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a b s t r a c t

In this work, the factors affecting asphaltenes deposition in high-temperature and high-pressure wells
were studied using backscattered light and PVT equipment customized to suit the well conditions. In an
examination of the intensity of backscattered light, it was revealed that there exists a linear relationship
between temperature and asphaltene precipitation within a specific temperature range. Within this
range, a decrease in temperature tends to accelerate asphaltene precipitation. However, the impacts of
pressure and gas-oil ratio are more pronounced. The pressure depletion induces the asphaltenes to
precipitate out of the solution, followed by the formation of flocs below the bubble point. In addition, an
increase in the gas-oil ratio causes a more severe asphaltene deposition, shifting the location of
asphaltenes to deep well sections.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Asphaltene is one of the components of crude oil along with
saturates, aromatics and resins-collectively referred to as SARA
components. One of the distinguishing features of asphaltenes is
that they are insoluble in n-alkanes but soluble in toluene. The
asphaltene molecule has a complex molecular structure, high mo-
lecular weight, and strong polarity (Yao et al., 2020; Xiong et al.,
2020a). It has been reported that the asphaltene molecule is
composed of one or two polycyclic aromatic hydrocarbons (PAHs)
(Dutta Majumdar et al., 2016). According to the classical colloidal
model (Mousavi et al., 2016; Balestrin et al., 2017), the asphaltene is
in the core of the micelle, surrounded by resins and aromatic
molecules (Yarranton, 2005). The Yen-Mullins model is used
extensively to describe the aggregation and formation of asphal-
tene Nano-colloidal compounds (Mullins, 2010; Mullins et al.,
2012). With respect to the structure, considerable efforts have
been made to understand the structure of asphaltenes (Schuler
et al., 2015). It has been determined that the asphaltenes possess
y Elsevier B.V. on behalf of KeAi Co
either the island or aryl-linked core molecular structure but not the
archipelago structure as proposed in earlier studies. During the
crude oil production process, the colloidal stability of crude oil is
fragile and easily affected by temperature, pressure, solution gas
content, and other factors (Zuo et al., 2012; Zuo et al., 2017; Guzm�an
et al., 2017, 2020; Xiong et al., 2020b). These factors directly affect
the crude oil colloidal system and lead to precipitation, flocculation,
aggregation, and deposition (Mohammed et al., 2020). The
precipitated asphaltene tends to stick on the rock's surface, altering
its wettability and reducing oil recovery (Alqam et al., 2021; Wang
et al., 2021). Asphaltenes deposited onwellbore or facilities can also
cause plugging (Lei et al., 2016; Ghadimi et al., 2019). This issue
affects the efficiency of oil production and drives extra costs, i.e.,
removal of asphaltene plugging.

Currently, the method for assessing the stability of crude oil and
its relationship with different factors remains a difficult task
(Hemmati-Sarapardeh et al., 2019; Xiong et al., 2020b; Fakher et al.,
2020; Raljevi�c et al., 2021). Significant efforts have been made to
understand and address this challenge. Studies have shown that
the equilibrium state of crude oil with respect to the SARA fractions
has a contributory role in the stability of crude oil with regard to
forming colloids (Sinnathamb and Nor, 2012; Ashoori et al., 2017).
Moreover, based on the colloidal instability index (CII), crude oil
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with a high resin-aromatic content is less prone to asphaltene risk
compared to the one with a low range, Eq. (1) (Siddiqui et al., 2019;
Nguele et al., 2022).

CII¼ Saturatesþ Asphaltenes
Aromaticsþ Resins

(1)

Besides, during oil production, the influence of temperature and
pressure cannot be neglected. Generally, research on the effect of
temperature on asphaltene precipitation is somewhat inconclusive.
Temperature impact on asphaltene precipitation is linked to its
influence on the solution density and entropy of the system (Hu
and Guo, 2001; Bahrami et al., 2015). Thus, asphaltene precipita-
tion and deposition may increase or decrease depending on the
nature of the crude oil (kinetics), but the formation of asphaltene
clusters is driven by entropy (Goual et al., 2014; Shojaei et al., 2020).
In one study by Yudin and Anisimov and in a more recent one by
Sullivan et al., attempts were made to clarify this issue. The
asphaltenes aggregation and deposition kinetics were categorized
as diffusion-limited aggregation and reaction-driven (limited re-
action aggregation) (Yudin and Anisimov, 2007; Sullivan et al.,
2020). However, further studies are needed to clarify the precipi-
tation kinetics mainly driven by temperature.

The influence of pressure is even more complicated than that of
temperature, especially when the pressure depletion approaches
the bubble point. The solution loses the lighter gases, which
significantly affects the equilibrium state of the crude oil (Chen
et al., 2013; Hemmati-Sarapardeh et al., 2014; Wang et al., 2017).
It can be said that overall, the influence of various factors on
asphaltene deposition directly or indirectly affects the stability of
crude oil.

