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Abstract: CO2 flooding is an economically feasible and preferred carbon capture, storage, and
utilization technology. Asphaltene deposition is a common problem in the process of CO2 injection
because it may cause reservoir damage. The mechanism of asphaltene precipitation damage to the
formation remains elusive. Experiments were conducted to reveal the pore-scale formation damage
mechanism in ultra-low permeability reservoirs caused by asphaltene precipitation during CO2

flooding. Initially, the precipitation onset point for asphaltene within the crude oil-CO2 system
was determined using a high-pressure tank equipped with visual capabilities. Subsequently, CO2

flooding experiments were conducted on ultra-low permeability cores under miscible and immiscible
conditions, with the support of nuclear magnetic resonance (NMR) to quantitatively evaluate the
impact of asphaltene precipitation on ultra-low permeability reservoirs. The results indicate that
within the pressure range from the asphaltene precipitation onset point to the minimum miscibility
pressure (MMP). The level of asphaltene precipitation rises as CO2 injection pressure increases. In
the miscible flooding stage, asphaltene precipitation can still occur, but to a lesser extent. Notably,
asphaltene deposition predominantly occurs in larger pores; above the MMP, the permeability
decreases significantly as asphalt particles agglomerate, resulting in notable pore-throat blockages.
While asphaltene deposition has a minimal impact on porosity, the bridging effect of asphaltene
particles reduces permeability.

Keywords: CO2 flooding; asphaltene precipitation; formation damage; ultra-low permeability reservoir

1. Introduction

Total energy-related CO2 emissions increased by 1.1% and reached 37.4 billion tons
in 2023 [1]. Carbon capture, storage, and utilization (CCSU) emerges as a pivotal strategy
in the fight against climate change [2]. CO2 flooding stands out for its dual benefits: it
can significantly cut down greenhouse gas emissions—given that approximately 50% to
60% of the injected CO2 remains sequestered underground permanently—and it can also
enhance oil recovery. This enhancement is achieved by reducing the viscosity of crude
oil and the oil-gas interfacial tension, thereby expanding the volume of crude oil and
initiating a process known as dissolved gas flooding [3–7]. In a light oil reservoir, 50 to
60% of the original oil-in-place (OOIP) remains after primary recovery [8]. About 38%
of the world’s reservoirs and about 46% of reservoirs in China are ultra-low permeabil-
ity reservoirs [9]. These reservoirs are characterized by their minuscule pores and fine
throats, which result in an unusually large specific surface area, making them particularly
susceptible to contamination and damage [10–12]. The protection of these reservoirs is of
paramount importance [13,14]. The interaction between reservoir oil and CO2 is crucial
to achieving multi-contact miscibility. When CO2 is sufficiently dissolved in the oil, it can
trigger asphaltene precipitation, which markedly alters the physicochemical properties of
the oil [15–17]. Asphaltenes, insoluble in lower normal alkanes but soluble in benzene and
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toluene, are colloidal particles within crude oil [18–20]. They are composed of molecular
clusters surrounded by resins, forming micelles that increase their solubility [21]. During
CO2 flooding, the interaction between crude oil and CO2 leads to the occupation of CO2
molecules in the interfacial region of these asphaltene clusters. This results in a decrease in
resin concentration, potentially leading to the inability to form micelles and the subsequent
aggregation and precipitation of asphaltene molecules [22–24]. As injection pressure in-
creases, more CO2 dissolves in the crude oil, further reducing the concentration of resins
that act as stabilizers for asphaltenes. This makes the asphaltene clusters more prone
to flocculation and precipitation [25]. Asphaltene deposition is a common issue during
CO2 injection, and the associated formation damage typically manifests in four ways:
(I) reduction in permeability or physical blockage, (II) alteration of wettability, (III) decrease
in oil viscosity, and (IV) the formation of emulsions [26]. Among these, mechanism (I)
is identified as the primary cause of formation damage [27,28]. The deposition process
begins with the adsorption of asphaltenes onto the rock surface, followed by hydrody-
namic retention or capture of particles at the pore throat, leading to diminished oil mobility.
Changes in pressure, temperature, and petroleum composition can further affect the surface
properties and rheology of crude oil [29]. The occurrence of sedimentation poses significant
challenges to both upstream and downstream operations [30–38]. Even in low-permeability
reservoirs with low asphaltene content, such as the Hassi Messaoud field, which had an
asphaltene content of just 0.062%, deposition problems have been reported from the onset
of production [39]. However, the detailed effects of asphaltene deposition on pore sizes
under various injection conditions have not been extensively explored in previous research.

