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Abstract: Gas hydrate inhibition using chemicals has been under continuous investigation, and sev-
eral modelling studies have been published since its inception. Since it is not always feasible to con-
duct experimental research, it is especially crucial to forecast the conditions under which gas hy-
drates may form and dissociate in the presence of chemical inhibitors. As a result, a reliable fore-
casting tool is vital. This article provides an exhaustive review of various modelling methodologies
in the context of gas hydrate chemical inhibition. The key aspects of empirical models, thermody-
namic models, kinetic models, artificial intelligence-based models and quantum chemistry-based
models are presented. Critical analysis of each modelling approach has been performed, highlight-
ing strengths, limitations, and areas where further investigations are still crucial. Rapid progress
has been made with respect to gas hydrate modelling approaches in the context of chemical inhibi-
tion; however, further research is still vital to bridge the gaps that have been identified in this review.
Potential improvements to existing models have been proposed, particularly in terms of integrating
experimental data and utilizing hybrid approaches, which could serve as valuable future directions
for the field.
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1. Introduction

One of the most significant flow assurance issues is gas hydrate formation during
natural gas production, processing, and transmission. Gas hydrates can cause blockages
in pipelines, which can negatively impact transmission safety and significantly interrupt
operations [1]. The necessity of resolving this problem has sparked interest in research on
gas hydrate formation mitigation. Numerous researchers have been examining different
gas hydrate prevention techniques for a number of years [2,3]. Chemical inhibition is the
most frequently employed and efficient means of preventing gas hydrate generation [4,5].

Experimental investigation is not always viable and therefore, appropriate modelling
approaches for predicting the impact of chemical inhibitors on hydrates of natural gases
should be sought. Multiple investigations have been undertaken over many years, with
several chemical inhibition approaches being proposed with some distinct modelling
methodologies [6].

A thorough understanding of various accurate modelling tools is necessary to enable
flow-assurance workers in the oil and gas industry to make well-informed decisions when
mitigating the development of gas hydrates in pipelines using chemicals. Therefore, a
comprehensive review of suitable modelling approaches should be available, and this ar-
ticle is intended to provide an in-depth review of different gas hydrate modelling ap-
proaches in the context of chemical inhibition. The primary objectives of this research are
as follows:
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(1) highlight developments in gas hydrate modelling in the context of chemical inhibi-
tion.

(2) identify areas of potential further research in modelling gas hydrate systems in the
presence of chemical inhibition.

While a review paper previously published on this subject matter concentrated pri-
marily on general gas hydrate modelling techniques [7], this work emphasizes gas hy-
drates modelling approaches in relation to chemical inhibition. It offers a comparative
analysis of different models, highlighting their strengths and limitations in ways that have
not been previously explored in detail.

2. Background on Gas Hydrates
2.1. Definition

Gas hydrates are sub-groups of compounds known as clathrate hydrates. These are
a special type of inclusion complexes composed of two molecules that organize them-
selves in space such that the guest molecule is confined within the host [8]. In gas hydrates,
the gas molecules are confined inside the cage of water molecules [9]. When the guest
molecules engage with the host molecules through Van der Waals intermolecular forces,
a cage-like structure, known as clathrate hydrate, is formed [10]. In gas hydrates, there is
no interaction between the guest and host molecules; therefore, the former molecules are
free to rotate within the framework formed by the latter molecules [9]. Figure 1 illustrates
the three crystal forms that the majority of natural gas hydrates typically correspond to:
structure I (type-I), structure II (type-II), and structure H (type-H) [11]. Type-I, type-IL
and type-H hydrates consist of 46, 136, and 34 water molecules, respectively [12]. A gas
hydrate forms when the following requirements are met: the presence of gas molecules
and the existence of water molecules at low temperature and high pressure conditions
[12].

46 Waler Molecules

Figure 1. Three common gas hydrate structures (I, II, and H) that are comprised of five distinct water
cages [13].
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2.2. History of Gas Hydrate Research

Gas hydrates were first recognized by Sir Humphrey Davy in 1810 [13]. It was then
experimentally certified by John Faraday in early 1820 [14]. Nonetheless, gas hydrates re-
mained a matter of academic interest until they were identified by Hammerschmidt [1] as
being responsible for blockages in oil and gas transmission lines. It was at that time when
the industry, government, and academia began an intensive effort to investigate natural
gas hydrates [8]. Since then, various researchers have been constantly investigating differ-
ent gas hydrate prevention measures [2,3,15]. A great deal of study has been conducted in
this area regarding the impact of inhibitors on equilibrium conditions [14].

2.3. Properties

The chemical inhibition of gas hydrates requires an understanding of their thermo-
dynamic and kinetic characteristics. The thermodynamic stability of gas hydrates is af-
fected by factors such as temperature, pressure, gas composition, and condensed phase
composition (which involves hydrocarbon in the liquid phase, salt content, and the chem-
ical inhibitor) [7]. In thermodynamic gas hydrate inhibition, determining the temperature
and pressure conditions at which the flow system would be inside the hydrate stability
zone and assessing the settings surrounding gas hydrate dissociation are crucial. Figure 2
depicts the pressure and temperature profile to which a typical fluid can be subjected to
inside a flow system. The hydrate formation occurs in the stable hydrate zone. The addi-
tion of a thermodynamic inhibitor in the pipeline can cause the hydrate stabilization zone
to migrate to lower-temperature and higher-pressure conditions. The kinetics of hydrate
growth are a complicated process, in contrast to the thermodynamic characteristics of gas
hydrates. Several kinetic factors can impact the nucleation and development of hydrates,
and consequently the dissolution of hydrates in water-gas systems [16]. The driving
forces, which include temperature and pressure, composition, and interfacial area, are
some examples of these factors [11].
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Figure 2. The equilibrium settings and locations of the metastable phases of Freon-12 gas [17].

2.4. Challenges in the Formation of Gas Hydrates

In the oil and gas industry, the accumulation of gas hydrates eventually plugs the
gas transmission lines, which leads to uneconomical operation and production stoppages
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[8]. The formation of a plug divides the pipeline into two sections: an upstream segment
with high pressure and a downstream section with low pressure. As the pressure differ-
ential between these two sections rises, the plug may damage the pipe. This may endanger
personnel safety and compromise the integrity of the production equipment [18]. During
the processing of marine hydrates, external parameters, such as temperature and pres-
sure, may be unpredictably modified, which may lead to hydrate dissociation, enhancing
the greenhouse effect via gas emissions. As a result, it is critical to consider safe and envi-
ronmentally friendly gas hydrate production [19].

The conventional approach for preventing the development of gas hydrates in pipe-
lines is to utilize thermodynamic chemical inhibitors such as methanol and glycol at high
concentrations of up to 60 weight percent. Large volumes of methanol and glycol are re-
quired, which drives up costs and creates logistical and environmental issues [20].

2.5. Innovative Applications of Gas Hydrates

Despite their negative implications in gas and oil industries, gas hydrates have sev-
eral beneficial applications. Natural gas hydrate deposits can be used to produce gas,
which the global economy needs as an unconventional energy source. More than 230 nat-
ural gas hydrate deposits have been found on earth, and this can sufficiently supply en-
ergy for many years [21]. Gas hydrates are also useful for the storage and transmission of
gas [22]. The process of storing and transporting gas in the form of gas hydrates is more
cost-effective than traditional storage techniques such as liquefaction because less infra-
structure and equipment are needed. Gas hydrate crystallization is a novel method for
separating carbon dioxide from combustion exhaust gas [23]. In addition to carbon diox-
ide, other greenhouse gases, such as methane, hydrogen sulphide, nitrogen, and others,
have also been investigated in relation to gas hydrate separation techniques [22,24]. The
water desalination process also includes the application of gas hydrates [8]. The use of gas
hydrate formation to concentrate dilute aqueous solutions, including fruit juices, has also
been investigated [25]. The utilization of carbon dioxide gas hydrates for separating ionic
liquids from dilute aqueous solutions has also been proposed [26].

3. Gas Hydrate Inhibition
3.1. Principle

In the oil and gas sector, hydrates are considered as problematic because they block
transmission lines, which poses a safety risk and leads to financial loss [1]. Thus, it is cru-
cial to implement reasonable and safe measures to stop the buildup of gas hydrates in
pipelines during the transit of natural gas [4]. As previously stated, the following condi-
tions promote the production of a hydrate: low temperature and high pressure, as well as
the presence of water and a gas, such as methane, ethane, or carbon dioxide.

Therefore, gas hydrate inhibition can be performed using at least one of the following
four common methods: (1) heating the system above the temperature at which hydrates
form; (2) lowering the system pressure to below the hydrate stabilization zone; (3) remov-
ing water from the system; (4) introducing specific chemicals to stop or postpone the pro-
duction of gas hydrate plugs [27]. Chemical inhibition is the commonly used and most
effective method for the avoidance of gas hydrate production [4,5].

3.2. Types of Chemical Inhibitors

Chemical inhibitors can be divided into two main groups based on the quantity levels
at which they are used, namely high-dosage hydrate inhibitors (HDHI) and low-dosage
hydrate inhibitors (LDHI) [5]. High-dosage hydrate inhibitors include thermodynamic
hydrate inhibitors (THIs), while low-dosage hydrate inhibitors include kinetic hydrate in-
hibitors (KHIs) and anti-agglomerates (AAs).
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3.2.1. Thermodynamic Hydrate Inhibitors (THIs)

Thermodynamic hydrate inhibitors move the hydrate equilibrium curve towards
lower temperature and higher-pressure conditions, maintaining the system out of the hy-
drate production zone [28]. By breaking the bond of hydrogen that joins water molecules
together, a thermodynamic hydrate inhibitor aims to prevent the development of gas hy-
drates. This hydrogen bond disruption leads the hydrate-liquid—vapor equilibrium curve
to shift to a higher pressure and lower temperature. This changes the thermodynamic pa-
rameters, encouraging the development of gas hydrates [29]. The most used THIs are elec-
trolytes, methanol, and monoethylene glycols; however, their application is restricted by
their high cost and related environmental issues [11]. Consequently, further search for
cost-effective and environmentally friendly THIs remains crucial. Furthermore, ionic lig-
uids are regarded as highly attractive THI candidates for effectively dissociating gas hy-
drates. To stop the formation of cage-like structures, these THIs have the ability to form
hydrogen bonds with water molecules. A significant amount of THIs is required to
properly disintegrate a gas hydrate in a certain gas stream [30].

