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Resins are a significant component of crude oil, distinct from asphaltenes, and play a crucial role in
influencing both rheological properties and flow characteristics. Understanding resin behavior is
particularly important in crude oil operations and offshore operations, where flow assurance challenges
can arise. This review article focuses on the impact of resins on the flow and rheological properties of
crude oil. It examines the various compositions of resins and the molecular interactions between resins
and asphaltenes that determine the viscosity and stability of crude oil. The presence of high concen-
trations of resins in certain crude oils can complicate flow assurance and pipeline transportation. Recent
advancements in chemical treatments and additive technologies have addressed these challenges. This
review highlights emerging research areas and technologies aimed at improving the understanding of
resin behavior under extreme conditions, such as high-pressure and high-temperature reservoirs.
Through this comprehensive analysis, the review aims to provide valuable insights into the role of resins

Pipeline transportation

in crude oil flow, guiding future research and innovations in petroleum engineering.

© 2025 Southwest Petroleum University. 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

Crude oil is a complex mixture of hydrocarbons, such as cyclo-
alkanes, isoalkanes, n-alkanes, and aromatic compounds, with trace
amounts of metals like nickel and vanadium and heteroatoms like
nitrogen (N), sulfur (S), and oxygen (O). These non-hydrocarbon
elements are frequently linked to resins and asphaltenes, which
adds to the variation in the characteristics of crude oil.

Resins, as one series of molecules in crude oil, have gained
much attention in recent years. Their importance cannot be overly
assessed in chemistry because of their wide industrial applica-
tions, such as oil production, refining, petrochemicals, and com-
posites. Resins are a kind of compound and they are classified into
natural resins and synthetic resins. From the chemical point of
view, resins are amorphous organic macromolecules with long
carbon chains and they have no fixed melting point [1,2].
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Crude oil can be separated by utilizing the varying volatilities of
the chemicals comprising petroleum or by exploiting their unique
solubility. Crude oil can be divided into four categories based on
solubility: saturates (including waxes), aromatics, resins, and
asphaltenes [3], or into eight categories: saturates, light aromatics,
medium aromatics, heavy aromatics, light resins, middle resins,
heavy resins, and asphaltenes [4]. The volatility fractionation
process segregates crude oil into gas, naphtha, kerosene, diesel,
vacuum gas oil, and vacuum residue [5].

Waxes exist as dissolved molecules in crude oil above the wax
appearance temperature and do not directly mix with resins [6].
Despite their low volatility, research demonstrates considerable
molecular weight diversity in resins, spanning from 775 to
2780 g/mol. This diversity affects their conduct in crude oil
stabilization

1.1. Background on crude oil composition and flow assurance

The composition of crude oil varies significantly based on its
geographical origin and the geological conditions of its reservoir.
The SARA analysis is commonly used to categorize crude oil into its
primary components:
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(1) Saturates: these are straight or branched-chain alkanes and
cycloalkanes, which are non-polar and exhibit low viscosity
[7]. However, wax crystallization can severely hinder crude
oil flowability, leading to pipeline challenges.

(2) Aromatics: compounds containing one or more aromatic
rings that contribute to the intermediate polarity and vis-
cosity of crude oil [8,9].

(3) Resins: polar, heavy compounds containing heteroatoms
such as nitrogen, sulfur, and oxygen (NSO compounds).
Resins play a crucial role in stabilizing asphaltenes and
preventing their aggregation [10].

(4) Asphaltenes: the heaviest, most polar fraction of crude oil,
composed of polyaromatic hydrocarbons with attached
heteroatoms and metals [11].

Flow assurance, the ability to ensure the continuous flow of
crude oil from the reservoir to the surface, is a major challenge in
the oil and gas industry. One of the critical issues in flow assurance
is the precipitation and deposition of heavy fractions like asphal-
tenes, which can clog pipelines and processing equipment [12,13].
The interaction between resins and asphaltenes is central to these
flow assurance problems. When the resin content in crude oil is
high enough to stabilize asphaltenes, the risk of precipitation is
minimized. However, when the resin content is insufficient or the
environmental conditions change (e.g., pressure drops or tem-
perature fluctuations), asphaltenes begin to precipitate, leading to
flow issues [14,15].

However, resins are also problematic in certain cases. While
they prevent asphaltene precipitation, their polar nature can lead
to the formation of viscous, gel-like structures in heavy crude oils,
increasing resistance to flow and complicating transportation
[16-18]. This dual role makes understanding resin behavior a
crucial element in flow assurance strategies, especially in offshore
production environments, where temperature and pressure vari-
ations can exacerbate the precipitation and aggregation of heavy
fractions [19,20].

1.2. Significance of resins in crude oil

Resins are a distinctive element of crude oil owing to their
amphiphilic properties, enabling interaction with both non-polar
and polar components of crude oil. Their capacity to stabilize
asphaltenes via peptization is extensively reported in the litera-
ture. The peptization process entails resins encasing asphaltene
molecules, inhibiting their aggregation into bigger clusters that
may precipitate from the solution [21,22].

As illustrated in Fig. 1, resins perform several critical functions
across the heavy oil production and handling chain. These include
aiding extraction, facilitating transport, and stabilizing asphal-
tenes, thereby playing a key role in flow assurance strategies.

Initially, research on resins was conducted within the context of
understanding asphaltenes; however, resins have since been
acknowledged for their independent and vital influence on the
flow dynamics of crude oil. Resins impact the viscosity, stability,
emulsification tendencies, and overall flow characteristics of crude
oil. In heavy and extra-heavy crude oils, the resin-to-asphaltene
ratio is critical, as resins inhibit the formation of solid deposits
in pipelines and production facilities [23,24].

Nonetheless, the function of resins is accompanied by diffi-
culties. Their polar characteristics might result in increased vis-
cosity in some crude oils, complicating transportation through
pipelines. Moreover, resins promote fouling and deposition in
downstream processes due to their elevated molecular weight and
polar functional groups, which render them susceptible to heat
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Fig. 1. Schematic flowchart summarizing the multifaceted roles of resins in heavy oil
systems. Resins contribute to (a) enhancing extraction efficiency by modifying
interfacial properties, (b) improving flow behavior during transport by reducing vis-
cosity, and (c) stabilizing asphaltenes to prevent flocculation and deposition during
processing and flow.

breakdown and the generation of coke-like compounds in refining
units [25].

Table 1 highlights the principal distinctions between resins and
asphaltenes, contrasting their molecular weight, solubility, polar-
ity, chemical makeup, and industrial significance. The interactions
between resins and asphaltenes significantly influence the rheo-
logical behavior and stability of crude oil. wherein resins stabilize
asphaltenes to avert aggregation and precipitation. Comprehend-
ing these distinctions is essential for alleviating operational con-
cerns, including fouling and flow assurance problems.

1.3. Objectives of the review

This review aims to deliver a thorough analysis of the function
of resins in crude oil flow, emphasizing their interactions with
asphaltenes, their influence on viscosity, and the issues they pose
in flow assurance and transportation. The review will specifically
consider the following critical topics:

(1) The molecular structure and composition of resins and how
these properties influence their role in crude oil systems.

(2) The interactions between resins and asphaltenes, with a
focus on how these interactions impact crude oil stability
and viscosity.

(3) The challenges posed by resin-rich crude oils in pipeline
transportation and flow assurance, particularly in deep-
water and offshore operations.

(4) Current and emerging technologies designed to mitigate
resin-related flow issues, including chemical treatments and
nanotechnology.

(5) Future research directions aimed at improving the under-
standing of resin behavior in extreme production environ-
ments, such as high-pressure, high-temperature reservoirs.

2. Definition of resins

Crude oil or petroleum is a complex mixture of hydrocarbons
with some heteroatoms, metallo-organic compounds, minerals
[26]. It is known as the “mother of chemical feedstocks” because of
its considerable economic importance and various applications in
several industries. The hydrocarbon content in crude oils generally
ranges from 83.2% to 87.1% and consists of n-alkanes, isoalkanes,
cycloalkanes, and aromatic classes of molecules which differ from
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Table 1
Key differences between resins and asphaltenes.

Petroleum 11 (2025) 391-409

Property Resins

Asphaltenes

775-2780 Da

Soluble in most organic solvents
Intermediate polarity

Stabilizes asphaltenes, prevents aggregation

Molecular weight

Solubility

Polarity

Role in crude oil

Chemical composition
structures

Industrial impact

Contains heteroatoms (N, S, O), aromatic and aliphatic

Contributes to crude oil viscosity and emulsion formation

Lower than 1000 to 10,000 Da (or higher)?

