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Abstract: In response to the issues of poor water flooding efficiency, low oil production rates, and
low recovery rates during the high-water-cut period in the low-permeability reservoirs of the Mutou
QOilfield, the non-steady-state (NSS) CO, huff-n-puff oil recovery technology was explored. The NSS
CO; huff-n-puff can improve the development effect of low-permeability reservoirs by replenishing
the reservoir energy and significantly increasing the crude oil mobility. Experimental investigations
were carried out, including a crude oil and CO,—crude oil swelling experiment, minimum miscibility
pressure testing experiment, high-temperature and high-pressure microfluidic experiment, and NSS
CO; huffn-puff oil recovery on-site pilot test. The experimental results showed that the main
mechanisms of NSS CO, huff-n-puff include dissolution, expansion, viscosity reduction, and swept
volume enlargement, which can effectively mobilize the remaining oil from the various pore throats
within the reservoir. The high-temperature and high-pressure microfluidic experiment achieved an
ultimate recovery rate of 83.1% for NSS CO, huff-n-puff, which was 7.9% higher than the rate of 75.2%
obtained for steady injection. This method can effectively utilize the remaining oil in the corners
and edges, enlarge the swept volume, and increase the recovery rate. Field trials of NSS CO, huff-n-
puff in a low-permeability reservoir in the Mutou Oilfield indicated that it cumulatively increased
the oil production by 1134.5 tons. The achieved results and insights were systematically analyzed
and could provide key technical support for the application of NSS CO, huff-n-puff technology in
low-permeability reservoirs, promoting the innovative development of this technology.

Keywords: low-permeability reservoir; non-steady state; CO, huff-n-puff; on-site pilot test

1. Introduction

Against the backdrop of the increasing global energy demand and the gradual deple-
tion of traditional oil and gas resources, CO; is gradually attracting widespread attention
due to its environmentally friendly and renewable nature, as well as its applications in
enhanced oil recovery (EOR) and carbon capture, utilization, and storage (CCUS) [1-14].
Research on the use of CO, to enhance oil recovery can be traced back to literature records
as early as 1920, with its practical application starting in 1956 [7]. In the United States, CO,
miscible displacement tests were first carried out in the Permian Basin in 1956, followed
by large-scale applications, making CO; injection an important technology for enhanced
oil recovery with significant economic benefits; it may enhance the recovery rates by 10%
to 25%. Since the 1970s, global CO, flooding technology has been further promoted and
developed [15].
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In low-permeability reservoirs where water flooding has not been conducted or where
water flooding is ineffective, CO, flooding has broad application prospects and significant
economic and social benefits. Traditional CO; flooding schemes, such as continuous
CO;, flooding [16-18] and water—CO, alternating flooding [19,20], have demonstrated
promising potential for enhanced oil recovery in laboratory or field applications. However,
their widespread application is limited due to the significant consumption of CO,. In low-
permeability reservoirs, the introduction of large volumes of hydraulic fractures during
primary oil recovery is common [21-23]. This often leads to serious early breakthrough
issues during CO, flooding, thereby reducing the recovery rate. Table 1 lists the problems
faced in the development of low-permeability reservoirs.

Table 1. Problems in the development of low-permeability reservoirs.

Type

Development Problems References

Reservoir properties

Low-permeability reservoirs have small pore throats and poor connectivity and

exhibit non-Darcy seepage patterns. [24-26]

The capillary force of low-permeability reservoirs is greater than that of
ordinary reservoirs, and clay minerals have strong water sensitivity and high [27]
swelling properties.

