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In order to investigate energy supply capacity and oil production contribution of near-fracture and fracture-free zone in fractured
tight oil reservoirs, a series of CO2 huff-and-puff tests were designed and carried out in different experimental conditions. A
fracture-matrix long-core system was established to simulate the near-fracture zone and matrix zone of tight oil reservoirs. *e
NMR technique was utilized to identify the microscopic remaining oil of certain core samples. *e effects of fracture length,
soaking time, depressurization method, and asphaltene precipitation on the oil recovery performance of CO2 huff-and-puff
process were evaluated, respectively. *e results indicated that the dissolution and diffusion range of the injected CO2 can be
apparently increased from both macro and micro aspects through increasing the length or density of the fractures and extending
the soaking time; and, during puff period, the slow depressurizationmethod has better recovery effect on near-fracture zone, while
the step depressurization method has better recovery effect on distal fracture-free matrix. After CO2 huff-and-puff process, the oil
recovery of the medium pores near fracture could be close to oil recovery of the large pores, which is higher than 60%. But, in the
distal matrix, the oil recovery of the medium pores was only a little higher than depletion development. *e remaining oil of
medium pores in distal fracture-free matrix still has great potential to be developed after CO2 huff-and-puff process.

1. Introduction

Tight oil has huge exploration and development potential [1]
and the development of tight oil has become the key factor to
the stable production of crude oil in China [2, 3]. In this
study, the target reservoir is a typically tight oil reservoir
located in Shanbei area, Northwest China. *e average
permeability of the formation is about 0.53mD and the
average porosity is only 8.3%. *e production of tight oil
reservoirs declines rapidly due to the limited supply capacity
of the matrix, and the reservoir energy cannot be effectively
replenished by conventional water injection due to the
narrow pore throat [4, 5].

CO2 injection has been proven to be an effective method
to improve the oil recovery of tight oil reservoirs [6, 7].
Continuous CO2 flooding, CO2-WAG injection (water al-
ternating gas injection), and CO2 huff-and-puff process are
commonly used CO2-EOR (enhance oil recovery) tech-
niques [7]. Due to great heterogeneity of the target tight oil

reservoir, the continuous CO2 flooding and CO2-WAG
injection could result in serious gas channeling and early
breakthrough [8]. In consideration of these issues, CO2 huff-
and-puff process seems to be a feasible method to enhance
oil recovery from tight oil reservoir.

Abedini and Torabi [9] and Pu et al. [10] investigated the
oil recovery mechanisms and performance of the immiscible
and miscible CO2 huff-and-puff process, and it was found
that interfacial tension reduction, oil swelling, and extrac-
tion of lighter components by CO2, especially during mis-
cible CO2 injections, are the main oil recovery mechanisms
during CO2 huff-and-puff process. In comparison with
conventional reservoirs, the effect of CO2 diffusion and
nanopore confinement plays a significant role in enhancing
oil recovery of tight oil reservoirs [11–15]. Qian et al. [16]
illustrated that CO2 can enter small pores and extract the oil
in the smaller and blind pores at higher injection pressure
during CO2 injection through nuclear magnetic resonance
(NMR) technique. Zhang et al. [17] found that CO2
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molecular diffusion and capillary pressure lead to 3.8%
increase of CO2 huff-and-puff oil recovery performance in
tight oil reservoirs through numerical model. For tight
reservoirs with stronger heterogeneity and lower perme-
ability, the CO2 huff-and-puff technique can obtain higher
incremental oil recovery factor on the base of depletion [18].
In addition, the production parameters in tight reservoirs
have also been optimized through experimental and nu-
merical simulations [5, 17, 19].

During the CO2 huff-and-puff process in tight reservoirs,
the presence of fractures is conducive to the entry of CO2
into deep formation and increasing the exposure surface of
tight matrix to CO2 [20]. Wang [8] clarified the conductivity
of fractures in tight oil reservoirs by the three-dimensional
physical model with staged-fracturing horizontal well. Bai
et al. [21] demonstrated that the fracture can increase the oil
recovery of near-fracture zone by 14% compared with
fracture-free zone. Additionally, fracture can significantly
reduce the effect of matrix permeability on oil recovery of
tight reservoirs. Also, the fracture filled with CO2 can enlarge
the interaction between CO2 and the oil in matrix. Sun et al.
[22] used the embedded discrete fracture model (EDFM) to
conduct simulation of Middle Bakken tight oil reservoir and
found that CO2 diffusion is themost important factor of CO2
huff-and-puff effectiveness on cumulative oil production.