Insoluble in light alkanes (e.g., n-heptane), soluble in toluene

Highly polar

Can aggregate and precipitate without stabilization by resins

Contains polycyclic aromatic hydrocarbons with heteroatoms and metals

Major cause of fouling, asphaltene precipitation leads to flow issues

2 Molecular weight typically ranges from <1000 Da for individual molecules to aggregates of 10,000 Da or more, depending on the analytical technique used (e.g., GPC,

MALDI-TOF, vapor pressure osmometry) [27].

source to source [28]. The determination of hydrocarbon content is
generally performed using methods such as gas chromatography
(GC).

Resins, a significant component of crude oil, have been char-
acterized in numerous methods in the literature, illustrating the
intricacy of their chemical structure and their crucial function in
petroleum systems. Tissot and Welte [29] characterized resins as
high-molecular-weight molecules soluble in aromatic hydrocar-
bons yet insoluble in mild paraffinic solvents. They designated
resins as intermediary compounds between lighter oils and
asphaltenes, significantly influencing the viscosity and emulsifi-
cation characteristics of crude oil. Similarly, Speight [30] provided
a functional definition, highlighting that resins work as surface-
active agents. Their polar characteristics are crucial for preser-
ving the colloidal stability of crude oil, particularly by stabilizing
asphaltenes and inhibiting their aggregation and precipitation.
According to foundational studies, including Andersen & Speight
[31] and Koots & Speight [32], resins are amphiphilic molecules
containing both aromatic and aliphatic structures, along with
heteroatoms such as nitrogen (N), sulfur (S), and oxygen (O). Often
linked with porphyrins, resins also contain trace metals, including
vanadium and nickel. These structural properties help to explain
their function in preventing asphaltene precipitation and modi-
fying crude oil's rheological behavior. Mullins et al. [33] elaborated
on this perspective by characterizing resins as intermediate polar
molecules that facilitate the solubilization of asphaltenes and
maintain the stability of crude oil. The notion of the “asphaltene-
resin complex” was established, highlighting the crucial function
of resins in preserving the dispersive state of asphaltenes. Yen and
Mullins [34] elaborated on this concept, characterizing resins as
polyaromatic frameworks that incorporate heteroatoms including
oxygen, nitrogen, and sulfur. These substances affect the solubility
of asphaltenes and enhance the overall stability of crude oil in
various settings.

Speight re-examined the subject, providing a more technical
viewpoint, wherein resins are characterized as aromatic and het-
eroatomic molecules that display considerable polar functionality.
These chemicals are essential in refining processes, as they affect
the viscosity and phase behavior of crude oils.

Goual et al. [35] reports that resins separated by liquid propane
are part of the total resins. So, the question of what resins are is
very difficult to answer.

Anderson et al. [36], in their investigation of heavy oils, char-
acterized resins as polymers possessing varying molecular weights
and functional groups that engage with various components of
crude oil. They contended that these interactions are essential in
ascertaining the oil's composition and quality, particularly in
refining processes. Marshall and Rodgers [37] underscored the
molecular intricacy of resins, characterizing them as amalgam-
ations featuring aromatic centers and polar side chains. They
emphasized their contribution to crude oil stability by inhibiting
asphaltene precipitation and improving colloidal system stability.
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Burgess et al. [38] recently emphasized the significance of resins in
improved oil recovery (EOR) techniques. Resins are characterized
as chemicals with intermediate solubility that enhance the
emulsion stability of crude oil and substantially influence the ef-
ficacy of recovery methods in conjunction with surfactants.

Alongside these academic definitions, industrial standards,
including those from the American Society for Testing and Mate-
rials (ASTM), offer insights into resin characterisation. ASTM
D2007-06 [39] defines resins polar aromatic molecules with in-
termediate molecular weights and heteroatom concentration.
ASTM D 2007 states that although resins are precipitated by lesser
alkanes like propane and butane, they are soluble in organic sol-
vents including toluene. These molecules stabilize asphaltenes
through peptization, so bridging the characteristics of saturates,
aromatics, and asphaltenes.

The varied classifications, encompassing both functional and
structural viewpoints, highlight the complexity of resins and their
essential significance in the behavior of crude oil. As the petroleum
industry progresses, a comprehensive understanding of resins will
be essential for optimizing crude oil usage and refining processes.

Understanding these foundational structural traits of resins is
essential for interpreting their behavior in complex petroleum
systems. In light of the literature reviewed above, Resins are
structurally complex molecules situated chemically and func-
tionally between saturates and asphaltenes. Their amphiphilic
character, driven by polar functional groups (e.g., OH, S=0, NH3)
attached to aromatic or alkyl frameworks, gives them a unique
ability to interface between polar and nonpolar phases. The liter-
ature supports that this interfacial activity plays a fundamental
role in crude oil stability. However, the precise contribution of
resin substructures varies with origin and processing history,
making compositional profiling critical. This section establishes
that any serious attempt to understand or control the rheological
behavior of heavy oils must begin with a chemically nuanced un-
derstanding of resin molecular architecture.

3. Molecular structure and composition of resins in crude oil

Resins are complicated polar compounds that constitute an
essential portion of crude oil. Their distinct molecular structure,
featuring heteroatoms and aromatic rings, plays a crucial role in
stabilizing asphaltenes and affecting the overall flow characteris-
tics of crude oil [40]. Grasping the chemical makeup and compo-
sition of resins is essential for formulating effective strategies for
flow assurance, as their molecular structure directly influences
their interactions with other crude oil components.

3.1. Chemical composition and heteroatom content
Resins represent the heavier fraction of crude oil and exhibit

distinct chemical characteristics compared to lighter components,
such as saturates and aromatics. They primarily comprise
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polycyclic aromatic hydrocarbons (PAHs) with alkyl side chains,
which may include functional groups containing nitrogen (N),
sulfur (S), and oxygen (O) heteroatoms, collectively referred to as
NSO compounds. The inclusion of heteroatoms imparts a polar
nature to resins, granting them amphiphilic properties that
enhance their interaction with both polar and non-polar mole-
cules within the crude oil matrix [41,42].

The molecular weight of resins is less than that of asphaltenes
but considerably greater than that of the lighter components of
crude oil. Recent studies indicate that the molecular weight of
single asphaltenes is generally less than 1000 g/mol, and the
molecular weight of resins is often lower than that of asphaltenes.
The polarity of resins is chiefly attributed to the presence of het-
eroatoms, and the extent of polarity may fluctuate depending on
the concentration of these heteroatoms [43,44].

Besides NSO compounds, resins may include trace metals like
vanadium and nickel, frequently linked to porphyrin structures
inside the resin molecules. These metals often exist in lesser
quantities than asphaltenes, however they nonetheless enhance
the overall molecular complexity of resins. The presence of this
metal concentration might complicate refining, as the metals often
accelerate undesirable reactions, including coke formation during
thermal cracking stages [45,46].

The polar characteristics of resins are essential for their role in
stabilizing asphaltenes. Resins, owing to their amphiphilic char-
acteristics, can engage with the aromatic, polar cores of asphal-
tenes while concurrently engaging with the non-polar
components of crude oil, so producing a stabilizing effect that
inhibits asphaltene aggregation and precipitation [47,48].

Fig. 2 illustrates a hypothetical molecular structure of resins,
showcasing their polycyclic aromatic core with alkyl and heter-
oatomic functional groups. The presence of sulfur, oxygen, and
alkyl side chains suggests their role in crude oil stabilization by
interacting with asphaltenes. These functional groups contribute
to solubility, polarity, and dispersion properties, preventing
asphaltene precipitation and ensuring crude oil flow stability
[49-51]. The depicted structure represents a generalized model, as
actual resin compositions vary depending on crude oil origin and
composition.

In 2017, Imanbayev et al. contributed to the literature by
investigating the structural features of resin-asphaltene molecules
during cracking processes [52]. They claim that resins, which
persist after asphaltene precipitation, exhibit unique properties
that affect the total viscosity and density of bitumen. This un-
derscores the dual function of resins as stabilizers and enhancers
of the physical qualities of crude oil.

H;C CH;

H+C

Fig. 2. Hypothetical structure of resins. X is heteroatom (N,0,S).
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M. Iwase et al. in 2018 presents molecular modeling and sim-
ulations, highlighting the significance of chemical compositions in
enhancing models for asphalt systems. Their discovery indicates a
transition towards a more sophisticated knowledge of resin-
asphaltene interactions, which is essential for grasping the mo-
lecular dynamics involved in heavy crude oil [53].

