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Abstract

Gas hydrate formation in oil and gas pipelines, particularly under deepwater and high-pressure conditions, presents severe
operational and safety risks. These ice-like crystalline compounds, composed of water and gas molecules, can block flow channels and
disrupt production, posing significant threats to infrastructure reliability, flow assurance, and economic efficiency. This review offers
a comprehensive analysis of hydrate formation mechanisms, including phase behavior, thermodynamic properties, and structural
classifications across varied pipeline systems. It highlights conventional mitigation strategies such as thermodynamic inhibitors,
kinetic hydrate inhibitors, and anti-agglomerants, while emphasizing recent advances in eco-friendly and dual-function inhibitors,
including ionic liquids, amino acids, and nanoparticles, which promise improved efficiency with lower environmental impact.

In addition, the review critically evaluates predictive modelling techniques ranging from classical statistical and thermodynamic
models to modern machine learning approaches such as Artificial Neural Networks and decision trees, which enable faster and more
accurate hydrate risk assessments. By integrating core scientific principles with cutting-edge chemical and computational innovations,
this study identifies sustainable, cost-effective, and scalable strategies for gas hydrate control. The paper further underscores the
need for interdisciplinary collaboration between academia and industry to develop next-generation inhibitors and robust predictive
frameworks tailored to evolving operational demands in flow assurance.
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1 Introduction

The global population has quadrupled over the last cen-
tury, reaching approximately eight billion people [1]. This
rapid growth has led to a substantial rise in energy demand.
In parallel, the increasing severity of climate change has
emphasized the urgent need for cleaner and more envi-
ronmentally sustainable energy sources [2]. Among fossil
fuels, natural gas is considered relatively clean due to its
lower emissions of CO,, nitrogen oxides (NO_ ), and min-
imal sulfur oxide release during combustion compared
to coal and oil [3]. According to projections, the global

demand for natural gas is anticipated to grow at an aver-
age annual rate of 1.7% through 2040, outpacing the
growth of other fossil fuels such as coal (1.3%) and liquid
fuels (0.9%) [4]. While conventional fossil fuel reserves
are depleting and may be exhausted within the next five
decades, gas hydrates have emerged as a potential alterna-
tive. Gas hydrates-solid crystalline compounds where gas
molecules are trapped within water lattices-contain a vast
quantity of methane. It is estimated that hydrate-bear-
ing sediments may hold more than 150% of the global
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conventional natural gas reserves, potentially providing
a clean energy source for the next 200 years [5]. However,
in oil and gas transportation systems, gas hydrates are also
known for their undesirable formation within subsea pipe-
lines, posing serious flow assurance challenges. Their for-
mation can lead to blockages, increased operational risks,
and even catastrophic failures, causing significant safety
hazards and economic losses [6, 7].

The basic knowledge of clathrate hydrate science has
been greatly influenced by hydrate of natural gases as
nitrogen, chlorine, oxygen and ethylene oxide. The field
began with sir Humphary Davys by discovery of chlorine
hydrate in 1811, which offered the first proof that water
may physically include gas molecules rather than chemi-
cally link them within an ice-like lattice [8]. Later in the
19 century scientist like Faraday, de la Rive and Villard
confirmed that small diatomic gases, including O, and N,
are also capable of forming hydrates under extreme pres-
sure and low temperature. Due to weak host-guest inter-
actions and poor cage stability these hydrate commonly
adopt Structure II and in some cases Structure I [8, 9].
Pauling and March originally described and thoroughly
examined ethylene oxide hydrate forming capacity and
structural properties in the middle of 20" century [10].
This hydrate is usually crystalline in structure and form
easier under relatively modest pressure and tempera-
ture [11]. These early findings offered fundamental con-
cept for subsequent advancement in gas hydrate ther-
modynamics, inhibitions and flow assurance [12]. They
also set the groundwork for the current understanding of
clathrate structures (sI, sII and sH) [13].

2 Gas hydrates: structure, composition, and hazards
Gas hydrates are non-stoichiometric crystalline solids
formed by the inclusion of gas molecules (guest) within
a three-dimensional hydrogen-bonded network of water
molecules (host), under high-pressure and low-tempera-
ture conditions [14]. These structures closely resem-
ble ice but differ in that the guest molecules reside
within the voids or cavities (cages) of the host lattice
without forming chemical bonds, stabilized purely by
van der Waals interactions [15].

The cavity diameters within hydrate structures typi-
cally accommodate gas molecules ranging in size from
3.8 to 695 A [15]. Common hydrate-forming gases
include methane, ethane, propane, carbon dioxide, nitro-
gen, and hydrogen sulfide [16]. Depending on the size and
type of guest molecule, hydrates typically crystallize into
Structure I (sI), Structure II (sII), or Structure H (sH).
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Methane and ethane generally form sl hydrates, while
larger hydrocarbons like propane stabilize sII structures.

Hydrate formation is favored in environments with
pressures above 4-5 MPa and temperatures below 25 °C,
conditions frequently encountered in subsea oil and gas
pipelines. Under such conditions, the sudden formation of
gas hydrates can result in plugging of pipelines, leading
to severe flow assurance problems, increased operational
costs, and potential safety hazards [17].

The phenomenon of gas hydrate formation in indus-
trial settings was first systematically investigated by
Hammerschmidt in 1934, who recognized the formation of
methane hydrates as a serious issue in natural gas transport
systems [18]. Since then, hydrate-related flow blockages have
been acknowledged as one of the most critical challenges in
offshore petroleum engineering, prompting extensive multi-
disciplinary research over the last several decades [19].