In order to exploit the transport process of oil from
matrix into the CO2-filled factures system, Hawthorne et al.
[20] conducted initial CO2-exposure experiments and found
that the hydrocarbons in very tight Bakken shale sample
could be completely achieved with longer exposure time and
smaller rock sizes. Further, Eide et al. [23] studied CO2
diffusion in fractured chalk with X-Ray CT imagine during
CO2 injection process and found that the oil recovery by
CO2 diffusion is about 95% at core scale and the oil recovery
by CO2 diffusion is strongly influenced by system size. Wang
demonstrated that when tight sandstone core plug is ex-
posed to CO2, the concentration-driven diffusion of hy-
drocarbons caused by CO2 diffusion is the main mechanism
to enhance oil recovery [24]. Wei et al. [25] utilized NMR
technique to monitor the oil distribution in the matrix and
fracture and indicated that the mass transfer between the
matrix and fracture proceeded to increase oil production
intensively during the soaking time in the first cycle and
contributed less in second and third cycles. In addition, the
characteristics of produced oil also indicated that the
presence of fracture can increase the CO2 mass transfer
between CO2 and oil in the matrix [26]. As mentioned, the
CO2 recovery mechanisms and effects on the oil recovery
factor in fractured tight oil reservoirs have been widely
studied; and the mass transfer between CO2 and oil in the
near-fracture matrix also has been discussed through CT,
NMR, and oil composition analysis. However, the near-
fracture tight formation was mainly investigated with the
single-core samples exposed to CO2. *e energy supply
capacity and microscopic remaining oil distribution of
fracture-free matrix in fractured tight reservoirs during CO2
huff-and-puff process need to be further characterized.

In this study, a fracture-matrix long-core system was
firstly established to simulate the near-fracture zone and

matrix zone of tight oil reservoirs. *en, a series of CO2 huff-
and-puff tests were designed and carried out in different ex-
perimental conditions. *e NMR technique was utilized to
identify the microscopic remaining oil of certain core samples.
*e effects of fracture length, soaking time, and depressur-
ization method on the oil recovery performance were evalu-
ated, respectively. Additionally, the permeability reduction was
measured to determine the formation damage caused by
asphaltene precipitation. *e results of this study provide a
further understanding of energy supply capacity of near-
fracture and fracture-free zone during CO2 huff-and-puff
process. Meanwhile, the oil production contribution of dif-
ferent pores in fractured tight oil reservoirs was investigated.

2. Experimental Section

2.1. Fracture-Matrix Long-Core System. During the devel-
opment process of tight oil reservoirs, the artificial fractures
are developed near the well [5].*e fractured cores or matrix
cores utilized in physical simulation alone cannot accurately
characterize the fractured tight oil reservoirs. *erefore, the
artificial fractured cores and matrix cores were combined to
establish a fracture-matrix system to simulate fractured oil
reservoirs, shown in Figure 1. Squeezing and pressing
method was used to generate fractures. *e rough wall
surface of the fracture was covered with quartz sands. *en,
the broken core was recombined and fixed with a heat
shrinkable sleeve (Figure 2).

2.2. Materials. In this study, five tight sandstone core
samples were collected fromChang 8 reservoir of Changqing
Oil Field, China. Among them, core #1 and core #2 were
artificially fractured. *e properties of cores are listed in
Table 1. *e cores were composited to establish long core A
and long core B with different fracture length (Figure 3).

*e original oil sample and brine sample were also
collected from Chang 8 reservoir. *e density and viscosity
of the oil sample were measured to be 843.4 kg/m3 and
3.37mPa s at the atmospheric pressure and the reservoir
temperature of 61°C. *e Gas Chromatography (GC)
compositional analysis of the crude oil sample is shown in
Figure 4 with Agilent 7890A chromatography. *e purity of
CO2 used in this study was equal to 99.99% supplied by
Beijing Huayuan Gas Chemical Co., Ltd. *e minimum
miscible pressure (MMP) between the crude oil and CO2 was
22.33MPa with slim-tube tests at reservoir temperature.

*e reservoir brine sample was collected from the same
formation and cleaned. *e reservoir brine has the total
dissolved solids (TDS) of 30917.8mg/L, which was evaluated
to be the water type of calcium chloride. *e brine viscosity
was measured to be 0.43mPa s at the atmospheric pressure
and 61°C.