3.2.2. Kinetic Hydrate Inhibitors (KHIs)

Low molecular weight polymers in a solvent are the hallmark of kinetic hydrate in-
hibitors. Unlike THIs that prevent hydrate formation by altering thermodynamic condi-
tions, KHIs postpone the hydrate nucleation period by slowing down the hydrate growth
[31]. Compared to traditional THIs such as methanol, KHIs can significantly lower the
total cost of hydrate inhibition [32]. The most often utilized KHIs are copolymer deriva-
tives or synthetic polymers that can be either in liquid or solid phase [28].

3.2.3. Anti-Agglomerates (AAs)

Surface-active substances called anti-agglomerates do not prohibit gas hydrates de-
velopment; instead, they stop pipeline blockages [33]. They keep hydrates from conglom-
erating, thereby maintaining the fluid viscosity low and allowing the hydrates to be de-
livered in a slurry state [34]. AAs are more economical and operate better as hydration
inhibitors under extremely high pressure compared to KHIs [35]. The mostly used AAs
are quaternary ammonium salts and surfactants in the oil and gas sector [28].

3.2.4. Dual Function Gas Hydrate Inhibitors

Compounds known as dual function inhibitors serve as both thermodynamic and
kinetic inhibitors by moving the equilibrium hydrate curve to a lower temperature and
concurrently lengthening the induction period for gas hydrate development [36]. Ionic
liquids have garnered significant attention from researchers due to their potential as dual
function hydrate inhibitors [36-38].

3.3. Data Collection Criteria
3.3.1. Review of Equipment

The experimental equipment that is used to measure the phase equilibrium condi-
tions is classified into two main types: dynamic and static techniques [39]. Static tech-
niques are preferred due to their simplicity and applicability at high pressures and various
temperatures [40,41]. The major limitation of the static experimental set up is the long time
interval that is required before the equilibrium conditions are attained [41]. An alternative
experimental set up that may be used to shorten the time required to attain equilibrium is
the Quartz Crystal Microbalance (QCM), which uses small amounts of samples [42]. Most
of the time, QCM hydrates do not cling to the quartz crystal’s surface as they should, and
this makes the operation impractical [41]. The objective of the study and the ease with
which data are collected influence the choice of experimental equipment used. Among
other static apparatus, stirred reactors, autoclaves, crystallizers and high-pressure cells
are commonly employed to monitor the temperature, pressure, and agitation strength
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when investigating the chemical inhibition of gas hydrates [43]. The autoclave technique
is preferred when high shear rates are required; however, the number of tests that can be
performed in a particular time span is limited, and this may require a large volume of the
sample to be used [44]. Gas hydrate chemical inhibition has also been studied using calo-
rimetric techniques such as differential scanning calorimetry (DSC) [45]. This procedure
is relatively quicker than the traditional approaches; however, the inconsistencies in the
measured properties using similar calorimetric approaches are significantly higher than
the stated experimental uncertainties [41]. Rocking cell equipment has also been used in
gas hydrate systems involving chemical inhibition [46]. Although rocking cells typically
require a small volume of sample, in water cut investigations which are greater than 60
vol%, the significant volume of hydrates that are generated may result in false negatives
due to the restricted mixing taking place in this experimental setup [46].

Titanium and stainless steel are often used to make the cell body. The apparatus typ-
ically consists of a magnetic stirrer, a vessel (cell) with a particular capacity that can toler-
ate high pressures, and a window or cameras to visually monitor the development of gas
hydrate. High-precision temperature and pressure probes, as well as gauge/transducers,
are necessary for the measurement of the change in these parameters to validate the de-
velopment of gas hydrates.

The data are recorded using a data acquisition device [47]. Table 1 contains a list of
apparatus and a selection of investigators who have utilized them for gas hydrate research
in the presence of chemical inhibitors.

Table 1. Apparatus for studying gas hydrates with chemical inhibitors present.

. Volume Pressure
References Inhibitor Apparatus (cm?) (MPa)
[48] THI High-pressure cell 500 20
[49] THI High-pressure cell 60 20
[50] THI High-pressure cell 75 15
[51] THI High-pressure cell 650 20
[52] THI High-pressure cell 250 20
[53] THI Crystallizer 416 30
[54] THI Stirred reactor 300 *N/A
[55] THI Differential scanning calorimetry 0.5 40
[56] THI Hydreval 80 20
[57] THI Autoclave 150 *N/A
[58] KHI Autoclave *N/A *N/A
[59] KHI Autoclave 145 40
[60] KHI Autoclave 23 *N/A
[61] KHI High-pressure cell 90 15
[62] KHI High-pressure cell 100 20
[63] KHI High-pressure cell 280 10
[15] KHI High-pressure cell 300 12
[64] KHI Crystallizer 500 20
[65] KHI Crystallizer 400 *N/A
[66] KHI Stirred reactor 220 *N/A
[67] KHI Stirred reactor 300 20
[68] KHI Differential scanning calorimetry 0.5-1 40
[69] KHI Differential scanning calorimetry 0.5-1 40
[70] AA Autoclave 23 *N/A
[70] AA Rocking cell 20 *N/A
[71] AA Rocking cell *N/A 20

[72] AA Rocking cell *N/A *N/A
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[36] THI/KHI  Differential scanning calorimetry 0.5 40
[37] THI/KHI  Differential scanning calorimetry 0.5 40
[73] THI/KHI  Differential scanning calorimetry *N/A 100
[38] THI/KHI Stirred reactor 420 20
[74] THI/KHI High-pressure cell 150 *N/A
[75] THI/KHI High-pressure cell 650 20

* N/A: not applicable or not given in the literature.

3.3.2. Procedure

Three primary procedures (isothermal, isobaric, and isochoric, respectively) were de-
veloped for experimental phase equilibrium condition measurements [11,76]. The isother-
mal approach keeps the system temperature constant, and the equilibrium pressure is es-
tablished by visually observing the disappearance of the hydrate. In the isobaric approach,
the equilibrium temperature is determined by visually observing the hydrate’s disappear-
ance while maintaining a constant system pressure. The isochoric approach maintains a
constant volume while changing the pressure with temperature and phase change. Since
the hydrate dissociation points are found using a pressure vs. temperature plot, the iso-
choric approach does not require visual observation. The hydrate phase equilibrium con-
ditions are frequently measured using non-visual procedures in most studies [77].

Tohidi et al. [76] demonstrated that for non-visual techniques, the time necessary for
dissociation pressure measurement is greatly shortened by increasing the size of the tem-
perature increments. This offers the advantage of enhancing both the testing cost and the
dependability of the results. The isochoric pressure search method, which uses the non-
visual technique, was implemented for the measurement of the dissociation conditions by
[78]. Most researchers have recently used this method in their studies involving measure-
ments of the dissociation conditions [49,51,57,62,79].

3.3.3. Data Presentation and Processing

To examine how chemical inhibitors affect the development of gas hydrates, the hy-
drate-liquid-vapor equilibrium (HLwVE) curve is plotted. The plotted curve is then com-
pared to relevant data from published literature to endorse the experimental apparatus
and methodology used. The liquid hydrate equilibrium point is obtained from a diagram
of pressure against temperature which is drawn for every experimental run. The liquid
hydrate equilibrium point is the intersection of the heating and cooling curves as illus-
trated in Figure 3.

The inhibitory impact of various inhibitors can be determined from the hydrate equi-
librium data illustrated in both tabular and graphical presentations. The typical data on
hydrate equilibrium for the evaluation of the thermodynamic inhibition effect of methanol
(MEG) are summarized in Figure 4 and Table 2. The region where hydrates are thermo-
dynamically in equilibrium is shown on the left side of the curve, and the region devoid
of hydrates is shown on the right side [80]. The demonstration of gas hydrate inhibition is
represented by the shift of the HLwVE curve to the left of the original curve, into the
lower-temperature and higher-pressure zone.

Furthermore, the introduction of a thermodynamic inhibitor transfers the hydrate
equilibrium temperature to a lower value at the corresponding pressure, and this results
in suppression temperature (ATe). Based on calculated ATeq data, the thermodynamic in-
hibition effect of different inhibitors can be objectively compared at any given concentra-
tion and pressure. The greater ATeq is, the greater will be the inhibition effect.
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Figure 3. Typical pressure and temperature profile recorded during the experiment with deionized
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Table 2. Phase equilibrium data for (natural gas + aqueous MEG solutions) at different MEG con-
centrations [80].

Concentration (Wt%)  Pressure (MPa) Temperature (K) Calculated AT,, (K)
10.0 10.0 291.7 2.3
7.9 290.4 2.3
4.8 286.8 2.2
30.0 11.4 284.9 9.6
8.0 283.3 9.3
5.0 281.5 8.9
50.0 114 271.9 23.7
9.2 2714 23.1
7.2 270.5 222
5.7 269.7 21.3

The typical hydrate equilibrium data used for evaluating the effect of kinetic inhibi-
tion effect are summarized in Figure 5 and Table 3. The mechanism of action of kinetic
hydrate inhibitors involves postponing the process of hydrate nucleation and develop-
ment, thereby extending the hydrate onset time. The period between the system entering
the hydrate equilibrium region and the first indication of hydrate development is known
as the induction or hydrate onset time. Thus, the hydrate onset time indicates how long
the development of hydrates is delayed in the presence of kinetic hydrate inhibitors [80].
It should also be noted that the amount of the hydrate former (gas molecules) in the gas
phase decreases with the formation of the hydrate. Therefore, the rate at which hydrate is
formed may be calculated by monitoring the gas consumption rate. Thus, the kinetic hy-
drate performance of different inhibitors can be demonstrated in terms of prolonged hy-
drate induction time and reduced hydrate formation rate. Typically, as shown in Table 3,
the hydrate induction time (to) is 185.0 min in the presence of the kinetic inhibitor (30.0
wt% MEG solution), which signifies a substantial delay, as compared to 39.0 min in the
absence of the inhibitor (pure water). Furthermore, it is clear from observing the gas con-
sumption rates in Figure 5 that, in comparison to pure water, the hydrate development
rate for 30.0 wt% MEG solution is extremely low.

