensile strength of Montney core samples
parallel to the bedding was 0.3-2.8 MPa, and Vaisblat et al. [33] derived brittleness indices of
Montney rocks in a range of 60-90. These values indicate the Montney cores are susceptible
to fracturing caused by stress changes that are parallel to planes of weakness (laminations).
Becerra Rondon [34] also highlighted that the strong heterogeneity of Montney rocks
contributed significantly to fracture initiation and propagation. As such, it is believed the
fracturing of Sample #3 was likely due to a combination of experimental conditions and
the geomechanical properties of the sample.

0.01 A
Liquid (i) A-----.____
g N A  Sample #3
~ ' ] Cu ) @-o-es
3 SN Q- @ Sample #2
E Gas(Ny) @
- ""',
g GO B ~$  Sample #1
: . A Sample #3
E 0.0001 - Liquid (0l) - oo  Sumle
Liquid (brine) @--------.____________
____________________ @ Sample #2
0.00001 ; ' I I I
0 500 1000 1500 2000 2500

Effective Stress (psi)

Figure 2. Stress-dependent matrix gas (N;) permeability and liquid (oil or brine) permeability
measured with the analyzed Montney core samples. Note that the oil permeability of Sample
#3 is higher than expected because of sample fracturing during the oil saturation stage (after gas
permeability measurements; see text for explanation).

Figure 3. Image of fracture surfaces of core plug Sample #3. This core plug was fractured during the
oil saturation stage.
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5.2. Lean Gas HNP Recovery

Lean gas HNP with intact core plugs. As previously mentioned, three cycles of lean gas

HNP were conducted using intact core samples (Sample #1 and Sample #2). Sample #1 was
fully saturated with oil prior to the HNP test, while Sample #2 was saturated with 57.3% oil
and 33.9% brine. As shown in Figure 4, the maximum oil recovery from the intact Sample
#1 was 4.6% versus 2.5% for intact Sample #2. The mechanisms leading to this difference
will be discussed in Section 6. It is important to note that Sample #3, which was fractured
during the oil saturation process, was excluded from the comparison of intact core HNP
test results.

- SRR UASt
o HHRL L 4 o949
0 & %%%%%%‘% | Sample #2 (57.':;% oil + 33.9% brine)
Time (hr)

Figure 4. Oil recovery as a function of elapsed time for lean gas HNP experiments performed
using intact core samples (Sample #1 and Sample #2). Results of Sample #1 were adapted from
Song etal. [17].

Lean gas HNP with fractured core plugs. Following the intact core HNP experiments,
Sample #1 and Sample #2 were artificially fractured under in situ stress conditions, as
detailed in Section 4.2. Lean gas HNP was then conducted on each fractured core sample
(Sample #1-3), for four additional cycles under similar conditions to the intact core tests,

until oil production was exhausted. As shown in Figure 5, fracturing significantly enhanced
oil recovery in Sample #1 and # 2, yielding additional recoveries of 18.5% and 17.5%,
respectively. This led to ultimate recovery factors of 23.1% for Sample #1 and 20% for
Sample #2. In contrast, Sample #3 (initially containing 66.6% oil + 20% brine) exhibited
a substantially lower recovery of just 1.2%, despite its higher initial oil saturation than
Sample #2 (initially containing 57.3% oil + 33.9% brine). The reasons for this discrepancy,
along with the associated recovery mechanisms, will be discussed in Section 6.

It should be noted that the recovery performance with dead oil used in this study is
not fully comparable to that using in situ oil during the lean gas HNP process, even for
depleted reservoirs. Reservoir gases dissolved in in situ oil can lead to a lower oil viscosity
and higher compressibility [35]. Moreover, the solution gas in in situ oil can expand and
provide an additional driving force for oil flow when producing to lower pressure. These
combined effects are expected to result in higher oil recovery during lean gas HNP with in
situ oil, compared to dead oil.
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Figure 5. Oil recovery as a function of elapsed time for lean gas HNP experiments performed with
intact (Sample #1 and #2) and fractured core plug samples (Sample #1-3). Results of Sample #1 were
adapted from Song et al. [17].