2.1 Structure of gas hydrate
Gas hydrates crystallize into three primary structures
depending on the size and type of guest molecules:
Structure I (sI), Structure II (sIT), and Structure H (sH) [20].
These structures differ in terms of unit cell geometry, cav-
ity size, and the type of gas molecules they can encap-
sulate. Structure I (sI) has a cubic crystal symmetry and
consists of 46 water molecules per unit cell, forming two
types of cavities: 6 small pentagonal dodecahedra (5'?)
and 2 larger tetrakaidecahedra (5'26%). It is typically sta-
bilized by small guest molecules with effective diameters
between 4.2 and 6.0 A, such as methane, ethane, carbon
dioxide, and hydrogen sulfide [21]. Structure II (sII) also
has cubic symmetry but contains 136 water molecules per
unit cell, forming 16 small 5'2 and 8 large 5'26* cages. It is
stabilized by slightly larger guest molecules (typically
above 6 A), such as propane, isobutane, and nitrogen [22].
Mixtures of smaller and larger molecules can also stabilize
sII. Structure H (sH), which exhibits hexagonal symme-
try, contains 34 water molecules per unit cell and includes
3 small 52, 2 mediums 4°5%6°, and 1 large 5268 cages. This
structure is stabilized by a combination of large guest
molecules such as neohexane (C,H,,) or methylcyclohex-
ane, along with smaller help gases like methane or nitrous
oxide (N,O) [23]. Although sH has been synthesized in
laboratory settings, it is rare in natural systems due to the
specific molecular size requirements and coexistence of
large—small gas mixtures.

An overview of hydrate types, cavity configurations,
and typical guest molecules is illustrated in Table 1, while
Fig. 1 provides a schematic of the cage structures and
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Table 1 Comparative table of hydrate structures

Structure Symmetry Water molecules/unit cell Cavity types Typical guest molecules

sl Cubic 46 6 x 5122 x 51262 CH,, CO,, H,S,CH,

sIT Cubic 136 16 x 512, 8 x 5126* N,,CH,CH,

sH Hexagonal 34 3 x 5122 x 4506, 1 x 5'26° CH,+CH,orN,O
Methane,

Water molecule, cage

Gas molecule (e.g. methane )

435663

ethane,carbon dioxide.

Structure |

Propane, iso-butane,
natural gas.

Methane + neohexane,
methane + cycloheptane.

Structure H

Fig. 1 Schematic of the cage structures and their respective diameters

their respective diameters. The structural configurations
of the three primary gas hydrate Types-Structure I (sI),
Structure II (sII), and Structure H (sH) — along with
their characteristic cavity types and typical guest mole-
cules. The hydrate structures are formed by water mole-
cules (blue) creating cages stabilized by guest gas mole-
cules (e.g., CH,, CO,, C,H,). sl contains two large 56
and six small 5'? cages, sII includes eight 5'26* and sixteen
52 cages, while sH comprises one 5'26%, two 4°5°6°, and
three 5 cages. Guest molecule size and type determine
the stable hydrate structure formed (Table 2) [24].

2.2 Classification of gas hydrate

Based on phase composition and geological setting, natural

gas hydrates are broadly classified into four categories [21]:

1. Class 1 hydrates are typically found between imper-
meable geological layers and consist of two distinct
strata: an upper hydrate-bearing layer and an underly-
ing zone containing a mixture of gas and water. A rep-
resentative example is the North Slope of Alaska.

. Class 2 hydrates also occur between imperme-
able layers but are characterized by the presence
of a mobile water layer beneath the hydrate layer,
as observed in the Nankai Trough, Japan.

3. Class 3 hydrates form as a single, continuous
hydrate-bearing layer within impermeable bound-
aries, with no underlying free gas or water zones.
An example includes the Qilian Mountains, China.

. Class 4 hydrates are dispersed deposits with low
hydrate saturation and are not confined by imperme-
able layers. These are typically found in unconsol-
idated sediments, such as in the Krishna-Godavari
Basin, India [25].

This classification aids in understanding hydrate stabil-
ity, extraction feasibility, and the associated risks in differ-
ent geological environments (Table 3) [26].

2.3 Formation mechanism of gas hydrates in pipelines

Pipelines that transport oil and gas typically carry a multi-
phase mixture of gas, water, and hydrocarbons. These exist
in three main physical phases: gas, liquid hydrocarbon,
and aqueous liquid. Based on the dominant fluid charac-
teristics, the thermal and flow behavior in pipelines can be
categorized into four main hydrate formation flow models:
oil-dominated systems, gas-dominated systems, conden-
sate systems, and high water cut systems [9]. In oil-domi-
nated systems, water exists in the form of small dispersed
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Table 2 Structural classification of hydrates formed by C1,, SO,, CO,, N, [24]

Gas Hydrate type Structure Findings
al CL-6H.0 slorsll Chlorine molecules are trapped in water cage, forming a crystalline solid. Hydrate is unstable at
2 202 room temperature and pressure.
Hydrogen-bonded Forms a molecular complex rather than a typical gas hydrate and form a crystalline solid at
SO, SO,-H,0 .
network room temperature. Water molecules hydrogen-bonded with SO,.

} Forms cage like clathrate hydrate. In sI, CO, occupies the small and large cages of a cubic
€0, €O, xH,0 storsll lattice. Stable at low temperature and high pressure (—0.15 °C-9.85 °C, >30 bar).
N, N, xH,0 oIl Forms clathrate hydrates with N, trapped in the cage. N, hydrate is stable at high pressure and

low temperature.

Table 3 Classification of gas hydrates [26]

Type of classification Category

Examples/notes

Structure I (sI)

Unit cells

Class 1
Class 2
Class 3
Class 4

Geological formation and phase composition

Natural
Origin
Synthetic

Structure II (sII)
Structure H (sH)

Small gas molecules (e.g., methane, ethane)
Larger molecules (e.g., propane, iso-butane)

Mixed large and small guests (e.g., neohexane + methane)
Hydrate above gas—water zone (e.g., North Slope, Alaska)
Hydrate above mobile water layer (e.g., Nankai Trough, Japan)
Isolated hydrate layer (e.g., Qilian Mountains, China)
Dispersed hydrates with no cap rock (e.g., KG Basin, India)
Formed in marine/permafrost sediments

Produced in controlled conditions (lab/industry)

droplets within the continuous oil phase. Hydrate forma-
tion in such systems is generally limited due to the encap-
sulation of water by oil, which restricts water-gas contact.

