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Abstract

The problem in the processing industries regarding the formation of gas hydrate in pipelines
or equipment have inspired much of the research for better understanding of hydrates. The
world’s increasing demands for more energy opens for hydrate as a potential energy source.
For the duration of the last few years, there have been ideas involving using hydrate, since it
is a solid phase, as a better transport of gases such as methane (CH4). Carbon capture
involving storage of carbon dioxide (COy) as hydrate in empty reservoirs would help lower
the greenhouse gas emission. This requires better knowledge and technology within the

hydrate field, but the theory of hydrates among scientists is not necessarily in agreement.

Even though hydrate was discovered in the 1800s, any precise method of determining the heat
of hydrate formation or dissociation is widely spread. The equilibrium pressure and
temperature for hydrates are well known and in good agreement among scientists. The
approaches of measuring or calculating the enthalpy changes of hydrate phase transition are
implemented by using experiments, the Clapeyron equation or the Clausius-Clapeyron
equation. The deficiency of information or the estimation of hydration numbers makes the
experimental results challenging to trust or rely on. Clausius-Clapeyron equation, which is a
simplified version of the Clapeyron equation, is very popular for calculating the heat of

hydrate dissociation but is inaccurate at higher pressures compared to the Clapeyron equation.

The Clapeyron approach relies on equilibrium conditions, and since hydrates cannot reach
equilibrium in real life, approaches that can calculate for non-equilibrium systems would be a
better choice. Since the enthalpy change is directly coupled to the change in free-energy, by
calculating the change in free-energy of the phase change, we can directly calculate the heat
of hydrate formation and dissociation using residual thermodynamics. The method of using
residual thermodynamics for hydrate calculation is proposed in this work and is not limited to
heterogeneous hydrate formation from liquid water and hydrate phase, but can be used to
calculate for homogeneous hydrate formation from dissolved hydrate formers in liquid water
also. In this work, the enthalpy of hydrate formation for both CH4 and CO. hydrates along
with hydration numbers have been calculated using residual thermodynamics at equilibrium
conditions from temperatures of 273.16 K to 290.0 K. These values have also been compared
with other works recorded in literature based on experimental works, Clapeyron equation and

Clausius-Clapeyron equation.
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1 Introduction

Gas hydrates are known to appear in seafloor sediments at several regions around the world,
seemingly not confined to certain latitudes. Hydrates are very efficient gas collectors, and it is
estimated that 1 m® of methane hydrate can release about 164 m® of methane (CH4) gas under
standard temperature and pressure conditions (STP) [1]. It has been anticipated that over 15 x
10'? toe (ton of oil equivalent) of gas hydrate exists around the globe. Only 17-20% of this
resource can supply the energy demand of the world for 200 years [2].

Release of the methane gas into the atmosphere is considering to be a threat to the global
climate system due to its properties as a potent greenhouse gas. This can cause even more
hydrate dissociation in sediments or in the permafrost due to the change in temperature,
releasing even more greenhouse gas [3]. Natural gas hydrates as an energy source are limited
by the technology of production. Several methods have been proposed, such as pressure

reduction, dissociation by hot steam (thermal stimulation), but they are too expensive.

Pilot tests have been faced with trouble due to freezing, and other problems include sand and
water production. A new, and perhaps better approach is by injection of CO. into hydrate
reservoir, replacing the methane inside the hydrate [4]. This technology for natural gas
production is also of great interest due to storing CO in reservoirs, as a replacement for
releasing it into the atmosphere. Hydrate research is essential for future work. The history of
hydrate research is widespread, the first report is nearly 200 years old, and hydrate research
has played a leading role in the development of modern science. Hydrate scientists these days

encounter an impressive number of practical challenges.

