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Abstract

Reliable gas hydrate equilibrium data is necessary to assess the severity of hydrate problems in the oil and gas industry and
successfully implement the benefit of hydrate technologies in different areas such as hydrate-based CO2 capture and storage.
Furthermore, the hydrate equilibrium point prediction models rely on tuning experimental data. In this mini-review, various
techniques for hydrate dissociation point (DP) measurement either in the presence or absence of liquid water phase are
discussed to improve the accuracy of the measurement. While both Visual and non-visual techniques can be used to measure
hydrate DP, the non-visual isochore procedure is the most common technique. The stepwise heating procedure for hydrate
dissociation to measure the DP is recommended due to its ability to improve accuracy and save time. However, it is essential
to exercise caution during the data interpretation to avoid measuring inaccurate DP. In particular, considering the dissociation
of various hydrate structures is crucial to enhance the accuracy of DP determination when employing non-visual techniques.
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Introduction

Accurate experimental data on hydrate dissociation
point measurement remains crucial for the development of
reliable thermodynamic models [1] and machine learning
approaches [2] for predicting the hydrate equilibrium point.
While significant progress has been made in these predictive
methods, their effectiveness heavily relies on the availability
of precise experimental data. Therefore, conducting precise
and reliable measurements of hydrate equilibrium points is
important in advancing our understanding and modelling
of hydrate behaviour. These measurements serve as a
foundation for enhancing the accuracy of predictive models
and they are crucial for industries involved in gas and oil
exploration and production to improve efficiency and safety
in hydrate-related applications such as carbon capture and
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storage using hydrate-based technologies.

Gas hydrates are ice-like crystalline compounds typically
formed at a higher pressure and lower temperature through
the physical intermolecular interactions of water and gas
molecules, i.e., the gas molecules are encaged in the solid
lattice of water molecules. Various hydrate structures
(such as structure-I, structure-II, and structure-H) can
form depending on the size of gas molecules and pressure-
temperature conditions [3]. For gas hydrates to form, three
essential conditions mustbe met: the presence of appropriate
temperature and pressure conditions, the availability of a
suitable-sized guest molecule (e.g., methane, ethane, carbon
dioxide, etc.), and the presence of water molecules as the
host molecules. These water molecules can exist in two
forms: as free liquid water or in the vapour phase when a free
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water phase is absent. In the absence of free water phase,
the hydrate equilibrium point significantly depends on water
content, i.e., the hydrate phase boundary shifts to the lower
temperature and higher pressure as the water content is
reduced. Depending on the form of water, various techniques
have been used to measure the hydrate equilibrium point
which are discussed in this mini-review paper.

Hydrate formation conditions depend on several factors,
including the rate of cooling, degree of subcooling, hydrate
history, presence of foreign materials, and mixing rate.
Therefore, the hydrate formation point maynotbe predictable
or replicable. In contrast, the hydrate dissociation point is
replicable and represents a thermodynamic equilibrium
state, i.e., it is used to measure the hydrate equilibrium point.
While a significantamount of published data exists on hydrate
dissociation points, there can be some disagreement among
the reported values. The difference in reported dissociation
points can be due to several factors, including experimental
techniques, measurement methods, data interpretation,
amount of water/gas, etc. In this mini-review paper, various
techniques for measuring hydrate dissociation points have
been discussed to improve the accuracy of measurement.

Hydrate Equilibrium Point in the Presence
of Liquid Water

Pressure, Temperature and Volume Analysis

Visual observation and nonvisual (through data analysis)
techniques could be used to experimentally measure the
hydrate equilibrium point when the free liquid water phase
is present in the system. Isochoric [4], isothermal [5], and
Isobaric [6] are three procedures that could be used (either
for visual or nonvisual technique) to determine the hydrate
equilibrium point.