In 2019, G. Singh et al. examined the combustion properties of
crude oil droplets, highlighting the impact of resin content on the
combustion characteristics of different crude oil types [54]. This
study demonstrates the practical effects of resin composition on
energy generation and environmental consequences, thereby
connecting chemical composition to tangible uses [55]. Their
research highlights the necessity for sophisticated analytical
methods to accurately define the intricate interactions among
crude oil constituents.

A. Abou-Dib et al. article discusses the difficulties in attaining
thorough molecular characterization in intricate organic mixtures,
such as bio-oils [56]. Their focus on the imperative for fraction-
ation and separation techniques before mass spectrometry ex-
aminations corresponds with the continuous pursuit of a more
profound comprehension of crude oil's chemical composition,
especially regarding resin interactions.

Recent breakthroughs by S. F. Alkafeef et al. [57] elucidate the
interactions between asphaltene and resin molecules in solvent
deasphalting technology. Their studies demonstrate how the
chemical composition of resins impacts asphaltene stability,
thereby influencing oil recovery methods [58]. Expand on this
understanding by examining the stability of crude oil systems
concerning resin content, positing that an ideal equilibrium of
resin and asphaltene is crucial for sustaining system stability.

These papers collectively enhance the understanding of the
chemical composition of resins in crude oil, demonstrating their
essential significance in the stability, recovery, and exploitation of
petroleum resources. The development of this literature indicates
an increasing awareness of the intricacies associated with resin-
asphaltene interactions and their consequences for industrial ap-
plications and environmental factors.

Building on the molecular characteristics discussed, it becomes
clear that variations in resin structure strongly influence their role
in oil stabilization. The literature suggests several key trends and
implications: Studies consistently show that resin molecules
comprise polyaromatic cores with varying degrees of alkylation,
branching, and heteroatom substitution. However, the ratio be-
tween light and heavy resins significantly influences their role in
flow behavior. Lighter resins, often rich in short alkyl chains and
oxygen groups, behave more like surface-active agents, while
heavier resins—with multiple fused rings and sulfur or nitrogen
groups—tend to form stronger intermolecular networks. This
structural variation governs how resins associate with asphaltenes
and how they respond to stress, temperature, or diluents. The data
implies that optimizing heavy oil processing requires not only
resin concentration control but selective targeting of resin frac-
tions by structure.

4. Techniques for measuring resins in crude oil

Characterizing the molecular structure of resins poses
numerous challenges owing to their intricate and heterogeneous
composition. Resins constitute a heterogeneous combination of
substances characterized by diverse molecular weights, functional
groups, and heteroatom content, rather than being a singular,
well-defined chemical entity. Advanced analytical techniques are
necessary to isolate and analyze resins, and many ways have been
developed to do this [59,60].
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Table 2 outlines the methodologies employed for the separa-
tion of resins from petroleum, encompassing ASTM D2007, SAR-
AD, and propane precipitation. It offers insights into the princi-
ples, benefits, and constraints of each method, aiding in the se-
lection of suitable analytical techniques for resin
characterization.

Fig. 3 shows the spatial structure of resins in heavy oil from the
Zuunbayan field (Mongolia) highlights their complex molecular
architecture, consisting of polycyclic aromatic cores with alkyl,
oxygen, and sulfur-containing functional groups.

4.1. Recent analytical techniques for resin characterization

The following instrumental techniques are commonly used for
resin characterization:

4.1.1. Mass spectrometry (MS)

It is a highly effective method for determining the molecular
weight distribution of resins. Advanced mass spectrometry tech-
niques, such as electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI), allow for the analysis of
complex resin mixtures and the identification of heteroatoms and
trace metals [61-64]. Fourier-transform ion cyclotron resonance
mass spectrometry (FT-ICR MS) offers ultrahigh resolution, which
is particularly valuable for studying the molecular diversity of
resin fractions [65].

4.1.2. Nuclear magnetic resonance (NMR) spectroscopy

It serves as an effective method for elucidating hydrogen and
carbon environments within resin molecules. Despite ongoing
difficulty in interpreting general signals from structurally varied
species, 'H NMR effectively distinguishes hydrogen atoms bonded
to aromatic, aliphatic, hydroxyl, and heteroatom-substituted car-
bons. Aromatic protons generally resonate between § 6.0-8.5 ppm,
whereas aliphatic chain protons appear between § 0.8-2.0 ppm.
Functional groups such as -OH, -SH, and -NH, manifest in the &
1-6 ppm range, but with broadening attributed to exchange
processes.

1BC NMR enhances this investigation by facilitating the
identification of quaternary carbons, carbonyls, and aromatic
core structures. Carbon atoms neighboring oxygen (e.g., phenolic
or ether linkages) generally reverberate in the § 150-160 ppm
region, whereas aliphatic carbons resonate between &
10-50 ppm.

The categorization of hydrogens according to their bonding
environments, as outlined in the study on hydrothermal lignite
treatment, serves as a valuable reference for analyzing resin
spectra in intricate systems [66]. Their application of isotope
tracing alongside NMR underscores the significance of integrating
experimental design with spectral analysis in resin-dense samples.
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4.1.3. Fourier-transform infrared (FTIR) spectroscopy

It is widely used to identify functional groups in resin mole-
cules, including hydroxyl, carbonyl, and sulfur-containing groups.
These functional groups are critical for understanding the
amphiphilic characteristics of resins and their interactions with
other crude oil components [67,68].

4.1.4. Chromatographic techniques, including gas chromatography-
mass spectrometry (GC-MS) and high-performance liquid
chromatography (HPLC)

They are frequently employed to isolate and examine resin
subfractions. These methods, when combined with spectroscopic
techniques, offer comprehensive insights into resin heterogeneity
and composition [69].

4.1.5. Solvent precipitation (ASTM D2007-06)

It is a widely utilized method for quantifying resins, particularly
in industry. This approach involves categorizing resins based on
their solubility in aromatic hydrocarbons and their insolubility in
non-polar solvents, providing a simple, reliable technique for bulk
resin quantification. However, this method has limitations in
terms of the structural detail it can provide, as it focuses mainly on
bulk quantities and lacks the ability to resolve finer compositional
differences (ASTM D2007-06) [39].

Notwithstanding these sophisticated techniques, the compre-
hensive molecular characterisation of resins continues to pose
challenges. Their intricate and fluctuating makeup, along with
interactions among other crude oil constituents, necessitates
continuous enhancement of analytical techniques to achieve a
more profound comprehension of their structure [70,71].

4.2. Advances in resin characterization

In recent years, there has been a strong focus on integrating
multiple analytical techniques to gain a more comprehensive un-
derstanding of resin composition and structure. This multi-modal
approach allows for a more detailed analysis of resin heterogeneity
and functional properties.

Multi-modal techniques: integrating methods like HPLC with
FTIR or MS enhances the characterization of resin mixtures. Such
integration allows for a deeper analysis of resin composition,
functional groups, and molecular diversity [72].

Environmental and functional studies: Recent research has
highlighted the role of resins in environmental processes such as
photooxidation, where exposure to light induces significant
chemical changes in resin fractions. These changes are important
for understanding the environmental degradation of crude oil and
the implications for oil spill management [73]. Additionally, the
resin-to-asphaltene ratio plays a vital role in stabilizing crude oil
emulsions. Resins help to prevent flocculation and promote
emulsion stability by enhancing the solvency of asphaltenes [74].

Table 2
Different methods employed to separate resins from petroleum.
Method Principle Advantages Limitations
ASTM D2007 Solubility in solvents Widely accepted and standardized Limited differentiation of subtypes

Sar-ad method Sequential adsorption

and desorption

Solubility in propane

and butane

Adsorption and separation
based on polarity
Molecular weight and
compositional analysis

Propane precipitation
Liquid chromatography

Mass spectrometry-based

Detailed fractionation into SARA subgroups
Simple and effective for isolating resins
and asphaltenes

High-resolution separation

Provides detailed molecular insights

Time-consuming and complex process
Overlapping boundaries between resins
and asphaltenes

Requires specialized equipment

Expensive and requires skilled interpretation
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Fig. 3. Spatial resins structure of heavy oil of Zuunbayan field (Mongolia) [39].

Elemental analysis: The Inductively coupled plasma optical
emission spectrometry (ICP-OES) technique is used to quantify
trace metals, such as vanadium and nickel, in resins. These ele-
ments are of particular concern in industrial processes, as they
contribute to catalyst poisoning and equipment fouling [75].

4.3. Thermal and molecular dynamics simulations

Alongside spectroscopic and chromatographic methods, ther-
mal analysis techniques such as Thermogravimetric analysis (TGA)
and Differential scanning calorimetry (DSC) provide insights into
the thermal stability and decomposition behavior of resins. These
methods are particularly useful for understanding resin in-
teractions with other crude oil components during refining pro-
cesses [76].