In gas-dominated systems, a small amount of liquid
hydrocarbon may be present, which facilitates gas transport.
However, when gas and water coexist and interact under
favorable pressure and temperature conditions, hydrate parti-
cles can form rapidly, resulting in the generation of a hydrate
slurry within the pipeline [27]. As hydrate formation pro-
gresses, the solid-to-liquid ratio in the flow increases, lead-
ing to a decrease in the liquid content. Eventually, hydrate
particles begin to adhere to the inner walls of the pipeline,
forming a solid layer that reduces flow diameter and may
ultimately cause a complete blockage [28, 29].

This hydrate build-up is gradual but dangerous. As illus-
trated in Fig. 2 [30], methane hydrate formation over time
leads to the narrowing of the pipeline, which can severely

restrict or even stop the flow. Once hydrates begin form-
ing, preventing blockage becomes extremely challenging,
making hydrate inhibition especially critical in gas-dom-
inated systems. In contrast, condensate systems exhibit
high shear forces, which may cither dissolve the water in
the condensate or suspend it as fine droplets, thereby influ-
encing hydrate formation dynamics [31]. In high water cut
systems, water can comprise up to 70% of the total fluid
volume. Under such conditions, water and oil tend to exist
as separate continuous phases, increasing the likelihood
of hydrate formation due to significant water—gas contact
and minimal protective dispersion.

3 Gas hydrates and their impact on flow assurance

The emergence of flow assurance engineering has become
a critical discipline in the oil and gas industry, particu-
larly as exploration and field development have expanded

Agglomeration

Fig. 2 The movement of methane hydrates in a pipeline carrying crude oil [30]
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into deepwater regions exceeding depths of 500 m. In such
environments, the use of longer subsea pipelines under
harsh pressure and temperature conditions significantly
increases the risk of gas hydrate formation [6]. One of the
key challenges in deepwater production is the presence of
non-uniform production profiles, characterized by fluctu-
ations in gas composition, pressure, temperature, and fluid
content (oil and water) throughout the lifecycle of the field.
These variations complicate the prediction and control of
hydrate formation dynamics [32].

The low temperatures commonly encountered in deep-
water systems often fall within the hydrate stability zone,
making these regions highly susceptible to hydrate forma-
tion. Compounding this issue are operational events such
as cold start-ups, shutdowns, and restarts, which can cause
drastic temperature and pressure shifts-further increas-
ing the likelihood of hydrate blockages. Flow assurance
engineers continue to face significant technical hurdles
in accurately predicting and managing the effects of tran-
sient flow regimes. Failure to effectively mitigate hydrate
risks can lead to catastrophic pipeline blockages, result-
ing in severe financial losses, operational downtime, and
potential environmental hazards [33]. Despite extensive
research and mitigation strategies, including thermal insu-
lation, chemical injection (e.g., thermodynamic inhibitors,
kinetic inhibitors, and anti-agglomerants), and active heat-
ing, a permanent and universally applicable solution to gas
hydrate formation remains elusive.

4 Gas hydrate inhibition strategies
The challenge of gas hydrate formation in pipelines was
first documented by Hammerschmidt in 1934, marking
the beginning of systematic efforts to develop effective
hydrate mitigation strategies [18]. Since then, extensive
global research has been conducted to explore and refine
various methods for inhibiting gas hydrate formation,
as illustrated by the increasing number of scientific publi-
cations on the subject over time (Fig. 3) [34]. Gas hydrate
inhibition techniques are broadly categorized into chemi-
cal and physical methods (Fig. 4).
Physical inhibition involves altering the environmen-
tal conditions to prevent hydrate stability. This includes:
* Depressurization, which reduces the pressure below
the hydrate formation threshold.
* Thermal heating, which increases the temperature to
move the system outside the hydrate stability zone.

Chemical inhibition focuses on preventing hydrate
nucleation and growth using specific compounds. These
are subdivided into:

* Thermodynamic hydrate inhibitors (THIs): such as
methanol and monoethylene glycol (MEG), which
shift the hydrate stability zone.

* Kinetic hydrate inhibitors (KHIs): which delay
hydrate nucleation and slow the growth rate.

* Anti-agglomerants (A As): which allow small hydrate
particles to form but prevent them from clumping
together and forming plugs.

Estimated Publications on Gas Hydrates by Time Period (Web of Science)
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Fig. 3 A concise chronology illustrating the rise in the quantity of gas hydrate inhibition methods suggested in scholarly works [34]
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Gas Hydrate

Inhibitors

Chemical Inhibitors

. ‘L Anti-Agglomerants (AAs) 1
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( Depressurization l

Inhibitors (KHIs)
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\.

Kinetic Hydrate Thermodynamic Hydrate
Inhibitors (THI)

Thermal Heating

J

Fig. 4 Types of gas hydrate inhibitor

These methods are often applied in combination,
depending on the operating conditions, economic feasi-
bility, and environmental considerations. The continuous
rise in research output reflects the ongoing complexity and
importance of effective gas hydrate management in mod-
ern oil and gas operations.

4.1 Methods to avoid or reduce the formation of gas
hydrates

The oil and gas industry employs a range of strategies to
prevent or manage gas hydrate formation, which can dis-
rupt flow assurance and pose safety risks. These approaches
can be broadly categorized into thermodynamic, non-ther-
modynamic, and advanced or hybrid methods.