The control of hydrate formation, decomposition or hydrate structure, in connection with the
transportation of gas in pipelines, the sequestration of CO- (carbon capture and storage), or the
recovery of natural gas from hydrates. Locating and estimating the quantity of gas in natural
formations in linking with energy reserves and the potential for global climate change [5] is
also a challenge. In this thesis, we will investigate how widespread the different values of
enthalpy of hydrate formation and dissociation in different works of literature have become
with different approaches, such as Clapeyron, Clausius-Clapeyron and experimental. In
addition to this, a suggestion of how and why we should use residual thermodynamics as the

most suitable approach for calculating hydrate phase transitions.
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1.1 Motivation

Any production of natural gas from hydrates requires a supply of heat. If the pressure of a
hydrate deposit is reduced to below hydrate stability pressure, the heat of dissociation must
still be supplied. Adding heat to dissociate natural gas hydrate obviously needs information on
the heat of hydrate dissociation. During the injection of carbon dioxide into a methane hydrate
reservoir, a new carbon dioxide hydrate will be formed, and the released heat of formation
will be used for dissociation of the methane hydrate. Reliable data for heats of formation and
dissociation for hydrates of carbon dioxide and methane hydrate is therefore essential.

As a first step in the direction of this goal, it is crucial to evaluate what is available of
experimental data and theoretical methods for calculating these hydrate phase transition
enthalpies. The second step is to either extend or modify existing models or develop new
models for enthalpies of hydrate formation and hydrate to fit the needs discussed above. In
addition to the needs for enthalpy of hydrate phase transitions as part of concept studies for
hydrate production, there is a need for consistent enthalpies in kinetic theories for a hydrate
phase transition. Some existing theories are based on gradients of independent

thermodynamic variables (temperature and pressure).

Thermodynamic consistency, however, implies that the resulting thermodynamic variable is
consistently related. Enthalpy is uniquely related the free energy by trivial thermodynamic
relationships. Models for describing free energy changes related to hydrate phase transitions

will, therefore, have a corresponding unique enthalpy change based on the same models.

This type of consistent approach will apply to Phase Field Theory, Classical Nucleation
Theory, Multicomponent Diffuse Interface Theory and any other Kinetic theory for phase
transition, which is complete. By complete means that there is implicit coupling between mass

transport, heat transport and the thermodynamics of the phase transition.
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1.2 Objective and scope

One of the main goals of this thesis is to show how wide the variation, confusion and
uncertainty within the hydrate literature are, more specifically, the enthalpies of formation and
dissociation for methane and carbon dioxide hydrates. The other one is to justify the use of

residual thermodynamics in calculations involving hydrate phase transitions.

To achieve these objectives:

- Research for information available in works of literature involving enthalpies of
hydrate formation and dissociation for methane (CH4) and carbon dioxide (CO>).
Experimental data is preferred.

- Evaluate the different available experimental data

- Evaluate the other approaches such as Clapeyron equation and Clausius-Clapeyron
equation

- Introduce the basic theory of hydrates and how residual thermodynamics can be used
to calculate the heat of formation and dissociation of hydrates.

- Calculate the enthalpy of CHs4 and CO: hydrate formation using residual
thermodynamics at equilibrium conditions within the same range of temperatures as
the other literature.

- Make the results easily accessible for other readers and researchers for further work.
This can be done by inserting the values into a table.

- Compare results from residual thermodynamics with available literature.

16



1.3 Scientific methods

Evaluation of the phase transition of hydrate formation or dissociation discussed in this work
requires scientific methods such as molecular dynamics (MD) simulation. MD is a computer
simulation technique useful for analysing the physical movements of molecules and atoms
(nanoscale) that is allowed to interact with each other for a fixed period of time and provides a
view of the dynamic development of a hydrate system [6]. However, MD is limited to small
volume and time scales (nanoseconds), considering that hydrate formation and dissociation is
a relatively slow process. Other techniques, such as density functional theory (DFT) and
phase-field theory (PFT) [7] can also be used to study the formation or dissociation of
hydrates. The concept of density functional theory is that the kinetics of a phase transition is

proportional to the changes of molecular structures but are limited to geometric scales.

These structures are directly related to the free energy, and this is where phase-field theory
(PFT) comes in. PFT makes it possible to scale up and are only limited to the thermodynamic
description, yet, it requires a considerable amount of computer power to do the simulations
and using much time to run the simulations. The CPU time would rise more than proportional
to the number of components, where the integration over concentration includes a differential
equation of the fourth-order in compare to phase-field, which only goes to second-order

differential equations [8].

