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Abstract: Asphaltene deposition remains a critical flow assurance challenge during CO-
enhanced oil recovery (EOR), often causing abrupt injectivity decline and near-wellbore
formation damage. While field experience indicates that pressure, temperature, and injection
gas concentration control precipitation severity, a quantitative link between these
operational parameters and crude oil molecular architecture is lacking. This study employs
molecular dynamics (MD) simulations to bridge this gap, using a validated SARA-based
crude oil model to systematically decouple the effects of operational variables (pressure,
temperature, CO2 concentration) from intrinsic molecular architecture (continental vs.
archipelago asphaltenes). Results indicate that pressure depletion from 40 MPa to 10 MPa
increases the asphaltene aggregate size by 24%, equivalent to a 58% increase in
thermodynamic incompatibility (Ad) with the oil phase. Furthermore, continental-type
asphaltenes exhibit a 21.6% stronger self-association energy than archipelago types,
suggesting that reservoirs rich in large aromatic cores possess a significantly narrower
operational window for CO: injection before precipitation occurs. Crucially, this work
translates molecular-scale non-covalent interactions into practical screening criteria: it
identifies a critical Ad threshold for deposition onset and highlights that controlling the CO-
concentration below 20 mol% can suppress aggregate growth by approximately 33%
compared to high-concentration floods. This molecular-to-engineering framework provides
reservoir engineers with a mechanistic basis to pre-screen crude oil samples, tailor injection
pressures to avoid the bubble-point region, and adjust CO: slug sizes to mitigate near-
wellbore formation damage.

1. Introduction

CO: flooding has become a widely used EOR technique, valued for its ability to both improve oil
recovery and enable geological CO2 storage [1,2]. However, the injection of CO: disturbs the
thermodynamic equilibrium of crude oil, often triggering asphaltene precipitation, flocculation, and
subsequent deposition within reservoir pores [3,4]. Such deposition can block pore throats, alter rock
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wettability, reduce permeability, and significantly impair gas injection efficiency and oil recovery
[5,6]. Therefore, understanding the key factors that govern asphaltene deposition and their underlying
microscopic mechanisms during CO2 flooding is of considerable theoretical and engineering
importance [7].

Asphaltenes are commonly defined as the fraction of petroleum that is insoluble in low molecular
weight n-alkanes but soluble in aromatic solvents [8]. They typically exhibit high molecular weight,
high polarity, and complex polyaromatic structures containing heteroatoms (N, O, S) and metals
[9,10]. Based on the continuity of the aromatic core, asphaltene molecular models are generally
divided into continental-type (island) and archipelago-type architectures [11,12]. In crude oil,
asphaltenes exist in a colloidal state and are mainly stabilized by resins through peptization [13].
When external conditions change, asphaltene molecules associate via non-covalent interactions (e.g.,
n—n stacking, hydrogen bonding), forming nanoaggregates and larger clusters that may eventually
precipitate [14,15]. The Yen—Mullins hierarchical model describes asphaltene aggregation at three
levels: molecules, nanoaggregates, and clusters [12], while the supramolecular model emphasizes
non-covalent interactions as the primary stabilizing forces [15].

Extensive experimental studies have investigated CO2-induced asphaltene precipita-tion under
various conditions. Key controlling parameters include pressure, temperature, CO2 concentration, and
oil composition [16-20]. Pressure is widely recognized as a dominant factor, with maximum
precipitation typically occurring near the bubble point pressure [21,22]. Temperature effects appear
to be oil-dependent: in light oils, increasing temperature tends to promote precipitation, whereas in
heavy oils, it may stabilize asphaltenes [23-25]. CO2 concentration exhibits a critical threshold
beyond which precipitation increases sharply [17,18]; moreover, supercritical CO2 can alter
precipitation behavior owing to its unique physicochemical properties [26]. In porous media,
asphaltene deposition can lead to permeability impairment and wettability alteration, with
mechanisms involving surface adsorption, mechanical plugging, and entrainment [27—-30]. Recent
advances in experimental techniques have significantly deepened our understanding of these pore-
scale phenomena. High-pressure microfluidic systems now enable direct visualization of asphaltene
deposition dynamics within representative pore networks, revealing that deposition patterns are
strongly influenced by flow rate, pore geometry, and the extent of CO2 dissolution [31,32]. Low-field
nuclear magnetic resonance (NMR) has also emerged as a powerful tool for in-situ monitoring of
pore blockage and wettability evolution during CO: flooding, providing quantitative relationships
between asphaltene saturation and permeability reduction [28,33]. Despite these technological
advances, a systematic integration of pore-scale observations with molecular-level interaction
mechanisms remains elusive.