4.1.1 Thermodynamic methods (shifting the hydrate
stability zone)

These methods aim to alter the pressure-temperature
conditions to move the system outside the hydrate forma-
tion region.

Temperature control

Hydrate formation is unlikely above 21 °C. Maintaining
system temperatures above this threshold is a primary
method to prevent hydrate nucleation [35].

Pressure control

Reducing the system pressure below the hydrate equilib-
rium line effectively prevents hydrate formation [36].
Dehydration

Since water is essential for hydrate formation, removing
free water or reducing its concentration below saturation
levels is a direct and reliable strategy [37].

Thermodynamic hydrate inhibitors

Chemicals like methanol and MEG lower the hydrate
formation temperature by disrupting water's hydrogen
bonding. However, they are typically required in high
concentrations, making them costly and potentially envi-
ronmentally detrimental [21].

4.1.2 Non-thermodynamic methods (targeting kinetics
and agglomeration)

These techniques do not shift the thermodynamic bound-
ary but instead interfere with the hydrate formation pro-
cess itself.

Kinetic hydrate inhibitors

These are low-dosage polymers (typically <2 wt%) that
delay the nucleation and growth of hydrate crystals, allowing
short-term operation within the hydrate formation zone [38].

Anti-agglomerants

AAs are surfactants that prevent hydrate particles from
clumping together, keeping them suspended as a flowable
slurry. Quaternary ammonium salts are common AAs
used in flowlines and subsea operations [39].

4.1.3 Advanced and hybrid techniques

These innovative approaches combine the benefits of both
thermodynamic and non-thermodynamic strategies or
introduce novel mechanisms for hydrate mitigation.

Dual-function inhibitors

These multifunctional agents exhibit properties of both
THIs and KHIs, offering a more holistic solution for
hydrate management in dynamic environments [40].
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Gas exchange techniques

In methane hydrate reservoirs, injection of CO, or CO,/N,
mixtures can displace methane and simultaneously seques-
ter CO, in the hydrate structure, serving both production
and environmental objectives [41].

Downhole pressure regulation

Installing pressure regulators in deeper, warmer sections
of gas wells helps maintain pressure below hydrate forma-
tion limits in the upper wellbore, reducing risk in high-ca-
pacity gas production systems [42].

5 Dual-function gas hydrate inhibitors

A significant focus in recent gas hydrate research has been
the development of dual-function inhibitors, a novel class
of chemical agents capable of simultaneously exhibiting
the properties of both thermodynamic hydrate inhibi-
tors and kinetic hydrate inhibitors [43]. These multifunc-
tional compounds are designed to address the limita-
tions of conventional single-mode inhibitors by offering
enhanced hydrate control with reduced chemical dosage
requirements. Notable examples of dual-function inhibi-
tors include nanoparticles, amino acids, and ionic liquids,
each of which demonstrates the ability to interfere with
both the thermodynamic stability and kinetic growth of
hydrate structures [44, 45]. Qasim et al. [46] investigated
the application of these multifunctional agents for mitigat-
ing not only gas hydrate formation but also pipeline corro-
sion, presenting an integrated solution for flow assurance

in subsea environments. Mechanistically, dual-func-
tion inhibitors reduce the hydrate formation potential by
shifting equilibrium conditions-similar to the action of
THIs-while concurrently delaying nucleation and crystal
growth, akin to KHIs [46, 47]. This combined effect leads
to superior inhibition performance under a wider range
of temperature and pressure conditions. Furthermore,
the dual-action strategy allows for lower chemical dos-
ages, thereby minimizing operational costs and reduc-
ing the environmental footprint compared to high-dos-
age traditional inhibitors [48]. As a result, dual-function
inhibitors present a promising avenue for sustainable and
efficient flow assurance in oil and gas production and
transportation systems (Table 4) [49-56].

5.1 Ionic liquids

Ionic liquids (ILs) have emerged as highly promising
materials in the field of gas hydrate inhibition due to their
unique physicochemical properties. The pioneering work
by Shin et al. [57] demonstrated the effectiveness of five
imidazolium based ionic liquids in controlling hydrate
formation. Their study systematically evaluated the influ-
ence of these ILs on both the hydrate equilibrium curve
and the induction time for hydrate nucleation. The find-
ings revealed that ionic liquids exhibit clear dual-func-
tionality as hydrate inhibitors. As thermodynamic hydrate
inhibitors, they shift the hydrate equilibrium curve to
lower temperatures, thereby reducing the window for
hydrate stability. Concurrently, they act as kinetic hydrate

Table 4 Dual function gas hydrate inhibitors

S. No Inhibitor type Example(s) Functions References
. BT Tetraethylammonium bromide (TEABT), Shift hydrate equilibrium (THI) and
! Ammonium-based ionic liquids (AILs) Tetra-n-butylammonium bromide (TBAB) delay nucleation/growth (KHI) [49]
) Quaternary ammonium salts Tetrabutylammor}lurp fluoride, chloride, Thermod?fnar.m.c suppression and [50]
iodide kinetic inhibition
Lower hydrate formation
3 Deep eutectic solvents (DESs) Choline chloride + urea or glycerol temperature and extend [51]
induction time
. . . . . Kinetic inhibition and minor
4 Hydrophobically modified polymers Modified poly(N-vinylpyrrolidone) thermodynamic effect [52]
+ .. i i i i
5 THI-KHI synergistic blends Methanol + KHI (e.g., polyvinylpyrrolidone Combmeid suppression of hydrate 53]
or poly-caprolactam formation and crystal growth
1-Butyl-3-methylimidazolium o .
6 Imidazolium-based ionic liquids tetrafluoroborate, 1-butyl-3- Dual inhibition deper}@mg on gas [54]
. . . type and conditions
methylimidazolium chloride
. . . Act as inhibitors under specific
7 Quaternary phosphonium salts Tetrabutylphosphonium bromide (TBPB) hydrate structures (¢.g., CO.) [55]
8 Alcohol-ether hybrid molecules Diethylene glycol monoethyl ether Moderate thermodynamic and [56]