System pressures during the lean gas HNP process. The system pressures—during injec-

tion, soaking, and production—were continuously monitored and recorded throughout
the lean gas HNP experiments. As illustrated in Figure 6, a clear pressure decline was
observed during the soaking period of each cycle of Sample #1. In contrast, Sample #2 and
#3 exhibited minimal pressure change during the same period. This difference is primarily
attributed to the variations in initial fluid saturation among the samples. Sample #1 was
fully saturated with oil, allowing for more effective gas-oil interaction and gas dissolution,
which contributed to the observed pressure drop. In comparison, Sample #2 was initially
saturated with 57.3% oil and 33.9% brine, and Sample #3 with 66.6% oil and 20% brine. The
presence of brine in Samples #2 and #3 likely reduced gas solubility and limited gas-oil
mass transfer during soaking, resulting in the relatively stable system pressures.

1600

| --0- Sample #1

HNP test with intact core Core plug fractured HNP test with fractured core --G- Sample #2

1400 - | -2~ Sample #3
N R R -~ - -
1200 ¢ ! b b
i P P
5 ? P
= 1000 A ' i P
7] 1 ! 9
= ¢ ! P
o s Pt
£ 800 1 $ P®
@ ® ! Loy
g Pl
2 600 - P Pl
o ' Vo
® ? Pt
400 - 8 ¢ ' 3
§ il i3

200 5
H O
¢ | '
0 4 D — e d & ) 2 i : g e,
0 10 20 30 40
Time (hr)

Figure 6. System pressure as a function of elapsed time for lean gas HNP experiments performed
with intact (Sample #1 and #2) and fractured core plug samples (Sample #1-3). Results of Sample #1
were adapted from Song et al. [17].
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Because the gas dissolution capacity of dead oil is higher than in situ oil, more lean
gas is anticipated to dissolve into the core samples saturated with dead oil and create a
more significant pressure decay during soaking. In this study, the use of dead oil might
also contribute to the pressure performance of Sample #1.

5.3. Post-Test Permeability Evaluation with Fractured Core Plugs

Following the fractured sample HNP experiments, liquid (oil) permeability was mea-
sured as a function of stress for each fractured core sample. As shown in Figure 7, during
stress loading from 500 to 4000 psi, bulk permeability decreased from 0.003 to 0.0001 md
for Sample #1, from 0.6 to 0.1 md for Sample #2, and from 0.2 to 0.006 md for Sample #3.
During stress unloading from 4000 to 500 psi, bulk permeability increased from 0.0001 to
0.0006 md for Sample #1, from 0.1 to 0.3 md for Sample #2, and from 0.006 to 0.01 md for
Sample #3. The permeability during stress loading remained consistently higher than dur-
ing unloading, indicating pronounced permeability hysteresis. This behavior reflects the
dynamic changes in permeability under varying stress conditions during the HNP process.

- ©-Sample #1_Stress loading
- Bl- Sample #1_Stress unloading

10 - ©-Sample #2_Stress loading
"5 - El-Sample #2_Stress unloading
§, - ©-Sample #3_Stress loading
E‘ 1 4 ® - 8- Sample #3_Stress unloading
% ::: T @ Sample #2
g SRR - EERR S
e 0 1 T S~o N ‘E
m = N
o 0.
S oo01{ @ @ Sample #3
_‘g ------- {H------22:====-
g ®..
= 0001
X . . N
E @-. |CaRT
m B ‘®‘-~~\_ Sample #1
----- 2 AL T
0.0001 . : : s
0 1000 2000 3000 4000

Effective Stress (psi)

Figure 7. Liquid (oil) permeability measured during stress loading and unloading cycles for the
analyzed fractured core samples.