Various thermodynamic models have been developed to describe asphaltene precipitation,
including solubility models based on Flory—Huggins theory [34,35], colloidal models [5], and
equation-of-state (EOS) approaches such as Perturbed-Chain Statistical Associating Fluid Theory
(PC-SAFT) and Cubic-Plus-Association (CPA) [36—39]. Machine learning methods have also been
applied to predict precipitation parameters, demonstrating notable accuracy when trained on
extensive experimental datasets [16,40,41]. However, these macroscopic models inherently lack
molecular specificity and cannot elucidate how specific intermolecular forces dictate aggregation
pathways. MD simulation provides a powerful means to address this gap by enabling direct
observation of asphaltene aggregation at the atomistic scale [42,43]. Despite these important
contributions, the majority of MD investigations have been conducted under idealized conditions that
do not fully capture the compositional complexity of real crude oils, and more critically, they have
not been systematically coupled with statistical analyses of experimental or field data. While previous
works have separately performed statistical assessments of precipitation risk factors [16] and MD-
based aggregation simulations, no study to date has quantitatively linked macroscopic controlling
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parameters—derived from comprehensive experimental datasets—to the corresponding molecular
interaction fingerprints revealed by MD. This disconnect impedes the development of predictive
frameworks that bridge scales from molecular aggregation to reservoir-scale deposition.

To address this gap, a molecular model of crude oil based on SARA fractions is con-structed. MD
simulations are carried out to systematically investigate the effects of thermodynamic conditions
(pressure, temperature, CO2 concentration) and molecular structure (molecular type, heteroatoms,
aromatic core size) on asphaltene association behavior. The findings are expected to offer theoretical
guidance for predicting asphaltene deposition risks and optimizing CO:2 flooding parameters, while
demonstrating the value of integrating molecular simulation with statistical data analytics for complex
multiphase flow problems.

2. Methods
2.1. Model Construction

A crude oil molecular model was built following the SARA (saturates, aromatics, resins,
asphaltenes) fractionation approach. Representative molecular monomers were selected to capture
the chemical diversity of crude oil components. For saturates, n-eicosane (CzoHs2) was used to
represent long-chain alkanes. Phenanthrene (Ci4Hi0) was chosen as the aromatic component because
its fused-ring structure is typical of petroleum aromatics. A sulfur- and oxygen-containing fused-ring
aromatic derivative was employed to represent the resin fraction, reflecting the heteroatom
functionality characteristic of this class. For asphaltenes, two common molecular architectures were
incorporated: the continental (island) type, which features a single large fused aromatic core, and the
archipelago type, consisting of several smaller aromatic cores linked by alkyl chains. The molecular
geometries are shown in Fig. 1. All molecules were randomly packed into a cubic simulation box of
10 nm>10 nm>10 nm using Packmol, ensuring a loose initial configuration free of atomic overlaps.
Periodic boundary condltlons were applied in all three dimensions to mimic an infinite bulk system.
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Figure 1: Molecular configuration of hydrocarbon molecules in crude oil.
2.2. Force Field and Simulation Parameters

Intermolecular interactions among hydrocarbon molecules were described using the CVFF force
field, which is based on the Lennard-Jones 12-6 potential and is known to reliably predict structures
and binding energies of organic molecules. CO2 was modeled with the EPM2 force field, which
accurately reproduces the thermodynamic and transport properties of CO2 under reservoir conditions.
Non-bonded van der Waals interactions were truncated at 10 A, and electrostatic interactions were
truncated at 15 A. Long-range electrostatic interactions were handled using the particle—particle—
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particle-mesh (PPPM) algorithm, which provides efficient and accurate treatment of Coulombic
forces in periodic systems. A tail correction was applied to account for long-range van der Waals
interactions beyond the cutoff distance, improving the accuracy of energy and pressure calculations.