2.3. Experimental Procedures of CO2 Huff-and-Puff Tests.
*e experimental conditions of this study are shown in
Table 2 and the experimental flow chart is shown in Figure 5.
*e general procedure of the CO2 huff-and-puff tests is
briefly described as follows:
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(1) Prior to each test, the core plugs were thoroughly
cleaned by using a Dean-Stark extractor (SXT-02,
Shanghai Ping Xuan Scientific Instrument Co., Ltd.,

Injection end
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Artificial 
fracture

Fracture

Matrix

Figure 1: Diagram of fracture-matrix long-core system.

Figure 2: Artificial fractured core.

Table 1: Basic properties of core samples.

Core no. Type Length (cm)
Porosity (%) Permeability (mD)

Before fracture After fracture Before fracture After fracture
1 Fracture 5.014 11.86 12.35 1.56 1249.34
2 Fracture 5.776 11.40 11.74 1.94 896.21
3 Matrix 4.876 13.46 — 3.10 —
4 Matrix 5.028 13.61 — 3.02 —
5 Matrix 5.992 12.75 — 2.20 —
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Figure 3: Schematic diagram of long core A and long core B. 0
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Figure 4: Components of the oil sample under the temperature of
21°C.
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China) for 20∼30 days. After the core plugs were
cleaned and dried at 100°C, the gas permeability and
porosity were measured with nitrogen (High-Pres-
sure Gas Permeameter/Porosimeter, Temco, Tulsa,
USA).

(2) *e target core plugs were placed in core holder and
vacuumed for 48 hours. *e formation brine pre-
pared with deuterium water was injected at the flow
rate of 0.2 cm3/min to saturate the core plugs, and the
saturated cores were moved to NMR apparatus and
scanned to make sure the hydrogen signal of the
brine is eliminated. *en the core plugs were placed
in the long-core holder again and displaced by brine
again to ensure complete water saturation.

(3) After that, 3.0 PV of the crude oil was pumped
through the core plug at a constant rate of 0.1 cm3/
min until no water was produced to achieve the
connate water saturation (Swc) and the initial oil
saturation (Soi) at the reservoir temperature of 61°C.

*e T2 spectrum of the certain cores was measured
again after the core plugs had been saturated with
crude oil.

(4) *e certain core plugs were placed in the long-core
holder in order. *e long core was displaced by
crude oil again to ensure complete oil saturation.
*e long-core system was pressurized to the initial
formation pressure of 20MPa with crude oil. Af-
terwards, the depletion development was conducted
to the atmospheric pressure by reducing back
pressure.

(5) After depletion development, CO2 was injected
under constant pressure. After the distal end of the
core holder reached the desired pressure of 16MPa,
which is the current formation pressure, the pump
continued the constant pressure condition for
30min and the soaking time was adjusted according
to the experiment needs. *e puff cycle was then
started at the injection end of the core holder with

Table 2: Conditions of CO2 huff-and-puff tests at the reservoir temperature of 61°C.

Test number Long core number Fracture length (cm) Initial oil saturation (%) Soaking time (h) Pressure-drop method
1 A 5.014 63.25 12 Rapid
2 B 10.790 65.77 12 Rapid
3 A 5.014 65.93 24 Rapid
4 B 10.790 66.07 12 Slow
5 B 10.790 66.29 12 Step

Gas-liquid separator

Back-pressure 
regulator

ISCO pump

Six-way valve

Oil CO2

Gas flowmeter

Temperature controller61°C

Oven

Brine

Coreholder

Digital pressure gauge

Confining 
pressure pump

Pressure 
gauge

Pressure gauge

Figure 5: Schematic diagram of the experimental setup used for CO2 huff-and-puff tests conducted at temperature of 61°C.
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the pressure of atmosphere. *ese cycles were
continued until no considerable oil production was
obtained. *e injection and production pressure was
continuously monitored and recorded. *e cumu-
lative produced oil volume was recorded by a video
camera and the cumulative volume of the produced
gas was measured and recorded by using the gas flow
meter.

(6) After the CO2 huff-and-puff tests, the T2 spectrum of
the certain core samples was measured with NMR
apparatus.

(7) Change the experimental conditions and repeat the
above experimental steps.