Current research on the impact of asphaltene deposition on recovery is primarily
focused on analyzing the extent of recovery reduction, with the underlying microscopic
mechanisms remaining unclear. This study aims to investigate the initial precipitation of as-
phaltenes from crude oil and the intricate patterns of asphaltene deposition above the onset
point. It also seeks to determine the precipitation onset point for asphaltenes in a light crude
oil-CO2 system. CO2 flooding experiments are conducted to elucidate the mechanisms of
physical damage to ultra-low permeability reservoirs during the flooding process.

2. Materials and Methods
2.1. Materials

The composition of the Triassic-produced water from Block X within the Ordos Basin
was analyzed. The purity of CO2 used in the experiment is 99.99%. Simulated formation
water is prepared, and the scale-forming ions (Ba2+, Sr2+, Ca2+, Mg2+) in the formation water
are replaced with K+ and Na+. The resulting Total Dissolved Solids (TDS) concentration
was measured at 92,455 mg/L.

The natural core samples were extracted from the Triassic X reservoir located in
Block X of the Ordos Basin. After a thorough cleaning and drying process, the cores
were subjected to a 48 h vacuum treatment. Subsequently, they were saturated with the
simulated formation water to ascertain their porosity. The core permeability was then
measured by conducting a formation water injection test. The measured porosity values
varied from 10.38% to 13.73%, while the absolute permeability values ranged from 0.33 to
0.38 × 10−3 µm2, as shown in Table 1.

Table 1. Basic Parameters of the Core Samples.

Core NO. Length, cm Pore Volume, mL Porosity,% K, 10−3 µm2

1 7.62 3.88 10.38 0.35
2 7.62 3.93 10.51 0.34
3 6.86 4.62 13.73 0.38
4 6.78 3.53 10.61 0.33

Crude oil is from the Changqing Oilfield. The components of live oil tested by high-
temperature gas chromatography (HTGC) are shown in Table 2.
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Table 2. The components of crude oil.

Component W, % Component W, % Component W, % Component W, %

N2 1.52 C7 3.84 C17 1.98 C27 1.08
CO2 0.01 C8 6.1 C18 1.69 C28 1.06
C1 24.58 C9 4.68 C19 1.6 C29 1.01
C2 4.37 C10 3.84 C20 1.37 C30 0.85
C3 3.16 C11 3.37 C21 1.23 C31 0.65
iC4 1.21 C12 3.08 C22 1.21 C32 0.52
nC4 0.86 C13 2.85 C23 1.1 C33 0.45
iC5 0.72 C14 2.77 C24 1.01 C34 0.4
nC5 0.97 C15 2.25 C25 0.98 C35 0.37
C6 1.52 C16 2.16 C26 1.02 C36+ 6.29

The properties of crude oil were tested with Pressure-Volume-Temperature (PVT).
The bubble point pressure was 7.8 MPa. Furthermore, the Minimum Miscibility Pressure
(MMP) of the crude oil, ascertained through the slim tube displacement experiment, was
established at 16.0 MPa. According to the ASTMD2007-03 standard [40], the mass fraction
of the crude oil’s n-heptane-insoluble asphaltenes was measured to characterize the oil’s
colloidal stability. A comprehensive SARA (Saturates, Aromatics, Resins, and Asphaltenes)
analysis, delineating the complex composition of the crude oil, is presented in Table 3 for
an in-depth understanding of its chemical constituents.

Table 3. SARA of crude oil.

Component Asphaltenes Resins Aromatics Saturates Total Yield

W, % 1.32 8.59 13.52 63.78 87.21

2.2. Experimental Equipment

The High-Temperature High-Pressure (HTHP) Visible Reaction Apparatus: As de-
picted in Figure 1, the HTHP visible reaction vessel is designed for observing chemical
processes under extreme conditions. It features an internal volume capacity of 2000 mL and
is engineered to withstand a maximum pressure of 30 MPa. The pressure within the vessel
is regulated by an ISCO pump, allowing for the observation of solution changes through
a sapphire observation window. Within the vessel, a heating mechanism is integrated,
offering a temperature range from 20 to 180 degrees Celsius. To ensure optimal illumination
for the CO2-saturated oil layer, a cold light source and a frosted glass sheet are strategically
positioned beneath the reactor. A microscope is mounted atop the apparatus, enabling the
observation of the evolving layer patterns within the light crude oil-CO2 system within
the vessel. For the precise capture of these visual changes, a high-resolution CCD camera,
equipped with 6 million pixels, is affixed to the microscope. The geometric dimensions of
the asphaltene aggregates are subsequently determined by analyzing the captured images
using Sigma Scan Pro 5 software. The internal pressure of the reactor is controlled by the
injection of CO2 into the ISCO pump, while the temperature is maintained with the aid of a
high-precision heating device.