The effects of interaction forces between asphaltene molecules
(Silva et al., 2019; Ahmadi and Chen, 2020) and with inorganic solid
particles (Nassar et al., 2015; Alimohammadi et al., 2019; Dashti
et al., 2020; Nguyen et al., 2021) have also been researched using
molecular dynamics studies. These studies are of great significance
in understanding asphaltenes and improving resource recovery.

However, with the increasing demand for crude oil, the explo-
ration and production of crude oil from unconventional reservoirs
is inevitable (Elturki and Imqam, 2020; Simon et al., 2021). In the
northwestern part of China, unconventional reserves have been
identified characterized by ultra-depth (7000e12000 m), high-
temperature (110e180 �C), high-pressure (75e150 MPa), and high
gas-oil ratio (400e1000). The temperature and pressure drop gra-
dients are extreme compared with conventional wells during
production. Studies and field reports show that the risks associated
with asphaltene deposition and plugging occur more frequently in
these high-temperature/high-pressure (HTHP) wells than in con-
ventional ones. Therefore, a comprehensive understanding of
asphaltene behavior in high temperature and high-pressure con-
ditions is vital in managing this problem.

The main objective of this paper is to study the various factors
influencing asphaltene precipitation under HTHP reservoir condi-
tions, i.e., temperature, pressure, gas-oil ratio, and analysis of the
relationship between the gas-oil ratio. Moreover, an attempt is
made at forecasting the onset of asphaltene precipitation in the
wells using high pressure/high-temperature equipment.
2. Materials and methods

2.1. Materials

The crude oil T-A1 was obtained from the Tarim Oil Field (Xin-
jiang, China), and its properties are presented in Table 1. The CII
value was calculated through SARA components of crude oil (CII
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value ＞ 0.9 implies colloidal instability of crude oil) (Ashoori et al.,
2017; Xiong et al., 2020b). Methane gas, 99.9% purity from Beijing
Huatong Jingke Gas Chemical Co., Ltd was used.

2.2. Experimental apparatus

Fig. 1 is a schematic of the apparatus designed by the China
University of Petroleum-Beijing to satisfy the ultra-deep, high-
temperature, and high-pressure testing conditions. The device
consists of two parts, namely a high-temperature, high-pressure
PVT cell, and a Dynamic Light Scattering (DLS) system. The volume
capacity of the PVT cell is 200 mL±0.001 mL. The DLS system in-
cludes the 90-W halogen lamp as a light source with a spectral
range (200e1100 nm), optical fiber, signal detector, and data
analysis system. Optic fiber transmits light from the light source to
the sample, and a sensor collects the backscattered light. The optic
fiber is attached on the PVT cell to keep the light paths fixed. The
DLS system is operated in a dark environment to avoid the influ-
ence of ambient light.

Previous studies have shown that the dynamic light scattering
method has a unique advantage in analyzing the behavior and
growth of asphaltene particles under various experimental condi-
tions (Yudin and Anisimov, 2007; Paridar et al., 2018; Shojaei et al.,
2020). The Rayleigh and Debye theories are applied in this study to
analyze the experimental results (Young and Lovell, 2011; Hiemenz
and Rajagopalan, 2016).

2.3. Preparation of HTHP oil sample

Before testing, the system was vacuumed entirely. Pumping the
crude oil sample into the PVT cell and re-exhausting with air
treatment is necessary, according to the GOR 450 sm3/sm3 injected
the methane gas. Consequently, the PVT cell is set to a temperature
of 107.6 �C and a pressure of 97.98 MPa to mimic the reservoir
conditions. During the process of making the HTHP oil sample,
ultrasonic energy is provided to the sample to promote gas disso-
lution, and the PVT cell cylinder periodically is rotated between 45�

and 270�. The whole sample mixing process lasts 48 h till the
temperature and pressure are stabilized.

It is noted that after finishing the preparation of the HTHP oil
sample, the PVT cell is turned upside down and left for 4 h. The
primary purpose was to make the residual impurities, and any
existing asphaltene particles in the crude fully settle and avoid their
influence on the DLS measurements.

2.4. Experimental

2.4.1. Temperature effect
The air-cooling system tested the effect of temperature on the

stability of crude oil, and the temperature was decreased from
107.6 �C to 33.5 �C, while the pressure remained stable. The testing
process takes about 12 h, and the cell's volume, temperature,
pressure are recorded by the PVT system every 10 s. The DLS system
collects the backscattered light synchronized with the PVT system.
Each measurement is repeated three times to ensure
reproducibility.