3. Results and Discussion

3.1. Effects of Fracture Length. Long core A and long core B
with different fracture length (Figure 3) were established to
conduct CO2 huff-and-puff tests. *e oil recovery factors of
long core A and long core B during depletion development
are 12.62% and 13.43%, respectively. Long core B with
longer fracture can obtain higher cumulative oil recovery
factor with less huff-and-puff cycles. After the entire huff-
and-puff tests, the ultimate recovery factor of long core B is
5.37% higher than that of long core A, which are, respec-
tively, 51.14% and 45.77%, as shown in Figure 6.

Combined with the peak and trough in the T2 spectrum,
the matrix and fracture of the core can be identified in the
initial oil-saturated state. *e T2 spectrum was artificially
divided into three intervals [16], micro pores (≤5ms),
medium pores (5∼100ms), large pores, and fractures
(≥100ms). As shown in Figure 7, the remaining oil distri-
butions of core #1 after the ultimate huff-and-puff tests with
long core A and long core B are similar. But more oil in
micro pores of core #1 was obtained in long core A (Fig-
ure 7), due to the one more huff-and-puff cycle in long core
A. *e oil recovery factors of core #1 after tests with long
core A and long core B are 68.23% and 67.01%, respectively.
In the near-fracture zone, the oil recovery factor of micro
pores can be close to 20% and the lower oil recovery limit of
pores can be as low as the pore radius corresponding to the
T2 relaxation time of 1ms (Figure 7).

Core #3 was the matrix core closest to the fracture and
core #5 was the furthest matrix core from the fracture in long
core A. After huff-and-puff tests with long core A, the ul-
timate oil recovery factor of core #3 was 44.31% and the
ultimate oil recovery factor of core #5 was only 14.79%.
Obviously, with the distance from the fracture increasing,
the effect of CO2 huff-and-puff process becomes poorer.
When the fracture was extended from long core A to long
core B, the oil recovery of core #5 was significantly increased
from 14.79% to 28.42%. Figure 8 presents that the increased
production mainly comes from medium and large pores
corresponding to the T2 relaxation time more than 5ms.*e
lower oil recovery limit of distal matrix can decrease with
fracture extending. *e extended fracture can not only
expand oil drainage range but also improve the mass-
transfer efficiency of CO2. *erefore, higher oil recovery

factor could be achieved with less huff-and-puff cycles
through increasing the length or density of the fractures.

*e distance from the matrix core plug center to the
fracture is calculated and listed in Table 3. Figure 9 shows the
oil recovery factor of different pores in matrix with different
distances to the fracture. *e farther away it is from the
fracture, the lower the oil recovery is in different pores. As
presented in Figure 9, the oil recovery factor of the oil in
medium pores has the largest decline. In the near-fracture
zone, the oil recovery of the medium pores could be close to
the oil recovery of the large pores and fractures (Figure 9),
which was higher than 60%. But, in the distal matrix, the
cumulative oil recovery of the medium pores was 16.17%,
which was only a little higher than oil recovery of depletion
development.

In addition to large pores, the oil in medium pores could
be the main force to production in Changqing tight oil
reservoirs. CO2 huff-and-puff technique only has a good
effect on the oil recovery of near-fracture zone. But the
remaining oil of medium pores in distal matrix still has great
potential to be developed after CO2 huff-and-puff process.
Adjusting the CO2 development method and changing the
well pattern would be feasible methods to develop remaining
oil in matrix [5, 12].

3.2. Effects of Soaking Time. Soaking time is a significant
parameter in CO2 huff-and-puff operation. *e CO2 huff-
and-puff experiments with different soaking time were
conducted with long core A. Figure 10 presents the
difference between cumulative oil recovery factors of each
huff-and-puff cycle with different soaking time of 12 h
and 24 h. *e cumulative recovery factor of soaking for
24 h with 3 cycles is slightly higher than that of soaking
for 12 h with 6 cycles. It is beneficial for CO2 to dissolve
and diffuse in the oil with increasing the soaking time,
especially for the tight reservoirs. For the same total
soaking time of the whole CO2 huff-and-puff process,
longer soaking time with less cycles can have better re-
covery effect and save development cost. When the huff-
and-puff tests continued to operate until no oil was
produced, the cumulative recovery factor of soaking for
24 h was 8.42% higher than that of soaking for 12 h.