In the isothermal procedure, hydrates are formed by
increasing the pressure and dissociated by decreasing the
pressure. This cyclic process allows for the study of hydrate
formation and dissociation under constant temperature
conditions, i.e., to analyse hydrate stability and equilibrium
point. A variable volume cell allows to change in the cell
pressure and to measure hydrate equilibrium pressure at
constant temperature [7]. It has been suggested that the
corresponding equilibrium time in the isothermal procedure
is faster than isochoric equipment [7]. In this procedure, the
cell is compressed to reach a sufficiently high pressure for
hydrate formation. Following this, the cell volume is gradually
expanded to decrease the pressure, allowing for either visual
inspection of hydrate dissociation or interpretation of data
(graphical analysis). The pressure-volume™ diagram can be
used for the graphical analysis as illustrated in Figure 1a.
Starting from high pressure where hydrates are present,
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increasing the cell volume reduces the pressure inside the
cell, leading to the dissociation of the hydrate. Thus, the slope
of the line is not straight. In contrast, when all hydrates are
dissociated, the slope of the line becomes nearly straight.
This point, where the slope changes, can be recognized as the
hydrate equilibrium pressure.

A similar approach can be used to determine the
hydrate equilibrium point in the isobaric experiment
under constant pressure either through visual inspection
or data interpretation. After the formation of hydrates at
low temperatures, heat is applied to the system to raise
the temperature and induce hydrate dissociation, ie. a
corresponding volume change indicates hydrate dissociation.
Meanwhile, the cell volume is expanded to maintain constant
pressure within the system. The volume versus temperature
plot could be used to determine the hydrate equilibrium
point as shown in Figure 1b. A constant heating rate could be
applied in this procedure. However, a high heating rate can
result in inaccurate predictions of hydrate equilibrium [8].

The isochoric procedure, which is a constant volume
process, is the most common procedure to determine
hydrate equilibrium points. This method is widely used
because it only requires a non-variable volume cell for
conducting experiments. In this method, the hydrates are
initially formed at low temperatures, and then heat is applied
to the system to raise the temperature and induce hydrate
dissociation under constant volume. In addition to the visual
method, the interpretation of the pressure-temperature plot
could be used to determine the hydrate equilibrium point, as
shown in Figure 1c.

The choice of procedure for measuring the hydrate
equilibrium point is generally considered to have a minimal
impact. However, it should be noted that the heating rate (in
the isobaric and isochoric methods) can have a significant
influence on the accuracy of hydrate equilibrium predictions.
In other words, the rate at which heat is applied during the
experiment can greatly affect the resulting equilibrium
conditions of the hydrate phase. Numerous studies have
investigated the effect of heating rate on hydrate equilibrium
temperature [8,9]. A heating rate of up to 0.5°C/hour has been
found to yield accurate predictions of hydrate equilibrium
for single gas components, such as methane. However, in
the case of a multicomponent gas system or when hydrate
inhibitors or salts are present in the system, a much lower
heating rate (e.g., <0.06°C/hour) is necessary to accurately
determine the hydrate equilibrium point. It has been
pointed out that the presence of kinetic hydrate inhibitors,
such as PVCap, increases the energy required for hydrate
dissociation [10]. Slow dissociation of hydrate outside the
hydrate stability zone [11] and KHI-Induced dissociation of
gas hydrates inside the hydrate stability zone [12-14] in the
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presence of KHIs have been also reported.

Efficient mixing is essential for obtaining a reliable
hydrate equilibrium point, i.e., insufficient mixing can
result in isolated hydrates from other phases. Isolated
hydrates, being more stable and requiring a longer time to

reach equilibrium, can introduce variations in the heating
trend and potentially lead to the identification of incorrect
equilibrium points [15]. Therefore, ensuring efficient mixing
in the design of the experimental setup is crucial to obtain
accurate results. The stirring rpm effect on high-pressure gas
hydrate autoclave has been also investigated [16].
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Figure 1: Simplified illustration of the hydrate dissociation curves to determine hydrate equilibrium point for (a) isothermal,
(b) isobaric, and (c) isochoric procedures. H = hydrate, W = liquid water, G = free gas/vapour, and ms = metastable.

While continuous heating in the isobaric and isochoric
methods is a time-consuming process due to the requirement
of applying a low heating rate, a step heating method in non-
visual techniques has been proposed as an efficient approach
to accurately measure the hydrate equilibrium point,
providing significant time savings [15]. In this technique,
the hydrate equilibrium point can be determined by the
intersection of heating/cooling curves which are obtained by
measuring a few equilibrium points through the step heating
process instead of continuous measurement. For example,
as shown in Figure 2, the final hydrate dissociation point
(DP,, ) could be measured as a hydrate equilibrium point by
the intersection of step-heating data trends and cooling line
(W+G: no hydrate line) in the isochoric procedure. Figure
2 shows the actual experimental equilibrium step-heating
trends for 98% C, + 2% C,and 85% C, + 12% C,+3% C, in
the isochoric experiment. As these trends show, different
hydrate dissociation points could be identified through the
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isochoric interpretation of equilibrium step-heating trends.
For example, when performing interpolation across DP, in
Figure 2a and DP, in Figure 2b, it can lead to the identification
of an incorrect final dissociation point. Therefore, it is crucial
to exercise caution when selecting the step temperature
interval and performing interpolation, especially when
determining the final dissociation point.