kinetic inhibition




inhibitors by prolonging the induction time before hydrate
formation commences. This combined effect significantly
enhances their performance in hydrate mitigation strate-
gies. The dual-action mechanism is largely attributed to
the strong hydrogen bonding and electrostatic interac-
tions between ionic liquid constituents and water mole-
cules. These interactions disrupt the water lattice struc-
ture essential for hydrate formation, thereby enhancing
both thermodynamic and kinetic inhibition characteris-
tics. Consequently, ionic liquids have outperformed many
conventional inhibitors, offering higher efficiency and the
potential for reduced environmental impact. Their tun-
able molecular structure further allows for optimization
toward specific operational conditions in oil and gas flow
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systems, making them a valuable class of next-generation
hydrate inhibitors (Table 5) [57-64].

5.1.1 Thermodynamics and kinetic performance of
quaternary ammonium salt inhibitors

Quaternary ammonium salts act primarily as thermody-
namic hydrate inhibitors by shifting hydrate equilibrium
to lower temperatures and high pressure, while some salts
also exhibit kinetic inhibition effects by delaying nucle-
ation and crystal growth [65]. Their dual functionality,
reduced volatility, and lower dosage compared to conven-
tional alcohols have attracted increasing attention in nat-
ural gas hydrate mitigation [66]. The comparative perfor-
mance and data can be seen in Table 6 [67].

Table 5 Dual function ionic liquids as gas hydrate inhibitors

S. No Tonic liquid (IL) Cationtype  Aniontype Inhibition type Mechanism Reference
| 1-Butyl-3-methylimidazolium Imidazolium BF- THI + KHI Shifts equ.lllbrlu.m temp, increases [57]
tetrafluoroborate 4 induction time

) 1-Hexyl-3 —meth)fhmldazohum Imidazolium cr THI + KHI Electrostatic 1nter§ct10n, hydrogen (58]
chloride bonding

3 Tetra-n—butylémmonlum Ammonium Br THI + KHI Forms s.er.nl-clathrate structures; [59]
bromide stabilizes water structure

4 Tetraethylarflmomum Ammonium Br THI + KHI Alters hydrate phase boundary, delays [60]
bromide growth

5 1-Butyl-3-methylimidazolium Imidazolium  CH.COO- THI + KHI Disrupts water nerork, delays 61]
acetate 3 nucleation

6 Chohne'-based II'JS Choline al THI + KHI Strong hydrogen bf)ndlng with water, (62]

(e.g., choline chloride) eco-friendly
7 I-Ethyl-3-methylimidazolium \ h 0 olium — N(CN)- THI+KHI  Lowers hydrate stability and growth rate [63]
dicyanamide 2
i +

3 Tetrabutylphc?sphomum Phosphonium Br THI KH.I Alters CO, hydrate systems, delays plug [64]

bromide (system-specific) formation
Table 6 Comparative performance and evaluation [67]
. Thermodynamic Kinetic .
Inhibitors performance (THI) performance (KHI) Advantage Limitations

Moderate to strong
equilibrium shift, effective for
CO,-rich and mix gas hydrate

Tetraethylammoniumbromide

Strong THI effect, form semi
clathrate hydrate that suppress
gas hydrate formation

Tetrabutylammoniumbromide

Intermediate THI
performance between TEABr
and TBAB

Tetrapropylammonium
bromide (TPABr)

Other quaternary ammonium

Moderate delay
in nucleation
and growth

Limited kinetic
inhibitions

Moderate kinetic
inhibitions

Lover dosage than
methanol, dual THI
and KHI, good
solubility in water

Limited industrial field
data, bromide related
corrosion concerns

High inhibition
efficiency, stable under
high pressure

High molecular mass, viscosity
increase, potential plugging due
to semi-clathrates

Balanced
thermodynamic and
kinetic behavior, lower
viscosity than TBAB

Less experimental data than
TBAB, cost considerations

Tunable structure, Counter-ion effects on corrosion,

salts (tetrabutylammonium
chloride (TBACI),
tetraecthylammonium
chloride (TEACI))

Variable THI performance
depending on alkyl chain
length and counter-ion

Generally weak
to moderate KHI
behavior

potential for
synergistic blends

environmental impact not
fully assessed
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5.2 Amino acids

With increasing environmental concerns surrounding
the use of conventional chemical inhibitors, the oil and
gas industry is progressively shifting toward green and
sustainable alternatives. Among these, amino acids have
gained significant attention as eco-friendly and biode-
gradable gas hydrate inhibitors [68]. Their non-toxic
nature, water solubility, and low environmental footprint
make them particularly attractive for offshore and envi-
ronmentally sensitive applications.

Several experimental investigations have demonstrated
the efficacy of various amino acids in inhibiting hydrate for-
mation. These biomolecules exhibit dual-inhibition capa-
bilities-similar to conventional thermodynamic and kinetic
hydrate inhibitors-by interfering with both the nucleation
and growth phases of hydrate formation. Their ability to
form hydrogen bonds with water molecules disrupts the
ordered water structure needed for hydrate crystal forma-
tion, thereby lowering the thermodynamic driving force
and delaying the onset of hydrate nucleation. In addition
to their environmental benefits, amino acids offer advan-
tages such as low dosage requirements, compatibility with
existing flow assurance chemicals, and cost-effectiveness
due to their availability from natural sources or biosynthe-
sis. Table 7 summarizes the most commonly studied amino
acids and their relative performance as gas hydrate inhibi-
tors based on recent literature [53, 54, 69-74].