2.4.2. Pressure effect
The isothermal depressurization method was used to analyze

pressure's influence, and the same procedurewas used as described
in the previous section. The pressure depletion rate is set at
0.05 mL/min to avoid the scattering signal from being affected by
gas bubbles produced when the pressure falls below the bubble
point. In this work, the temperatures of 30 �C, 50 �C, 70 �C, 90 �C,
107.6 �C were tested, respectively. The HTHP oil sample needs to be



Table 1
Properties of oil sample.

Crude oil Density, g/cm3 (20 �C) Saturates, wt% Aromatics, wt% Resins, wt% Asphaltenes, wt% CII Value

T-A1 0.8240 58.28 22.73 13.39 5.60 1.77

Fig. 1. Schematic of the high-temperature and high-pressure asphaltene analysis device. This device includes the high-temperature and high-pressure PVT cell (left) and the DLS
system (right).
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re-prepared as described before each time the test conditions are
changed.
2.4.3. Gas-oil ratio (GOR) effect
This work tested GOR of 100 sm3/sm3, 200 sm3/sm3, 300 sm3/

sm3 and 450 sm3/sm3 to analyze their influence on asphaltene
deposition risk. Meanwhile, five temperature points (30 �C, 50 �C,
70 �C, 90 �C, 107.6 �C) were tested for each gas-oil ratio to deter-
mine the deposition envelope. The testing approach was the same
as described in the sections above.
3. Results and discussion

3.1. Temperature effect on asphaltene precipitation

As seen in Fig. 2, the entire system is demarcated into three
distinct regions based on the trend of the intensity curve, that is to
Fig. 2. Asphaltene precipitation plot of the backscattered light changes with
temperature.
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say, 80e107 �C, 43e80 �C, and below 43 �C.
In the region above 80 �C, it is observed that the intensity is

almost flat, signifying stability and uniformity (equilibrium state)
for the overall system. Still, as the system's cooling continues below
this region to 43 �C, there is a gradual increase in the intensity. The
increase in this region has a linear dependence on the temperature
decrease. This increase in the backscattered light indicates precip-
itation of solids in the system that continues up to 43 �C. In this
case, it can be said that the asphaltene precipitation starts at about
80 �C and stops at about 43 �C. Below 43 �C, the curve flats out,
implying the formation of a new stable colloidal system.

Further inspection of the temperature range (80e50 �C) reveals a
linear dependence between the backscattered light intensity and the
temperature. A regression analysis of this dependence shows that the
data canbefitted to a linearmodelwith a86%correlation factor, Fig. 3.

The fitted model has a mean value of �3.106±0.04 (counts/�C)
with a P-value of 0.025 and ~98% confidence which implies that the
mean is significantly meaningful.

Therefore, it can be said that a linear relation exists between
colloids, causing the backscattering and the temperature. In this
temperature range, the asphaltenes precipitate out of the fluid
system.
3.2. Pressure effect on asphaltene precipitation

The pressure effect is tested at four different temperatures while
maintaining the gas-oil ratio (Fig. 4). Although the inflexion points
occur at different pressures, the overall dependence of the intensity
on pressure depletion exhibits a similar trend at any given tem-
perature. This implies that the general response of the system to
pressure depletion is the same regardless of the temperature.
Therefore, we can eliminate the temperature effect in this analysis
and focus on the pressure effect. Fig. 4(a) shows that generally, at
high pressure greater than 83 MPa, the intensity is stable. When
pressure depletion is continued to 37.6 MPa, a gradual increase in
intensity is observed from 83 MPa to 48 MPa, at which an inflexion



Fig. 3. Correlation of temperature and intensity (80�50 �C).
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point is observed. At this pressure, maximum intensity is recorded
before a sharp decrease in the intensity is registered between 48
and 37.6 MPa. Below 37.6 MPa, a slight increase in the intensity is
observed before it flattens throughout.

As observed in Fig. 4(a), at high pressure (83e100 MPa), the
intensity of the backscattered light is stable, because in this tem-
perature range, the system is in an equilibrium state. The gradual
increase below 83 MPa is attributed to the appearance of colloidal
particles in the system that cause constructive interference
(Hiemenz and Rajagopalan, 2016). The colloidal particles are
asphaltenes precipitating out of the solution. At the inflexion point
Fig. 4. Asphaltene precipitation plot of the backscattered
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(48 MPa), the precipitation significantly slows down or ceases at
most, and flocculation of the precipitants occurs. The flocculation
causes an increase in particle size. Due to the big size of the par-
ticles (asphaltenes), destructive interference occurs, causing a
sharp decrease in intensity before attaining a stable state. This state
is a colloidal system comprising asphaltenes of different sizes and a
fluid system. It is generally accepted that precipitation of asphal-
tenes ceases or completely slows down at the bubble point. Thus,
we can deduce that the inflexion point is indeed the bubble point.
Literature studies show two limits bound this point; upper
asphaltene onset point (UOP) and lower asphaltene onset point
(LOP). Therefore, from Fig. 4(a), the pressures of 83 MPa and
37.6 MPa correspond to these points.
3.3. Gas-oil ratio (GOR) effect on asphaltene precipitation