Additionally, the measured permeability of Sample #3 was higher than that of Sample
#1, but lower than Sample #2. The order contrasts with the permeability trend observed in
the intact core permeability tests (Figure 2). This suggests that fractures, rather than matrix
properties alone, control the permeability in tight oil reservoirs.

6. Discussion
Impact of brine saturation on lean gas HNP. As illustrated in Figures 4 and 5, Sample #1—

injtially fully saturated with oil—achieved a higher recovery factor than Sample #2, which
was initially saturated with 57.3% oil and 33.9% brine. As discussed in Section 2, the
presence of brine is known to impair the effectiveness of lean gas EOR due primarily to
two mechanisms:

(1) Low solubility of the main components of the injected lean gas (80% C1 + 20% C2) in
brine. For example, Zhao et al. [36] conducted methane solubility tests in brine with
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salinity up to 234 g/L, which is similar to the Montney Formation brine used in this
study (~210 g/L). Those tests yielded a methane solubility of only ~0.00081 mol/mol
at 1450 psi and 25 °C. Kim et al. [37] reported that the solubility of ethane in brine was
even lower than methane (e.g., 0.00043 mol/mol under 1450 psi and 10 °C). Solubility
values of both of these components in brine are orders of magnitude lower than
in liquid hydrocarbons (e.g., ~0.015 mol/mol for methane and ~0.053 mol/mol for
ethane at 145 psi and 200 °C) [38]. The low solubility of lean gas components in brine
reduces gas injectivity into the tight rock matrix when brine is present [39].

(2) Low oil phase relative permeability at high brine saturations. For example, Gha-
nizadeh et al. [30] reported that oil phase relative permeability decreases from 1 to 0. 3
as water saturation increases from 0% to 41% for a Montney core plug, which in turn
limits oil mobility and overall recovery. The brine saturations selected in the current
study are within a range that significantly affects oil relative permeability, allowing
the impact of brine saturation on oil recovery during lean gas HNP to be evaluated.

These findings indicate that tight liquid hydrocarbon reservoirs with lower brine
saturations are more likely to achieve higher oil recovery when subjected to cyclic lean
gas injection.

Impact of brine distribution on lean gas HNP. As discussed above, lower brine saturation

usually results in higher oil recovery. However, a notable contrast was observed between
Sample #2 and Sample #3 after the core plugs were artificially fractured. Despite a higher
initial brine saturation for Sample #2 (57.3% oil and 33.9% brine) than Sample #3 (66.6% oil
and 20% brine), Sample #2 yielded a recovery factor of 20%, nearly 20 times higher than
that of Sample #3 (around 1%). This apparent contradiction is likely attributed to the
differences in brine distribution within the core samples. Prior to fracturing, Sample #2
exhibited a relatively homogeneous distribution of brine and oil throughout the core. As
a result, its post-fracture fluid distribution remained largely uniform within the matrix
(Figure 8a), allowing for effective contact between the injected lean gas and the oil. In
contrast, fractures in Sample #3 were unintentionally induced during the oil saturation stage.
During subsequent brine injection, brine preferentially flowed into the newly formed high-
permeability fracture network. This resulted in the formation of a brine-rich zone adjacent
to the fracture surfaces (as shown in the photograph of Figure 3 and illustrated schematically
in Figure 8b). As discussed in the previous section (“Impact of brine saturation on lean
gas HNP”), due to the low solubility of the injected lean gas (80% C; and 20% C,) in
brine [39], this brine-rich zone likely acted as a barrier to impede gas diffusion from
the fractures to the matrix. Therefore, a lower oil recovery was achieved for Sample #3.
Although Sample #3 was unintentionally fractured, its fracture geometry was similar to
other low-permeability core samples fractured using the procedure of Ghanizadeh et al. [3].
Sample #3 represented a typical fractured tight oil system where a significant amount of
water accumulates around fractures after hydraulic fracturing with a water-based fluid, or
waterflooding; this allowed the impact of a heterogeneous brine distribution on lean gas
HNP performance to be evaluated.