Molecular dynamics simulations are another advanced
approach used to study the aggregation behavior of resins and
their interactions with asphaltenes. These simulations help predict
the behavior of emulsions and the flow characteristics of crude oil,
which are important factors in refining and enhanced oil recovery
techniques [77].

Given the wide range of analytical tools and challenges in resin
characterization, the collective findings point to the following in-
tegrated perspective: Modern characterization of resins requires a
multifaceted approach due to their structural complexity and high
heteroatom variability. Techniques like FTIR and GC-MS reveal the
broad functional diversity of resins, but their resolution is often
insufficient to distinguish subtle polar features. NMR spectros-
copy, particularly 'H and '3C NMR, provides a clearer window into
the local environment of hydrogen and carbon atoms, revealing
degrees of aromaticity, alkyl substitution, and functional group
clustering. However, many studies highlight the challenges of
overlapping signals due to resin heterogeneity. The referenced
work by Liu et al. demonstrates how isotope tracing combined
with NMR can resolve dynamic hydrogen migration during ther-
mal processing — a method particularly suited for studying resin
reactivity. These findings collectively indicate that the most reli-
able understanding of resin function emerges not from a single
technique but from integrated spectroscopic profiling, ideally
applied under reservoir-simulated conditions.

5. Resin types in different crude oils

The content and properties of resins can differ markedly based
on the geographic origin and reservoir conditions of the crude oil.
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Resins derived from light, medium, heavy, and extra-heavy crude
oils have distinctions in molecular structure, heteroatom compo-
sition, and molecular weight distribution, resulting in variances in
flow behavior and interaction with asphaltenes.

5.1. Light and medium crude oils

They often possess reduced resin content in comparison to
heavier crude kinds. These resins are defined by their very low
molecular weights, reduced heteroatom content (including sulfur,
nitrogen, and oxygen), and mostly aliphatic molecular structures
[33]. Consequently, they demonstrate a significant capacity to
stabilize asphaltenes. Resins in these oils frequently establish
temporary contacts with asphaltenes, inhibiting their aggregation
and precipitation, thus enhancing the stability of crude oil [78,79].

The lighter hydrocarbons in light and medium oils predomi-
nantly dictate the rheological properties, eclipsing the influence of
resins on flow behavior [80].

Although less abundant, the interaction between resins and
lighter hydrocarbons facilitates the effective dispersion of
asphaltenes, reducing fouling in refining operations and trans-
portation systems [81].

5.2. Heavy and extra-heavy crude oils

They have markedly elevated resin concentrations, character-
ized by larger molecular weights, enhanced heteroatom content,
and heightened aromaticity [82].These molecular attributes facil-
itate more robust polar contacts between resins and asphaltenes,
leading to improved stability of asphaltenes within the crude oil
matrix. Nonetheless, these interactions also result in problems,
including heightened viscosity and the development of organized
networks that display gel-like properties under certain conditions
[83,84].

The elevated resin concentration in heavy oils serves a twofold
purpose. Resins inhibit asphaltene precipitation, hence diminish-
ing the probability of operational complications such as pipeline
obstructions [85]. Conversely, the enhanced interactions between
resin and asphaltene elevate flow resistance, hence hindering the
extraction and transfer of these oils [35].

Reservoir factors, including temperature, pressure, and the
presence of water or gas, can affect the composition of resins in
crude oil. Thermal maturity influences the molecular composition
of resins; oils from more mature reservoirs typically possess resins
with increased aromaticity and condensed ring structures, whereas
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oils from less mature reservoirs are likely to contain resins char-
acterized by elongated aliphatic chains and reduced aromaticity
[86]. Geochemical variables, including sulfur-rich environments,
can elevate the sulfur concentration in resins, hence augmenting
their polarity and affecting their interactions with other crude oil
constituents [28]. These sulfur-rich resins exhibit a strong inter-
action with asphaltenes and other polar constituents, perhaps
resulting in the creation of more stable yet viscous crude oil mixes
[87]. The presence of water and gas in the reservoir might modify
the phase behavior of crude oil, affecting the solubility and distri-
bution of resins and their interactions with other oil fractions [88].

6. Resin-asphaltene interactions

Interactions between resin and asphaltene are crucial in
influencing the flow characteristics and stability of crude oil,
particularly in heavy and extra-heavy grades. These interactions
are pivotal to flow assurance, since they influence the precipita-
tion, aggregation, and stabilization of asphaltenes, the heaviest
and most polar part of crude oil. Comprehending the mechanics of
resin-asphaltene interactions can aid in alleviating flow assurance
challenges, including heightened viscosity, pipeline obstructions,
and sedimentation in wells and processing apparatus.

Asphaltenes exist in crude oil as colloidal micelles, stabilized by
the adsorption of resins and other aromatic maltenes. Pfeiffer and
Saal [89] proposed that these structures are formed with an
asphaltene-rich core and layers of adsorbed resins that prevent
aggregation. When sufficient resin is present, micelles are fully
peptized and dispersed; when deficient, they flocculate and form
gel networks due to intermicellar attractions.

Fig. 4 illustrates the distinctive changes in appearance that can
be seen between asphaltenes and resins.

The range of studies explored here presents a consistent
narrative regarding resin-asphaltene interaction mechanisms. The
authors’ synthesis and interpretation are summarized below:

The literature consistently describes resins as key agents in the
stabilization of asphaltenes via adsorption mechanisms, prevent-
ing their aggregation and precipitation. While classical micellar
models (e.g., Pfeiffer and Saal) propose physical encapsulation by
resins, more recent spectroscopic and computational studies
reveal that polarity, heteroatom content, and aromatic ring
stacking significantly affect adsorption affinity and steric hin-
drance. Several cited works highlight that resin efficiency in pep-
tizing asphaltenes depends not only on concentration but also on
molecular architecture — with light resins favoring dispersibility
and heavy resins offering more persistent anchoring under ther-
mal stress. This suggests that resin-asphaltene interactions are not
static but evolve with temperature, pressure, and chemical envi-
ronment. Therefore, optimizing resin profiles could offer a tunable

(a) Asphaltenes and (b) resins separated from crude oils [34].
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strategy for preventing flocculation in heavy oil pipelines, espe-
cially under variable flow conditions.

6.1. Asphaltenes and their precipitation in crude oil

Asphaltenes are high-molecular-weight polyaromatic hydro-
carbons that include heteroatoms such as nitrogen, sulfur, and
oxygen, along with trace metals like vanadium and nickel. Their
intricate and inflexible structure renders them susceptible to ag-
gregation and precipitation under specific conditions, including
pressure reductions, temperature variations, and alterations in
crude oil composition (e.g., the incorporation of lighter hydrocar-
bons such as n-alkanes) [90].

Asphaltenes in solution exist as scattered particles, stabilized
by resins and other polar constituents. When destabilized,
asphaltenes tend to create colloidal suspensions that can aggre-
gate into bigger particles, ultimately resulting in phase separation
and precipitation [91]. This precipitation poses a significant chal-
lenge in flow assurance, as it may lead to deposit development in
pipelines, wells, and other infrastructure, resulting in blockages,
elevated operational expenses, and production interruptions [92].

Asphaltene precipitation is influenced by several factors:

(1) Pressure and temperature: asphaltenes are more likely to
precipitate as the pressure decreases, particularly in
offshore and deepwater production environments where
the temperature difference between the reservoir and sur-
face conditions is significant [93].

(2) Composition of crude oil: the addition of lighter hydrocar-
bons, such as n-alkanes, can destabilize asphaltenes, causing
them to precipitate out of solution [94].

(3) Resin-to-asphaltene ratio: the ratio of resins to asphaltenes
in crude oil is a critical factor in determining asphaltene
stability. A higher resin concentration is associated with
more stabilization of asphaltenes, while a lower resin con-
centration can lead to asphaltene precipitation [95].

As shown in Fig. 5, the presence or absence of sufficient resins
significantly alters the colloidal stability of asphaltenes in crude
oil. In well-stabilized systems, asphaltenes remain dispersed,
whereas resin-deficient systems promote flocculation and the
formation of gel-like structures.

6.2. The role of resins in asphaltene stabilization

Resins are essential in inhibiting the precipitation and aggre-
gation of asphaltenes. Resins, owing to their amphiphilic charac-
teristics, can engage with both the polar and non-polar
constituents of crude oil. They function as peptizing agents by
adsorbing onto the surfaces of asphaltene particles, inhibiting
their aggregation and the formation of bigger clusters. This stabi-
lizing technique is essential for preserving the fluidity of crude oil
and averting flow assurance issues [96].