The different equilibrium step-heating trends have been
investigated for various multicomponent gas systems [17-
19]. The observed clear changes in the slope of the heating
curves (Figure 2) are speculated to be associated with the
dissociation of different hydrate structures, i.e., various
hydrate structures/phases are potentially formed instead
of simple slI hydrate in the multi-component gas system
[17]. Furthermore, the gas composition during hydrate
formation changes due to the selective incorporation of
certain gas molecules into the gas hydrate structure may
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result in different slopes in heating curves. The duration
needed to reach equilibrium at each dissociation point in
the step heating method may also depend on some factors
including the amount of water and gas composition, e.g,, five

hours time step may not be sufficient to reach equilibrium
[20]. Therefore, it is important to properly analyse the step
heating curves to measure accurate dissociation points (e.g.,
to see if the equilibrium is achieved at each step heating).
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Figure 2: Equilibrium step-heating trends with the isochoric interpretation applied to determine the dissociation points (DP)
for (a) 98% C, + 2% C,, and (b) 85% C, + 12% C,+3% C,. The Black dashed line is the hydrate phase boundary predicted by
=metastable coolingline. The experimental data are obtained from the previously

Beyond Conventional Methods: Alternative

Analyses

In addition to visual technique and non-visual analysis
through pressure, temperature, and volume analysis, some
other techniques including differential scanning calorimeter
(DSC) [21,22] and spectroscopic techniques such as micro-
Raman spectroscopy [23,24] can be used to measure hydrate
equilibrium point.

The heat flow analysing measured by DSC can be used
to determine hydrate equilibrium points. A typical example
of heat flow and temperature curves in the stepwise
temperature increments is shown in Figure 3. Hydrate
dissociation is an endothermic process and could result in ice
formation [25,26]. Therefore, following hydrate formation,
dissociation is considered complete when temperature
changes (stepwise incremental temperature) result in a heat
response that is within the range of the sensible heat of the
sample, i.e., returning to the baseline as shown in Figure 3.
It has been noted that while both the conventional methods
(e.g., pressure-temperature analysing technique in constant
volume experiment) and DSC stepping procedure are time-
consuming, the DSC stepping method requires significantly
less sample [21]. High-pressure DCS techniques offer an
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alternative approach to accurately determine the hydrate
equilibrium point, especially for complex mixtures such as
those containing drilling fluid [22].

Raman spectroscopy, when coupled with a high-pressure
cell, offers a valuable approach for measuring the hydrate
equilibrium point [27]. This technique not only provides
molecular-level evidence of hydrate dissociation but also
enables the determination of macroscopic temperature
and pressure conditions associated with the equilibrium
state. By employing Raman spectroscopy, researchers
can gain both microscopic and macroscopic insights into
the hydrate system, enhancing the understanding of its
equilibrium behaviour. A microfluidic device coupled with
micro-Raman spectroscopy was also used to identify the
hydrate phase boundary, i.e. it provides the advantage
of combining visual observation with phase transition
confirmation through Raman spectroscopy [23]. It was also
noted that the microfluidic device enables rapid reaction
times for hydrate dissociation and formation processes. The
dissociation of gas hydrate could also be monitored using
infrared-attenuated total reflection (IR-ATR) spectroscopic
[28]. The dissociation of gas hydrate can also be investigated
using other spectroscopic techniques such as nuclear
magnetic resonance (NMR), Diffraction methods (e.g,
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neutron and X-ray), and infrared spectroscopic. However,
these techniques are mainly used for studying the structure,
composition, cage occupancy, formation, and dissociation of
gas hydrates. Various spectroscopic techniques have been
reviewed elsewhere [29].