2.3. Simulation Protocol

All molecular dynamics simulations were carried out with the LAMMPS package, a widely used
open-source code for large-scale atomic and molecular simulations. Energy minimization was first
performed in the canonical (NVT) ensemble using the conjugate gradient method to eliminate
unfavorable atomic contacts and obtain a low-energy starting configuration. The system was then
heated from 300 K to 1000 K and equilibrated at 1000 K for 500 ps in the NVT ensemble to allow
full molecular relaxation, ensuring that all molecules could overcome energy barriers and thoroughly
explore configurational space. The ensemble was then switched to isothermal—-isobaric (NPT), and
the system was further equilibrated at 1000 K and 40 MPa for an additional 500 ps. An annealing
process was subsequently carried out in the NPT ensemble by stepwise cooling and depressurization:
the temperature was reduced in stages to 800 K, 600 K, 400 K, and finally 338 K, while the pressure
was decreased to 20 MPa to reach typical reservoir conditions. Each stage lasted 500 ps with a time
step of 1 fs. This annealing protocol was designed to gradually bring the system from a well-relaxed
high-temperature state to realistic reservoir conditions while avoiding kinetic trapping. The final
equilibrated configuration under reservoir conditions is shown in Fig. 2.

Figure 2: Hydrocarbon components model of the crude oil.
3. Results
3.1. Effects of Thermodynamic Conditions on Asphaltene Association

To systematically investigate how pressure, temperature, and CO2 concentration influence
asphaltene association, this section adopts a consistent analytical framework based on the interaction
energy, radius of gyration, and solubility parameter. Each thermodynamic factor is examined in turn
using this set of descriptors to ensure structural coherence and mechanistic clarity.

3.1.1. Pressure Effect

The interaction energy analysis (Fig. 3) provides quantitative support for this picture. Taking 60 °C
as a representative condition, reducing pressure from 40 MPa to 10 MPa shifts the average
asphaltene—asphaltene interaction energy from -15855 kcal/mol to -15888 kcal/mol—an increase in
absolute magnitude of 33 kcal/mol. Although this corresponds to a modest relative rise of about
0.21%, it still represents a non-negligible gain in attractive energy at the molecular level. More
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importantly, the same monotonic trend is observed across all temperatures examined (20 °C to 80 °C):
lower pressure consistently gives more negative (i.e., more attractive) interaction energies. The
pressure sensitivity is strongest in the range from 30 MPa down to 10 MPa, with an average increase
of roughly 1.65kcal/mol per 1MPa decrease. Van der Waals contributions dominate over
electrostatic terms. Taken together, these results confirm that lowering pressure directly strengthens
cohesive interactions among asphaltenes, thus encouraging the growth of larger and more stable
nanoaggregates.
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Figure 3: The interaction energy curves of asphaltene molecules under different pressures and
temperatures.

Meanwhile, the radius of gyration (Rg) of asphaltene aggregates (Fig. 4) increases from 98.0 A at
40 MPa to 121.5A at 10 MPa, a 24.0% increase (23.5 A absolute). The pressure-sensitivity is
non-linear, with the steepest rise occurring between 30 MPa and 20 MPa (Rg: 102 A—116 A). The Rg
distribution also broadens at low pressure, reflecting the co-existence of small and large clusters—a
signature of enhanced aggregation kinetics. These results quantitatively support the conclusion that
reduced pressure promotes larger and more polydisperse asphaltene aggregates.

125

120 .\

115 o N\

110 N

105 \\
100 4 \‘\

95 - \

20

R, (A)
y

T T T T T T T T T
10 15 20 25 30 35 40 45 50

Pressure (MPa)
Figure 4: The radius of gyration (Rg) curves of asphaltene aggregates under different pressures.

The solubility parameter difference between asphaltenes and the crude oil (Fig. 5) provides a
thermodynamic rationale. As pressure decreases from 40 MPa to 10 MPa, the solubility parameter of
the crude oil decreases from 15.6 (MPa)®® to 12.08 (MPa)®°, while that of asphaltenes remains nearly
constant. Consequently, the difference AS increases from 5.15 (MPa)®® to 8.12 (MPa)®® — a 58%
increase. According to regular solution theory, a larger AS implies stronger incompatibility and a
higher thermodynamic driving force for asphaltene phase separation. Thus, pressure reduction
promotes aggregation not only by enhancing intermolecular attractions but also by worsening the
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solubility match between asphaltenes and the oil medium.
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Figure 5: The solubility parameter curves under different pressures.