The stabilization of asphaltenes by resins transpires via a syn-
thesis of polar and non-polar interactions. Polar groups in resins,
including hydroxyl, carbonyl, and sulfur-containing functional
groups, engage with the polar surfaces of asphaltenes. The non-
polar portions of resins interact with neighboring hydrocarbons,
forming a barrier that inhibits asphaltenes from contacting one
another [97,98].

The effectiveness of resins in stabilizing asphaltenes depends
on several factors:

(1) Resin concentration: a higher concentration of resins rela-
tive to asphaltenes increases the stability of the colloidal
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Fig. 5. Comparison of crude oil behavior with and without sufficient resin content. (a) In resin-rich systems, resins adsorb onto asphaltenes, maintaining their dispersion as
peptized micelles. (b) In resin-deficient conditions, asphaltenes aggregate and flocculate, forming network structures that negatively affect flow properties.

suspension. When the resin concentration is sufficient,
asphaltenes remain dispersed and do not precipitate, even
under adverse conditions [99,100].

(2) Molecular structure of resins: the molecular weight,
aromaticity, and heteroatom content of resins influence
their ability to stabilize asphaltenes. Resins with higher
aromaticity and a greater number of polar functional groups
are generally more effective at stabilizing asphaltenes
[101,102].

(3) Environmental conditions: temperature and pressure can
impact the ability of resins to stabilize asphaltenes. At lower
temperatures, resins may lose their effectiveness, leading to
the formation of gel-like structures or solid deposits
[103,104].

The resin-asphaltene interaction is not a static process; it is
highly dynamic and influenced by changes in crude oil composi-
tion and environmental conditions. This dynamic nature makes
predicting asphaltene stability a complex challenge, particularly in
reservoirs with fluctuating pressure and temperature profiles
[105].

Fig. 6. Schematic diagram showing the stabilization of asphal-
tenes by resin adsorption in crude oil. Left: isolated, resin-coated
asphaltene micelles; Right: flocculated micelles forming gel net-
works due to resin deficiency. Adapted based on the model pro-
posed by [89].

6.3. Resin influence on viscosity and rheology

The interaction between resins and asphaltenes significantly in-
fluences the viscosity and rheology of crude oil. The presence of

asphaltenes and resins in heavy and extra-heavy oils leads to the
production of complex, structured fluids that display non-Newtonian
characteristics. The viscosity of these oils is variable, influenced by
the applied shear rate, temperature, and pressure [106,107].

When resins effectively stabilize asphaltenes, the crude oil has
reduced viscosity and enhanced flow properties. The asphaltene
particles remain dispersed, preventing the formation of big ag-
gregates that would enhance the oil's flow resistance. Neverthe-
less, if the resin concentration is inadequate or if the resin-
asphaltene interactions are compromised by alterations in envi-
ronmental conditions, asphaltenes commence aggregation,
resulting in a significant rise in viscosity and diminished flow-
ability [108].

The correlation between resin-asphaltene interactions and
crude oil viscosity can be elucidated by rheological models that
incorporate the presence of suspended colloidal particles. These
models generally encompass parameters for particle size, con-
centration, and the extent of interaction among particles. In resin-
laden crude oils, these interactions lead to the development of
network architectures that influence the overall flow characteris-
tics of the oil [109].

Multiple factors affect the rheological properties of crude oil in
the presence of resins and asphaltenes.:

(1) Temperature: as the temperature decreases, the viscosity of
crude oil increases. In resin-rich oils, this effect is more
pronounced, as the resins become less effective at stabiliz-
ing asphaltenes, leading to the formation of larger aggre-
gates [110].

(2) Pressure: high-pressure environments,
encountered in deepwater reservoirs,

such as those
can affect the
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Fig. 6. Resin-mediated stabilization of asphaltenes: peptized micelles form when resins adsorb onto asphaltene cores, while resin deficiency leads to micelle flocculation and

network gelation.

dispersion of asphaltenes and the ability of resins to stabi-
lize them. Pressure drops during production can trigger
asphaltene precipitation, further increasing viscosity [111].

(3) Shear rate: non-Newtonian behavior is common in resin-
asphaltene systems, with viscosity decreasing under high
shear conditions. This shear-thinning behavior is beneficial
in pipeline transportation, as it allows crude oil to flow more
easily at high pumping rates [112].

Resin-asphaltene interactions not only influence viscosity but
also impact the yield stress of crude oil. Yield stress is the minimal
tension necessary to commence flow in a structured fluid. The
yield stress in resin-rich oils may be elevated due to the estab-
lishment of robust network structures between resins and
asphaltenes, which must be disrupted for the oil to flow. This
behavior presents difficulties for oil transportation and processing,
as elevated pumping pressures are necessary to surpass the yield
stress and sustain flow [113].

From these studies, a clearer picture of the rheological signifi-
cance of resins in flow systems can be drawn. The key implications
are outlined as follows:

A wide range of rheological behaviors observed in heavy oils
can be traced back to the presence and concentration of resins and
their interaction with asphaltenes. Studies show that when resin
concentrations fall below critical values, flow resistance increases
due to asphaltene aggregation and network formation. However,
at optimal concentrations, resins can reduce yield stress and
maintain Newtonian-like behavior, especially in the presence of
external modifiers like solvents or nanoparticles. Interestingly, the
literature indicates that heavy oils with resins rich in aromatic
heterocycles display better resistance to shear thickening — likely
due to stable n—n interactions maintaining colloidal dispersion
under stress. From an operational standpoint, this insight implies
that controlling resin composition and distribution in real time
could allow operators to dynamically adjust flow conditions or
additive dosing strategies to prevent blockage and reduce pump-
ing costs.

7. Challenges in flow assurance due to resins

Resins are essential for stabilizing asphaltenes and preventing
precipitation, although they provide multiple issues with crude oil
flow assurance. These issues are most pronounced in heavy and
extra-heavy crude oils, characterized by elevated resin

concentrations, where the interaction between resins and
asphaltenes affects the oil's rheology and stability. Comprehend-
ing and alleviating these issues is essential for effective crude oil
production, transportation, and processing [114,115].

7.1. Increased viscosity and gel-like behavior

One of the principal issues related to resins in crude oil is their
role in elevating viscosity, especially in heavy and extra-heavy oils.
The amphiphilic characteristics of resins enable interaction with
both polar and non-polar constituents of oil, resulting in the cre-
ation of organized networks with asphaltenes. These networks can
produce a gel-like consistency in the oil, markedly enhancing its
viscosity and diminishing its flowability [116,117].

The increased viscosity caused by resins presents several
operational challenges:

(1) Pumping and transportation: high-viscosity crude oils
require more energy to pump through pipelines, leading to
increased operational costs. In extreme cases, the viscosity
can become so high that it exceeds the capabilities of
standard pumps, necessitating the use of specialized
equipment or the addition of diluents to reduce viscosity
[118,119].

(2) Pipeline blockages: the gel-like behavior of resin-rich oils
can result in the formation of blockages in pipelines, espe-
cially in cold environments where the viscosity of the oil
increases further. These blockages can disrupt production
and lead to costly shutdowns for maintenance and cleaning
[120,121].

(3) Rheological complexity: the non-Newtonian behavior of
resin-rich oils, where viscosity decreases with increasing
shear rate, complicates the design of pumping and trans-
portation systems. While the shear-thinning behavior of
these oils can be advantageous under high-flow conditions,
the yield stress required to initiate flow in static conditions
can be a significant challenge [122].

7.2. Precipitation and deposition in pipelines and wells

Although resins typically stabilize asphaltenes, variations in
environmental circumstances, including temperature and
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pressure changes, can compromise this stabilization and result in
asphaltene precipitation. This precipitation poses a significant
flow assurance challenge, as solid asphaltene particles may accu-
mulate in pipelines, wells, and processing equipment, resulting in
obstructions and diminished production efficiency [115,123].

Several factors contribute to the precipitation and deposition of
asphaltenes in resin-rich crude oils:

(1) Temperature fluctuations: as the temperature decreases, the
solubility of asphaltenes decreases, leading to the formation
of solid particles. This is particularly problematic in offshore
production environments, where crude oil is transported
from high-temperature reservoirs to colder surface condi-
tions. Resins lose their effectiveness as stabilizers at lower
temperatures, increasing the risk of asphaltene precipita-
tion [124,125].

(2) Pressure drops: pressure reductions during oil production,
particularly in deepwater and ultra-deepwater operations,
can trigger asphaltene precipitation. The resin-asphaltene
interactions are highly sensitive to pressure changes, and
even small pressure drops can disrupt the stability of the
colloidal suspension, leading to the formation of solid de-
posits [126,127].