30—[

25 1

b
=]
L

Gas consumption (ml)
o

te( )
10 l_
.—f’"’ﬂf
5 T
0 T T
300 400 500

Time (min)

Figure 5. Curves of synthetic gas mixture usage during hydrate formation: pure water (e); 10.0 wt%
MEG solution (¥'); 30.0 wt% MEG solution (l). The time at which the hydrate equilibrium temper-
ature is reached is known as the time origin [80].
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Table 3. Hydrate induction time, subcooling temperature (ATs,,;) and 10% hydrate conversion time
(t10%) in the presence of pure water and 10 and 30 wt% MEG solutions [80].

System AT, (K) ty (min) t19y, (min)
Pure water 7.5 39.0+3.7 79.2+6.5
10.0 wt% MEG 6.8 60.0£6.2 98.0+8.9
30.0 wt% MEG 7.0 185.0 £ 16.5 >354.0

4. Modelling Approaches
4.1. Modelling in the Context of Gas Hydrate Inhibition

In industrial applications, the prediction of gas-hydrate phase equilibrium conditions
is very important to successfully inhibit gas hydrate formation. Thus, an accurate model-
ling approach is required. The first attempt of modelling in the context of gas hydrate
inhibition commenced with Hammerschmidt in the 1930s [6]. It was very critical to fore-
cast the effect of inhibitors on the gas-hydrate phase boundary; hence, Hammerschmidt
developed a formula that would be used to predict the sufficient quantity of inhibitors
required to prevent the possibility of gas hydrate development. The basis of this equation
was the reduction in the temperature at which hydrates develop in the presence of inhib-
itors, and this is a result of the inhibitors” intermolecular interaction with the water mole-
cules. The reduction in equilibrium temperature that is caused by the addition of inhibi-
tors is known as the suppression temperature.

In a search for more accurate prediction tools, the modelling techniques based on
thermodynamics were established in the 1950s [6]. The equality of each component’s
chemical potential throughout all phases is the foundation of thermodynamic models. The
presence of the inhibitor changes the phase equilibrium and, as a result, each component’s
chemical potential in the mixture is also changed. The inhibitor will also cause a consid-
erable alteration in water activity. Therefore, a modelling tool that will accurately predict
both the chemical potential and the water activity of each component in the mixture is
required. Several thermodynamic models have been proposed and applied to predict the
gas-hydrate phase equilibrium in the presence of inhibitors. However, the prediction
methods based on the influence of inhibitors on the activity of water were shown to have
more accurate results [82].

4.2. Gas Hydrate Inhibition Models
4.2.1. Empirical Modelling

Simple models have been developed to estimate the hydrate inhibition effect of some
chemical additives. Most available empirical models have been developed to estimate the
magnitude of hydrate equilibrium temperature decrease caused by the addition of inhib-
itors [83]. As mentioned earlier, the first model that was proposed to determine the tem-
perature at which hydrate suppression occurs when inhibitors are present was the Ham-
merschmidt equation. This equation is based on the principle which states that the weight
of a component dissolved in a specific amount of solvent is directly related to the freezing
point lowering, as shown in [84,85].

¥t = hici00 - ) .

where AT, is the suppression temperature in °C, kx is a constant with a value of 1297, W
is the concentration of the inhibitor, expressed as weight percentage in the aqueous phase,
and M is the molar mass of the inhibitor, expressed in g/mol. Nevertheless, this equation
is restricted to modest doses of typical inhibitors such ethylene glycol and methanol [86].
The Hammerschmidt equation has been modified over time to increase its accuracy by
adding parameters based on various types of inhibitors [86]. Nielsen and Bucklin
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developed an alternative equation for measuring methanol’s hydrate inhibition [87]. Their
equation is as follows:

AT,q = =72In(1 — xy) 2)

where AT, is the suppression temperature, expressed in °C, and x,, is the mole fraction
of methanol. According to Nielsen and Bucklin, the accuracy of this formula is valid up to
a mole fraction of 0.8 [86].

The following equation can be used to calculate the weight percent from the mole
fraction:

Xy My

X, =
M7 18.015 + xp (M, — 18.015) )

where X), is the weight fraction methanol, and My, is the molar mass of methanol.

Despite being designed for use with methanol, the Nielsen—Bucklin equation is inde-
pendent of the type of inhibitor used [86]. The equation can theoretically be used for any
inhibitor because it only considers the concentration of the inhibitor and the characteris-
tics of water.

At low concentrations, the Hammerschmidt and Nielsen—-Bucklin equations predict
a similar inhibition effect for a given inhibitor solution. Although this Nielsen—Bucklin
equation has a wider range of applicability than the Hammerschmidt equation, it has not
gained wide acceptance [86]. Most researchers still prefer the simpler Hammerschmidt
equation.

Due to constraints on both inhibitor concentration and temperatures in both the Niel-
sen-Bucklin and Hammerschmidt equations, another modified model for methanol and
glycol injection was proposed [88]. The correlations to model the hydrate inhibition effect
by methanol and ethylene glycol, respectively, are as follows:

AT,, = 0.3938x + 0.006166x* (Methanol) 4)

AT,q = 0.1721x + 0.004466x? (Ethylene glycol) (5)

where AT,, is the suppression temperature in °C and x is the wt% inhibitor in solution.
These equations can be generalized to model other inhibitors with appropriate constants.
As brine is the substantial constituent of water that is produced from the oil and gas
industry, the estimation of the inhibition impact of salts on gas hydrates is vital. McCain
[89] proposed a correlation to forecast how brine will affect the temperature at which hy-
drates are suppressed.
The following is the correlation:

AT,, = AS + BS* + CS? (6)
where AT, is the suppression temperature in °F, S is the salinity in weight percentage,

and the coefficients A, B, and C are functions of the gas gravity, y, and are defined below
[86]:

A =2.20919 — 10.5746y + 12.1601y? (7)
B = —0.106056 + 0.722692y — 0.85093y? (8)
C = 0.00347221 — 0.0165564y + 0.049764y? 9)

The McCain equation is limited to a salt concentration of 20 wt% and for gas-specific
gravities in the range of 0.55 to 0.68 [86].

A straightforward correlation to estimate the temperature at which hydrate suppres-
sion occurs in systems where the primary hydrate inhibitors are glycerol and salts in
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deepwater offshore drilling was developed by Yousif and Young [90]. The following is the
correlation:

AT,, = 112.3x + 2011.6 x2 — 6505.0x3 (10)

where AT,, is the suppression temperature in °F, and x signifies the entire mole fraction
of the hydrate inhibitors present in the solutions. This correlation predicts the suppression
temperature of the hydrate, assuming that the influence of gas composition is insignifi-
cant, and hence it is equivalent to the ice suppression temperature [85].

A prediction technique for calculating the hydrate inhibition effects of single and
mixed thermodynamic inhibitors was developed by Mohammadi and Tohidi [84] to ad-
dress the shortcomings in the Yousif and Young equation.

The following is the developed correlation:

ATeq = _alln(l - xsolute) + bxzsolute + Z(Cl,i Wi + CZ,L'VVL'Z + C3,iVVi3)J (11)

where g, b, c1, ¢,, and c; are constants, xg,:. and W; represent the mole fraction of the
organic inhibitor and the weight percentage of salt, i, in the aqueous solutions, respec-
tively. This correlation shows acceptable agreement with experimental data for salts and
organic inhibitors at high concentrations [85]. However, it does not consider the impact of
pressure on the suppression temperature, which may produce a large disagreement be-
tween the experimental data and expected findings, particularly at higher pressures.

Ostergaard et al. [91] identified the shortcomings of the Youssif and Young equation
and then suggested a modified correlation, taking the effect of pressure into account in a
further effort to estimate the hydrate suppression temperature.

AT,q = (W + ;W2 + c3W3)(cq In(P) + ¢5) X (cs(Py — 1000) + 1) (12)

where AT is the hydrate suppression temperature in K or °C, W is the concentration of the
inhibitor in the liquid water phase expressed in mass%, P is the pressure of the aqueous
solution, expressed in kPa, P, is the dissociation pressure of pure water at 0 °C, expressed
inkPa, and ¢y, ¢, c3, ¢4, ¢s5, and cg are parameters related to hydrate inhibitors.

Furthermore, Najibi et al. [92] developed a correlation to estimate the hydrate sup-
pression temperature from the freezing point reduction of aqueous solutions with varying
inhibitor concentrations [85].

AT,, = 0.6825AT; (13)

where AT,, and AT; are the hydrate suppression temperature and freezing point reduc-
tion of the aqueous solution, respectively.

To address the limitations of the existing correlations for hydrate suppression tem-
perature, the Hu-Lee-Sum equation was developed. To provide an accurate calculation
of the hydrate inhibition impact for various salts, this correlation considers factors such as
the effect pressure, hydrate structure, types of hydrates, and the concentration of hydrate
inhibitors [85]. The following is the Hu-Lee-Sum equation for the hydrate suppression
temperature:

AT, _ 5 5

T B xIna,, = CX + C,X? + C3X (14)
where AT,, is the hydrate suppression temperature, T, and T are the hydrate dissocia-
tion temperature with pure water and aqueous solution, respectively. f is a constant
which only depends on the hydrate former and type, a,, represents the water activity, X
is the effective mole fraction for the salts in solution, and C;, C,,and C5 are fitted coeffi-
cients. This correlation is easy and practical for estimating the hydrate suppression tem-
perature at a particular condition in terms of pressure, salt types and concentrations [85].