Figure 3: Simplified illustration of heat flow and
temperature curves in the stepwise temperature
increments measured through differential scanning
calorimeter. This typical heat flow is inspired by previously
published work [21].

Hydrate Equilibrium Point in the Absence of
Liquid Water

Itis also possible to form hydrates in the absence of liquid
water when water molecules are present in the gas or non-
aqueous liquid phase (e.g., hydrocarbon phase). However,
the hydrate dissociation point is highly influenced by the
water content, i.e., the hydrate equilibrium temperature
significantly reduces with water content at a particular
pressure. Water content measurement in the isobaric
procedure could be used as a technique to determine hydrate
dissociation point, i.e., the Karl Fischer coulometer could be
used to measure water content [30,31]. In this technique, a
minimal amount of water is employed to avoid the presence
of liquid water at a specific water content. As shown in the
cooling line in Figure 4, the system is initially stepwise cooled
down from outside the hydrate phase region to determine
the water content in the absence of water content. The
water content stays constant in the absence of the hydrate
phase The pressure is maintained constant throughout the
experiment by adjusting the volume of the cell.

Afterwards, the hydrate is formed in the system by
decreasing the temperature to a significantly low level. The
water content is then measured in the stepwise temperature
rise to determine the heating curve, i.e.,, water content as
a function of temperature in the presence of hydrate. The
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water content of gas or non-aqueous liquid phase increases
as more hydrate is dissociated. As shown in Figure 4, hydrate
dissociation temperature at a certain pressure and water
content could be determined by the intersection of cooling
and heating curves.
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Figure 4: Simplified illustration of water content as a
function of temperature for cooling line (no hydrate line)
and heating curve (i.e., through hydrate dissociation by
temperature increasing) to measure hydrate equilibrium
point. W= water, G=gas, H=hydrate, DP=dissociation point.
This typical example is inspired by previously published

work [30].

Outlook of Hydrate Phase Equilibria

The interest in gas hydrates as a promising energy
resource and their applications in various fields, such as
carbon capture and storage, continues to increase. Although
there are predictive methods/models related to the
properties of systems containing hydrates, their accuracy
may be limited in certain cases, especially for systems with
impurities or high concentrations of CO,. Hence, there is
still demand for additional experimental data on hydrate
equilibrium points for various systems especially for the
CO, application. Therefore, exploring efficient and robust
approaches for determining the hydrate phase boundary is
crucial. For example, the method of controlled pressure drop
from the bulk hydrate systems was proposed to determine
the hydrate phase boundary instead of measuring of single
equilibrium point [32]. In this method, hydrate dissociation
is induced by opening the vent valve and the equilibrium
conditions are measured along the phase boundary through
automated tracking of pressure and temperature changes
during hydrate dissociation [32].

Furthermore, hydrate phase equilibria in porous media
need to be explored due to the application of gas hydrate
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in porous media such as gas hydrate reservoirs and CO,
hydrate storage in porous media. Although various methods
have been used to measure hydrate phase equilibria in
porous media [33-35], there is still more room for further
exploration in this field. Ongoing research continues to
improve measurement methods, expanding knowledge of
gas hydrates, and their role in the energy transition, carbon
capture and storage, and naturally occurring gas hydrates
resource.

Conclusion

Various visual and nonvisual techniques are reviewed
to measure an accurate gas hydrate dissociation point
either in the presence or absence of a liquid water phase.
While pressure, temperature, and volume analysis through
the isothermal, isobar, and isochoric procedures are
normally used to measure hydrate dissociation point as
the conventional method, there are some other techniques
such as differential scanning calorimeter and Raman
spectroscopy. Water content measurement in the vapour or
non-aqueous liquid phase can be also used to measure the
hydrate dissociation point in the absence of liquid water.

The isochoric procedure is the most common technique
through continuous or step heating procedures. While the
accuracy of hydrate dissociation point measurement depends
on many factors including mixing efficiency, heating rate,
and amount of water, analysing of heating/cooling curves
has been suggested to enhance the accuracy of hydrate
dissociation point and save time. However, the presence
of various hydrate structures in the multi-component gas
system results in different heating curves leading to different
dissociation points. Therefore, an accurate analysis of the
heating curve is required as discussed in this review paper.
For example, the final dissociation point is determined by a
sharp and distinct change in the slope of the heating curve.
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