The 24% increase in aggregate radius when pressure drops from 40 MPa to 10 MPa suggests a
critical operational threshold. To mitigate severe near-wellbore deposition, it is advisable to maintain
bottomhole flowing pressure above the bubble point and above 30 MPa whenever feasible. If pressure
depletion is unavoidable (e.g., in mature floods), operators should anticipate a sharp rise in asphaltene
instability and consider preemptive solvent squeezes or inhibitor treatments as pressure approaches
20 MPa.

3.1.2. Temperature Effect

The interaction energy data (Fig. 3) show that at constant pressure (20 MPa), raising the
temperature from 20 °C to 80 °C reduces the asphaltene—asphaltene interaction energy from -
15891 kcal/mol to -15872 kcal/mol — an absolute decrease of 19 kcal/mol in magnitude. The
temperature sensitivity is particularly pronounced for hydrogen bonding contributions, which drop
by nearly 50%, while n-r stacking contributions decrease by about 25%. This differential response
reflects the fact that hydrogen bonds are more easily broken by thermal agitation than the more
distributed m-m interactions. Consequently, aggregates partially disintegrate into smaller units, as
evidenced by the decrease in Ry from 106.1 A at 20 °C to 80 A at 100 °C (Fig. 6). The Ry distribution
becomes narrower and shifts toward lower values, consistent with a more homogeneous population
of small aggregates.
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Figure 6: The radius of gyration (Rg) curves of asphaltene aggregates under different temperatures.
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The solubility parameter analysis (Fig. 7) further clarifies the temperature effect. As temperature
increases from 20 °C to 80 °C, the solubility parameter of the crude oil decreases slightly from
15.80 (MPa)*® to 15.45(MPa)®®, while that of asphaltenes decreases more substantially from
22.27 (MPa)®® to 20.12 (MPa)®®°. Consequently, the difference Ad (asphaltene minus oil) drops from
6.47 (MPa)*® to 4.67 (MPa)*® — a relative reduction of approximately 28%. This improved
compatibility at higher temperatures lowers the thermodynamic driving force for phase separation,
explaining why asphaltene deposition risk is generally lower in high-temperature reservoirs. Notably,
the dominant contribution to the reduced Ad comes from the temperature-induced decline in
asphaltene solubility parameter, rather than from changes in the oil phase. However, it should be
noted that in some heavy oils, temperature may also reduce oil viscosity and promote asphaltene
diffusion, leading to a more complex, non-monotonic behavior —a nuance that depends on the specific
crude oil composition.
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Figure 7: The solubility parameter curves under different temperatures.
3.1.3. CO, Concentration Effect

The radius of gyration (Fig. 8) increases markedly with CO2 concentration: from 98.0 A at 0%
CO:2 to 130.0 A at 40% COz, representing a 32.7% increase in aggregate size. Moreover, the Rq
distribution becomes bimodal at high CO2 concentrations, suggesting the coexistence of small
nanoaggregates and large clusters — a precursor to macroscopic precipitation. These results
quantitatively confirm that CO2 injection promotes the growth of asphaltene aggregates.
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Figure 8: The radius of gyration curves under different CO2 concentrations.

The solubility parameter difference (Fig.9) widens progressively with increasing CO:2
concentration: AJ increases from 5.15 (MPa)®® without CO2 to 6.13 (MPa) °° at 40 mol% CO2 — a
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relative increase of approximately 19% over the range 0—40 mol%. This growing mismatch indicates
that the crude oil becomes a poorer solvent for asphaltenes, driving enhanced aggregation and
eventual deposition. It is worth noting that supercritical CO2, which was used in this study (reservoir
conditions of 338 K and 20 MPa are above the critical point of CO2, Tc=304 K, Pc=7.38 MPa),
exhibits near-zero surface tension and high diffusivity, allowing it to penetrate asphaltene
nanoaggregates and further disrupt the solvation shell. This explains why CO: flooding often causes
more severe asphaltene problems compared to other gases.
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Figure 9: The solubility parameter curves under different CO2 concentrations.

The bimodal aggregate distribution observed at 40 mol% CO2 indicates the coexistence of stable
nanoaggregates and precipitating clusters, a precursor to pore plugging. This finding supports the use
of Water-Alternating-Gas (WAG) injection schemes. By reducing the in-situ CO2 saturation and
limiting the local concentration below 20-30 mol%, WAG can effectively suppress the formation of
the large, problematic clusters identified in these simulations.

3.2. Effects of Molecular Structure on Asphaltene Association

While thermodynamic conditions modulate the external environment, the intrinsic aggregation
propensity of asphaltenes is governed by their molecular architecture, heteroatom functionality, and
compositional polydispersity. This section applies the same analytical framework—interaction
energy, Rg, and —to systematically examine these structure—property relationships.