Although the prediction of hydrate suppression temperature is prevalent among the
empirical models, there are some other correlations that estimate the hydrate equilibrium
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pressure in the presence of different inhibitor solutions. Bahadori et al. [93] suggested an
empirical correlation to estimate the hydrate equilibrium pressures of alkanes when meth-
anol, triethylene glycol, sodium chloride, and ethylene glycol are present.

P =a+bT + cT? +dT? (15)

where P (MPa) is the hydrate equilibrium pressure, T (K) is the hydrate equilibrium
temperature, and a, b, ¢, and d are the coefficients of the correlation. The coefficient val-
ues are determined by adjusting various parameters based on the quantity of the inhibitor
present in the system.

Later, a generalized empirical correlation was proposed to estimate the hydrate for-
mation pressure in the presence of some aqueous saline inhibitor solutions [94].

Feq = AX[TeqS] + Bx[TEqﬂ + CX[Tqu] + Dx[Tqu] + Ex{Teq] +E (16)

where F,; (MPa) is the hydrate formation pressure, Ty, (K) is hydrate formation tem-
perature, A,, By, Cy, Dy, E,, and F, are coefficients of the correlation. The type and
amount of salt present in the water determine the values of these coefficients.

The above correlation was further simplified for the accurate prediction of the equi-
librium data for other hydrates at high pressure of up to 500 MPa [94].

Py = AyTog® + ByTog” + CoTog + Dy (17)
where P, is hydrate formation pressure (MPa), and T, is the formation temperature of

the hydrate. The variables 4,, B,, C,, and D, depend on the type and concentration of
salt present in the system. The value of A, can be determined as follows:

Ax = A4x4 + A3x3 + Azxz + Alx + AO (]_8)

where the variable x is the weight percent of salt in the aqueous phase. Similarly, B,, C,,
and D, can be determined as follows:

BX = B4x4 + B3x3 + Bzxz + le + BO (]_9)
C, = Cpx* + C3x3 + Cpx? + Cix + C (20)
D, = Dux* + D3x3 + D,x% + D;x + D, (21)

The parameters A, — Ay, By — B,, Cy — C4, and Dy — D, and their values vary de-
pending on the quantity of salt in the aqueous phase.

This generalized correlation is strongly recommended for the prediction of hydrate
equilibrium data in aqueous saline solutions under low- and high-temperature and pres-
sure conditions [94].

Most of the empirical models are based on experimental data, and they are only ap-
plicable for a few types of inhibitors, within a small range of concentration and tempera-
ture. The main advantage of empirical models is their small number of input parameters,
which enable the quick prediction of the hydrate formation conditions [95]. Although the
utilization of empirical models to calculate the phase equilibrium of gas hydrates is con-
venient and straightforward, their application scope is limited due to their excessive de-
pendence on experimental data [96]. Therefore, extending these models to industrial scale
operations may be a challenge due to the unavailability of experimental data representa-
tive of industrially relevant conditions [97]. Further work is still required to develop em-
pirical models that are applicable for a wide variety of inhibitors, in an extensive range of
concentrations and temperatures.
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4.2.2. Thermodynamic Modelling

Various thermodynamic models have been proposed for estimating gas hydrate dis-
sociation conditions in the context of inhibitors. These models consider molecular associ-
ation bonds which are due to the presence of inhibitors in the aqueous phase. The hydrate
formation process can be modelled using the thermodynamic equilibrium principle,
which states that the chemical potentials of all the constituents in the three phases in-
cluded are identical (liquid, hydrate, and vapor) [6]. Reviewing the previous studies, the
gas hydrate thermodynamic models are categorized into three main types. These types
include the van der Waals and Plaatteeuw (vdW-P) model, the Chen-Guo (C-G) model,
and the Klauda—Sandler (K-S) model.

The vdW-P Model

The first thermodynamic model for determining the hydrate phase behavior was pro-
posed by van der Waals and Platteeuw [98]. This model was based upon classical adsorp-
tion theory. Though it formed a good basis for performing hydrate calculations, van der
Waals and Platteeuw’s original model was inaccurate when applied to engineering situa-
tions. Using the same model, Saito et al. [99] developed a method for predicting hydrate
equilibrium conditions which was later generalized by Parrish and Prausnitz [100] to
make it suitable for engineering calculations. This model was subsequently modified by
Holder et al. [101], and it has been found to provide accurate estimates of hydrate disso-
ciation conditions [102]. In an attempt to improve on the inadequacy of this strategy,
which stems from the initial assumptions, John and Holder [103-105], along with John et
al. [106] made appropriate modifications to the model.

In the original work, the model is based on the criterion that at equilibrium the chem-
ical potential of water in the hydrate phase (uy) and the chemical potential of water in
the water-rich or the ice phase (u,,) are equal. Using the chemical potential of an empty
hydrate cage (ug) as the reference state, the condition for equilibrium is given as follows:

Hg — Hw = U — Uy (22)

where pg — py, = Apy, and pg — py = Apy.
To calculate Ay, Holder et al. [101] presented the following simple relationship:

A.uw (T' P) A:U'W(TO' PO) TAhw i AVw
RT RT, fTo RT? fp 1 G

(23)

where R is the universal gas constant, T is the absolute temperature, P is the pressure,
h is the enthalpy, V is the molar volume, (a,, = ¥,,X,,) is the activity of water in the
aqueous phase, y,, is the activity coefficient of water, X,, is the mole fraction of water in
the water-rich solution, the subscript 0 represents a reference state, and the A terms rep-
resent the change from a pure water phase (either liquid or ice) to a hydrate phase (either
type I or II). The bar over the temperature in the last term indicates that this is an average
temperature. The first term on the right is the chemical potential difference between the
empty hydrate and pure water at the reference temperature, 0 °C,and zero absolute pres-
sure, and it must be experimentally determined. The temperature dependency at constant
(zero) pressure is given by the second term. The pressure is adjusted to the ultimate equi-
librium pressure by the third term. The final term adjusts the chemical potential from that
of a pure water phase to that of an aqueous solution or water-rich phase.

To calculate Apy, the following equilibrium model was presented by van der Waals

and Platteeuw [98]:
Ay = —RTZ viIn Z 0,) (24)
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where R is the gas constant, T is the temperature, v; is the ratio of i-type cavities pre-
sent to the number of water molecules present in the hydrate phase, and the sum is taken
over all components. The variable ;; is the fraction of i-type cavities which are occupied
by j-type gas molecules. According to this equation, the potential interaction between the
water and the guest decreases the chemical potential of the hydrate water. The chemical
potential of the hydrate water decreases with an increase in the percentage of occupied
cavities [102].
The fractional occupancy (6;;) follows Langmuir’s isotherm:

g, = culi
l
T+ X66)
where f; is the gas phase (and hydrate phase) fugacity of the j-type hydrate-forming spe-

cies, and C;; is the Langmuir constant. The fugacity f; is related to the mole fraction, y;,
in the gas phase and the total pressure, P, by the following expression:

(25)

fi = ojy;P (26)

where ¢; is the fugacity coefficient.

The interaction between water molecules in a hydrate cavity and the hydrate former
is the basis of the computation of the Langmuir constant. Using the Lennard—Jones—Dev-
onshire cell theory, the Langmuir constant is as shown:

Ri—a]-

s
C"f(T)=4ﬁf exp[—
0

PO 2 ar @)
where k is the Boltzmann constant, W (r) is the spherically symmetric cell potential func-
tion, which depends on the subordinate cell radius, coordination number, and the type of
guest-host interaction. T is the absolute temperature, r refers to the radial distance from
the center of the pore to the center of the guest molecule, R; is the radius of the hydrate
spherical cavity of type i, and a; is the hydrate-forming radius core of type j. Parrish and
Prausnitz proposed the Kihara theory to estimate the cell potential function, as shown
below:

12

6

O; a; (o a;

W(r) = 2z¢ [Rilr (570 + R o1) 2o+ R 55)] (28)
L L

where ¢€; is the minimum potential, g; + 2 a; is the collision diameter, z; is the coordi-
nation number of each cavity, and SN is calculated for N equal to 4, 5, 10, and 11.

0-7-%) ~(+g-7) ] 29)
N

The impact of inhibitor addition can be seen on two parameters, which are water
activity and fugacity [6]. Water activity is the first parameter, which is presented in Equa-
tion (23). The introduction of any component into the mixture, especially the thermody-
namic hydrate inhibitor, dramatically changes the activity of water (a,,). Hence, it is crit-
ical to quantify the water activity accurately to estimate the inhibitor’s influence on the
hydrate equilibrium [7]. A predictive model such as UNIFAC or UNIQUAC, along with
the VLE approximation combined with G-excess mixing rules, may accurately determine
the water activity in the liquid phase [6].

The fugacity of components is the second parameter, which is presented in Equation
(25). When a new substance is added to the mixture, the phase equilibrium changes, as
does the fugacity of each component. It is generally accepted that there are very few hy-
drate particles in the system at equilibrium, and that it primarily comprises two phases:
vapor and liquid/solid [6]. Consequently, any VSE or VLE computation using the right
mixing rule can produce an accurate estimation of fugacity. Therefore, choosing an

-N
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appropriate equation of state and mixing rule is the most important stage in the fugacity
calculation process. For more intricate hydrocarbon compounds containing highly polar
or electrolyte constituents, state equations such as Peng-Robinson or Soave-Redlich-
Kwong with the van der Waals mixing rule can be employed. However, advanced EOSs
such as Valderrama—-Patel-Teja, Nasrifar-Bolland, CPA, or statistical associating fluid the-
ory (SAFT) with the G-excess mixing rules such as MHV1 or MHV2 can be utilized to
predict fugacity more accurately [6]. The fundamental disadvantage of the vdW-P type
model is the premise that the properties of the empty hydrate lattice are not related to the
kind of occupied guest molecules in cavities, which leads to crystal structure distortion
following the occupancy of the cavities by the guest molecules [107].