Energies 2025, 18, 5537

12 0of 16

Waterflooding

Qil saturated

(b)

Figure 8. Illustration of two brine distribution scenarios: (a) relatively uniform distribution of brine
and oil within the core plug matrix, achieved by saturating the core plug with brine and oil before
fracturing (i.e., Sample #2); (b) brine accumulation near the fracture surfaces caused by saturating the
core plug with brine after fracturing (i.e., Sample #3).

The findings above could be important for the design of field-scale lean gas injection
in tight oil systems: for reservoirs that have recently undergone hydraulic fracturing or
waterflooding, water that has accumulated around high-permeability flow paths (e.g.,
primary or secondary fractures) or injection wells may impair lean gas injectivity and
reduce EOR performance. Appropriate reservoir conditioning and injection strategies need
to be considered to mitigate this effect.

Impact of fractures on lean gas HNP. The flow of liquid hydrocarbons and gas in tight

oil systems is significantly influenced by the presence of fractures [19]. To assess the
recovery efficiency associated with induced fractures during the EOR process, intact core
plugs (Sample #1 and #2) were artificially fractured under in situ stress conditions after
completing three cycles of lean gas HNP. Four additional HNP cycles were then conducted
under similar conditions (i.e., similar injection, soaking, and production pressure and
durations), resulting in significant improvements in oil recovery, i.e., an additional 18.5%
for Sample #1 and 17.5% for Sample #2, (Figure 5).

Post-HNP CT scans (Figure 9a—c) revealed extensive fracture networks that formed
due to the combination of artificial fracturing in Sample #1 and #2, and repeat HNP cycles
in Sample #1, #2 and #3. These fractures are believed to significantly improve the contact
area between the injected gas and in-place oil, thereby enhancing mass transfer and fluid
flow within the low-permeability matrix—fracture system. This improved connectivity is
considered as a key factor controlling the observed recovery enhancement for Sample #1
and Sample #2 after fracturing [8,23,28,29].
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Figure 9. Post-HNP CT scan images (X-Y direction) for the fractured core plug samples: (a) Sample
#1, (b) Sample #2, and (c) Sample #3. Fractures are detected from top to bottom of the core plug.
Images of Sample #1 were adapted from Song et al. [17].

7. Conclusions

This laboratory study evaluated the influence of brine saturation and distribution on
cyclic lean gas injection using low-permeability core plug samples collected from Montney
Formation, Canada. The key conclusions of the work are summarized below:

1. Three cycles of lean gas HNP were performed on intact core samples (Sample #1 and
#2), resulting in recovery factors of 4.6% and 2.5%, respectively.

2. Four additional lean gas HNP cycles were performed on the core plugs (under similar
conditions to the intact core plugs) following artificial fracturing. This led to an
increase in the recovery factors of 23.1% for Sample #1 and 20% for Sample #2.

3. The presence of fractures significantly improves oil recovery by increasing the contact
area between injected gas and in-place oil, which enhances mass transfer and fluid
flow within the matrix-fracture system.

4. Lower brine saturation within the matrix normally contributes to a higher oil recovery
during the lean gas HNP process.

5. In addition to saturation, water distribution is another critical factor influencing the
recovery performance. For the first time, this study quantified the negative effect of
heterogeneous brine distribution on recovery performance for lean gas HNP in tight
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oil reservoirs. It was determined that brine concentrated near fracture surfaces for one
of the samples (Sample #3) significantly hindered lean gas diffusion into the matrix
and reduced oil recovery (i.e., 1.2% only).

6.  For reservoirs that have just undergone hydraulic fracturing or waterflooding, appro-
priate reservoir conditioning and injection strategies should be applied to mitigate
the adverse effects of heterogeneous brine distribution on EOR performance.
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