Figure 2 illustrates the schematic diagram of the high-pressure core-flooding apparatus,
which is specifically designed for conducting CO2 flooding experiments. The setup includes
two separate high-pressure cylinders that contain simulated formation water—free of
scale-forming ions—and CO2, respectively. A dual ISCO syringe pump is employed to
inject fluids from these high-pressure cylinders into the core holder, which is capable of
withstanding a maximum pressure (Pmax) of 80 MPa and a maximum temperature (Tmax)
of 100 ◦C. An additional pump is dedicated to maintaining the confining pressure within the
system. In conjunction with this, another pump and a back-pressure valve are strategically
utilized to finely regulate and maintain the back pressure throughout the experimental
process. To ensure uniform temperature control, both the high-pressure cylinders and the
core holder are securely positioned within a constant-temperature oven.



Sustainability 2024, 16, 4303 4 of 16

Sustainability 2024, 16, x FOR PEER REVIEW  4  of  17 
 

the reactor is controlled by the injection of CO2 into the ISCO pump, while the temperature 

is maintained with the aid of a high‐precision heating device. 

 

Figure 1. HTHP visual reaction system. 

Figure  2  illustrates  the  schematic  diagram  of  the  high‐pressure  core‐flooding 

apparatus, which is specifically designed for conducting CO2 flooding experiments. The 

setup  includes  two  separate high‐pressure  cylinders  that  contain  simulated  formation 

water—free of scale‐forming ions—and CO2, respectively. A dual ISCO syringe pump is 

employed to inject fluids from these high‐pressure cylinders into the core holder, which 

is  capable  of withstanding  a maximum  pressure  (Pmax)  of  80 MPa  and  a maximum 

temperature  (Tmax)  of  100  °C. An  additional  pump  is  dedicated  to maintaining  the 

confining pressure within the system. In conjunction with this, another pump and a back‐

pressure valve are strategically utilized to finely regulate and maintain the back pressure 

throughout the experimental process. To ensure uniform  temperature control, both the 

high‐pressure cylinders and  the core holder are securely positioned within a constant‐

temperature oven. 

 

Figure 2. Schematic diagram of the core‐flooding set‐up. 

2.3. Experimental Methods and Procedures 

The Measurement  of  precipitation  onset  point  for  asphaltenes. A multitude  of 

techniques  have  been  established  for  identifying  the  onset  point  of  asphaltene 

CO
2
 

   
Light 

CCD 

Visual window 

oil 

CO2 
   

 

 

 

Isco pump

 

 

Air bath 

Figure 1. HTHP visual reaction system.

Sustainability 2024, 16, x FOR PEER REVIEW  4  of  17 
 

the reactor is controlled by the injection of CO2 into the ISCO pump, while the temperature 

is maintained with the aid of a high‐precision heating device. 

 

Figure 1. HTHP visual reaction system. 

Figure  2  illustrates  the  schematic  diagram  of  the  high‐pressure  core‐flooding 

apparatus, which is specifically designed for conducting CO2 flooding experiments. The 

setup  includes  two  separate high‐pressure  cylinders  that  contain  simulated  formation 

water—free of scale‐forming ions—and CO2, respectively. A dual ISCO syringe pump is 

employed to inject fluids from these high‐pressure cylinders into the core holder, which 

is  capable  of withstanding  a maximum  pressure  (Pmax)  of  80 MPa  and  a maximum 

temperature  (Tmax)  of  100  °C. An  additional  pump  is  dedicated  to maintaining  the 

confining pressure within the system. In conjunction with this, another pump and a back‐

pressure valve are strategically utilized to finely regulate and maintain the back pressure 

throughout the experimental process. To ensure uniform  temperature control, both the 

high‐pressure cylinders and  the core holder are securely positioned within a constant‐

temperature oven. 

 

Figure 2. Schematic diagram of the core‐flooding set‐up. 

2.3. Experimental Methods and Procedures 

The Measurement  of  precipitation  onset  point  for  asphaltenes. A multitude  of 

techniques  have  been  established  for  identifying  the  onset  point  of  asphaltene 

CO
2
 

   
Light 

CCD 

Visual window 

oil 

CO2 
   

 

 

 

Isco pump

 

 

Air bath 

Figure 2. Schematic diagram of the core-flooding set-up.