The C-G Model

The second type thermodynamic model, which is statistical mechanics-based, was
proposed by Chen and Guo [108,109]. This model represents a two-step process for hy-
drate production. The first stage assumes that gas molecules contained in water will form
unstable clusters, with several water molecules around each guest molecule [109]. Subse-
quently, these clusters combine to become basic hydrates, wherein the gas molecules com-
pletely fill the basic cavities, while all the linked cavities remain unfilled. Basic hydrates
encapsulate the empty voids. This stage is correctly explained by the following chemical
reaction:

H,0 + 2,G - G,,.H,0 (30)

where G denotes the gas species, and A, stands for the number of gas molecules per water
molecule in the basic hydrate. In the second stage, tiny gas molecules dissolved in water
may flow into the unfilled adsorbed cavities, giving hydrates their non-stoichiometric fea-
ture.

This stage will, however, not take place for big molecules, as they cannot fit into the
cavities. In such a situation, the final hydrate created is simply the stoichiometric basic
hydrate formed during the initial stage. Consequently, the fundamental hydrate is real,
not just theoretical.

In contrast to the vdW-P model, which balances the chemical potential of water in
the hydrate and the fluid phase, the C-G model considers the equality of fugacity of the
hydrate former in the hydrate phase and the fluid phase, as follows [110]:

= = £ (31)

where f", fi9, and f" are the fugacities of the hydrate former i in the hydrate, gas, and
liquid phases, respectively.

a
c

i =xf1-) 8, (32)
=1
Z x =1 (33)
2
a=3 (34)

where x; is the mole fraction of the gas component i in the large cavities, 8, is the frac-
tion of tiny cavities that the gas component occupies, 4;and 4, represent the number of
small voids per water molecule and the number of hydrate formers trapped in the basic
hydrate (big voids) per water molecule, respectively.
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0. — Crfr
71 + Xk Ci fx

Cy is an acronym for the Langmuir constant, which reflects the interactions between
the host and guest molecules, and it is calculated as follows:

(35)

Ve
Ce = Xy exp (= Zk) (36)
where Xj, Y, and Z, are the constants of component k that are determined using the
data on gas hydrate equilibrium, and their values can be found in the literature [109].

The symbol £;"° in Equation (32) symbolizes the fugacity of the hydrate former in
its equilibrium state with the unfilled pure fundamental hydrate i, which is calculated as
follows:

£ = fRexp (&) a7 (37)
v
p=1% (38)

where f is a constant, and a,, is the water activity which can be computed using a suit-
able equation. When a thermodynamic hydrate inhibitor is not present, the water activity
is equal to unity, but when the inhibitor is present, its value is less than unity.

fr, = exp <— z #) [Agexp (%)] (39)

where A;; is the binary interaction parameter expressing the interaction between the
guest molecules in the small voids and in the large voids; 4;, B;, and C; are the constants
of component i. Their values can be either optimized or found in the literature [109].

The idea of an empty hydrate lattice is replaced in the C-G model with a basic hy-
drate, whose characteristics depend on the type of guest molecule [107].

The K-S Model

Klauda and Sandler [111] developed the third type of thermodynamic model that
relies on the equivalence of fugacities between the hydrate and water. The equivalent of
the fugacity of a hydrate in equilibrium with liquid water or ice is given as follows:

£ (T, P) = £,“ (T, P) or £,%(T, P) (40)

The following formula is used to determine the fugacity of water in the hydrate
phase:

(41)

_AﬂwH(T' p
RT

wa(T'P) = fwB(T’P)exp<

where f,f(T,P) is the fugacity of the theoretical unoccupied hydrate lattice, and
Aw,,” (T, P) is the distinction between the water’s chemical potential in the filled hydrate
phase and the hypothetical unfilled hydrate lattice, which is expressed as follows:

A, " (T, P) = —RTZ v n| 1- Z O (42)
m Jj

where v, is the number of m-type cages per water molecule in the hydrate structure.
The fraction of guest cages that are occupied (Hm j) and the Langmuir constant (Cy,;) are
calculated using Equations (25) and (27), respectively. The cell potential function W (r)
includes contributions from the first, second, and third shells:
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W) =wm + wr)R + w)B! (43)

where W (), W (@), and W(r)P! are the cell potential contributions of the first, sec-
ond, and third shells of water molecules, respectively. The first shell radii and coordina-
tion numbers may be obtained from crystallography measurements [112]. For the second
and third shells, the parameters obtained by John et al. [106] may be used.

The Kihara parameters selected for the calculation of the gas—water interaction in the
hydrate phase are determined from the following standard mixing rules:

1
_ Ug‘l’UW' _ 2. _ ag+aw
o=—"" €= (egew)z, a=—— (44)
where ¢ is the distance between the molecular nuclei when the potential energy is zero,
€ is the energy parameter, and a is the radius of the molecular core. The subscripts g
and w represent the guest in the cavity and the water, respectively.

The fugacity of water in the empty hydrate lattice is calculated as follows:

v, (T, P)(P — P, *F(T
fwB(T: P) — Pwsat,B(T)Q)wsat,B(T)exp( w ( )( - w ( ))) (45)
The fugacity of water in ice is determined as follows:
V,,*(T, P)(P — B,5*"*(T
Ju™(T,P) = B (T)0,, " (Texp ( ALE Kt D) (46)

The fugacity of water in the liquid phase is computed as follows:

L _ sat,L
V" (T,P)(P — R, (T))> (47)

fu (T, P) = 2, (T, YRy G, T) By ™ (18,4 (T) % exp( T

where P,**!(T) is the vapor pressure of water in phase i. The fugacity coefficient,
@,,°*“(T), is taken to be unity because the vapor pressures of the water phases are low.

Because of the relatively low solubility of hydrocarbons in liquid water, the solubility
is described using Henry’s Law [111]. The modified UNIFAC model, as described by
Larsen et al. [113], is used to determine each guest molecule’s aqueous phase activity co-
efficient.

The freezing point of water is slightly lower for compounds with a high solubility of
guest species in water. By utilizing the following equation, one can estimate the extent of
the freezing point depression:

R(Tnfp)z

AdT = Td - Tnfp = AH
m

In[xy v (xw, T)] (48)
where T, is the freezing point with the solute(s) present, T,f, is the normal freezing
point of pure water, and AH,, is the heat of melting pure ice. The activity coefficient, v,
is computed by the modified UNIFAC model.

The C-G model and the K-S model have been shown to provide more precise fore-
casts regarding the conditions of hydrate formation, as compared to the vdW-P-type mod-
els [107].

The significant advantages of thermodynamic models are high accuracy and wide
applicable temperature range [96]. Notwithstanding the aforementioned advantages of
these models, their main drawback is their complexity in terms of programming and ap-
plication [114]. Their use as a function of the equation of state is time-demanding because
the computation of the inter-molecular interaction and the application of correct mixing
rules is conducted through a trial-and-error process [95]. Although several thermody-
namic models have been developed to date, further research is still necessary for creating
models that are highly accurate over a wide range of conditions that are relevant to the
industrial environment. Table 4 presents a review of some previous studies that used the
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afore-mentioned types of thermodynamic models for modelling the gas hydrate equilib-
rium conditions in the presence of various chemical inhibitors.

Table 4. Summary of gas hydrate studies using various thermodynamic models in the presence of
chemical inhibitors.

o Temperature Pressure
Guest Component Inhibitor Model Type ) (MPa) References
CHs NacCl vdW-P 270.66-299.06 6.60-71.56 [115]
Ci-C3, CO2 Methanol, glycerol, ethylene glycol, 4y p 233.1-293  0.18-39.87 [116]
and triethylene glycol

CHa4 Tributylmethylphosphonium me-

CHsand CO2 thylsulfate ionic liquid vdW-P 273.3-288.5 4.35-14.77 (49]
A imidazolium ioni
Pure and mixtures of C1—Cs queous rmdazotim 1one vdW-P 298.15-333.5 10-24 [117]
liquid solutions

C1-Cs, COz, H:S Methanol, Ethar}‘g’GMEG’ DEG and  _4w.p 260-300 2.56-71.56 [118]

Methanol, ethanol, glycerol, NaCl,
Ci—C4, CO2, H2S KCl, CaClz, and MgClz vdW-P 239.4-315.1 0.093-328.8 [119]
Ci—Cs Methanol C-G 263.34-286.40 0.35-20.4 [120]
C1—C4, CO2, H2S and N2 Methanol C-G 260.3-291.8 0.068-10.79 [121]
C1-C3, COzand HiS Organic Inhibitors, salts and their C-G 2603-2951  0011-39.87  [122]

mixtures

CHs Imidazolium based ionic liquids C-G 272-287 2.5-11.9 [123]
CHs Organic Inhibitors C-G 234.5-296.75 2.38-50.41 [124]
Ci-Cs, CO2 Porous media and NaCl or Methanol CG 267.28-287.67 0.199-383 [125]
CHa4 Ionic liquids K-S 273.6-291.59 1.01-20.77 [126]
Ci—C,, CO2 NacCl K-S 261.8-299.1 0.54-71.56 [127]
CHa4 NaOH, Ca(OH)2 K-S 276.60-283.22 4.27-7.90 [128]
CHs, CsHs, H2S Methanol, NaCl, CaClz K-S 276.75-290.25 0.36-12.87 [129]
CHs NacCl vdW-P 270.66-299.06 6.60-71.56 [115]

4.2.3. Kinetic Modelling

The hydrate formation process is subdivided into nucleation and growth phases. The
nucleation process is the formation of stable critical-sized hydrate nuclei, while the growth
process is the development of these stable nuclei into solid hydrates [130]. The multicom-
ponent system (water, gas, and hydrate), distributed across multiphases (aqueous, gas,
and hydrate) at a multiscale level (macroscopic and molecular), is a feature of the hydrate
growth process [131]. At the macroscopic-scale level, the rate of gas hydrates growth can
be quantified based on the gas consumption rate, calculated using pressure (P) and tem-
perature (T) [132], as well as direct visualization techniques, such as those measuring hy-
drate film thickness and morphology [133]. At the molecular-scale level, hydrates growth
can be computed based on three controlling mechanisms, namely (i) heat transfer, (ii) in-
trinsic kinetics, (iii) mass transfer, or a combination of the three. The transfer of gas mole-
cules (guests) from one phase to another should be taken into account in the rate equation,
since hydrate formation is typically thought of as an interfacial phenomenon [134].