Low-permeability reservoirs are often separated by faults and have large variation

coefficients and seepage resistance. 28]
Low-permeability and ultra-low-permeability rese.rvoirs haye strong heterogeneity [29]
and are developed by hydraulic fracturing.
The formatio.n energy i§ COﬁsumed quickly, and the oil well’s liquid production and [30]
Development difficulty oil production index drop sharply after water breakthrough.
Gas channeling is severe in the process of gas injection. [31]

CO, huff-n-puff oil recovery technology is a new production enhancement measure de-
veloped for reservoirs with relatively high oil viscosity, a low oil-to-gas ratio, and relatively
insufficient reservoir energy. This technology can be effective in complex small-fault reser-
voirs with limited inter-well connectivity, a confined area, and low permeability [32-37].
The basic principle involves injecting CO, into the oil well to increase the reservoir pressure,
improve the crude oil mobility, and displace the crude oil towards the wellhead, ultimately
increasing the recovery rate. The implementation of this technology typically involves three
stages [36,38]: the injection stage (Huff) involves injecting CO, into the target formation
through the production well to increase the reservoir pressure; the soaking stage (Puff),
following the injection stage, involves soaking CO, in the reservoir, facilitating diffusion
and engaging in physical and chemical exchange reactions with the crude oil, thereby
improving the reservoir mobility; finally, in the production stage, crude oil is produced
through the production well, and, at this stage, the changes in pressure and the physical
and chemical properties of CO; assist in pushing the crude oil towards the wellhead.

CO; huff-n-puff oil recovery technology is widely used to increase the recovery
rates of low-permeability reservoirs, high-water-cut oilfields, and high-viscosity oil reser-
voirs [10,32,38]. By adjusting parameters such as the CO; injection volume, injection
pressure, and injection duration, the effective development of different types of reservoirs
can be achieved. Despite its excellent performance in enhancing recovery rates, the appli-
cation of this technology still faces some challenges, including the uneven distribution of
CO,, interactions between rocks and oil, and reservoir changes induced by injection [39,40].

The mechanisms underlying CO, huff-n-puff for production enhancement mainly
include the following aspects [32,41-45]: (1) reducing the crude oil viscosity and increasing
the energy; (2) preventing rock expansion and relieving near-wellbore blockages; (3) pro-
moting the alteration of the rock wettability; (4) decreasing interfacial tension and reducing
the displacement resistance. These mechanisms work together to play a significant role in
enhancing the recovery rates through CO, huff-n-puff oil recovery technology [46,47].
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The Mutou Oilfield has entered an ultra-high-water-cut stage (94.7%), with a large
proportion of low-permeability reserves and an average recovery rate of only 22.5%, so it
has great potential for recovery. The situation regarding stable production is severe, and
there is a strong demand for reservoir stimulation. In the MM block, the porosity is 18%,
the permeability is 12.5 mD, the reservoir temperature is 70 °C, the reservoir pressure is
14.5 MPa, the reservoir depth is 1200 m, the formation crude oil density is 0.847 g/cm?, and
the formation crude oil viscosity is 7.8 mPa-s. The existing problems include fault blocks
that are small, fragmented, scattered, and thin; ineffective water injection; incomplete
injection—production connectivity; poor sweeping in oil-rich areas; and limitations in
tapping into low-production reserves. In response to the low-energy well areas of the
MM block, which are rich in remaining oil and poor in flooded conformance, NSS CO,
huff-n-puff oil recovery technology is employed to enlarge the swept volume and increase
the well production.

This study, on the basis of the actual conditions in the MM block, conducted experi-
ments including a crude oil and CO,—crude oil swelling experiment, minimum miscibility
pressure testing experiment, high-temperature and high-pressure microfluidic experiment,
and NSS CO, huff-n-puff oil recovery pilot test on-site. These experiments revealed the
mechanisms and patterns of NSS CO, huff-n-puff oil recovery technology. A systematic
analysis of the results and insights achieved from the application of NSS CO, huff-n-puff
oil recovery in low-permeability reservoirs in the Mutou Oilfield was conducted, which
provides key technical support for the large-scale application of NSS CO, huff-n-pulff oil re-
covery technology in low-permeability reservoirs, promoting the innovative development
of this technology.

2. Experimental Methods
2.1. Crude Oil Sample

A crude oil sample was obtained from Well MM-4-2 in the Mutou Oilfield under
reservoir conditions of 70 °C and 12.9 MPa. The density of the crude oil sample was
measured to be 0.8684 g/cm? at 20 °C and 0.8476 g/cm? at 50 °C. The original viscosity of
the crude oil sample at 50 °C was measured to be 25.9 mPa-s. The composition analysis
results of the formation crude oil from Well MM-4-2 under reservoir conditions are shown
in Table 2.