The choice of the scientific method for this work is a technique called free energy
minimisation and is based on classical thermodynamics. Residual thermodynamics will be
applied for all the components and phases via the application of the Soave-Redlich-Kwong
(SRK) equation of state. The parameters required by the SRK, such as the chemical potential
of liquid water and chemical potential for empty hydrate structure have been obtained by

molecular dynamics simulations (MD).

The Monte Carlo approach [9] was used to evaluate the differences in enthalpies of hydrate
formation. The result and outcomes in this thesis are based on the theory and programming
codes by Professor Bjgrn Kvamme. These codes, written in a FORTRAN language and run
from a Microsoft Developer studio, provide the desired variables. By using software such as
MATLAB, these values can be plotted, and figures are the preferred method to presents the

results individually, and also for comparing with other literature research.
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2 Hydrate

Gas hydrates are solid non-stoichiometric crystalline structures that look like ice but are
different in various ways. Unlike ice, gas hydrates can form at temperatures above zero
degrees Celsius, as long pressure is high enough. Such circumstances often occur in oil and
gas wells, but also in pipeline equipment. Gas hydrate is hydrogen-bonded water molecules
that form a cage-structure which traps small-sized molecules as guest molecules [10]. An
empty hydrate without a gust molecule is not thermodynamically stable. Guest molecules
prevent the hydrate lattice from collapsing and help to stabilise the hydrate. Hydrocarbon
components such as methane (CHs), ethane (C2Hs) and propane (CsHs) are some of the

typical guests that are not too large or too small to fit into water cavities.

Non-hydrocarbon also, such as carbon dioxide (COz), nitrogen (N2) and hydrogen sulphide
(H2S) are prevalent as guest molecules. Natural gas hydrates, usually methane, occur in the
pore spaces under ocean sediments or continental sedimentary rock formation [11], and it has
been estimated that about 97% of all-natural gas hydrates have been located offshore and only
3% on land [2]. Over the past century, fossil fuels have supplied the majority of china’s
energy. Their extensive consumption of energy has led to a shortage and environmental
pollution. China’s research on gas hydrates is progressing rapidly but is still in an early
developing stage [12]. Gas hydrates may be an alternative energy source for the future, but it
also causes problems in the industries. Processing plants transporting hydrocarbons are
always accompanied by reservoir water. Under the right conditions with high pressure and
low enough temperature, water combined with hydrocarbons can form hydrates that cause

plugging in pipelines or damage on expensive equipment.

To avoid hydrate formation during transportation and pressure reduction or heating is not an
option, there are other alternatives. Adding chemical inhibitors such as methanol or ethanol
changes the thermodynamic properties of the system by lowering the chemical potential of
liquid water, making it more stable. Another option is by lowering the fraction of water in the
gas phase by dehydration. In fact, rusty pipelines are found to increase the risk of liquid water
drop out (that is causing hydrate formation) by a factor of 18 due to adsorption on hematite
(rust) [13]. Hydrate formation during transportation of natural gas will not be a topic for this
thesis, much of this is already covered in a previously published work by our research group

and can be found in appendix A.
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2.1 History of hydrates

One of the first known discovery of hydrates was either done by Joseph Priestly in 1778 or by
Sir Humphrey Davy in 1810. This is because there is some uncertainty if the experiments
completed by Priestley with vitriolic air (SO.) at temperatures under the freezing point were
an observation of ice or hydrate. Sir Humphrey Davy did his experiments with chlorine (Cl2)
at temperatures above the freezing point, making this the first discovery of “warm ice”. At
that time, neither of the experiments got any attention among scientists or industrialists. It
only became an academic interest later as a laboratory curiosity to establish which compounds
were able to form hydrates and to describe the composition between the water molecules and
the guest molecules. During this time, fossil fuel such as oil and gas became a central source
of energy. For transportation, large gas pipelines were constructed in the USA in the 1920s,
and the formation of plugs during cold periods became a significant problem. These were
misjudged as solid ice, not gas hydrate. It was not until the American chemist E.G
Hammerschmidt identified the problem as hydrate plugging in 1934 that created the
beginning of modern research for hydrate.