2.3. Experimental Methods and Procedures

The Measurement of precipitation onset point for asphaltenes. A multitude of
techniques have been established for identifying the onset point of asphaltene precipi-
tation. These methods encompass a range of analytical approaches, such as monitoring
electrical conductivity, assessing crude oil viscosity, measuring interfacial tension, con-
ducting gravimetric analysis, evaluating light transmission, and employing visualization
techniques [34,41–44]. In this study, we have opted to utilize a visualization apparatus to
ascertain the specific pressure threshold at which asphaltene precipitation initiates within
the crude oil-CO2 system. Figure 2 presents a schematic representation of the experimental
setup designed to determine the asphaltene precipitation onset point within a light crude oil
layer saturated with CO2. The relative deposition of asphaltenes was quantified by observ-
ing changes in the visual imagery under varying pressure conditions. The images captured
during the experiment were subsequently analyzed using Sigma Scan Pro 5 software to
measure the relative deposition levels. The critical pressure value, at which a marked
increase in the relative deposition of asphaltenes was observed, was calculated employing
Equation (1). This calculated pressure signifies the onset point for asphaltene precipitation.

δ =
SA
SO

× 100% (1)

where δ is the relative deposition of asphaltenes, SA is the area of asphaltene deposited,
and SO is the area of the visual window.
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Core-flooding experiment. All core samples underwent a 24 h vacuum treatment to
ensure complete saturation with simulated formation water. Each core was subsequently
subjected to Nuclear Magnetic Resonance (NMR) analysis using a SPEC-023-B device. This
process recorded the transverse relaxation time (T2) of hydrogen nuclei within the brine in
the core, along with the signal amplitude. Given that the T2 value and its corresponding
signal amplitude are indicative of the size and volume of the pore spaces housing the
hydrogen nuclei, the T2 spectrum can be translated into a distribution of the core’s pore
radii. Post-NMR saturation with brine, the core was infused with oil, facilitating the
calculation of the initial oil saturation (Soi) and the irreducible water saturation (Swc)
for each core. This continued until no water was produced. The core holder was then
exposed to a pressurized and heated environment for a duration of 12 h, after which
CO2 was introduced at a controlled rate of 0.1 mL/min. Back pressures of 8, 13, 16, and
20 MPa were sequentially applied, with CO2 injection ceasing upon the cessation of oil
production. Throughout the process, the injection and production pressures, along with
the volumes of injected and produced fluids, were continuously monitored, recorded, and
logged automatically by a computer system. The produced fluids, encompassing brine, oil,
and gas, were systematically collected and quantified using a gas-liquid cyclone separator
and a mass flow meter.

The SARA (Saturates, Aromatics, Resins, and Asphaltenes) analysis was conducted
on the produced oil. Since the simulated formation water was devoid of scale-forming
ions, the impact of inorganic precipitation was effectively eliminated. The experimental
displacement timeframe was significantly shorter than the CO2-rock-water interaction
timeframe reported in other studies [45,46], allowing us to disregard the influence of
formation water reactions on core porosity. Following CO2 flooding, kerosene was injected
into the core to displace any remaining fluids. Subsequently, n-heptane was utilized to
remove the kerosene, ensuring that the asphaltene deposits within the core’s pores and
throats were preserved. The core was then dried and analyzed to measure changes in
permeability and porosity attributable to the asphaltene deposits. The core was saturated
with simulated formation water, and the distribution of pore throats of varying sizes was
reassessed using NMR. The porosity loss rate (ηϕ), representing the extent of porosity
reduction post-CO2 flooding, was calculated using the formula presented in Equation (2).
The permeability change rate was determined by Equation (3).

ηφ =
φA −φA0

φA0
∗ 100% (2)

where ηφ is the porosity change rate, φA0 is the porosity before the CO2 flooding, and φA
is the porosity of the core after CO2 flooding and oil washing with n-heptane.

R =
Kd − K0

K0
∗ 100% (3)

where R is the permeability change rate, Kd is the permeability before the CO2 flooding,
and Ko is the permeability of the core after CO2 flooding and oil washing with n-heptane.