Table 2. Composition of formation crude oil from Well MM-4-2.

Carbon No. mol. (%)
CO; content of formation oil 0.13
C1+N, content of formation oil 8.81
Cy—Cy content of formation oil 5.6
C7—Cy5 content of formation oil 17.56
C15-Cy9 content of formation oil 8.04
Czp+ content of formation oil 59.86

2.2. Composition of Formation Water

The composition of the formation water used in the experiment is listed in Table 3.

Table 3. Composition of the formation water.

Ceation (mg/L) Conio (meg/L)

Total Salinity (mg/L) cation (MG, anion (Mg
Na* + K* Mg2+ Ca2+ Ccl- S042- HCO;~
6510.7 2082.0 19.3 89.9 2342.5 0.0 1977.0

2.3. Methods to Characterize Crude Oil Properties

To characterize the PVT properties of the crude oil, conventional PVT experiments
were conducted, including a CO,—crude oil swelling experiment. These experiments aimed
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to determine the properties of the CO,—crude oil mixture, such as the CO, solubility,
volume swelling factor, and crude oil viscosity. A visualization apparatus was used to
measure the oil swelling factor at different equilibrium pressures. The apparatus consisted
of a high-pressure display unit, a high-pressure cylinder, a constant-flow pump, and a
temperature controller. The experimental procedure was as follows.

(1) Clean, dry, and vacuumize the whole system, including the PVT kettle, pipeline, and
sample barrel. Inject a 40 mL crude oil sample into the visualization chamber.

(2) At70°C, use CO, with purity of 99.99% to pressurize to a predetermined pressure.
Stabilize until the system pressure reaches equilibrium. Use an oil bath to regulate the
experimental temperature.

(3) Measure the height and pressure of the sample. After stirring, keep the pressure stable
for 40 min to allow the system to reach thermodynamic equilibrium. At the same
time, measure the oil level and volume.

(4) Remove the oil from the kettle and place it into a small cylinder that has been evacu-
ated and weighed. Calculate the mass of CO, dissolved in the oil through the weight
difference method.

(5) Use a high-temperature and high-pressure viscometer to measure the viscosity of the
crude oil at different solubilities.

The crude oil swelling factor (SF) is defined as the ratio of the crude oil volume V¢
after the CO; injection pressure stabilizes to the initial crude oil volume V ;.

Vo,f

SF =
Vo,i

1)

The minimum miscibility pressure (MMP) is a crucial parameter in the process of CO,
huff-n-puff. The MMP was determined with a slim tube experiment in this study. Figure 1
shows the schematic diagram of the experimental apparatus for the measurement of the
MMP of CO; and crude oil at 70 °C. The apparatus primarily consisted of an injection
pump, slim tube (length = 15 cm, diameter = 4.58 mm), back pressure regulator, gas-liquid
separator, gas flow meter, and temperature controller. The experimental procedure was
as follows.

Back pressure
regulator

o

Slim tube

Gas flowmeter

Gas-liquid
separator
ISCO syringe
pump

Figure 1. Schematic diagram of the apparatus for the slim tube experiment.

(1) Six pressure points were set for the experiment, which included the MMP, at least two
pressure values greater than the MMP, and two pressure values less than the MMP.
The original formation pressure of the Mutou Oilfield was used as the reference to set
the injection pressure, and six injection pressure points were selected for the slim tube
experiment: 15 MPa, 20 MPa, 25 MPa, 30 MPa, 35 MPa, and 40 MPa.

(2) The temperature and pressure of the equipment were adjusted to specified values and
it was run for a period of time to balance the formation system. A back pressure valve
was used to control the injection pressure to ensure that the set pressure was reached.
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(38) Then, CO, was injected for displacement. The gas injection rate was set to be
0.15 mL/min, and the volume of the produced crude oil was measured during dis-
placement.