The challenges to predict and prevent hydrate formation in pipelines and equipment during
transport or processing has required vast amounts of effort and research. Most of these are
connected with the work of D. Katz and R. Kobayashi who devoted all their scientific lives to
hydrates. These pioneers gave rise to new technology and techniques. The determination of
the two hydrate crystals s(I) and s(Il) were reported by a group of the German scientist VVon
Stackelberg in 1949 after two decades of X-ray hydrate crystal diffraction experiments. A
statistical theory for hydrates based on its structure was first proposed by Van Der Waals and
Platteeuw in 1959. In 1967, a group of Russian researchers led by Makogon discovered the
massive field of natural gas hydrates in the permafrost region. It has been estimated that the
total energy in resources of methane worldwide, is twice the amount of all the combined fossil
fuel energy reserve [14]. With the world’s increasing demand for energy, gas hydrates might
be used as an alternative energy source as our technology and knowledge improve. Methane
(CHs) is a potent greenhouse gas, around 25 times more aggressive than COz. The
dissociation of methane hydrate in the permafrost leaking into the atmosphere is an
environmental threat. Thermodynamically, methane hydrates are more unstable than Carbon
dioxide hydrates. This opens up the opportunity to replace the CH4 molecules in the hydrate
with CO2, a win-win situation where CO> gets injected and provided long-term storage for

COz2 in the form of a hydrate, but at the same time releasing natural gas for energy [15].
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2.2 Hydrate structures, filling and stabilisation of cavities

The structure of the gas hydrate depends on the guest molecules. There are three common
structures; structure (1), (11) and (H). Only structure (I) and structure (I1) are usually found in
petroleum production and processing. Structure (H), the third hydrate structure is not as
ordinary as the other two structures and will not be relevant for this thesis, but information on
its geometry can be found in Table 2.1. A typical hydrate structure, shown in Figure 2.1, is
composed of cages, also known as cavities. In particular, the 52, forms a building block for
all the three hydrate structures, as shown in Figure 2.2. It is composed of 12 pentagonal faces,
formed by H.O-molecules linked together by hydrogen-bond, with oxygen at each vertex
[16]. The free diameter of the 5'? cages is 5.1 A (angstrom) and allows small molecules like
methane (4.36 A) to stay inside. There are no chemical bonds between the cage and the guest
molecules. When a 52 cavity is connected to others, a body-centred cubic crystal of 52

cavities forms, and it is called hydrate structure (1I).

Because the 52 cavities cannot fill space without strains on the hydrogen-bond, a secondary
cavity is required, 5'%62. This is with both 12 original pentagonal faces and two new
hexagonal, strain-reliving faces. The 52 is often referred to as the small cavity and the 5262
as the large cavity of structure (I). Formation of a structure (I) hydrate crystal, requires 2
small and 6 large cavities, as shown in Figure 2.2. Structure (1) hydrate have a total sum of 46

water molecules in all the cavities. The diameter of the large cavity, 51262, is around 5.86 A.

This allows a molecule of ethane (5.5A), which is the second most common component of
natural gas, to fit inside the large cavity. The methane molecule is too small to prop open the
large 5262 cavities, although it can fit inside. In a mixture of both CH4 and C2Hs, methane

occupies mostly in the small cavity and only a slight number of the large cavity.

Structure (1) hydrate is suitable for small components such as CHs, CoHs, CO2 and H>S, but
larger molecules such as propane (6.3 A) and i-butane (6.5 A) are too big to fit inside 5'%62
cavities. A larger cavity, 5'26* with a diameter of 6.66 A forms around the molecule. This
cavity has 12 pentagonal and 4 hexagonal faces. Again, the 52 cavities cannot fill all the
space alone, but the large 526* cavities help. By combining 16 small 52 cavities and 8 large
5126% cavities, the hydrate structure (11) is formed and contains 136 water molecules in total. A

summary of the different hydrate structures is shown in Table 2.1.
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@ Guest molecules(gas)
(@ Water molecule
Figure 2.1: Illustration of a typical gas

hydrate structure, where

the water

molecules bonds and forms cages that trap
the gas molecules (such as methane,
ethane, etc.) inside. Adapted from [17].