3. Results and Discussion
3.1. The Precipitation Onset Point for Asphaltenes

The solubility of asphaltenes in crude oil is influenced by a combination of temperature,
pressure, and the specific composition of the oil. In a reservoir at a constant depth, the
temperature can be considered relatively stable over time. The reactor was pressurized to
8 MPa with CO2, after which the prepared live oil was introduced into the system. The
pressure within the reactor was incrementally increased by 0.2 MPa per step, starting from
8 MPa, while conducting the real-time monitoring of visual changes. To attain equilibrium
within the system, the solution was permitted to deposit asphaltenes onto a substrate for
approximately two hours. The substrate was observed laterally through a microscope,
which captured a series of continuous static images of the glass surface. Equilibrium was
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deemed to have been reached when no further deposition of asphaltenes was observed on
the substrate, a condition that was continuously verified by the monitoring cell. Initially,
minimal changes in the visual imagery were noted in response to pressure alterations. There
was no significant asphaltene deposition observed upon the initial contact of CO2 with
crude oil, resulting in a clear and transparent appearance, as depicted in Figure 3a. Upon
elevating the experimental pressure to 10 MPa, a sparse distribution of small dots became
visible on the imagery, as showcased in Figure 3b. The relative deposition, quantified
at 3.12%, was ascertained through analysis using Sigma Scan Pro 5 software. When the
experimental pressure was elevated to 12.6 MPa, a pronounced shift was observed as the
image grew noticeably darker, as illustrated in Figure 3c. This indicated that a localized
area of asphaltene had precipitated onto the window under these pressure conditions.
The image was now populated with numerous small dots, and the relative deposit had
risen to 35.06%. As the pressure within the reactor continued to escalate, the asphaltene
particles visible in the images became progressively larger and more opaque, signaling
an accelerated rate of asphaltene precipitation. A substantial deposition of asphaltenes
is evident in Figure 3d–f, highlighting the impact of increasing pressure on asphaltene
solubility and deposition.
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When the pressure is elevated to 16 MPa, there is a notable aggregation of asphaltene
particles, leading to their flocculation. Concurrently, CO2 and crude oil may reach a state of
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miscibility, as depicted in Figure 3g. This phenomenon can be attributed to the increasing
solubility of CO2 within the crude oil as the system pressure rises. Given their small size,
CO2 molecules progressively infiltrate the space ordinarily occupied by the stabilizing
colloids that surround the asphaltene particles. This action compromises the stability of
the asphaltene, causing the protective colloids to be continuously released into the crude
oil, thereby triggering the precipitation of asphaltenes. At this juncture, the measured
relative deposition stands at 62.12%. Upon further increasing the pressure to 20 MPa, as
illustrated in Figure 3h, the asphaltene particles coalesce to form larger precipitates within
the CO2-saturated oil layer, manifesting as agglomerates. Referring to the relationship
curve between the relative deposition amount and pressure, as presented in Figure 4, it
becomes evident that there is a marked escalation in the relative deposition amount at a
pressure of 12.6 MPa. Consequently, it can be deduced that at a temperature of 50 ◦C, the
onset of asphaltene precipitation from CO2-saturated oil occurs at a pressure threshold of
12.6 MPa, which is identified as the precipitation onset point for asphaltenes.
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3.2. Effect of Asphaltene Precipitation on Formation Damage during CO2 Flooding

CO2 flooding efficiency. CO2 flooding experiments were conducted at a constant
temperature of 50 ◦C across a range of pressures. The CO2 was introduced at a steady rate
of 0.2 mL/min. The experimental parameters for the CO2 flooding process are detailed
in Tables 1 and 2. Given that the pressure at which asphaltene precipitation commences
is identified as 12.6 MPa, and the Minimum Miscibility Pressure (MMP) is established at
16 MPa, the back-pressure for the core flooding experiments was accordingly set at 8 MPa,
13 MPa, 16.0 MPa, and 20 MPa. As illustrated in Figure 5, the recovery factor (RF) increases
with an increasing pore volume (PV) of CO2 injected. For each pressure setting, the RF
attains its zenith upon the injection of 1 PV of CO2. After the injection of 1.4 PV of CO2,
no further oil production was observed across the experiments. During the immiscible
displacement phase, an increment in injection pressure leads to a proportional rise in the
quantity of CO2 dissolved within the crude oil, thus enhancing oil recovery rates. Upon
surpassing the MMP, the rate of recovery increase diminishes, eventually plateauing as the
system reaches its maximum recovery potential. The primary rationale behind this trend
is the escalating dissolution of CO2 into crude oil with rising pressure. Once the pressure
surpasses 16 MPa, the RF attains its peak value, which is approximately 70%. Under
miscible conditions, any subsequent rise in pressure results in only a marginal increase in
RF, which ultimately stabilizes at a near-constant maximum value.
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Figure 5. RF of CO2 flooding versus PV of injected CO2.

Additionally, Table 4 presents the asphaltene content of the oil produced during the
experiments. The findings indicate that the asphaltene content in the produced oil is
slightly lower than that in the crude oil when the pressure exceeds 8 MPa. The primary
mechanisms at play during CO2 flooding are the dissolution expansion and displacement
effects, whereas the CO2 extraction effect is considered to be insignificant. A significant
reduction in asphaltene content within the produced oil is observed upon increasing the
pressure from 13 MPa to 16 MPa. However, once the pressure surpasses the Minimum
Miscibility Pressure (MMP), the variation in asphaltene content in the produced oil is
minimal. This suggests that a greater amount of asphalt remains within the core during
the immiscible flooding stage (P < 16 MPa), particularly at higher injection pressures.
Conversely, the most substantial precipitation of asphaltene within the core occurs during
the CO2 miscible flooding phase (P > 16 MPa). In summary, as evidenced by Table 4, the
asphaltene content in the oil produced during the CO2 miscible flooding process is at its
nadir. This implies that the injected CO2 is capable of effectively displacing a substantial
portion of the crude oil, thereby achieving the highest possible recovery factor (RF).