(3) Incompatible crude oil mixtures: mixing crude oils with
different resin-to-asphaltene ratios can destabilize asphal-
tenes and lead to precipitation. When a resin-poor crude oil
is mixed with a resin-rich crude, the overall resin concen-
tration may be insufficient to stabilize the asphaltenes,
causing them to precipitate [21].

The accumulation of asphaltenes in pipelines and wells can

lead to considerable production difficulties. These deposits

diminish the effective diameter of pipes, augmenting flow
resistance and resulting in elevated pumping pressures. In se-
vere instances, asphaltene accumulations can entirely obstruct
pipes, requiring expensive measures such as pigging, chemical
remediation, or even pipeline replacement [128].

7.3. Impact on emulsion stability

Resins also facilitate the creation and stability of water-in-oil
emulsions, which can present difficulties in crude oil processing.
The polar characteristics of resins enable their adsorption at the
oil-water interface, thereby stabilizing emulsions and compli-
cating the separation of water from oil during production and
refining processes [13].

Emulsions stabilized by resins pose significant challenges in
heavy oil production, because the water concentration frequently
exceeds that of lighter oils. These stable emulsions augment the
viscosity of crude oil and complicate the separation process, resulting
in elevated processing costs and probable output delays [129].

The impact of resins on emulsion stability is influenced by
several factors:

(1) Water content: higher water content in the crude oil in-
creases the likelihood of emulsion formation. Resins, along
with asphaltenes, adsorb at the oil-water interface, creating
a stable emulsion that is resistant to separation [130].

(2) Surface activity of resins: the amphiphilic nature of resins
makes them effective emulsifiers. Their ability to interact
with both polar and non-polar components allows them to
stabilize the interface between oil and water, making it
difficult to break the emulsion [131].

(3) Temperature and pressure: temperature and pressure fluc-
tuations can affect the stability of emulsions. In high-
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pressure environments, the emulsifying properties of
resins are enhanced, leading to more stable emulsions.
Conversely, temperature increases can reduce emulsion
stability by disrupting the resin-asphaltene interactions at
the oil-water interface [132].

The existence of stable emulsions in crude oil complicates
processing, necessitating supplementary demulsification pro-
cesses to extract water from the oil. Chemical demulsifiers, ther-
mal treatment, and mechanical separation techniques are
frequently employed to disrupt emulsions; nevertheless, these
approaches increase the total cost and energy expenditure of oil
[133].

7.4. Fouling in downstream processes

Besides their influence on flow assurance, resins also exacer-
bate fouling in downstream processes, including refining. The
polar characteristics of resins render them susceptible to thermal
deterioration and the development of coke-like residues during
high-temperature refining processes. This fouling can diminish the
effectiveness of heat exchangers, distillation columns, and other
processing apparatus, resulting in increased maintenance ex-
penses and decreased throughput [134].

During distillation, resins may build and generate sludge in the
bottoms of distillation columns, resulting in equipment fouling
and operational interruptions. Furthermore, during hydrotreating
and catalytic cracking, resins facilitate coke deposition on cata-
lysts, hence diminishing their longevity and necessitating more
frequent regeneration. This resin-induced coking diminishes the
overall production of valued products and incurs expensive
maintenance and equipment downtime [135,136].

Resins and asphaltenes are significant contributors to fouling in
refinery operations. Their elevated molecular weight and hetero-
atom presence increase the likelihood of degradation under ther-
mal stress, resulting in solid deposits that stick to processing
equipment surfaces. These deposits diminish heat transfer effi-
ciency, elevate energy consumption, and necessitate regular
cleaning to sustain operating performance [137].

Refineries processing high-resin-content crude oils, such as
those from Venezuela or Canada, must implement more rigorous
maintenance schedules or employ alternate upgrading procedures
to address resin-induced fouling. Technologies including delayed
coking, fluid catalytic cracking (FCC), and hydrocracking are
frequently utilized to transform resins into lighter products;
nevertheless, these processes present problems, including
elevated hydrogen consumption and increased capital expendi-
tures [138].

The fouling behavior of resins in downstream processes is
influenced by several factors:

(1) Temperature: higher refining temperatures increase the
likelihood of resin degradation and the formation of solid
deposits. Resins with a high aromatic content are more
resistant to thermal degradation, but those with a higher
concentration of heteroatoms are more prone to fouling
[139].

(2) Composition of crude oil: resin-rich crude oils are more
likely to cause fouling in downstream processes. The higher
the resin content, the greater the potential for coke forma-
tion during thermal cracking or distillation [140].

(3) Residence time: the longer the crude oil remains in high-
temperature refining units, the greater the likelihood of
resin degradation and fouling. This is particularly
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problematic in processes such as delayed coking, where the
oil is subjected to high temperatures for extended periods
[141].

Fouling caused by resins not only reduces the efficiency of
refining operations but also increases the frequency of equipment
shutdowns for cleaning and maintenance. This adds to the oper-
ational costs of refining resin-rich crude oils and reduces overall
profitability [142].

The evidence presented across different operating conditions
highlights the complex role of resins in flow assurance. The
following conclusions can be drawn from this synthesis: resins
contribute to both mitigating and exacerbating flow assurance
challenges, depending on their concentration, chemical structure,
and interaction with asphaltenes. Multiple studies cited in this
section confirm that resin-deficient systems exhibit increased
flocculation, viscosity spikes, and yield stress thresholds, particu-
larly during shut-in and restart cycles. However, the presence of
structurally optimized resins—especially those with polar side
chains and high aromatic content—appears to stabilize flow by
preserving micellar dispersion under fluctuating temperature and
pressure. The dualistic role of resins makes their behavior difficult
to generalize, yet essential to model. The complexity of
resin-asphaltene networks underlines the need for predictive
tools that factor in resin speciation, molecular weight distribution,
and phase behavior. Thus, flow assurance in resin-rich crude oils
cannot rely solely on empirical adjustment but requires chemically
informed strategies tailored to specific operational regimes.

8. Current technologies for managing resin-related flow
issues

Prompt defeat of flow problems caused by the presence of resin
in crude oil production and transport is central to ensuring oper-
ational continuity, reduced outages, and bottom-line costs.
Various technologies and approaches have been developed to
reduce resin-related problems such as increasing viscosity,
asphaltene precipitation, emulsion stability, and fouling. These
technologies are designed to improve crude oil flow properties,
reduce blockages from resins, and enhance production and
refining efficiency [143].

8.1. Chemical additives for viscosity reduction

One of the more common approaches to lower the high vis-
cosity introduced by resins in crude oil is adding chemical addi-
tives. These additives work by breaking the resin-asphaltene
networks, reducing the oil's overall viscosity, and improving its
flowability. Different chemical additions are used depending on
the unique properties of the crude oil and the operational condi-
tions [144].

(1) Flow improvers (drag reducing agents): these long-chain
polymers help eliminate turbulence and drag inside crude
oil pipelines. By reducing drag, they lower the pressure drop
across the pipeline and improve the oil flow rate. DRAs are
particularly effective for heavy crude oils with high resin
content, where viscosity is a major challenge [145,146].

(2) Pour point depressants: these are used to lower the tem-
perature at which crude oil begins to solidify. PPDs alter the
crystal structure of wax and other solidifying components in
the oil, preventing the formation of gel-like structures that
can block flow. Although primarily used for waxy crude oils,
PPDs can also assist with resin-rich oils that display similar
gelling behavior at low temperatures [147,148].
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(3) Viscosity reducers: chemical compounds, such as solvents
and surfactants, are applied directly to reduce crude oil
viscosity by disaggregating resin-asphaltene clusters and
enhancing particle dispersion. Surfactants, in particular,
reduce surface tension between asphaltene molecules,
preventing the formation of large aggregates that increase
viscosity [149].

8.2. Dilution with lighter hydrocarbons

Dilution with lighter hydrocarbons is a widely used technique
to reduce the viscosity of heavy and extra-heavy crude oils. By
mixing the crude oil with lighter hydrocarbon solvents, such as
naphtha or condensates, the overall viscosity is reduced, and the
oil becomes easier to transport through pipelines. The lighter hy-
drocarbons disrupt the interactions between resins and asphal-
tenes, reducing the likelihood of precipitation and aggregation
[150,151].

The effectiveness of dilution depends on several factors:

(1) Diluent-to-oil ratio: the proportion of diluent to crude oil
must be meticulously regulated to attain the intended vis-
cosity decrease. Insufficient diluent may fail to adequately
reduce viscosity, whilst excessive diluent might elevate
operational expenses and diminish the overall profitability
of oil production [152].