Table 2.1: Geometry of hydrate crystal structures, adapted from Sloan [19].

Hydrate crystal structure

Figure 2.2: lllustration of how the different
hydrate structures are formed [18]. From left,
the small 52 cavity acts as a building block to
be merged with larger cavities and form hydrate

structures.

H

Cavity type Small Large | Small Large | Small Medium Large
Description 52 5l2gz 512 gl2gd g5l2 435563 51268
Number of cavities/unit cell 2 6 16 8 3 2 1
Average cavity radius® (A) | 395 433 391 473 3.9 4.04 5.79
Variation in radius (%) 34 144 55 1.73 4.0 8.5 15.1
Number of water molecules
per cavity” 20 24 20 28 20 20 36
Number of water molecules
per unit cell 46 136 34
Examples of guest Methane, ethane, Propane, Methane + neohexene,
molecules carbon dioxide iso-butane Methane + cycloheptane

# The average cavity radius will vary with temperature, pressure and guest composition.

One angstrom is equal to 1.0x10™° meters

b Number of oxygen atoms at the periphery of each cavity
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Several factors keep cavities stable; The volume of the guest molecule makes it difficult for
the H20 in the cavity wall to collapse. In hydrates, the actual stabilisation depends on the van
der Waals-attraction, which are the short-range interactions between the guest and the water
molecules [20]. Hydrogen sulphide, HS, is a very aggressive hydrate former and it stabilizes
both small and large cavities of the structure | hydrate. The H2S molecule is slightly polar
compared to the nonpolar component like methane. Due to its effect of dipole moment, H2S
has a unique effect on hydrate stability. When it rotates inside the water cavity, it exposes an
average positive charge outward because of the positively charged hydrogen atoms pointing

outward towards the cavity walls, as shown in Figure 2.3.

The cavity walls have an average negative charge and face inward in the cavity. Strongly
polar molecules would destroy hydrate lattice by destroying hydrogen bonds, but the dipole
moment of H.S is strong enough to have strong coulombic attraction towards the cavity wall,
but weak enough not to make it collapse. For H2S the average coulombic effect gives extra

stabilisation, while for CO; the average coulombic effect gives some destabilisation effect.

. = Oxygen
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Figure 2.3: A two-dimensional illustration of how the H.S molecule help stabilising the
hydrate from inside the cavity. The oxygen and hydrogen atoms of water molecules form the
surrounding cavity wall. The hydrogen in the water wants to line along with the water
connection, but the other hydrogen atoms go in and out of the cavity, resulting in an average
negative charge facing inwards. Although H»S has a positive partial charged at its centre, an
average positive charge is facing outwards due to rotation inside the hydrate cavity. Adapted
from [20]
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3 Kinetics of hydrate formation

Hydrate formation is a three-step process which involves hydrate nucleation, growth, and
induction. Each step is described in their own subsection and is based on a previously
published paper [21], but simplified. Hydrate formation and dissociation are processes that
involve many competing phases and represents non-equilibrium scenarios. A lot of research
groups treat the phase transitions as equilibrium reactions because the reactions can occur
pretty quick. In reality, hydrate systems can barely achieve equilibrium. The Gibbs phase rule,
which relates to the degree of freedom that a mixture of components and phases have in a
closed system, states that hydrate systems are in a non-equilibrium state [22]. In the hydrate
reservoir, where both temperature and pressure are given locally by process control or
hydrodynamic flow, the hydrate system can never reach equilibrium. Even for a simple
system of pure CHs in contact with water ends up with a maximum one thermodynamic
variable that can be specified for achieving equilibrium. This is why equilibrium curves are
always measured by keeping either the pressure or temperature fixed and monitoring the

phase transition of hydrate through a slow variation of the other variable.