*e remaining oil distribution of fractured core #1 and
the distal matrix core #5 after the tests are shown in Fig-
ures 11 and 12. Microscopically, longer soaking time can
increase the oil recovery factor of micro pores. *e oil re-
covery factors of micro pores of core #1 and core #5 in-
creased by 7.71% and 6.16%, respectively (Table 4).
Meanwhile the lower oil recovery limit of pores decreased.
*e oil in smaller pores could be obtained with longer
soaking time (Figures 11 and 12). Macroscopically, longer
soaking time can increase CO2 sweep efficiency. When the
soaking time was 12 h, the recovery factor of core #5 was
14.79%. When the soaking time was increased to 24 h, the
recovery factor of core #5 increased to 23.71%.*erefore, the
dissolution and diffusion range of the injected CO2 was
apparently increased from both macro and micro aspects
after extending soaking time.
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3.3. Effects of Depressurization during PuffPeriod. In the puff
period of the first huff-and-puff cycle, three different de-
pressurization methods were performed. Table 5 presents
the production status of different depressurization methods,
and Figure 13 shows pressure change of distal end during
different depressurization process.

According to production dynamics and oil recovery
factor changing with time (Figure 14), the production period
was divided into three stages:
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Figure 6: *e difference between the cumulative oil recovery
factors of long core A and long core B at each huff-and-puff cycle.
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core #1 after huff-and-puff tests with long core A and long core B.
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core #5 after the huff-and-puff process with long core A and long
core B.

Table 3: *e distance from the core center to the fracture.

Core *e distance to
the fracture (cm)

Oil recovery
factor (%)

Core #1 in long core A 0 68.23
Core #1 in long core B 0 67.01
Core #3 in long core A 2.996 44.31
Core #5 in long core B 7.390 30.42
Core #5 in long core A 13.382 14.79
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Figure 9: *e oil recovery factor of different pores in matrix with
different distances to the fracture.
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Figure 10: *e difference between cumulative oil recovery factors
of each huff-and-puff cycle with different soaking time.
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(1) Gas flowback stage: in the huff period, the injected
CO2 preferentially occupied fractures and large pores
and then dissolved and diffused into smaller pores
[24]. After the soaking period, there was still a large
amount of free gas remaining in the large pores and
fractures. *erefore, at the beginning of each

depressurization process, a large amount of gas was
produced with the system pressure decreasing
(Figure 13).*is period was very short and there was
almost no oil output (Figure 14(b)).

(2) Free gas drive stage: after CO2 flowback, some free
CO2 was still trapped in the near-wellbore area. At
the same time, there was also crude oil in the near-
wellbore area and fractures. *en the oil was driven
and carried out by free CO2. At this stage, the oil and
CO2 were produced alternately, which was mainly
manifested as a large section of gas and a small
section of oil. *e GOR (gas oil ratio) fluctuated
greatly (Figure 15) and the oil production rate was
relatively low (Figure 14(b)).

(3) Solution gas drive stage: during the depressurization
process, dissolved gas was continuously released. When
the oil production rate was significantly increased, the
drive mode was changed from free gas drive to solution
gas drive. When the solution gas drive proceeded to the
final stage, the capacity of energy supply decreased.
Solution gas drive stage was the main oil production
stage in different depressurization method.

*e cumulative oil recovery factor of puff period was
influenced by the depressurizationmethod (Figure 14(a)). After
first cycle, the oil recovery factor of slow depressurization was
17.24%, which was higher than that of rapid depressurization
process by 2.59%. Once the pressure started to drop, the CO2
bubble began to nucleate.*en, the bubble grew and filled pores
with the pressure decreasing [27]. In rapid depressurization
process, the nucleated CO2 bubbles were produced before they
became larger to occupy the pore space due to the huge pressure
gradient. So the crude oil in the pores could not be driven
effectively by the dissolved gas. However, in slow depressur-
ization process, the CO2 nucleation had more time to grow to
fill the pore space [28]. *e grown CO2 bubble can drive the
crude oil in the matrix to the fracture and near-wellbore zone.
When the CO2 bubbles increased to a certain size, the narrow
pore throat would hinder the mobility of the bubbles due to
Jamin effect [29]. As pressure decreased, the gas bubbles could
coalesce into a continuous gas phase and migrated. *e GOR
oscillated down during the first half of solution gas drive stage in
the slow depressurization method.