(2) Compatibility of the diluent: the selection of diluent is
crucial, as incompatible diluents can destabilize asphaltenes
and result in precipitation. Light hydrocarbons with mini-
mal aromaticity are typically more efficient in decreasing
viscosity without inducing asphaltene precipitation [153].

While dilution is effective for viscosity reduction, it also in-
creases the cost of crude oil production, as additional steps are
required to separate the diluent from the oil during refining.
Moreover, the availability of suitable diluents may be limited in
certain production environments, making this approach less viable
in some cases [154].

8.3. Thermal methods for flow improvement

Thermal methods, including heating and steam injection, are
commonly used to reduce the viscosity of heavy oils and improve
flow. By raising the temperature of the oil, thermal methods
reduce the strength of resin-asphaltene interactions and increase
the mobility of the oil. Several thermal techniques are employed,
depending on the specific production environment [155]:

(1) In-situ combustion: a segment of the reservoir oil is torched
to produce heat, therefore decreasing the viscosity of the
adjacent oil and facilitating its flow. In-situ combustion is
efficacious for heavy oils with elevated resin content, since it
deconstructs the resin-asphaltene networks that result in
high viscosity [156].

(2) Steam injection: steam injection is a prevalent thermal re-
covery technique for heavy oil reservoirs. The introduction
of high-temperature steam diminishes the viscosity of the
oil and improves its flow. Besides decreasing viscosity,
steam also facilitates the mobilization of asphaltenes, hence
diminishing the probability of precipitation and deposition
[157].

(3) Surface heating: heating systems are employed in pipelines
and surface transportation to sustain the oil's temperature
above its pour point, hence preventing solid deposit
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development and ensuring flowability. Surface heating
systems are frequently employed in frigid conditions where
temperature variations may result in heightened viscosity
and gel-like properties in resin-rich oils [158].

While thermal methods are effective at reducing viscosity and
preventing resin-related flow issues, they are energy-intensive
and can increase the operational costs of oil production. Addi-
tionally, the use of high temperatures can exacerbate fouling in
downstream processing, as resins are prone to thermal degrada-
tion and coke formation [159].

8.4. Asphaltene inhibitors and dispersants

Asphaltene inhibitors and dispersants are chemical additives
specifically designed to prevent asphaltene precipitation and ag-
gregation. These additives work by modifying the surface prop-
erties of asphaltene particles or by disrupting the resin-asphaltene
interactions that lead to aggregation. As a result, the asphaltenes
remain dispersed in the oil, reducing the risk of precipitation and
deposition in pipelines and wells [160].

(1) Inhibitors: asphaltene inhibitors are chemicals that interact
with the polar functional groups of asphaltenes, preventing
them from aggregating. These inhibitors are particularly
effective in crude oils with a low resin-to-asphaltene ratio,
where the natural stabilization provided by resins is insuf-
ficient [161].

(2) Dispersants: asphaltene dispersants prevent the aggrega-
tion of asphaltene particles by reducing their surface tension
and improving their dispersion in the oil. Dispersants are
often used in combination with inhibitors to provide
comprehensive protection against asphaltene precipitation
[162].

The use of asphaltene inhibitors and dispersants is a targeted
approach to managing resin-related flow issues, as these additives
directly address the root cause of asphaltene precipitation. How-
ever, the effectiveness of these additives depends on the specific
characteristics of the crude oil, and their performance may vary
under different temperature and pressure conditions [163].

8.5. Mechanical solutions for flow assurance

Besides chemical and thermal approaches, a few mechanical
solutions have been developed to solve resin-related flow prob-
lems in transporting crude oil. These solutions are designed to
keep the flow and avoid deposition in pipelines and wells [164].

(1) Pigging: pigging refers to the use of an instrument called a
“pig.” Pigs are placed into the pipeline and pushed through
with the flow of oil, scraping away deposits of asphaltenes,
resins, and other solid materials. Regular pigging remains a
critical maintenance function of oil pipes transporting resin-
rich oils, as the deposits will otherwise build up and restrict
flow [165].

(2) Heated pipelines: to ensure that resin-rich oils do not so-
lidify at lower temperatures, pipelines are heated to keep
the oil at a temperature above its pour point. This avoids the
formation of gel-like structures and keeps the oil flowing
continuously. Heated pipelines are especially well-suited for
long-distance oil transport and for heavy and extra-heavy
oils [166,167].

(3) Multiphase flow management: crude oil is sometimes
transported as part of a multiphase flow that may include
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gas and water. In such cases, the flow regime governing the
motion of the suspending viscous fluid is pivotal for inhib-
iting the coalescence of stable emulsions and influencing
deposit formation. To stabilize the oil and avoid resin-
related flow problems, technologies such as flow condi-
tioners and separators are commonly deployed [168,169].

Mechanical solutions are usually used alongside chemical and
thermal methods to provide overall flow assurance. While me-
chanical methods are great at reducing blockages and maintaining
flow, they require constant maintenance and monitoring to ensure
performance [170,171].

8.6. Emerging technologies for resin management

In recent years, several emerging technologies have been
developed to address the challenges posed by resins in crude oil
flow. These technologies focus on advanced materials, nanotech-
nology, and digital monitoring systems to provide more effective
and efficient solutions for resin management [172].

(1) Nanotechnology-based additives: nanotechnology is being
investigated as a possible remedy for resin-associated flow
challenges. Nanoparticles can affect the surface character-
istics of resins and asphaltenes, inhibiting aggregation and
enhancing dispersion. These nanoparticles can function as
catalysts for the degradation of resin-asphaltene networks,
thereby diminishing viscosity and enhancing flow [173,174].

(2) Smart pipeline monitoring systems: digital monitoring
systems with sensors and real-time data processing are
utilized to identify and anticipate resin-related flow prob-
lems. These devices offer early alerts on possible blockages,
asphaltene precipitation, or viscosity escalations, enabling
operators to implement preventive measures prior to flow
disruption. The application of artificial intelligence (Al) and
machine learning algorithms improves the predictive ca-
pacity of these systems, facilitating more effective man-
agement of resin-rich oils [175,176].

(3) Bio-based additives: in reaction to environmental issues,
bio-based additives are being formulated as substitutes for
conventional chemical additives. These additives originate
from renewable resources and aim to mitigate the envi-
ronmental impact of crude oil production and trans-
portation. Bio-based flow improvers, viscosity reducers, and
dispersants are undergoing evaluation for their efficacy in
resin-rich crude oils [177,178].

These nascent technologies present interesting options for
addressing resin-related flow challenges; nevertheless, additional
research and development are necessary to comprehensively
grasp their potential and enhance their efficacy.

As detailed above, several mitigation strategies exist, though
they vary in their suitability and robustness. The critical takeaways
from this section are summarized here.

The current technological landscape for resin-related flow
assurance blends chemical, mechanical, and thermal in-
terventions. Chemical dispersants and inhibitors can modify
interfacial tension and aggregation thresholds, while thermal
techniques improve flow by reducing viscosity. However, as the
reviewed literature indicates, success depends heavily on the
compatibility of these methods with the crude's specific
resin-asphaltene profile. Emerging technologies, such as
nanofluid-based additives and responsive materials, show great
promise but remain under-characterized for long-term field use.
This section emphasizes that effective flow assurance strategies
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must be dynamically matched to resin chemistry, not deployed as
one-size-fits-all solutions.

9. Future research directions for resin management in crude
oil

As the demand for heavy and extra-heavy crude oils continues
to rise, the need for effective resin management becomes
increasingly critical [179]. While current technologies have pro-
vided significant advancements in addressing resin-related flow
issues, there are still areas where research and innovation are
needed to enhance the efficiency, sustainability, and cost-
effectiveness of resin management solutions. This section high-
lights several key areas for future research and development [180].

9.1. Sustainable and environmentally friendly additives

As environmental regulations become more stringent, there is a
growing need for sustainable and environmentally friendly addi-
tives that can manage resin-related flow issues without harming
ecosystems or increasing greenhouse gas emissions [181]. Current
chemical additives, while effective, often rely on synthetic com-
pounds that can have negative environmental impacts. Future
research should focus on developing bio-based and green addi-
tives that provide the same level of effectiveness while minimizing
environmental harm [182].

Key areas for exploration include:

(1) Bio-based additives: investigation into natural polymers,
botanical extracts, and biodegradable substances for appli-
cation as flow enhancers, viscosity diminutors, and asphal-
tene inhibitors is increasing in prominence. These additions
may offer a more sustainable substitute for conventional
chemical treatments, simultaneously diminishing the envi-
ronmental impact of oil production [183,184].