Table 4. SARA of the crude oil.

Content, %
P, MPa

8 13 16 20

Asphaltenes 1.22 0.83 0.14 0.11
Resins 8.59 7.79 7.62 6.42

Aromatics 13.52 13.44 12.58 12.55
Saturates 63.78 59.98 59.37 59.37

Total yield 87.11 82.04 79.71 78.45

Reduction in core permeability and porosity after CO2 flooding. Post-displacement,
the residual fluids within the core were purged using n-heptane, leaving behind the
asphaltene precipitates within the pores and throats. A gas porosity and permeability
testing apparatus was subsequently employed to measure the core’s permeability and
porosity after the drying process. Figure 6 demonstrates that following the flooding process,
the core’s gas permeability declines with an increase in CO2 pressure. The reductions in
both porosity and permeability are minimal (4% and 5%, respectively) for pressures below
13 MPa. However, the permeability experiences a more substantial decrease of over 18.67%
at pressures exceeding 13 MPa, and it drops by approximately 50% when the pressures are
above 16 MPa. As depicted in Figure 7, the core’s porosity exhibits only a modest variation,
ranging from a decrease of 2% to an increase of 7.7%. A slight increase in porosity is
observed with the rise in pressure. By comparing the changes in porosity, it can be inferred
that the core permeability underwent significant alterations during the flooding process.
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Notably, there was an approximate 50% reduction in core permeability, accompanied
by only a 7.7% variation in porosity. This discrepancy suggests the substantial impact of
asphaltene deposition through adsorption and bridging effects, with the formation of bridge
plugs likely playing a critical role. The ultra-low permeability core’s porosity experienced
only a slight change due to the more pronounced decrease in permeability, which was less
influenced by the sedimentary adsorption effect. This reduction in permeability can be
attributed to the obstruction of pore throats by the asphaltene deposits, highlighting the
significance of pore throat blockage in the overall permeability reduction.
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Figure 6. Permeability at different pressures before and after CO2 flooding.
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Figure 7. Core porosity under different pressures before and after CO2 flooding.

Comparison of oil recovery in different-sized pores of CO2 flooding. Four distinct
core samples, each subjected to CO2 flooding at back pressures of 8 MPa, 13 MPa, 16 MPa,
and 20 MPa, were selected for subsequent Nuclear Magnetic Resonance (NMR) testing.
Figure 8 presents a comparative analysis of the T2 relaxation responses from these three
core samples, both before and following the CO2 flooding procedure. The T2 response area
is indicative of the relative oil content within the core, with larger areas signifying a higher
concentration of oil. Distinct T2 spectra of varying intensities were observed upon the
conclusion of the CO2 flooding experiments under each condition. Across all four pressure
conditions, a more significant reduction in the right peak of the T2 response was noted as
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compared to the left peak. This observation suggests that crude oil within larger pores
(ranging from 10 to 100 ms) and smaller pores (from 0.01 to 10 ms) is more susceptible
to being displaced and subsequently recovered by CO2. During the immiscible flooding
stage, CO2 predominantly displaces the crude oil residing in the larger pores, as evidenced
in Figure 8a,b. In contrast, under miscible conditions, there is a substantial recovery of
crude oil from the smaller pores as well, as depicted in Figure 8c,d. This indicates a more
comprehensive extraction of oil from the core, facilitated by the miscibility of CO2 with
crude oil under higher pressure conditions.
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Figure 8. Comparison of T2 response measured for the initial oil-saturated core and that measured
for the oil-saturated core after CO2 flooding conducted at (a) 8 MPa; (b) 13 MPa; (c) 16 MPa; and
(d) 20 MPa.

Effect of Pore-Throat Microstructures on Formation Damage. The NMR spectra of
the core samples, obtained at various pressures before and after CO2 flooding, are presented
in Figure 9. The primary peak in the T2 spectrum, centered within the relaxation period of
0.5–10 ms, is indicative of the small pore and throat dimensions characteristic of the four
cores employed in the study. Upon examination of the NMR data post-CO2 flooding, it was
observed that the overall alteration in the core’s pore structure across the different pressures
was not substantial. However, modifications within the larger pores were more pronounced
and exhibited a discernible pattern. Specifically, an increase in pressure corresponded to
a proportional decrease in the signal intensity from the larger pores, suggesting a direct
relationship between pressure and the state of the larger pore spaces within the core.