1000

100 - Hydrate + CHa(g)

Pressure (bars)
—_
(=]

Water +CHa(g)

Ice + CHa(g)

-100 -80 -60 -40 -20 0 20 40
Temperature (*C)

Figure 3.1: A typical three-phase equilibrium pressure diagram for methane hydrate as a
function of temperature. Adapted from [23]. The diagram is just for illustrating the effects of
pressure and temperature in a hydrate system, and the data point should not be used for any
calculation. A proper equilibrium curve for CH4 and CO> can be found on page 58.
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Figure 3.2: The chemical potential for CH4 and water in the hydrate along the equilibrium
curve, respectfully. The dashed line in the centre is the molar free energy of the hydrate.

Figure 3.1 shows a typical equilibrium curve for methane hydrate. Every pressure and
temperature conditions to the left of the equilibrium curve are stable for hydrate formation.
Conditions to the right of the equilibrium curve are not stable for hydrate formation. Hydrates
under such conditions would dissociate into liquid water and hydrate former gas. There is
nothing new about this figure, and there are several equilibrium codes published that can
calculate that curve. Figure 3.2 shows the chemical potential of water and methane in the
hydrate as well as the molar free energy of the hydrate along the hydrate equilibrium curve.
Gibbs free energy is a measurement of the energy available in a system to drive a reaction.
It’s not possible to determine the absolute value, but the change in energy can be calculated,

as shown:
AG =AH -TAS (3.1)

Where AG is the change in free energy, AH is the change in enthalpy, and AS is the change in

entropy.
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A system at equilibrium is the point which no net change occurs over time, so no change in
enthalpy and entropy makes AG = 0. All systems seek naturally towards states with the
lowest possible free energy. This is because a lower free energy state is less likely to drive a
reaction. In a non-equilibrium system, there is no rule that controls the chemical potential of
each component to be equal across the phase boundaries. So, for a methane hydrate formation
to occur, the free energy for the hydrate phase must be lower than the free energy for methane
in its pure gas phase and the free energy for the water phase. Since the chemical potentials of
hydrate formers (guest components) can be different at various phases, it is also possible for

various formation-routes to create different types of hydrates.

For a simple system of water and methane under hydrate conditions, where the effects of the
solid surface are neglected, the free energy change of the hydrate formation on the interface is
formulated in equation 3.2 and illustrated in Figure 3.3.

AG™ = o (o (T PLX™) = a8 (T PLR))+ 2 (4 (T PLR™) = (T, P,§™)) | (3.2)
j

The delta symbol, A, is the change in free energy and the superscript H, indicates the specific
hydrate formation route. X is the mole fraction in liquid water or hydrate (superscript) and Yy
is the mole fraction in hydrate former phase. The vector sign denote the mole fraction of all
the components in the actual phase. Superscripts H>O and j denote water and hydrate formers
(guest), u is the chemical potential. Other factors as heat and mass transport play an essential
role in hydrate formation. As the hydrate film on the water surface emerge and closes in, the

mass transport of hydrate builders becomes very slow.

4 N

CHa (g)+ H20 (9) CHa (g)+ H20 (g)

Hydrate 1

Figure 3.3: Formation of hydrate film at the interface between the liquid water and methane
gas.
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Since the initial hydrate film limits mass transport across the interface and thus hydrate
formation at the interface, this opens up a second route towards hydrate formation where it
uses the hydrate former that is already dissolved in the liquid water. Since this is a non-
equilibrium situation, the chemical potential of methane dissolved in water does not
necessarily be the same for methane in the gas phase. For this reason, the composition will be
different from the first hydrate, and so will the equation to calculate the free energy, shown in
equation 3.3 denoted Ho.