5.3 Nanoparticles

Nanoparticles have emerged as a promising class of
dual-function gas hydrate inhibitors due to their unique
physicochemical characteristics, including a high surface

area-to-volume ratio, tunable surface functionality, and
strong interfacial interactions with water molecules [75].
These properties enable nanoparticles to interfere with
both the thermodynamic stability and the kinetic path-
ways of hydrate formation (see in Table 8 [76—83]).

By altering the local water structure and disrupting the
hydrogen-bonding network necessary for hydrate cage
formation, nanoparticles can act as thermodynamic inhib-
itors. Simultaneously, they hinder crystal nucleation and
growth, thereby functioning as kinetic inhibitors. This
dual-action mechanism enhances the overall efficiency
of hydrate prevention and allows for lower dosage levels,
which contributes to cost-effectiveness and environmen-
tal compatibility. Recent studies have explored various
types of nanoparticles, such as silica, carbon nanotubes,
graphene oxide, and metal-organic frameworks (MOFs)-
demonstrating their effectiveness in delaying hydrate
onset and shifting equilibrium conditions. Moreover,
surface modification of nanoparticles (e.g., with hydro-
philic or amphiphilic functional groups) can further opti-
mize their performance by enhancing dispersibility and
interaction with water molecules. As research continues,
nanoparticle based inhibitors are anticipated to play a vital
role in developing next-generation flow assurance strate-
gies for oil and gas pipelines.

6 Fundamentals of modeling techniques for gas hydrate
formation

The foundational principles for modeling gas hydrate
formation can be traced back to the pioneering work of
Ng et al. [84], who introduced the concept of phase equi-
librium over a century ago. His thermodynamic criteria

Table 7 Dual function amino acids as gas hydrate inhibitors

S. No Amino acid Structure type Function Mechanism Remarks References
. . . . Forms hydrogen bonds with water; . .
+
1 Glycine Simple aliphatic =~ THI + KHI interferes with hydrate nucleation Biodegradable, low toxicity [69]
2 L-Glutamic acid Acidic THI + KHI Lowers hydrate equlhbrlu'm Highly effectlvf: at low [54]
temperature; delays formation concentrations
3 L-Serine Polar, uncharged ~ THI + KHI Disrupts hydrate cage fqrmatlon Vi Shows good kinetic inhibition [53]
hydrogen bonding
. . . Alters structure of water and . .
- +
4 L-Leucine Nonpolar, aliphatic THI + KHI interferes with hydrate growth High thermal stability [70]
5 L-Lysine Basic THI + KHI Electrostatic interaction w1t‘h water; Effective at 'mlld (71]
delays hydrate nucleation concentrations
. . 7-p interactions and hydrogen .
6 L-Tyrosine Aromatic THI + KHI . . . Less soluble, used in blends [72]
bonding hinder hydrate cage stability
7 L-Arginine Basic THI + KHI Strong hydrogen b.o.nd¥ng; shifts High water solubility [73]
hydrate equilibrium
3 L-Aspartic acid Acidic THI + KHI Alters hydrogen-bonding network in Environmentally friendly [74]

water phase

option
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Table 8 Dual function nanoparticles as gas hydrate inhibitors

S. No Nanoparticle type Cheml.c 2,11 Function Mechanism Remarks References
composition
. . . - . Disrupt water structure, Can be surface-modified
+
1 Silica nanoparticles (SiO,) Silicon dioxide =~ THI + KHI hinder hydrate cage formation for enhanced effect [76]
) Carbon nanotubes (CNTS) Cylindrical THI + KHI Adsorb water/gas molecu@es, High surface areg z?nd (7]
carbon structures alter local thermodynamics thermal conductivity
. Oxidized Hydrogen bonding with water, Eco-friendly and
+
3 Graphene oxide (GO) graphene THI+ KHI delays hydrate nucleation thermally stable (78]
Interact with water molecules, .
4 Metal oxide nanoparticles Zn'O, ALO;, THI + KHI interfere with hydrate Effective at. low [79]
TiO,, CuO . . concentrations
2 lattice formation
Electrostatic and van der Antimicrobial and
5 Silver nanoparticles (AgNPs) ~ Nanoscale silver THI + KHI Waals interactions with e [80]
. . inhibitory dual role
hydrate-forming species
Disrupt hydrogen
6 Magnetite nanoparticles Fe,0, THI + KHI bonding, magnetic field Can be re?overed [81]
- . magnetically
enhances dispersion
7 Copper oxide nanoparticles CuO THI + KHI Interfere with gas dlﬂu510n Stab.IC in harsh [82]
and water structuring environments
3 Cellulose nanocrystals (CNCs) Natural polymer- THI + KHI Modify hydrogen bonding Renewable and [83]

based

network of water

biodegradable

for equilibrium laid the groundwork for the development
of advanced modeling tools used in predicting gas hydrate
behavior. According to Gibbs' conditions for phase
equilibrium:
» the chemical potential of each component must be
equal in all coexisting phases;
* the temperature and pressure must be uniform across
all phases;
 the global Gibbs free energy of the system must be
minimized.

These principles are fundamental to accurately describ-
ing the phase behavior of complex gas hydrate systems.
They enable the formulation of models capable of predict-
ing hydrate formation and dissociation conditions under
varying temperature, pressure, and compositional regimes.

Over time, three major modeling approaches have
evolved to estimate hydrate formation conditions:

* statistical model,;

* equilibrium model;

* multi-component statistical model.

6.1 Statistical model

These models are primarily based on the van der Waals—
Platteeuw theory [6], which employs statistical thermo-
dynamics to describe the occupancy of guest molecules in
hydrate cages. This pioneering framework was the earliest
theoretical approach designed to quantify the thermodynamic

behavior of gas hydrate systems, specifically focusing on the
occupancy of guest molecules within the hydrate lattice. The
key assumption is that hydrate formation is a non-stoichio-
metric process, and the model uses Langmuir adsorption iso-
therms to compute the probability of cage occupancy. The
model drew inspiration from adsorption theory, treating the
incorporation of guest molecules into hydrate cages similarly,
to how gases adsorb onto a solid surface. It laid the theoret-
ical foundation for modern hydrate thermodynamic model-
ing, particularly for systems involving a single guest mole-
cule occupying a specific cavity type in the hydrate structure.