Sustainability 2024, 16, 4303 12 of 16

Sustainability 2024, 16, x FOR PEER REVIEW  13  of  17 
 

minimal impact on the core’s pore structure. However, as illustrated in Figure 9b, when 

the pressure elevates  to 13 MPa, a significant  reduction  in  the signal  from  large pores 

becomes evident. This can be attributed to the dynamics of immiscible flooding, where 

the oil within  large pore throats  (10–100 ms)  is more readily displaced. In contrast, the 

substantial capillary forces present in low‐permeability cores make the initiation of flow 

in small pore throats (0.01–10 ms) more challenging. Despite the pressure exceeding the 

precipitation onset point for asphaltenes, the onset of asphaltene deposition is observed. 

According to Figure 3c, the initial deposition of asphaltenes tends to occur on the walls of 

large pores, which are less susceptible to bridging. Consequently, this results in minimal 

physical damage  to  the  core. Nevertheless, when  the pressure  surpasses  16 MPa,  the 

scenario shifts during the miscible flooding stage. At this juncture, a substantial influx of 

CO2  enters  both medium  and  small  pore  throats,  accelerating  the  rate  of  asphaltene 

deposition within  these  confined  spaces. Under  these  conditions,  asphaltene  particles 

exhibit a robust cohesive force, leading to their aggregation, as shown in Figure 3g. This 

aggregation  can  cause  significant blockages  in pore  throats, which  correlates with  the 

previously observed changes in gas permeability. The behavior of small pores becomes 

erratic, potentially due  to CO2’s preferential utilization of  crude oil within  larger  and 

medium‐sized pores, as shown in Figure 9c,d. The recovery factor (RF) is predominantly 

influenced by the contributions from large pores. However, the diffusion of CO2 into small 

pores  is  impeded,  and  the  underlying  reaction  mechanisms  remain  unclear.  It  is 

hypothesized  that  this may  also  be  influenced  by  the  deposition  and  adsorption  of 

asphaltenes  within  the  larger  pores,  which,  upon  NMR  scanning,  may  appear  as 

alterations in smaller pores. 

(a) 

0

200

400

600

800

1000

1200

1400

0.1 1 10 100 1000

Fr
eq

u
en

cy
, %

T2 , ms

P=8MPa
Measured for the initial water‐
saturated core

Measured for the water‐saturated
core after carbon dioxide flooding

Sustainability 2024, 16, x FOR PEER REVIEW  14  of  17 
 

(b) 

(c) 

0

200

400

600

800

1000

1200

0.1 1 10 100 1000

Fr
eq

u
en

cy
, %

T2 , ms

P=13MPa Measured for the initial water‐
saturated core

Measured for the water‐saturated
core after carbon dioxide flooding

0

200

400

600

800

1000

1200

0.1 1 10 100 1000

Fr
eq

u
en

cy
, %

T2 , ms

P=16MPa Measured for the initial water‐
saturated core

Measured for the water‐saturated
core after carbon dioxide flooding

Figure 9. Cont.



Sustainability 2024, 16, 4303 13 of 16Sustainability 2024, 16, x FOR PEER REVIEW  15  of  17 
 

(d) 

Figure 9. Measured T2 responses of cores before and after the CO2 flooding conducted at: (a) 8 MPa; 

(b) 13 MPa; (c) 16 MPa; and (d) 20 MPa. 

4. Conclusions 

The  damage mechanism  of  the  ultra‐low‐permeability  reservoirs  caused  by  the 

precipitation  and  deposition  of  asphaltene  during  CO2  flooding  is  revealed  by 

experiments. 

(1)  Utilizing a visual high‐pressure  tank,  the precipitation onset point  for asphaltenes 

was determined. The study revealed that for crude oil from the Changqing X block, 

this critical threshold is at 12.6 MPa. Notably, this onset point precedes the Minimum 

Miscibility Pressure  (MMP). During  the  immiscible  flooding phase,  the  extent  of 

asphaltene  precipitation  escalates  with  increasing  injection  pressure.  Upon 

transitioning to the miscible flooding stage, while asphaltene precipitation continues, 

it occurs to a significantly lesser degree. 

(2)  A  series  of  core  flooding  experiments were  performed  to  assess  the  impact  on 

recovery factor (RF) and permeability reduction in ultra‐low permeability reservoirs. 

The results indicate that when the pressure is within the interval between the critical 

deposition pressure and MMP, both RF and the rate of core permeability loss increase 

with  pressure.  During  the  CO2  miscible  flooding  process,  RF  peaks,  and  the 

asphaltene content in the produced oil is at its highest, leading to substantial damage 

to the low‐permeability reservoir. 