AG"™ {x::o (4120 (T, P, X™) = gl (T, P %))+ 27 ()" (T, P XM2) = ™ (T, P,X))} (3.3)
i

Formation of hydrate via the H> route will be limited to the concentration of hydrate formers

in the liquid water. It is more likely that heterogeneous methane hydrate formation occurs at

the hydrate/water interface region due to higher methane concentrations, as shown in Figure

3.4, but homogeneous hydrate formation inside the water solution is also achievable.

r ™ 4 )
Gas Gas

CHs (g)+ H20 (9) CHa4 (g)+ H20 (9)

Hydrate 1 —> Hydrate 1
Hydrate 2

Figure 3.4: Formation of methane hydrate between the hydrate film and water interface.
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There is a third, but a possible theoretical route to hydrate formation, Hs, shown in Figure 3.5.
The free energy is given by equation (3.4).
AG™ =Xl (4o (T, PR™) = o (TP Y™) )+ 2" (4 (T P.X™) = (T, P.y™) ) (3.4)
i
The gas region contains hydrate former and a small amount of dissolved water, but due to

limited mass and heat transport, it’s unlikely for this hydrate formation to occur. However, if

water condenses out on the hydrate film, a limited amount of hydrate can be formed.

7

r

~

Gas

CHa4 (g)+ H20 (9)

Hydrate 1
Hydrate 2

Gas
CHa4 (9)+ H20 (g)

Hydrate 3

Hydrate 1
Hydrate 2

Figure 3.5: An illustration of the third hydrate formation route. Since gases conduct heat very
poorly and can only have a limited concentration dissolved, it’s not a thermodynamically
favourable route.

Using the Gibbs phase rule for a simple system of methane and water, using 3 different
hydrates, gives the number of freedom to -1. This means both temperature and pressure are
highly overdetermined in terms of the possibility for equilibrium. The concept of the Gibbs

phase rule is explained in section 3.4 on page 32.

The classical nucleation theory can be used to described hydrate formations, and the mass

transport rate expressed as.
J=Jee™ (3.5)

Where the Jo in equation 3.5 is the mass transport flux that’s supplying building blocks for the
hydrate growth. To give it in better perspective, Jo would be the supply of methane to the
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interface growth in equation 3.2 and diffusion rate for dissolved methane to crystal growth
from aqueous solution in equation 3.3. The supply of H>O by diffusion through a gas is the
limiting mass transport rate in equation 3.4. For homogeneous hydrate formation in equation
3.3 and 3.4, the units for Jo will be moles/m3s, and for heterogeneous hydrate growth in
equation 3.2, will be moles/m?s. J has the same units as Jo. B is the inverse of the gas constant
multiplied with the temperature and AG™® is the molar free energy change of the phase

transition.

The total change in Gibbs free energy consists of two competing processes:

A(_;Total — A(_; Phase transition + A(_;Push work (3- 6)

The lines below the symbols indicate extensive properties and have the unit of Joule. The
phase transition contributes to a negative free energy change and is described in equation 3.2
to 3.4 as examples. The push work, also known as the penalty, gives a positive contribution to
the free energy. As the hydrate core is growing, work is required to push the surrounding

molecules away to give space for the new phase.

A ~4mR%y

A g] otal)

w Core radius,
~ R)

4 »
X R3 pil pPhase transition
3 TR py AG

Figure 3.6: Schematic representation of the classical theory, where the total change in free
energy is a function of the nucleus radius. The critical radius, R”, represents the radius at
maximum AG. Crystal radius beyond this point is where the “benefit” is dominating, and
stable growth is achieved. Adapted from [24]

28



Since the molar densities of hydrate and liquid water are relatively close, it should be a fair

G Phase Transition

approximation to multiply A with the molar density of hydrate, ,0,:' , times the

volume of the hydrate core, as shown:

AC_;TOtaI — gﬂ_RapNH AG Phase transition +47Z'R27 (37)

The yis the interface free energy between the hydrate and the surrounding phase. Since the
easiest shape of a hydrate crystal is a sphere, the volume and surface area with its radius R,
are used in the calculation, as shown in equation 3.7. At a certain radius, the benefit of phase
transition is dominating over the “penalty work”, and this allows for stable nucleus growth.
This point is the were the free energy is at its maximum peak, and the nucleus radius is called
the critical radius, illustrated in Figure 3.6. By differentiation of equation 3.7 with respect to
R, results in the equation 3.8, where the critical radius indicated by the superscript (*) on R. In
temperature ranges between 274 - 278K and pressures above 150 bars, the typical critical
hydrate core radius lies between 18 and 22 Angstroms.