(4) When injecting 1.2 PV of CO,, the recovery rate remained essentially constant under
different injection pressures [48]. Therefore, the recovery rate after injecting 1.2 PV of
CO; represented the overall recovery rate.

2.4. Method for High-Temperature and High-Pressure Microfluidic Experiment
The method for the testing of the effect of the NSS CO, injection rate was as follows.

(1) The high-temperature and high-pressure microscopic visualization displacement
process is shown in Figure 2. Vacuumize it, saturate it with water and then oil, and

age it.
High-speed
cameta Computer
[ ] ] ]
Etched
glass
0il CO, H,0 models Back pressure

regulator

Back pressure
regulator

Micro flow
pump

Metering tube Metering tube

Figure 2. Flow chart for high-temperature and high-pressure microscopic visualization displacement.

(2) After water flooding to the high-water-cut stage, close the outlet valve. Inject CO; at a
steady constant injection rate of 0.003 mL/min for 0.3 PV or NSS stepwise increasing
injection rates of 0.001 mL/min, 0.003 mL/min, and 0.005 mL/min for 0.1 PV each.
Then, close the inlet valve and soak for 24 h. Open the inlet valve and record the
images during the oil production process.

(38) Use the software IMAGE] v1.48 to batch-process the captured images to derive the
quantified data and processed images at each moment; analyze the remaining oil and
CO; swept area, with a standard deviation of £0.05%.

2.5. Field Pilot Test Method

Well MM-4-2 in a 2 + 2 injection—production well pattern in the Mutou Oilfield was
selected as the optimal well for the NSS CO, huff-n-puff field pilot test. The test was
conducted from 16 to 21 October 2014. The CO, was injected with a stepwise increasing in-
jection rate between NSS plugs, and the CO; injection rates from the 1st to the 5th day were
2.50t/h,2.50t/h,3.33 t/h, 3.33 t/h, and 5.00 t/h, respectively, with the cumulative injection
of 200 tons of liquid CO; over five days. The well was then soaked for 17 days and started
production on 7 November. Throughout the NSS CO, huff-n-puff process, the injection
rate, injection pressure, oil production, and water cut were monitored. Additionally, the
density of the produced oil and the composition of the produced gas were analyzed using
a densitometer and gas chromatography, respectively, to assess the interaction between the
injected CO, and crude oil, enabling a more detailed analysis of the dynamic interaction
and injection performance of CO5.
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3. Results and Discussion
3.1. CO,—Crude Oil Gas Injection Swelling Experiment

The expansion, dissolution, and viscosity reduction of the formation crude oil caused
by CO, is one of the main mechanisms by which to increase the recovery rates in CO,—EOR
processes [49,50]. The oil swelling factor in the crude oil directly affects the solubility of CO,
in the crude oil and the viscosity of the oil. Figure 3, Figure 4, and Figure 5, respectively,
present the changes in the CO; solubility with the system pressure, the volume swelling
factor with the solubility of CO,, and the crude oil viscosity with the solubility of CO5.

From the experimental results, it can be observed that the solubility, swelling factor,
and crude oil viscosity change with increasing pressure. Figure 3 illustrates the relationship
between the CO, solubility and saturation pressure. As the amount of injected CO,
increases, the saturation pressure gradually increases. The solubility of CO, in the oil
increases with the increase in pressure, and, at a reservoir pressure of 12.9 MPa, the
solubility of CO, is 125 m3/t. Figure 4 shows that the swelling factor gradually increases
with the increase in CO, solubility, especially with increasing pressure. The effect of the
increasing pressure on the solubility in the high-pressure range is stronger than that in
the low-pressure range [51,52]. When the CO; solubility increases from 0 to 125 m3/t, the
swelling factor increases from 1.0 to 1.11. The reduction in viscosity enables the oil to pass
through the tight formation pores more easily. Figure 5 demonstrates the decrease in oil
density and viscosity with the increase in the CO, mole percentage. As the CO, dissolves
into the crude oil, the viscosity of the oil rapidly decreases by 67.9%, from 8.106 mPa-s to
2.600 mPa-s.