3.2.1. Effect of Aromatic Core Size and Molecular Architecture

The interaction energy (Fig. 10) quantifies the difference in aggregation strength: the asphaltene—
asphaltene interaction energy for continental molecules is -12461.0 kcal/mol, compared to -10251.0
kcal/mol for archipelago molecules — a 21.6% increase in attractive energy. This significant
enhancement reflects the stronger n—m stacking facilitated by the extended aromatic core in the
continental structure. While the absolute energy values depend on system size and simulation protocol,
the relative difference underscores the thermodynamic favorability of continental asphaltene
aggregation. The van der Waals contribution, dominated by n—n interactions, remains the primary
driver of this difference.
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Figure 10: The interaction energy curves of asphaltene molecules under different molecular
architecture.

Consequently, continental asphaltenes form larger aggregates, as reflected in their radius of
gyration (Fig. 11). Based on the simulation data, the Rq value for continental asphaltenes is 119.0 A,
whereas archipelago asphaltenes exhibit a value of 102.0 A—a 16.7% increase. This trend confirms
that the stronger m—m stacking in continental molecules promotes the formation of more extended
aggregate structures.
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Figure 11: The radius of gyration curves of asphaltene molecules under different molecular
architecture.
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Figure 12: The solubility parameter curves of asphaltene molecules under different molecular
architecture.
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The solubility parameter (Fig. 12) is also higher for continental asphaltenes: 21.79 (MPa)%®
compared to 20.75 (MPa)%° for archipelago asphaltenes. It indicates that continental asphaltenes are
inherently less compatible with the surrounding oil medium. Consequently, they exhibit a greater
thermodynamic driving force to precipitate when the solvent quality deteriorates—for instance,
during CO:z injection or pressure depletion.

From a mechanistic perspective, the large aromatic core of continental asphaltenes promotes a
face-to-face stacking geometry with interplanar distances of 3.5-4.0 A, optimized for n-w interactions.
In contrast, archipelago asphaltenes tend to aggregate via edge-to-face or T-shaped configurations,
which are weaker. Moreover, the flexible alkyl linkers between small aromatic units in archipelago
structures introduce conformational entropy that partially opposes association. These molecular-scale
differences directly translate into macroscopic deposition risk: reservoirs containing predominantly
continental asphaltenes are inherently more vulnerable.

The significant disparity in interaction energy (-12461 vs. -10251 kcal/mol) between continental
and archipelago asphaltenes translates to a predictable difference in field deposition risk. Crude oils
with a high proportion of continental asphaltenes (indicated by high aromaticity in SARA analysis or
low H/C ratio) should be flagged as high-risk for CO: EOR projects. For such oils, more conservative
injection strategies, lower initial COz2 slug sizes, or the inclusion of aromatic solvents in the injection
stream should be evaluated during the laboratory screening phase.

3.2.2. Effect of Heteroatoms and Functional Groups

The hydrogen bond count (Fig. 13) reveals a striking reversal of the expected trend: archipelago
asphaltenes with oxygen functional groups exhibit a significantly higher number of hydrogen bonds
(plateauing at ~11-12 in the aggregated state) compared to continental asphaltenes (plateauing at
~1.1). This counterintuitive result suggests that the flexible, multi-core architecture of archipelago
molecules allows greater exposure and accessibility of polar functional groups, thereby facilitating
more extensive hydrogen-bond networks despite weaker n—x stacking. These hydrogen bonds act as
“molecular stitches”, enhancing cohesion energy and promoting the formation of stable, albeit
structurally looser, clusters in archipelago systems.
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Figure 13: The hydrogen bond count of asphaltene molecules under different molecular
architecture.

3.2.3. Effect of Polydispersity

Real asphaltenes are not monodisperse; they consist of a wide range of molecular weights and
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architectures. The radius of gyration values (Fig. 14) obtained from simulations illustrate this
structural diversity: pure archipelago asphaltenes exhibit an Rq of 102.0 A, continental asphaltenes
reach 119.0 A, and a mixed system of both architectures yields an intermediate value of 116.0 A. This
ordering confirms that continental molecules, with their larger aromatic cores, form more extended
aggregates, and that the presence of continental components in a polydisperse mixture enlarges the
overall aggregate dimensions. This polydispersity leads to complex, staged aggregation behavior:
smaller, more soluble asphaltene molecules may remain dispersed while larger, more aromatic ones
precipitate first.
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Figure 14: The radius of gyration curves of asphaltene molecules with polydispersity.