6.1.1 Thermodynamic framework

At the core of the statistical model lies the expression
for the chemical potential difference between water in
the hydrate phase (u,,) and in the reference empty lattice
phase (,uﬂ), given as:

My —py =RTY ViIn(1-Y)), 0]

where:

* u,: chemical potential of water in hydrate phase;

©ouy chemical potential of water in the empty hydrate
lattice;

* R:universal gas constant;

» T absolute temperature;

* V. number of cavities of type i per water molecule;

* Y. probability that a cavity of type i is occupied by
a guest molecule.
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6.1.2 Probability function

The occupancy probability Y., which represents the likeli-
hood of a cavity of type i being occupied by a guest mole-
cule, is given by the Langmuir-type expression:

CP
1+CP’

y = @)
where:
* C.: Langmuir constant for cavity type i, a function of
guest-host interaction;
e P:partial pressure of the guest gas.

This model assumes that:

* hydrate formation is a non-stoichiometric process;

» guest molecules do not distort the hydrate cage;

» there is no interaction between guest molecules in
adjacent cavities.

The van der Waals—Platteeuw model remains the cor-
nerstone of hydrate thermodynamic modeling and has
been extended over the years to handle multi-component
systems, varying pressure-temperature conditions, and
structural variations in hydrate cages.

6.2 Equilibrium model

These models use thermodynamic equilibrium criteria,
incorporating equations of state (e.g., Peng-Robinson,
Soave-Redlich-Kwong) and activity coefficient mod-
els to describe fluid phases. Hydrate phase is typically
modeled using empirical or semi-empirical formulations
derived from experimental data. The model proposed by
Ng et al. [84] marked a significant advancement in gas
hydrate modeling. This approach enabled the prediction
of gas hydrate formation under equilibrium conditions
in systems where hydrocarbons coexist with an aqueous
phase [6]. Before applying this model, it is essential to
assess volumetric changes and enthalpy variations during
hydrate formation. Additionally, an equivalent expression
for permeability (perms) can be utilized to enhance model
accuracy [85]. To calculate component fugacity, the model
employs the Peng—Robinson equation of state (EoS), which
was originally introduced in 1976 [86]. This equation pro-
vides a versatile framework for simulating hydrates in both
gas and non-aqueous liquid phases, making it suitable for
complex multiphase systems. To better match the specific
systems modeled by Ng and Robinson, modifications to the
EoS parameters were later proposed [84]. Alternatively,
the Soave equation of state, introduced in 1972, or other
dual-purpose EoS formulations that perform effectively in

both gas and liquid phases, can also be employed. Over
time, the Peng-Robinson and Soave EoS-along with their
modified forms-have become essential tools for thermody-
namic modeling in the oil and gas industry, particularly in
the domains of flow assurance and hydrate prediction [87].

6.3 Multi-component statistical model
While the original statistical model provided a founda-
tional framework for calculating gas hydrate formation,
it was eventually found to lack the precision needed for
reliable predictions. To address these limitations, Parrish
and Prausnitz [88] introduced a modified statistical model
that significantly improved the accuracy of hydrate for-
mation estimates. This enhanced model incorporated two
major advancements over its predecessor:
1. it accounted for multi-component gas mixtures par-
ticipating in hydrate formation;
2. it considered the overall composition of all compo-
nents within the system [89].

The model is expressed as:
py =y =RTY ViIn(1-3" ¥, ). )

In Eq. 3):

» The first equation represents the chemical potential
difference between the hydrate phase (x,,) and the
empty lattice or reference phase (u ﬁ).

* The second equation defines the occupancy proba-
bility Y, of guest molecule & in cavity type i, which
depends on the Langmuir constant c,, the partial pres-
sure P,, and contributions from all competing gases.
This model captures the competitive occupancy of
hydrate cavities by multiple gas species, reflecting
the non-ideal behavior of the gas phase-especially
at high pressures, where such competition becomes
significant. Importantly, even non-occupying gases
are considered, as their presence influences cavity
occupancy probabilities by reducing the likelihood
of guest molecule encapsulation. To further enhance
predictive capability and improve agreement with
experimental data, minor modifications were later
made to better capture pressure-induced effects and
to fine-tune curve fitting.

7 Models for machine learning and scientific inquiry
7.1 Artificial neural networks

An artificial neural network (ANN) is a type of machine
learning (ML) model that draws inspiration from the com-
position and operations of the human brain. They are very



good at capturing complicated nonlinear correlations
between input and output variables, which makes them
ideal for modeling complex processes that frequently
involve multivariate, nonlinear, and dynamic interactions,
such as gas hydrate formation and inhibition [90]. In gas
hydrate systems, where temperature, pressure, composi-
tion, inhibitors, and flow dynamics interact in a nonlinear
way, artificial neural networks are effective stand-in mod-
els for classic physical or empirical models that are either
computationally or analytically unfeasible [91].

7.1.1 Architecture and working mechanism
ANNSs typically consist of multiple layers of interconnected
computational units or "neurons", organized as follows:

* input layer: receives the feature vector, which may
include variables such as pressure, temperature,
gas composition, and inhibitor concentration;

* hidden layers: perform nonlinear transformations
using weighted summation and activation functions.
These layers enable the network to capture and learn
complex patterns;

» output layer: produces the final prediction, such as
the probability of hydrate formation, induction time,
or inhibition efficiency.