Kinetic hydrate inhibitors delay the hydrate nucleation and growth rates by increas-
ing the induction time, which is commonly known as the time taken for the formation of
stable hydrate nuclei. Therefore, it is necessary and vital to develop kinetic models that
may accurately predict delayed hydrate formation rates or increased hydrate induction
times, in order to assess the performance of different KHIs. A significant quantity of re-
search has been reported on hydrate formation kinetic models since the 1980s. However,
this review will concentrate on models that have been applied in hydrate kinetic inhibi-
tion. A generic hydrate nucleation model was developed by Kvamme et al. [135] using the
phase field theory to explain how carbon dioxide hydrates nucleate in aqueous solutions.
However, low accuracy in terms of hydrate kinetic predictions has been reported due to
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the stochastic character of hydrate nucleation and its reliance on equipment and other
variables [6]. An intrinsic hydrate growth kinetic model was developed by Englezos et al.
[136] to describe the data for the development of methane and ethane hydrates by inte-
grating crystallization and mass transport theories at a gas-liquid interface. The suggested
model states that hydrate production consists of three steps [137]:

1.  The guest molecule diffuses from the gas-liquid interface to the liquid bulk.

2. The guest molecule’s migration from the liquid bulk to the hydrate—solution inter-
face.

3. The water and guest molecules react at the interface between the hydrate and the
solution.

The difference between the fugacity of the dissolved gas at the operating temperature
and pressure (f) and the three-phase equilibrium fugacity at the operating temperature
(feq) is the driving force for hydrate development.

The rate at which the hydrate grows is expressed as follows:

dn

(;)p = K"Ap(f = feq) (49)

where n represents the moles of gas consumed during hydrate formation, 4, is aninter-
facial area of a hydrate particle, and K* is the kinetic constant. This model was applied
by Dholabhai et al. [138] to determine the rate at which methane hydrate forms in aqueous
electrolyte solutions and to confirm that it closely agrees with the experimental results.
The model was slightly adjusted by Malegaonkar et al. [139] for application to more solu-
ble gases, such as carbon dioxide. It is imperative to draw attention to a few applicability
limitations of the Englezos—Bishnoi fugacity model [131]:

(i) Fitting experimental data yielded kinetic rate constants for sI-type gas hydrates, ex-
clusively. Because of this, the model can only be used for sl-type gas hydrates, and it
is still necessary to quantify the kinetic rate constants for slI- and sH-type gas hy-
drates.

(if) The kinetic rate constants were obtained in a laboratory setting using a stirred reactor
with an ideal stirring speed, causing issues in estimating the liquid—gas interface area
and the hydrate particle surface area.

(iii) The model may not be appropriate for real-time systems because it was created based
on apparatus-dependent experimental data [6].

Based on the critical review of Englezos et al.'s [136] model, Skovborg and Rasmussen
[140] proposed a modified model, eliminating the population balance equation and con-
sidering that all resistance to mass transfer during hydrate formation originates from the
movement of the dissolved gas from the gas-liquid interface to the liquid bulk. Conse-
quently, the rate of gas consumption is determined by

dn
E = kLAGLC\?/(xint - Xp) (50)

where k; is the mass-transfer coefficient at the gas-liquid interface, fitted with the aid of
experimental data, A, is the total interfacial area in the reactor, CJ is the initial molar
concentration of water, x;,; is the gas mole fraction in the liquid, in equilibrium with the
gas at the interface, and x; is the gas mole fraction in the liquid bulk, in equilibrium with
the hydrate phase, under the operating conditions of the reactor.

Extending Equation (50) to multicomponent gas mixtures containing NG hydrate-
forming species, the gas consumption rate is expressed as follows:

dnt _ NG (A1) _ -0 VNG
ar  4i=i\gp =Cy i=1kL,i aGL(xint,i_xb,i) (51)

where i represents the component i in the gas phase, NG is the number of hydrate-
forming compounds in the gas mixture, and ag; is the interfacial area by unit volume.
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Herri et al. [141] proposed a new kinetic model to predict the kinetics of methane
hydrate formation at constant pressure in a gas-liquid reactor. The reactor is separated
into two discrete sections based on the suggested model [137]:

(a) A thin interfacial area where the initial nucleation occurs because of high supersatu-
ration.

(b) Theliquid bulk where crystal development and initial nucleation take place, depend-
ing upon supersaturation.

The consumption rate is expressed as follows:

dac, 4mlu,
—2 =k Ag,(Cine — Cp) — ————
L GL( int b) UH(]. _ xH)

dt
where C, is the concentration of the dissolved gas in the liquid bulk, C;,, is the concen-
tration of the gas in the liquid in equilibrium with the gas at the interface, I is the crystal
growth rate, p, is the second moment of the particle size distribution, vy is the molar
volume of the formed hydrate, and xj is the volumetric fraction of hydrate in the two-
phase solution-hydrate mixture. This model also considers the population symmetry of
hydrate crystals.

Christiansen et al. [142] demonstrated that the Gibbs free energy change for hydrate
formation is a good estimate of the driving force for hydrate growth. Hydrate growth rates
per unit area correlate with the driving force. Driving force calculations suggest that hy-
drate structures other than the thermodynamically favored structures may form.

Natarajan et al. [143] developed a simple model to predict the induction time, based
on crystallization theory. They considered the difference in fugacity (f — f.q) as the
driving force for the gas hydrate development. Crystallization studies suggest that the
nucleation rate, R, can be stated as follows:

(52)

R=k(S—-1" (53)
where S is the supersaturation ratio, while k and n are constants. Replacing S in Equa-
tion (53) by the fugacity ratio, ;i, the following expression is obtained:

eq
v n
R=k (fi - ) (54)
feq

Since the induction time is inversely proportional to the nucleation rate, the expres-
sion for the induction time is as follows:

a
tina = 7 (55)

where «a is a proportionality constant, and t;,,4 is the induction time. Since in general the
dependence of induction time on the nucleation rate could be non-linear, r could be dif-
ferent than unity. By combining Equations (54) and (55), the following equation is ob-

tained:
= f_gv — >—m 56
tmd K (f 1 ( )

eq
where K and m are experimentally adjusted parameters.

To build up the model for the system with kinetic hydrate inhibitors, the following
procedure is proposed [144]:

(i) Gasis dissolved in water.

(ii) Gas hydrate nuclei start to grow under stable gas hydrate conditions.

(iif) Kinetic hydrate inhibitors are adsorbed on the surface of the gas hydrate nuclei and
reduce the growing rate by decreasing the interfacial area of nuclei.

(iv) The induction time of gas hydrate is increased.
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The growth rate of hydrate nuclei with the kinetic hydrate inhibitor is proportional
to the active surface area that is free from the inhibitor. The induction time is inversely
proportional to this active surface area. If 6 is the fractional occupancy covered by kinetic
hydrate inhibitors, the fraction of the active surface areais (1 — ), and the induction time
is expressed as follows:

__ b (K )_m
Ling (1 _ 9) K (ﬁzq (57)
Kashchiev and Firoozabadi [145] presented the expressions for the supersaturation
dependence of the hydrate crystalline growth rate and the induction time in hydrate crys-
tallization. These expressions reveal how the additives in the solution, which act as kinetic
inhibitors of hydrate formation, can affect the induction time of the process. The following
equation was presented for the prediction of simple gas hydrate formation induction time.

1
tina = K[S(S — 1)*™]Gmm x exp | (58)

where t; is the induction time, K is the kinetic parameter, S is the supersaturation ratio,
m is a value greater than zero that results from the crystal growth kinetics, and B is ther-
modynamic parameter.

Considering the inhibiting effect of some additives in the solution, the following
equation was presented for the induction time:

; _; B
tinaa = K [(1+kgCa)”" (1 + k€)™ x [S(S = 1)>™] T#3m) x exp [ (59)

(14 3m)In3S
where t;;4, is the induction time for the additive-containing solution, k, is the growth
site adsorption constant, k,, is the nucleation site adsorption constant, and C, is the con-
centration of additive in the solution.
Talaghat and Jokar [146] modified the model of Natarajan et al. [143] to determine
the induction time of gas hydrate development in a flow loop system as follows:
-m
v
tma = K[ 22 |21 (60)
f eq QO

where @ isthe liquid volumetric flowrate, and Q, is a reference volumetric flowrate. The

Q& shows the influence of agitation in a flow system.
0

Rasoolzadeh et al. [61] developed a chemical kinetics-based model for the induction
time of methane hydrate formation in a system where ionic liquids are present. This
model’s parameters were optimized using a variety of experimental data for a system con-
taining ionic liquids. Natarajan [147] stated that the relation between the induction time
(ting) and the nucleation rate (B°) is as follows:

8

tina = oy (61)
where r’ and § are constants.
The nucleation rate, B, is given by the following equation:
b n
B = kexp(—) (62)

where k,b and n are arbitrary optimized constants, while s is the supersaturation ratio.
Combining Equations (61) and (62):

tina = 17 X T (63)

e (-2)
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Replacing % by A and nr' by m, then Equation (63) becomes:

b -m
tina = 2 exp () (64)
Subcooling is defined as the driving force of supersaturation; therefore, the supersat-
. . AT . L .
uration ratio, s = — P Then, the induction time equation becomes
bTy\™ ™
ting = Aexp (A_7f> (65)

where 4,m and b are constants which are obtained by the regression of the experimental
data, while T; and AT are the supersaturation temperature and subcooling, respectively.