(2) Carbon-neutral solutions: the discovery of additives that can
be manufactured and utilized in a carbon-neutral fashion is
an additional focus. This entails investigating renewable en-
ergy sources for additive manufacturing and creating addi-
tives that aid in carbon sequestration or emission reduction
in oil production and refining processes [17].

(3) Eco-friendly dispersants and demulsifiers: there is a ne-
cessity for novel dispersants and demulsifiers that exhibit
reduced toxicity and enhanced biodegradability compared
to conventional compounds, in order to mitigate the envi-
ronmental impact associated with the management of
emulsions and asphaltene precipitation in resin-rich oils
[185].

9.2. Nanotechnology and smart materials

Nanotechnology has the potential to revolutionize resin man-
agement by providing new ways to control resin behavior at the
molecular level. Nanoparticles, nanofluids, and smart materials
that respond to changes in temperature, pressure, or chemical
composition could offer more precise and efficient solutions for
managing resin-related flow issues [186,187].

Areas for future research include:

(1) Nanoparticle additives: the application of nanoparticles to
alter the properties of resins and asphaltenes is a potential
research domain. Nanoparticles can be designed to engage
with particular constituents of the oil, inhibiting the ag-
gregation of resin-asphaltene complexes and diminishing
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viscosity. Research should concentrate on enhancing the
dimensions, morphology, and surface characteristics of
nanoparticles to optimize their efficacy [188].

(2) Responsive polymers: smart polymers that alter their
characteristics in reaction to external factors (such as tem-
perature or pH) may be utilized to regulate the flow qualities
of resin-laden oils. These polymers may be engineered to
stable resins and asphaltenes at elevated temperatures
while disaggregating at lower temperatures, so maintaining
uninterrupted flow [189].

(3) Nanofluids for enhanced oil recovery: nanofluids have
garnered interest in enhanced oil recovery (EOR) as a viable
method for enhancing the mobility of heavy oils. Future
research should investigate the influence of nanofluids on
mitigating the effects of resins on oil viscosity and flow-
ability [190,191].

9.3. Improved flow assurance modeling

Accurate modeling of resin-related flow issues is critical
for predicting and preventing blockages, precipitation, and
other flow assurance challenges. While current models pro-
vide useful insights into the behavior of resin-asphaltene
systems, there is still room for improvement in terms of ac-
curacy, scalability, and real-time application. Future research
should focus on enhancing flow assurance models to better
predict resin behavior under a wide range of conditions
[192,193].

Key areas for improvement include:

(1) Multiscale modeling: constructing multiscale models
capable of simulating resin behavior at both molecular and
macroscopic levels will yield a more thorough comprehen-
sion of the influence of resins on crude oil flow. These
models must amalgamate molecular dynamics simulations
with continuum-scale flow models to encompass the com-
plete spectrum of interactions [194,195].

(2) Machine learning and Al: the application of machine
learning and artificial intelligence (Al) to enhance flow
assurance models is a burgeoning field of study. Al-driven
algorithms may examine extensive datasets from
manufacturing processes, detecting patterns and fore-
casting resin-related flow problems prior to their occur-
rence. Research ought to concentrate on training Al models
with empirical data and incorporating them into current
flow assurance systems [196,197].

(3) Dynamic simulation: dynamic models that can adjust to
fluctuating operational conditions are essential for
enhancing the precision of flow assurance predictions.
These models must be able to react to fluctuations in tem-
perature, pressure, and oil composition instantaneously,
equipping operators with the means to proactively address
resin-related flow challenges [198,199].

9.4. Novel methods for emulsion breaking and water-oil separation

The formation of stable water-in-oil emulsions due to resin
activity poses significant challenges in crude oil production and
refining. While current demulsification techniques rely on chem-
ical additives and mechanical separation, there is a need for more
efficient, cost-effective, and environmentally friendly methods for
breaking emulsions and separating water from oil [200,201].

Research directions include:
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(1) Electrochemical methods: electrochemical separation
techniques that use electric fields to destabilize emulsions
and separate water from oil are a promising area of research.
These methods could provide a more energy-efficient
alternative to traditional demulsification techniques, with
the added benefit of reducing chemical consumption [202].

(2) Ultrasonic demulsification: ultrasonic waves can be used to
break water-in-oil emulsions by disrupting the resin-
stabilized interface between the water and oil phases.
Research into optimizing ultrasonic frequencies and in-
tensities for use in oil production could lead to more effi-
cient water-oil separation technologies [203].

(3) Membrane technologies: the use of advanced membranes
for water-oil separation is another area of interest. Mem-
brane filtration systems can selectively separate water from
crude oil, reducing the need for chemical demulsifiers and
improving the efficiency of oil processing operations
[204,205].

9.5. Field trials and pilot projects

Although laboratory research offers significant insights into
resin management, the definitive assessment of novel technology
occurs through field trials and pilot programs. Future research
must concentrate on amplifying potential ideas and evaluating
them in actual production settings to determine their efficacy and
dependability under operational situations [206].

Essential factors for field trials encompass:

(1) Compatibility with current infrastructure: innovative resin
management solutions must align with the existing pro-
duction and transportation systems. Research must
concentrate on creating solutions that may be seamlessly
incorporated into existing processes without necessitating
substantial retrofitting or further investment [207].

(2) Cost-benefit analysis: performing a comprehensive cost-
benefit analysis of emerging technologies is essential for
confirming their commercial feasibility. Research must
evaluate the long-term economic ramifications of adopting
innovative resin management methods, considering issues
such as operating efficiency, maintenance expenses, and
environmental sustainability [208].

(3) Environmental effect assessment: field trials must incor-
porate a thorough environmental effect assessment to
guarantee that novel resin management solutions conform
to sustainability objectives and regulatory standards
[209,210].

Looking ahead, the integration of structural understanding
with adaptive control appears pivotal. Based on current trends and
future outlooks, we that the path forward in resin management
lies in integration: combining molecular insight with real-time
monitoring and smart design. Future research must expand on
tailoring chemical treatments not only by resin concentration but
by structural specificity, leveraging machine learning models that
predict resin behavior under operational changes. Studies suggest
growing interest in bio-derived dispersants and green solvents,
which aim to balance performance with environmental con-
straints. In-situ diagnostic tools, coupled with predictive
modeling, may soon enable real-time flow assurance adjustment
based on resin speciation. Ultimately, resin science is shifting from
descriptive analysis to prescriptive strategy — a transition that will
define the next generation of heavy oil production systems.
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10. Conclusions

The function of resins in crude oil flow is a complex subject that
involves several issues and solutions associated with the produc-
tion, transportation, and processing of heavy and extra-heavy
crude oils. Resins, complex organic compounds with amphiphilic
characteristics, are essential for stabilizing asphaltenes and
affecting the rheological properties of crude oil. Although they aid
in preventing asphaltene precipitation and preserving flow sta-
bility, they concurrently present numerous obstacles, such as
heightened viscosity, pipeline obstructions, emulsion stability
complications, and fouling in subsequent operations.

The difficulties related to resins necessitate a holistic approach
to flow assurance, incorporating several technologies and meth-
odologies. Chemical additives, including flow improvers, pour
point depressants, and viscosity reducers, are frequently employed
to regulate the heightened viscosity of resin-rich oils. Dilution
with lighter hydrocarbons is a successful technique for viscosity
reduction, however accompanied by supplementary expenses and
logistical challenges. Thermal techniques, such as steam injection
and in-situ combustion, offer considerable advantages for viscos-
ity reduction and flow enhancement; nevertheless, they are
energy-demanding and may lead to fouling in processing
apparatus.

To tackle these difficulties, various advanced technologies and
innovative solutions are being investigated. The creation of sus-
tainable and eco-friendly additives is essential in addressing
increasing environmental issues. Nanotechnology presents po-
tential for altering resin properties at the molecular scale, whereas
smart materials and responsive polymers may facilitate enhanced
regulation of resin interactions. Enhanced flow assurance
modeling, employing multiscale simulations and Al-driven fore-
casts, has the potential to improve the management of resin-
related flow challenges.

Future study is crucial for enhancing our comprehension of
resins and for formulating more efficient and sustainable strate-
gies to mitigate their effects on crude oil flow. Key areas of
emphasis encompass the advancement of sophisticated charac-
terisation techniques, sustainable additives, nanotechnology, and
novel approaches for emulsion breaking and water-oil separation.
Field trials and pilot programs are essential for verifying new
technologies and evaluating their practical efficacy.

In conclusion, although considerable advancements have been
achieved in addressing resin-related flow challenges, continuous
research and innovation are essential to satisfy the changing re-
quirements of the oil sector. By tackling the difficulties related to
resins and utilizing developing technology, the sector may
improve the efficiency and sustainability of crude oil production,
transportation, and processing.
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