The artificial neural network in gas modeling can be
seen in Fig. 5 [92]. The descriptions of the symbols of
Fig. 5 can be seen in Table 9.

7.2 Decision tree

Decision trees are a widely used supervised machine learn-
ing ML algorithm applicable to both classification and
regression tasks. They operate by recursively partition-
ing the dataset based on feature values, creating a tree-like
structure where each internal node represents a decision
rule, and each leaf node corresponds to an outcome. Due to
their transparency and simplicity, decision trees are partic-
ularly favored in applications where model interpretability
is essential, as they closely emulate human reasoning.

7.2.1 Working mechanism
The construction of a decision tree follows these key steps:

1. Initialization: begin with the entire training dataset
at the root node.

2. Feature selection: at each node, select the feature and
corresponding threshold that best splits the data. This is
typically based on criteria such as Gini impurity, infor-
mation gain, or variance reduction (for regression).

Akram et al. | 1 35
Period. Polytech. Chem. Eng., 70(1), pp. 124-140, 2026

ey

y=g (w(l.yhl. +bj.:))
Fig. 5 Artificial neural network in gas hydrate modeling [92]

Table 9 Symbols and descriptions of artificial neural network in
gas modeling

Symbol Description

y Output of the neuron

X, x,is the /" input or activation from previous layer

w, Weight assigned to each input

n Number of input features

5 Summation symbol, indicating that we add up the products

of all inputs nad weight from 1 to

V. Producing a final output value

h, The first neuron in the hidden layer

b Bias term

w;z‘ Weight associated with the input hj for the second layer

f Activation functions (e.g., ReLU, Sigmoid)

W Weight associated with the connection between the i™
i input and /" neuron in the n™ layer

h, Output from the /" hidden neuron

b,(.“ Bias term for the /™ neuron in the first layer

b Bias term for the /™ neuron in the second layer

m Represent the total number of nodes in the hidden layer

g Activation functions (e.g., ReLU, Sigmoid)

3. Data partitioning: split the dataset into subsets
according to the chosen feature and threshold.

4. Recursive splitting: apply the same procedure recur-
sively to each subset (branch), building the tree layer
by layer.

5. Stopping criteria: Terminate the splitting process
when a predefined condition is met (e.g., maximum
tree depth, minimum number of samples per node, or
minimal gain from further splits).

6. Prediction assignment: Assign a final output (class
label or regression value) to each terminal node
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(leaf) based on the majority class or average value of
data points within the leaf.

Decision trees offer intuitive insights into feature
importance and decision pathways, making them a foun-
dational model in explainable ML. The data of field scale
and Pilot scale experiences with inhibitors and predictive
modeling can be seen in Table 10 [93].

When sophisticated corrosion inhibitors and predictive
modelling methods are used together in industrial settings,
there are obvious operational, environmental, and economic
benefits [94]. High performance, environmentally safe inhib-
itors minimize toxic waste and guarantee long lasting pro-
tection in challenging oil and gas environments [95]. In the
mean-time data driven optimization of inhibitor dosing and
asset management is made possible by ML, probabilistic,
and life cycle models. This reduces chemical usage and
maintenance cost and supports well-informed, long term
infrastructure and sustainability decisions.

8 Conclusion

In the oil and gas industry, gas hydrates continue to pro-
vide serious and complex problems, particularly in subsea
and deepwater pipeline environments. They can seriously
impair flow assurance when they form in high-pressure,
low-temperature environments, resulting in operational
delays and significant financial losses. The mechanisms
of hydrate formation, structural classifications, and their
effects on pipeline systems have all been thoroughly
examined in this review. Conventional mitigation strat-
egies, such kinetic and thermodynamic inhibitors, have
been crucial, but they are frequently limited by issues like

low efficiency, high cost, and environmental problems.
By improving inhibition performance while reducing
ecological effect, recent developments, such as the cre-
ation of dual-function inhibitors including ionic liquids,
amino acids, and nanoparticles, provide intriguing sub-
stitutes. Additionally, predictive capabilities and opera-
tional planning have been greatly enhanced by the use
of sophisticated modelling techniques, which range from
statistical and thermodynamic models to ML tools like
artificial neural networks and decision trees. A compre-
hensive strategy combining cutting-edge chemical solu-
tions, ongoing monitoring, and sophisticated predictive
modelling is necessary for the oil and gas industry to
maintain safe, effective, and economical energy trans-
fer. The development of next-generation inhibitors and
strong modelling frameworks to successfully address
hydrate-related problems in an operational environment
that is becoming more and more demanding will require
ongoing multidisciplinary research and cooperation
between industry and academia.
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Table 10 Field scale and pilot scale experiences with inhibitors and predictive modeling [93]

Category Approach/system

Key findings

Practical benefit

Organic inhibitor, eggshell-

Green inhibitors R R
drives extraction

Organic-inorganic

Hybrid inhibitors L
combinations

Qll 'ar.ld £as Water dispersible inhibitors

inhibitors

ANN, Adaptive neuro-

ML-based models .
fuzzy inference system

Real-time
optimization

Data driven plant scale
models

Density functional theory,

Molecular modeling simulation modeling

Achieved inhibition efficiency exceeding 80-90%
in acidic pickling environments

Demonstrate superior durability under high- stress
industrial conditions

Continue to serve as industry standards for
CO,/H,S corrosion control
Accurately predict full corrosion-rate time profiles
Utilize daily operational data to dynamically
adjust inhibitor dosage

Provide detailed adsorption and interaction
insights, through limited in real world complexity

Reduce environmental toxicity, safe
waste disposal, and compliance with
green regulations

Extended service life and reduce
maintenance frequency

Proven reliability and long term
pipeline integrity
Shift from reactive maintenance to

predictive corrosion management

Reduce over dosing, low operating
costs, and real time process control

Improved inhibitors design when
integrated with experimental validation
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