(3)  A comparative analysis of the T2 response in oil‐saturated cores before and after CO2 

flooding  was  conducted.  It  was  observed  that  asphaltene  deposition minimally 

affects core porosity (approximately 8%). This suggests that in instances where the 

core  has  high  permeability  and  larger  pore‐throat  dimensions,  the  asphaltene 

deposits, which adhere to the pore‐throat walls, do not substantially compromise the 

reservoir’s pore space. 

Author  Contributions:  Conceptualization,  D.Y.  and  D.Z.;  investigation,  Q.L.  and  D.Z.;  data 

curation, D.Y. and D.Z.; writing—original draft preparation, D.Y.; writing—review and  editing, 

D.Y. and D.Z.; visualization, D.Z.; supervision, D.Z.; funding acquisition, D.Y. and D.Z. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This  research was  funded by  the National Natural Science Foundation of China  (NO. 

52004247 and NO. 51604243) and Zhoushan Science and Technology Bureau  (NO. 2021C21024), 

China Scholarship Council. 

0

100

200

300

400

500

600

700

800

900

0.1 1 10 100 1000 10000

Fr
eq

u
e
n
cy
, %

T2, ms

P=20MPa Measured for the initial oil‐
saturated core

Measured for the oil‐saturated
core after carbon dioxide
flooding

Figure 9. Measured T2 responses of cores before and after the CO2 flooding conducted at: (a) 8 MPa;
(b) 13 MPa; (c) 16 MPa; and (d) 20 MPa.

As depicted in Figure 9a, there is a negligible change in the signal peak area corre-
sponding to the pores within the core when comparing before and after flooding conditions
at a pressure of 8 MPa. This suggests that the initial pressure increment has a minimal
impact on the core’s pore structure. However, as illustrated in Figure 9b, when the pressure
elevates to 13 MPa, a significant reduction in the signal from large pores becomes evident.
This can be attributed to the dynamics of immiscible flooding, where the oil within large
pore throats (10–100 ms) is more readily displaced. In contrast, the substantial capillary
forces present in low-permeability cores make the initiation of flow in small pore throats
(0.01–10 ms) more challenging. Despite the pressure exceeding the precipitation onset point
for asphaltenes, the onset of asphaltene deposition is observed. According to Figure 3c, the
initial deposition of asphaltenes tends to occur on the walls of large pores, which are less
susceptible to bridging. Consequently, this results in minimal physical damage to the core.
Nevertheless, when the pressure surpasses 16 MPa, the scenario shifts during the miscible
flooding stage. At this juncture, a substantial influx of CO2 enters both medium and small
pore throats, accelerating the rate of asphaltene deposition within these confined spaces.
Under these conditions, asphaltene particles exhibit a robust cohesive force, leading to their
aggregation, as shown in Figure 3g. This aggregation can cause significant blockages in pore
throats, which correlates with the previously observed changes in gas permeability. The
behavior of small pores becomes erratic, potentially due to CO2’s preferential utilization of
crude oil within larger and medium-sized pores, as shown in Figure 9c,d. The recovery
factor (RF) is predominantly influenced by the contributions from large pores. However,
the diffusion of CO2 into small pores is impeded, and the underlying reaction mechanisms
remain unclear. It is hypothesized that this may also be influenced by the deposition and
adsorption of asphaltenes within the larger pores, which, upon NMR scanning, may appear
as alterations in smaller pores.

4. Conclusions

The damage mechanism of the ultra-low-permeability reservoirs caused by the precip-
itation and deposition of asphaltene during CO2 flooding is revealed by experiments.

(1) Utilizing a visual high-pressure tank, the precipitation onset point for asphaltenes
was determined. The study revealed that for crude oil from the Changqing X block,
this critical threshold is at 12.6 MPa. Notably, this onset point precedes the Minimum
Miscibility Pressure (MMP). During the immiscible flooding phase, the extent of as-
phaltene precipitation escalates with increasing injection pressure. Upon transitioning
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to the miscible flooding stage, while asphaltene precipitation continues, it occurs to a
significantly lesser degree.

(2) A series of core flooding experiments were performed to assess the impact on recovery
factor (RF) and permeability reduction in ultra-low permeability reservoirs. The
results indicate that when the pressure is within the interval between the critical
deposition pressure and MMP, both RF and the rate of core permeability loss increase
with pressure. During the CO2 miscible flooding process, RF peaks, and the asphaltene
content in the produced oil is at its highest, leading to substantial damage to the low-
permeability reservoir.

(3) A comparative analysis of the T2 response in oil-saturated cores before and after CO2
flooding was conducted. It was observed that asphaltene deposition minimally affects
core porosity (approximately 8%). This suggests that in instances where the core
has high permeability and larger pore-throat dimensions, the asphaltene deposits,
which adhere to the pore-throat walls, do not substantially compromise the reservoir’s
pore space.
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