[3~] 5o} W
(=3 W (=3
(=] (=} (=}
T T T

Solubility of CO, in Oil / m*/t
vy
(=}

100
50
otk
0 ; lIO ll5 2l0 25
Pressure / MPa

Figure 3. Curve of changes in solubility of CO, in oil with system pressure.

1.35

130 b
1.25
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Figure 4. Curve of changes in volume swelling factor with solubility of CO, in oil.
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Figure 5. Curve of changes in oil viscosity with solubility of CO, in oil.

3.2. Minimum Miscibility Pressure Testing Experiment

Solubility of CO, in Oil / m*/t

50 100 150 200 250 300

The minimum miscibility pressure (MMP) was measured with a slim tube exper-
iment. Table 4 and Figure 6 shows the relationship between the recovery degree and
displacement pressure during CO, flooding. With the increase in the injection pressure,
the recovery rate linearly increases both below and above the MMP. At the reservoir tem-
perature and pressure, the CO, cannot achieve the miscible displacement of the simulated
formation oil from Well MM-4-2. The minimum miscibility pressure of the CO, with the
formation oil measured in the experiment is 26.8 MPa, which is significantly higher than
the reservoir pressure of 12.9 MPa. Therefore, it exhibits immiscible flooding under the
reservoir pressure.

Table 4. Results from slim tube experiment with CO; injection.

Oil Displacement Efficiency

No. Pressure, MPa at an Injection Volume of 1.20 PV, % Evaluation
1 15 72.48 Immiscible
2 20 84.48 Immiscible
3 25 88.87 Immiscible
4 30 94.43 Miscible
5 35 95.74 Miscible
6 40 98.21 Miscible
100
< 0f §
} °
z sof
B ¢
g 70 F
=1
£
=3
“ 6ot
50 1 1 1 1 1 1
10 15 20 25 30 35 40 45

Injection pressure / MPa

Figure 6. Relationship curve between recovery degree and displacement pressure during CO,

flooding.
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3.3. High-Temperature and High-Pressure Microfluidic Experiment
3.3.1. Results of NSS CO, Huff-n-Puff Microscopic Displacement Experiment

Under a total injection volume of 0.3 PV, the influences of the steady constant injection
rate (0.003 mL/min, 0.3 PV) and NSS stepwise increasing injection rate (0.001 mL/min,
0.003 mL/min, 0.005 mL/min, each with an injection volume of 0.1 PV) on the effect of
CO; huff-n-puff oil recovery were studied by using a high-temperature and high-pressure
microscopic visualization flow device.

The swept situations under different injection methods were compared. For steady
injection, the injection rate was 0.003 mL/min, while, for NSS injection, stepwise injection
rates of 0.001 mL/min, 0.003 mL/min, and 0.005 mL/min were used. The swept effects
before and after CO, flooding under different injection methods are shown in Figure 7,
where the red portion represents the distribution of remaining oil after software processing.
The comparison of the swept areas and recovery rates under different injection methods
is shown in Table 5. Compared with steady gas injection whose swept area was 76.5%,
NSS gas injection resulted in the higher utilization of various pore throats, with the swept
area increasing significantly by 7.6% to 84.1%. NSS CO; injection effectively utilized the
remaining oil in the corners, resulting in an ultimate recovery rate of 83.1%, which was
7.9% higher than the ultimate recovery rate of 75.2% obtained with steady injection.

Figure 7. Swept effects before and after displacement with different injection methods: (a) NSS
injection of CO,, 0 PV on the left and 0.3 PV on the right; (b) steady injection of CO,, 0 PV on the left
and 0.3 PV on the right.

Table 5. Comparison of swept area and ultimate recovery rate under different injection methods.

Injection Method Swept Area/% Ultimate Recovery Rate/%

Steady injection 76.5 752
NSS injection 84.1 83.1
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3.3.2. Changes in Solution Gas-Water Ratio during Flowback Process

During the NSS CO; huff-n-puff oil recovery process, CO, is usually present in both
liquid and dissolved states. The solution gas—water ratio refers to the ratio of CO, dissolved
in water to its volume in the gas phase, reflecting the dissolution characteristics of the CO,
in the reservoir.