In addition, the inhibition effects of KHIs can be quantitatively described by the
chemical affinity model [148]. The chemical affinity model described by Roosta et al. [149]
is one of the thermodynamic-based approaches that can be applied for hydrate formation
kinetics. The chemical affinity approach has been used for the description of chemical re-
actions in isothermal-isochoric systems. Therefore, it is applicable to complex systems,
such as gas hydrate systems with inhibitors in aqueous solutions [150]. The modelling of
the hydrate development rate in a constant volume process makes use of the chemical
affinity property [151]. This model defines a macroscopic driving force that just needs
temperature and pressure to establish chemical affinity; thus, it does not have the limita-
tions of microscopic models, such as heat and mass transfer coefficients, which are diffi-
cult to quantify. To obtain the kinetic parameters of this model (t, and — :—;), the follow-

ing equation, which was derived by Roosta et al. [149], is used:

4 _ Ar[l i (1 t")] 66
rr = Rl G P\ ) (66)

where 4; is the chemical affinity at state i, R is the universal gas constant, T is the tem-
perature, A, is the proportionality constant, which denotes the affinity rate constant, t;
is the time required to reach state i, and t; is the time required to reach equilibrium con-
ditions.

To predict gas consumption, the following expression is used:

A Mei

=—-In—* (67)

Rt nef

where n.; are the moles of gas consumed up to time t;, and n. are the total moles of
consumed gas.
Combining Equations (66) and (67), the following equation results:

Ar
na [t () bR 65
ey = |Geoe (1)) )

The various kinetic models that have been developed form the basis for replicating
the experimental data and anticipating the hydrate growth rate within a comfortable mar-
gin [131]. However, most models presented herein are based on fitted parameters that
depend on the design of the experimental setup, thus limiting their applicability. It is
worth noting that these models do not cover all the significant aspects of kinetic gas hy-
drate growth, especially in terms of industrial application. Thus, further research is still
required to develop a unified model that can be accurately applicable on an industrial
scale [6]. Table 5 presents a review of some previous studies that used the kinetic models
for modelling gas hydrate formation kinetics in the presence of various kinetic hydrate
inhibitors.
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Table 5. Summary of gas hydrate studies using various kinetic models in the presence of kinetic
hydrate inhibitors.

Temperature Pressure

Guest Component Inhibitor Model Type ) (MPa) References
Hydrate growth rate:
CHs Aqueous electrolyte solutions Englezos et al. 270-274 3.78-7.08 [138]
Refrigerants SDS Englezos et al. 279.9-284.8 0.64-1.1 [152]
C2H2, C2H4, CsHs,
and CsHe SDS Englezos et al. 273.7-280 0.5-4.12 [153]
Induction time:
Kashchi d Fi di
C1, G, COy, i-Cs PVP and L-tyrosine ashe leVI‘:; dellroozaba ' 275280 1.0-8.0 [154]
Poly vinyl lid PV d L- Kashchi d Fi di
Natural gas oly vinylpyrroli 01.1e, Cap, an ashchiev and Firoozabadi 975980 1.0-7.0 (155]
tyrosine model
Natural gas Polymeric KHI Natarajan model 274.15-284.15 5.0 [144]
R Izadeh and Ja-
CHs Tonic liquids asoulzadehandJa- 7)o h9g15 5060 [61]
vanmardi model
Methanol, PVP, and L- i - R Izadeh and Ja-
Natural gas ethanol, PV, and L-tyrosine aque asoulzadehand Ja- o, 15 h9397 6080 [156]
ous solution vanmardi model
CHsand H2S PVP and L-tyrosine Natarajan model 274.15-280.15 10.0 [157]
Chemical affinity:
R22 SDS surfactant Chemical affinity 276.15-285.15 0.35 [158]
THF Amino acids Chemical affinity [159]
C2Hs Amino acids Chemical affinity [160]
CO2 Amino acids Chemical affinity 275.15-285.15  1.58-3.0 [148]
CO2 Glucose, Attapulgite Chemical affinity 277.15 3.5 [161]

4.2 4. Artificial Intelligence-Based Modelling

The growing attention on using artificial intelligence techniques for solutions to sci-
entific issues has improved the modelling of the gas hydrate formation behavior in several
applications [162]. The most widely employed subset of artificial intelligence (AI) in gas
hydrate operations is machine learning (ML) [162]. This method has been actively utilized
to model gas hydrate equilibrium, allowing for the development of more accurate models.
which can predict the nonlinear and multimodal phenomena of gas hydrate equilibria
[163]. ML is a domain of Al that involves training algorithms to make predictions based
on available data. Artificial neural network (ANN) models are the most often utilized ma-
chine learning models for modelling related to gas hydrates [162]. For the purpose of pre-
dicting the conditions of hydrate development for a variety of pure gases, gas mixtures,
and inhibitors, an artificial neural network model was developed [164]. A total of 2387
input-output patterns collected from many reliable sources were used to train the model.
The predictions were contrasted with real experimental results and with previously es-
tablished relationships. Without the need for costly experiments, the ANN model pro-
vides an accurate forecast of the conditions for hydrate formation for a given gas combi-
nation. Gas hydrate modelling has also made use of the group method of the data han-
dling (GMDH) neural network in addition to ANN [165]. The GMDH is the same as ANN;
however, it uses quadratic polynomials to model nonlinear patterns between data outputs
and inputs. The advantages of GMDH include its ability to forecast and simulate intricate
system parameters [162]. It has typically been demonstrated that ANN-based models pro-
duce highly precise predictions [166]; nevertheless, one of their drawbacks is that the re-
sults are not reproducible, which could be partly attributed to the random initialization of
the networks and variation in the stopping criteria during optimization [167]. To address
these limitations, Vapnik [168] developed the support vector machine (SVM). The SVM is
a tool composed of a collection of connected supervised learning techniques that examine
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data and identify trends for regression analysis [169]. As opposed to ANN, the advantages
of SVM in hydrate modelling stem from its capacity to handle overfitting [162].

The SVM model was modified by Suykens and Vandewalle [170] to make the initial
SVM algorithm set of nonlinear equations easier to solve. The improved version is called
the least square support vector machine model (LSSVM). Compared to the SVM, the
LSSVM has a better convergence rate and is capable of modelling complex processes using
vast amounts of data [162].

Another model that makes use of the mathematical theory of conventional fuzzy sets
is fuzzy logic (FL) [171]. Membership functions (MFs) are used in fuzzy logic to transition
between real-world and fuzzy models [172]. Gas hydrate modelling in several settings has
been performed using FL. The use of FL in nonlinear complex arbitrary functions may
yield accurate modelling results [162]. The Takagi-Sugeno fuzzy model was proposed by
Takagi and Sugeno [173] as a linear system mathematical tool that expresses the local dy-
namics of each fuzzy implication.

The adaptive neuro-fuzzy inference system (ANFIS), which combines ANN and the
Takagi-Sugeno-type fuzzy systems, is widely utilized for hydrate formation behavior
modelling [174]. In complex nonlinear systems, the ANFIS model has demonstrated
strong prediction performance [174]. This advantage also promotes its use in studies in-
volving gas hydrates [162].

Another machine learning model frequently employed in gas hydrate research is the
Random Forest (RF) [162]. Each tree in the decision trees yields estimates from the RF
algorithm [175]. The straightforwardness of parallel implementation, quick training, and
forecasting are the foundations of its advantages. Another machine learning model that
has been employed in gas hydrate systems is the k-nearest neighbors (KNN). Applications
of RF and KNN in gas hydrate environments are well-established, with promising effi-
ciency [162].

The nonlinear autoregressive models with exogenous inputs (NARX) have also been
used to predict the gas-hydrate phase behavior [162]. The utilization of NARX in gas hy-
drate research is encouraged by its capacity to handle nonlinear data and patterns [176].
Gas hydrate modelling has also made use of deep neural network (DNN) approaches,
such as feedforward neural networks [162]. It has also been demonstrated that the extra
trees method and the hybrid artificial neural network (HFGA) are effective methods for
estimating the hydrate dissociation pressure both in the presence and absence of inhibi-
tors [162].

Machine learning has mainly been employed in most investigations to forecast equi-
librium data related to hydrate phase behavior. The hydrate inhibitory effect in a variety
of systems, including alcohol, salts, and ionic liquids, is the primary focus of these inves-
tigations. However, only few research studies have employed machine learning to forecast
the hydrate formation kinetics [162]. These models have higher prediction accuracy and
robustness than empirical models; however, they lack tangibly significant parameters [97].
They are also computationally complex, time-consuming, and unsuitable for engineering
applications [96]. The research in this area can be further extended by applying other sub-
sets of artificial intelligence techniques. Tables 6 and 7 summarize machine learning mod-
els used for gas-hydrate phase behavior studies and gas hydrate kinetics studies, respec-
tively.

Table 6. Summary of machine learning models used for gas-hydrate phase behavior studies in the
presence of chemical inhibitors.

Guest Component Inhibitor Model Type References
G G, G Gy n-Ca MeOH, EG, EtOH, NaCl, CaClz ANN [164]
CO2, N, H2S T ’ ’
Natural gas MeOH, EtOH, EG, DEG, TEG, salt ANN [177]
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C1, Cz, C3,i-C4, CO2, N, H2S

Natural gas
C1, Natural gas
Natural gas
C1, C2, C3,i-Cq, N, H2S,
Mixed gas

Ci

C1, Cz, C3, i-C4, i-Cs, Ce+, CO2, N,
H:S

NaCl, KCl, CaClz, MgClz, MeOH, EG,

DEG, TEG, 1-propanol, and 2-propanol, LSSVM [178]
Glycerol

NaCl, KCl, CaClz, MgClz, MeOH, EG LSSVM, Extra Trees (ET) [179]

NacCl ANN, SVM [180]

NaCl, KCl, CaClz, MgCl2 RF, ET, Extreme Gradient Boosting [181]

NaCl, KCl, CaClz, MgClz, MeOH, EG,
DEG, TEG, 1-propanol, and 2-propanol AdaBoost-CART [182]
Multiple Linear Regression, SVM, REF,

NaCl, K€l, CaCl, MgCl: Gradient Boosting Regression

[183]

NaCl, CaCl,, MeOH Extremely Randomized Trees [184]

Table 7. Summary of machine learning models used for gas hydrate kinetics studies in the presence
of chemical inhibitors.