The solubility parameter (8) reflects the cohesive energy density of asphaltene molecules and their
compatibility with the surrounding oil medium. As shown in Fig. 15, archipelago-type asphaltenes
have the lowest solubility parameter, at 20.75 (MPa)®®°, while continental-type asphaltenes show the
highest value, 21.64 (MPa) °°. A mixed system containing both architectures gives an intermediate &
of 21.58 (MPa) %°. Although these differences appear small numerically, they carry thermodynamic
significance: the higher & of continental asphaltenes indicates stronger self-association and poorer
compatibility with the maltene phase, making them inherently more prone to phase separation. The
intermediate value seen in the mixed system suggests that blending different molecular architectures
moderates the overall cohesive energy, which may in turn affect the aggregation pathway and
precipitation behavior of polydisperse asphaltene samples.
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Figure 15: The solubility parameter curves of asphaltene molecules with polydispersity.

The practical implication is that deposition does not occur as a single event but rather as a
progressive process: initial precipitation of the most incompatible asphaltene fractions may plug pore
throats, followed by later deposition of less incompatible fractions, potentially exacerbating
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formation damage. From a modeling perspective, representing asphaltenes as a single average
molecule is insufficient; a distribution of structures is necessary to capture the onset and extent of
deposition accurately.

4. Discussion

Building on the quantitative trends established in Section 3, we synthesize the findings into an
operational risk matrix for CO: flooding. The matrix integrates three tiers of control:

(1) Primary Drivers (Non-covalent interactions): n-x stacking (60—70% of binding energy) dictates
baseline aggregation strength.

(2) External Regulators (Operational Levers): Pressure and CO2 concentration are the most potent
levers available to field engineers for modulating the solubility mismatch (A9).

(3) Intrinsic Determinants (Crude Oil Fingerprint): The continental vs. archipelago character of
the asphaltene fraction sets the inherent susceptibility of the oil.

This framework allows for a tiered risk assessment. Tier 1 involves a simple SARA or
spectroscopic analysis to determine if the crude is "continental-type" (high risk) or "archipelago-type"
(moderate risk). Tier 2 involves applying the pressure and CO2 concentration limits derived from this
simulation (e.g., P > 30 MPa, CO2 < 20%) to define a safe injection envelope for that specific oil.

The practical implications for CO2 flooding design are clear: reservoirs with high asphaltene
content and continental-type molecular structures require more cautious injection strategies—such as
lower injection pressures, temperature management, or water-alternating-gas schemes—to mitigate
the solubility parameter disparity and prevent severe deposition.

5. Conclusions

This study combines MD simulations with a systematic examination of thermodynamic and
structural variables to uncover the microscopic mechanisms that govern asphaltene association during
CO:z2 flooding. The main findings are summarized below:

(1) The aggregation driving force is dominated by non-covalent interactions, primarily 7-m
stacking, which accounts for 60—70% of the cohesive energy. This implies that crude oils with
extended aromatic cores (continental-type) possess an inherently higher baseline risk for deposition
during CO:z injection, regardless of operational care.

(2) Pressure depletion below 30 MPa and CO2 concentrations exceeding 20 mol% were identified
as critical destabilization thresholds. Exceeding these limits triggers a 24-33% growth in aggregate
size and a 58% increase in thermodynamic incompatibility (Ad). Maintaining reservoir conditions
above these thresholds is recommended to avoid the steep rise in aggregation propensity observed
near the bubble point.

(3) Molecular architecture is a decisive intrinsic factor. Continental-type asphaltenes, with their
extended aromatic cores, demonstrate a markedly higher aggregation propensity and form larger
clusters (Rg = 119.0 A) compared to archipelago-type molecules (Rg = 102.0 A). The greater
thermodynamic incompatibility of continental structures renders reservoirs rich in these components
inherently more susceptible to deposition during CO2 flooding.

(4) An operational framework is proposed based on the molecular simulation results. This
framework utilizes crude oil molecular architecture (continental vs. archipelago) as a primary risk
indicator and translates the simulation-derived pressure and CO:2 concentration sensitivities into
practical guidance for defining the safe operating envelope of CO2 EOR projects.
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