The variation in the solution gas—water ratio at different pressures is helpful to un-
derstand the dissolution and release process of CO, in the reservoir. When CO; enters
the reservoir, some of it will dissolve in the formation water, forming the dissolved state,
while the rest exists in the liquid state. With the change in the reservoir pressure, the CO,
dissolved in the water will be released, forming bubbles, thereby affecting the mobility of
the oil-water mixture.

Figure 8 indicates that the solution gas—water ratio increases with an increasing
saturation pressure. This indicates that some CO, will dissolve in the formation water
after entering the reservoir. During the flowback stage, as the pressure decreases, the CO,
is released from the water, forming a foam flow, which plays a temporary plugging role
through the Jamin effect, achieving good oil production stabilization and water cut control
(Figure 9).

35

Gas-water ratio m*>/m>
— It (3] (3] (%)
= vy S G S
T Ll T T T

(%]
T

0 1 1 L 1 1
0 S 10 15 20 25 30

Pressure/MPa

Figure 8. Solution CO,—water ratio curve under different pressures.

Figure 9. Jamin effect of CO, bubbles during NSS CO, huff-n-puff oil recovery process.

3.4. Field Pilot Test Results of NSS CO, Huff-n-Puff

The variation in the wellhead pressure during the injection process is shown in
Figure 10. After CO, injection, the injection pressure gradually increased to 10.4 MPa,
and, during the soaking process, the wellhead pressure gradually decreased to 2.51 MPa.
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Under the driving force of the pressure and concentration gradients, the CO, migrated into
the deeper matrix pores.

12
11 [ Injection process | Stewing process [—=— Injection pressure
10 | |—®— Stew well pressure

9
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Figure 10. Construction pressure change curve of NSS CO, huff-n-puff oil production test in Well
MM-4-2.

From Table 6 and Figures 11 and 12, it can be seen that the NSS CO, huff-n-puff oil
recovery in Well MM-4-2 achieved significant results, with the water cut decreasing from
80.1% to 60.4%, while the daily oil production increased from 0.6 t/d to 1.5 t/d (three
months after the measures), achieving a cumulative oil increase of 132 t. Additionally,
the surrounding six neighboring wells also experienced similar effects, with the water
cut of the well group decreasing from 83.4% to 62.1%. As of December 2018, three of
these six wells were still effective, with a cumulative oil increase of 1002.5 t and a total
cumulative oil increase of 1134.5 t. The water-cut-reducing and oil-production-increasing
effects demonstrated by the NSS CO, huff-n-puff oil recovery technology in Well MM-4-2 of
the Mutou Oilfield validate the potential and sustainability the technology in EOR from low-
permeability reservoirs. A comprehensive economic analysis of the CO, huff-n-puff process
was conducted. The results indicate that the material and operational costs for CO, are
approximately 120,000 RMB, while the ex-factory price of crude oil is around 1,700,000 RMB.
This yields an input-output ratio of 14.17, demonstrating significant economic viability.

Table 6. Response time for NSS CO, huff-n-puff oil recovery in Well MM-4-2 (October 2014-
December 2018).

Days until Normal Production before Measures Third Month after Measures Data Difference Comparison
Well Response L?;:lliﬂ Daily Oil  Water L'?;‘il]iﬂ Daily Oil ~ Water L'i);giﬂ Daily Ol Water gpipoaaive
Measures Production Production Cut Production Production Cut Production Production Cut
MM-4-2 70 3.1 0.6 80.4 3.6 15 58.3 0.5 0.9 —22.1 132
MM-2-2 25 4 0.2 95 35 0.7 80 —-0.5 0.5 -15 55
MM-4-1 25 3.6 0.7 81 3.6 1.9 472 0 1.2 —33.8 275.2
MM-6-4 22 3.8 0.2 94.5 3 1.5 50 -0.8 1.3 —44.5 351.8
MM-4-4 22 27 0.3 90.7 2.3 0.5 78.3 —04 0.2 —124 63.4
MM-6-1 19 29 1.1 66.4 4.1 1.9 53.7 1.2 0.8 —-12.7 139.5
MM-8-4 47 2.8 1 64 44 1.8 59.1 1.6 0.8 —4.9 117.6
Total 229 4.1 82.1 245 9.8 60 1.6 57 —22.1 1134.5
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Figure 12. Production curve of neighboring wells to Well MM-4-2.