Guest Component Inhibitor Model Type References
Polyvinylpyrrolidone
Natural Gas (PVP) ANN [69]
C1, C3,i-C4, CO2 PVP, L-Tyrosine ANN, ANFIS [185]
C Luvicap 55W LSSVM, ANFIS, Gene Expres- [186]

sion Programming

4.2.5. Quantum Chemistry-Based Modelling

The quantum chemistry-based model for designing, screening, and thermodynamic
modelling of novel and developing solvents has been developed, and it has proven to be
a useful predictive tool [97]. This tool is known as the conductor-like screening model for
real solvents (COSMO-RS). COSMO-RS combines concepts derived from quantum chem-
istry and electrostatic interactions with statistical thermodynamics, providing a molecu-
lar-level link between quantum chemistry and chemical engineering thermodynamics
[187]. Rapid thermodynamic calculations and solvent screening are made possible by this
effective approach [188]. In this model, quantum chemistry calculations are performed, in
which a molecule is placed inside a conductor, allowing the surface of the molecule to
develop a charge distribution. This represents how the molecule would interact with a
perfect conductor. The models make approximations, such as treating solvent effects us-
ing idealized conditions (e.g., perfect conductor approximation in COSMO-RS), which can
lead to deviations from the experimental behavior. Furthermore, unlike regression-based
models, quantum chemistry-based models do not incorporate experimental data during
the calculation process, making them more prone to differences when applied to complex
systems.

Chemical engineering research, pharmaceutical research for drug development, and
the modelling of thermodynamic properties of ionic liquids are the main research areas
where COSMO-RS has found its application [188,189]. Studies on carbon dioxide capture
and solubility have reported using COSMO-RS as a screening method for ionic liquid
characteristics [190,191]. COSMO-RS was introduced by Gonfa et al. [192] as a technique
for adjusting ionic liquids for natural gas dehydration. Several researchers have used
COSMO-RS to model pure deep eutectic solvents (DESs) and to forecast physical-chemi-
cal characteristics, including vapor pressure, density, heat capacity, and viscosity [193-
195].

Claudio et al. [196] used COSMO-RS to estimate the ionic liquid’s hydrogen bonding
energies (Eus), which are the energy exchanged during a hydrogen-bonding interaction
between the accepter and donor of the ionic liquid. According to this study, COSMO-RS
predicted Ens to have a substantial correlation with experimental hydrogen bonding ba-
sicity. Hydrogen bonding basicity is known as the capacity of ionic liquids to take in hy-
drogen atoms [197]. Klamt [198] established the principle of interaction between water
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and solute molecules using COSMO-RS to determine their sigma-profiles and sigma-po-
tentials. In summary, COSMO-RS can be a useful tool for characterizing the water—solvent
interactions of molecules, and hence it can be used to pre-screen ionic liquid hydrogen
bonding basicity in gas hydrate applications [199]. To mitigate gas hydrates, Bavoh et al.
[199] thus introduced COSMO-RS as a pre-screening technique for ionic liquids. The hy-
drogen-bonding energies (Ens) of the investigated ionic liquids were predicted, and the
impact of the predicted Euson the induction time and average depression temperature
was examined. A discussion of the factors that influence the Exs of ionic liquids was con-
ducted, and a greater knowledge of the behaviors of ionic liquids in relation to water in
terms of hydrogen bond donor and acceptor was presented. This was performed by es-
tablishing the sigma potential and sigma profile of the cations and anions of the investi-
gated ionic liquids for gas hydrate inhibition.

The primary benefit of the COSMO-RS model is that it is prognostic in nature, and
all that is needed to fit the model’s parameters is the molecules’ chemical structure, as no
experimental data are required. However, a major limitation of this model is its qualitative
agreement with the experimental data, which may result in low prediction accuracy [97].
The use of COSMO-RS for modelling and screening of gas hydrate inhibitors is still at
infancy, and further work is so far required to select gas hydrate inhibitor candidates that
are more effective by employing COSMO-RS. Table 8 summarizes a review of some pre-
vious studies that used the COSMO-RS modelling in the presence of chemical gas hydrate
inhibitors.

Table 8. Summary of gas hydrate studies using COSMO-RS modelling in the presence of chemical
gas hydrate inhibitors.

Guest Component Inhibitor Inhibitor Type References

Ci Ionic liquids THI [200]

Ci Ionic liquids THI/KHI [199]

Ci Ionic liquids THI [201]
CO2 Amino acids THI/KHI [202]
Ciand CO: Ionic liquids THI [203]
Ci Amino acids, ionic liquids KHI [204]

Ci Ionic liquids THI [205]

Ci Ionic liquids THI/KHI [206]

Ci DES THI [207]

Ci Amino acids, ionic liquids THI [208]

Ci Amino acids THI/KHI [209]

Ci Ionic liquids THI [210]

Ci Ionic liquids THI [211]

4.3. Comparison of Different Gas Hydrate Inhibition Models

The comparison of different models that have been discussed in this work is outlined
in Table 9. In this summary, the strengths, limitations, and potential improvements re-
quired for the various modelling approaches are highlighted.
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Table 9. Summary of strengths, limitations, and potential improvements of various modelling ap-
proaches reviewed in this work.

Model Approach Strengths Limitations Potential Improvement

. Small number of input pa- e
rameters, which enables
quick prediction of the hy- e
drate formation conditions.

. High accuracy compared to e
kinetic models, and they are
applicable in a wide temper-
ature range. .

e Able to predict macroscopic
properties such as pressure.

. Offer a better understanding .
of the microscopic view of
systems and their intrinsic

L. behaviors as compared to
Kinetic models P o

Large experimental data
required.

Applicable to a few types
of inhibitors.

Complexity in terms of .
programming and applica-

Development of models
that are applicable to a
wide variety of inhibitors.

Empirical models

Development of models
that are accurate across a
wide range of conditions
relevant to industrial ap-
plications.

tion.

Used in conjunction with
time-consuming equations
of state and mixing rules.

Thermodynamic models

Low accuracy due to the
stochastic character of hy- .
drate nucleation.

Not appropriate for real-

Development of a unified
model that can be accu-

thermodynamic models.
Form the basis for replicat-

time systems due to their
reliance on experimental

rately applicable on an in-
dustrial scale.

Machine learning models

Quantum chemistry-based
models

e  Have higher prediction accu-

ing experimental data within .

. fitted parameters.
acceptable margins.

e  Lack of tangibly significant

parameters. .
Computationally complex,
time-consuming, and un-
suitable for engineering

applications.

Extension of gas hydrate
inhibition modelling to

racy and robustness than .
y more subsets of artificial

empirical models. . .
intelligence.

. Integration of quantum
chemistry-based models
with machine learning
techniques to enhance ac-
curacy.

Incorporation of experi-
mental data in a hybrid
approach to minimize dis-

. Its qualitative agreement
with experimental data re-
sults in low prediction ac-
curacy.

Purely predictive, as no ex-
perimental data are re-
quired.

crepancies between com-
puted and observed val-
ues.

5. Conclusions and Future Perspectives

The development of accurate modelling techniques to predict the formation and dis-
sociation conditions of gas hydrates in the presence of chemical inhibitors is very im-
portant, since experimental investigation is not always viable. This review article compre-
hensively summarizes the strides that have been made over the years in modelling gas
hydrate chemical inhibition systems. Considerable advances in the development of accu-
rate and reliable gas hydrate modelling approaches used in the context of chemical inhi-
bition appear to be evident from the collection of studies reviewed in this article. The main
features of the empirical models, thermodynamic models, kinetic models, machine learn-
ing models, and quantum chemistry-based models, typically the COSMO-RS model, are
highlighted. Among the modelling techniques that have been presented in this review,
the thermodynamic modelling approach seems to have been extended to several hydrate
systems, as compared to other models, with the COSMO-RS being the novel approach.
The introduction of this novel predictive technique is a significant step towards the devel-
opment of screening tools for the analysis of un-synthesized inhibitors and the assessment
of their industrial scale performance. Through the critical analysis process, the strengths
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and limitations of each modelling approach have been highlighted. Given some of the
limitations of these models, more research and development are still required in this area
to improve the accuracy, predictive ability, and versatility of the fitted parameters across
different conditions and systems, as well as the applicability of these models. The integra-
tion of quantum chemistry-based models with machine learning techniques to enhance
predictive accuracy, as well as the incorporation of experimental data in this hybrid ap-
proach to minimize discrepancies between the computed and observed data, are potential
future developments.

Furthermore, while the current focus of this article has been primarily on reviewing
thermodynamic models, kinetic simulations such as molecular dynamics (MD) and nu-
merical simulations have proven to be valuable tools in understanding how inhibitors af-
fect the kinetics of hydrate formation and decomposition. This provides a more detailed
insight into the underlying mechanisms that are often not accessible through experimental
methods alone. MD simulations have been widely used to study the nucleation and
growth of hydrate structures, as well as the interaction between hydrate inhibitors and
guest molecules at the molecular level. Additionally, numerical hydrate simulations are
valuable for scaling up molecular-level insights to real-world systems by simulating gas
hydrate behavior in pipelines, reservoirs, and carbon sequestration processes. These sim-
ulators incorporate kinetic models to predict hydrate formation and dissociation rates un-
der various conditions, which is essential for optimizing the use of inhibitors in gas
transport and hydrate development applications. Considering the role of kinetic simula-
tors, it is critical that a comprehensive review on this topic be conducted as part of future
research to provide a meaningful overview of the methodologies used to study hydrate
systems in the presence of inhibitors.
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