The contribution of GOR to asphaltene deposition risk is un-
disputed, and as observed in Fig. 5, high gas-oil ratios accelerate
asphaltene precipitation. At a 450 sm3/sm3, the onset pressure is
about 90 MPa compared to 32 MPa for a 100 sm3/sm3 gas-oil ratio.
In investigating the impact of GOR on asphaltene behavior, we
considered the inflexion point (Bubble point), the upper and lower
asphaltene onset limits, and the maximum intensity at the
inflexion point. In Fig. 6 are relationship plots of the dependence of
the precipitation parameters on the gas-oil ratio.

It is observed that the onset points, inflexion point, and the
intensity at the inflexion points can be fitted to a linear model. A
light changes with pressure at various temperatures.



Fig. 5. Asphaltene appearance behavior under different gas-oil ratios (GOR).
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regression analysis of the linear models reveals that models accu-
rately predict the individual dependences of these parameters on
Fig. 6. Dependence of the precipit
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the GOR (see appendix Fig. S1). Besides, from Table 2, by testing the
hypothesis that the slope and intercept of the linear models are
ation parameters on the GOR.



Table 2
Summary of regression analysis on the parameters.

Parameters Gradient Standard error P-value Significance Correlation coefficient

UOP 0.170 0.026 6 � 10e4 99.9994 0.876
LOP 0.068 0.006 2 � 10e5 100.0000 0.958
Inf.Point 0.087 0.008 5 � 10e5 100.0000 0.947
Max.Int 0.095 0.008 2 � 10e5 100.0000 0.961
Intercept
UOP 23.710 7.775 2 � 10e2 99.9775 0.876
LOP 4.796 1.741 3 � 10e2 99.9669 0.958
Inf.Point 6.579 2.501 4 � 10e2 99.9610 0.947
Max.Int 587.236 2.328 3 � 10e13 100.0000 0.961

*Inf.Point-inflexion point, Max.Int-maximum intensity at inflexion point.

Fig. 7. Forecasting asphaltene onset in well TA-1 based on GOR. (a)Superposition of well T-P on the GOR curves. (b) Precipitation onset correlated with well depth.
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generated from noise, it can be seen that the dependence of the
parameters is meaningful. Besides, from the correlation co-
efficients, it is deduced that the parameters are correlated to the
models by more than 85%. Therefore, the GOR has a significant
effect on the asphaltenes’ precipitation.

3.3.1. Prediction of asphaltene risk in field well based on GOR
Based on the simulated GOR experimental result, a pressure-

temperature cross-plot is made to forecast asphaltene onset
points along the HTHP well. As observed in Fig. 7(a), the
temperature-pressure data is superimposed on the cross plot. At
points where the simulated GOR intersects with the superimposed
well data (see appendix), the temperature and pressure values at
asphaltene precipitation onset expected in thewell are determined.
In Fig. 7(b), the onset temperature and pressure correlate with the
well's depth, thus locating risk areas at each GOR.

A high GOR causes onsets in deeper sections of the well, while a
low GOR causes onsets in shallow sections close to the surface.
Armed with this knowledge, we can understand the risks posed by
asphaltene deposition in HPHT wells used to remediate the im-
pacts; for example, optimization of the nozzle opening to maintain
control on GOR can be very useful.

4. Conclusion

This article investigates the influence of temperature, pressure,
and gas-oil ratio of the HTHP oil reservoir. The following conclu-
sions can be drawn:

(1) The temperature can change the solubility of asphaltene in
crude oil. The effect of cooling on the behavior of asphaltene
616
molecules in crude oil tends to accelerate asphaltene pre-
cipitation within a specific temperature range. The relation-
ship in this range has been determined to be linear.

(2) The impacts of pressure and gas-oil ratio on the stability of
crude oil colloidal system are more pronounced than that of
temperature. The pressure depletion on crude with high
asphaltene risk accelerates their precipitation, flocculation,
and eventually deposition. At the pressures below the bubble
point pressure, the precipitation is decelerated, and floccu-
lation picks up. On the other hand, a high gas-oil ratio raises
the upper asphaltene onset (UOP) points, whereas low GOR
lower the UOP. It has also been determined that GOR has a
linear impact on precipitation parameters assessed in this
study.
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