*e highest oil recovery factor of the three depressurization
methods was step depressurization, which was 18.40%. *ere
was little difference in production times between slow de-
pressurization method and step depressurization method. But
the step pressure-drop process can avoid the rapid fracture
closure and the compression of pores due to the stress sensi-
bility. So the oil in distal core could be recovered more
smoothly. *e highest oil recovery factor of step depressur-
ization method illustrates that fracture closure time has great
influence on the oil recovery of fractured tight sandstone
reservoirs.

Figures 16 and 17 are the microscopic remaining oil
distributions of fractured core #2 and distal matrix core #5
after huff-and-puff tests with different depressurization
method. After injection, CO2 preferentially entered the
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Figure 11: *e microscopic remaining oil distribution of fractured
core #1 after huff-and-puff tests with different soaking time.
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Figure 12: *e microscopic remaining oil distribution of matrix
core #5 after huff-and-puff tests with different soaking time.

Table 4: *e oil recovery factor of different pores after huff-and-
puff tests with different soaking time.

Core number Pore types
Soaking time

12 h (%) 24 h (%)

Core #1

Micro pores (≤5ms) 26.27 33.98
Medium pores (5∼100ms) 82.12 87.14
Large pores (≥100ms) 87.13 90.50

Total 68.23 70.92

Core #5

Micro pores (≤5ms) 0.00 6.16
Medium pores (5∼100ms) 16.00 31.33
Large pores (≥100ms) 47.13 59.46

Total 14.79 23.71
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larger pores, dissolved, and diffused into the oil in micro
pores [30]. *e existence of fracture increased the dissolu-
tion and diffusion of CO2 into the matrix with expanding the
contact range between CO2 and oil. *us the oil recovery
factor of the fractured core #2 was much higher than that of
matrix core #5. Moreover, the oil recovery factor in pores of

different sizes was overall higher in in near-fracture zone
(Table 6).

In addition, the microscopic remaining oil distribution
can also reflect the influence of different depressurization
method on oil recovery (Figures 16 and 17). In near-fracture
zone, both medium pores and large pores were the main
contributors to oil production. *e oil recovery factors of
medium pores and large pores were around 50% (Table 6). In
particular, in the solution gas drive stage of slow depres-
surization process, the CO2 nucleation had more time to
grow to drive the oil in the pores. Consequently, in fractured
core #2, the oil recovery of the micro and medium pores is

Table 5: Production status of different depressurization methods.

Depressurization
method

Back pressure (MPa)
(production pressure)

Production valve
(throttle valve)

Oil recovery factor of
depletion (%)

Oil recovery factor of first
cycle (%)

Rapid 0 50% open 13.43 14.65
Slow 0 10% open 13.29 17.24
Step 16-12-8-4-0 50% open 13.40 18.40
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Figure 13: Pressure change of distal end during puff period of the
first huff-and-puff cycle with different depressurization method.

Rapid depressurization
Slow depressurization
Step depressurization

(a)

(b) free gas flooding stage

0

4

8

12

16

20

O
il 

re
co

ve
ry

 fa
ct

or
 (%

)

500 1000 1500 2000 2500 3000 35000
Production time (s)

0

4

8

100 200 300 400 5000

Figure 14: Oil recovery factor during puff period of the first huff-
and-puff cycle with different depressurization method.
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with different depressurization method.
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higher than rapid and step depressurization methods
(Figure 16, Table 6). But the oil recovery of the large pores in
slow depressurization was less than the other two methods,
because part of the oil from the micro and medium pores
was retained in the large pores in the last stage of slow
depressurization method with low pressure difference.

In matrix core #5, the microscopic remaining oil dis-
tributions of the rapid and slow depressurization methods
are much the same (Figure 17 and Table 6). *e microscopic
remaining oil distribution of the step depressurization
method is obviously lower than those of the other two
methods, and the oil in smaller pores can be recovered
(Figure 17). During the process of step depressurization
process, the fracture closure time was postponed, which is
conductive to the oil drainage from matrix to fracture.