The results of the NSS CO, huff-n-puff test in Well MM-4-2 indicate that well-connected
wells facilitate the exertion of the plane energizing effect. An effective production increase
was observed 70 days after the measures were taken in Well MM-4-2, while the neighboring
wells showed a response between 19 and 47 days after the measures. The delayed response
in the production increase observed in Well MM-4-2 compared with its neighboring wells
suggests a significant CO, displacement effect.

3.5. Evaluation of Oil and Gas Properties during NSS CO, Huff-n-Puff

The density of the produced oil and the composition of the produced gas were tested
for Well MM-4-2 before and after CO; injection, as shown in Figure 13 and Table 7. The
density of the produced oil decreased from 0.8774 g/cm? before injection to 0.8756 g/cm?
after injection, indicating a significant swelling effect due to CO, dissolution. The statistical
analysis of the gas composition of the produced gas from Well MM-4-2 during the NSS CO,
huff-n-puff test shows that the proportion of light components in the produced gas after
the measures is much higher than that in the originally produced gas before the measures,
indicating the significant extraction effect of CO, on crude oil.

The pilot test of NSS CO, huff-n-puff oil recovery for Well MM-4-2 in the Mutou
Oilfield primarily aimed to enhance the recovery rate of the low-permeability oil reservoir
through mechanisms such as CO; dissolution, expansion, viscosity reduction, and swept
volume enlargement, which can effectively mobilize the remaining oil from the various
pore throats within the reservoir, holding promising potential for widespread application.
It is necessary to further research the mechanisms of NSS CO; huff-n-puff, including the
interaction between the CO; and formation oil and the distribution pattern of the CO,
in the reservoir, and optimize the injection parameters, such as the injection rate and



Processes 2024, 12, 1120

12 of 14

volume, to significantly increase the individual well production and recovery rate. This
will provide critical technical support for the large-scale application of NSS CO, huff-n-puff
in low-permeability reservoirs, promoting the innovative development of this technology.

0.90
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N 50 °C
0.88 }
=
]
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Before measures 1 day after measures 20 day after measures

Figure 13. Changes in density of produced oil from Well MM-4-2.

Table 7. Statistics of hydrocarbon components in produced gas from Well MM-4-2 during NSS CO,
huff-n-puff experiment (mol%).

Well Methane Ethane Propane  Isobutane N-Butane  Isopentane  N-Pentane  Hexane Remark
MM-4-2 59.46 3.04 5.34 1.06 3.88 1.04 2.88 1.26 Before measure
MM-4-2 65.1 421 6.85 1.09 4.05 1.12 3.12 1.59 1 day after measure
MM-4-2 62.5 3.75 6.21 1.08 3.95 1.04 2.95 1.46 20 days after measure

4. Conclusions

The Mutou Oilfield exhibits CO, immiscible flooding under a reservoir pressure of
12.9 MPa. The NSS injection method performs better in terms of the swept area and
recovery rate compared with steady injection. NSS injection can effectively mobilize the
remaining oil in the corner regions, with a 7.9% increase in the recovery rate, reaching an
ultimate recovery rate of 83.1%. The main mechanisms of NSS CO, huff-n-puff include
CO, dissolution, expansion, viscosity reduction, and swept volume enlargement, which
can effectively mobilize the remaining oil from the various pore throats within the reservoir.
As of December 2018, significant results for NSS CO, huff-n-puff have been achieved, with
a cumulative oil increase of 1134.5 tons. This technology has achieved significant economic
and environmental benefits in practical applications, offering a sustainable solution for oil
field development and holding broad application prospects.
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