After the entire huff-and-puff cycles, the oil recovery
factors of the huff-and-puff process with rapid, slow, and
step depressurization were 51.14%, 53.28%, and 55.54%,
respectively. *e oil recovery factor of the first huff-and-
puff cycle is obviously different, as presented in Figure 18.
With cycles proceeding, the remaining oil saturation
decreased and the remaining oil viscosity increased [31].
*e solubility of CO2 in the remaining oil was also getting
less. *e advantage of the slow depressurization method
in solution gas drive stage decreased. For this reason, the
oil recovery factor of slow depressurization method be-
came closer to that of fast depressurization method in
each cycle. As mentioned before, the oil recovery factor of
huff-and-puff process with step depressurization process
was always higher. *erefore, step depressurization
combined with slow pressure drop during puff period in
the first two cycles is an effective method to increase the

oil recovery factor of the CO2 huff-and-puff process of
tight oil reservoirs. In the later cycles, the depressur-
ization combined with rapid pressure drop can be utilized
to save production time.

3.4. Effects of Asphaltene Precipitation. After the CO2 huff-
and-puff process with long core A of Test 1, the core samples
were cleaned by a Soxhlet Extractor with the solvent of
petroleum ether which cannot dissolve asphaltene [32]. *e
percentage of permeability reduction is obtained by com-
paring the gas permeability of the core before and after CO2
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Figure 17: *e microscopic remaining oil distribution of matrix core #5 after huff-and-puff tests with different depressurization method.

Table 6: *e oil recovery factor of different pores after huff-and-puff tests with different depressurization method.

Pore types
Fractured core #2 Matrix core #5

Rapid (%) Slow (%) Step (%) Rapid (%) Slow (%) Step (%)
Micro pores (≤5ms) 11.93 20.50 13.02 2.13 4.76 9.83
Medium pores (5∼100ms) 45.78 55.75 51.35 15.80 17.98 28.94
Large pores (≥100ms) 60.36 48.07 53.07 38.40 48.81 55.22
Total 36.16 39.37 37.29 18.67 19.17 23.85
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Figure 18: *e oil recovery factor of depletion production period
and each huff-and-puff cycle with different depressurization
method.
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huff-and-puff tests, which is calculated by the following
equation:

Rk �
Kgb−Kga

Kgb

×100%, (1)

where Rk is the permeability reduction percentage of the
core sample, %; Kgb is the gas permeability of the core
sample before CO2 flooding, mD; Kga is the gas permeability
of the core sample after CO2 flooding, mD.

*e injected CO2 destroys the stable state of the
asphaltene-resin system, which leads to the flocculation and
precipitation of the asphaltene [9]. In the CO2 huff-and-puff
tests, asphaltene precipitation still occurred [16] and the
permeability of the cores decreased after the huff-and-puff
tests in tight oil reservoirs. *e asphaltene particles were
difficult to be transported out because of the small pore
throats of the matrix. But the asphaltene precipitation had
little effects on the permeability of fractured core #1 with
strong flow conductivity. As shown in Figure 19, the per-
meability reduction percentage has a certain positive cor-
relation with oil recovery factor, except fractured core #1,
because, in the CO2 huff-and-puff process, the higher oil
recovery factor indicates the better solubility of CO2 in oil.
*e permeability reduction percentages of core #3 and core
#4 are 12.20% and 9.93%, respectively, while the perme-
ability reduction percentage of distal core #5 is only 3.64%
due to the lowest CO2 solubility.

4. Conclusions

In this paper, a series of CO2 huff-and-puff tests were
conducted with fractured tight cores from Changqing Oil
Field, China. *e NMR technique was utilized to analyze the
remaining oil of the core plugs.*e effects of fracture length,
soaking time, depressurization method, and asphaltene
precipitation on the oil recovery performance were evalu-
ated. According to the obtained experimental results, the
following conclusions have been drawn:

(1) Higher oil recovery factor could be achieved with less
huff-and-puff cycles through increasing the length or

density of the fractures and extending the soaking
time. Moreover, the dissolution and diffusion range
of the injected CO2 could be apparently increased
from both macro- and microaspects.

(2) In addition to large pores, the remaining oil of
medium pores in distal fracture-free matrix still has
great potential to be developed after CO2 huff-and-
puff process. Adjusting the CO2 development
method and changing the well pattern would be
feasible methods to develop remaining oil.

(3) Step depressurization combined with slow pressure
drop during puff period in the first two cycles is an
effective method to increase the oil recovery factor of
the CO2 huff-and-puff process of tight oil reservoirs.
In the later cycles, the depressurization combined
with rapid pressure drop can be utilized to save
production time.

(4) During CO2 huff-and-puff process, the asphaltene
precipitation has little effects on the permeability of
the near-fracture zone. But the matrix closer to the
injection end has more serious asphaltene precipi-
tation and greater permeability loss than distal
matrix.
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