R = 2y

(3.8)

H AG Phase transition

PN

3.1 Hydrate nucleation

The transition from an unstable growth over to a stable growth is called nucleation and is part
of the hydrate formation. The nucleation process happens very fast, in just a few nanoseconds,
and there are basically two different approaches for modelling the nucleation part [25]. The
main difference of the hypotheses is about where the initial nucleation process takes place, at
the liquid water interface or towards the hydrate former part of the interface. Christiansen and
Sloan’s [26] hypothesis from 1994, proposed that water molecules form clusters around
dissolved guest molecules and then combines to form unit cells. When the size of
agglomerated clusters reaches critical, growth begins. The other hypothesis was published by
Kvamme [27] in 1996. He proposed that the initial nucleation takes part towards the gas/water
interface where the water molecule first forms partial, and then complete cages around the
adsorbed species. At the gas/vapour side of the surface, clusters get together and grow until
the critical size are achieved for stable growth.
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3.2 Hydrate Growth

The second step in hydrate formation is stable growth. This process also occurs fast, but is
often limited by mass and heat transfer. Once the hydrate film at the interface between
hydrate former and water grows thick enough, mass transport becomes limited and may
control the growth rate. In the classical theory of hydrate formation, a variety of different

routes is possible;

- Heterogeneous formation: where the different components enter the hydrate from
different phases.
- Homogeneous formation: where all the components are extracted from the same

phase.

Hydrate formation on the interface between the gas (or liquid) and water are heterogeneous
and is the most common studies [21]. Homogeneous nucleation can occur in the bulk of water
with dissolved hydrate formers and nucleate towards mineral surfaces in such as natural
sediments or a pipeline. There are two primary models for hydrate growth, the work by
Englezos et al. [28] in 1987 and the later modified version by Skovborg and Rasmussen [29]

in 1994. The crystal growth rate change is frequently expressed in terms of:

am _ KA(c—c®™) (3.9)
dx

Where A represents the surface area of crystal, ¢ and c¢*¥the supersaturated and equilibrium
concentration. K represents an overall transfer coefficient expressed in terms of diffusion and

reaction coefficients k; and k, as [15]:

. @10
By assuming ideal liquid solutions, conservation of mass and constant temperature and
pressure, then the concentrations in equation (3.9) can be replaced by fugacity as in the
Englezos model. Rasmussen and Skovborg simplified this approach by using a single rate
constant related to the hydrate/liquid water interface area and differences in mole fraction of

the hydrate former at the interface and bulk [25].
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3.3 Induction times

Induction is the third stage of hydrate formation, and it is frequently misinterpreted as the
nucleation time. It can be defined as the time needed to reach visible hydrate. This is the stage
in which the growth rate for the hydrate becomes massive [19]. The massive growth is often
delayed by several factors, most often mass transport limitations. An experiment was
constructed by a research group to measure the induction time [30]. A cell made of a plastic
cylinder cut in half, with a diameter of 4 cm and length of 10 cm. These two half-cylinders are
then squeezed together against a 4 mm thick plastic spacer which then gives an empty space
for fluids surrounded by a medium that will not be affected by magnetic radiation. This

enables the Magnetic Resonance Imaging (MRI) to trace the dynamics of the hydrate phase

transition. The experiment was conducted at 4 °C (277 K) and 83.75 bar(1200psig) with
methane as hydrate former. Since the resolution of the MRI experiments was limited to the
order of 300 microns, it was not able to detect the nucleation stage and the first stages of
growth. The MRI-results in Figure 3.7, shows the induction time, the time for onset of
massive hydrate growth, to be just about 100 hours. This is far beyond any reasonable value
for nucleation times. Monitoring techniques or visual observation will often lead to incorrect
interpretations of induction times as nucleation times [31]. Phase Field Theory (PFT)

modelling, which can reproduce the experimental observation, supports this.
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Figure 3.7: Experimental data for methane hydrate formation at 84 bars and 277 K [27].
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3.4 Gibbs phase rule

A phase is a section of space, a thermodynamic system, in which all physical properties of a
material are substantially equal. In other words, a phase is a region of material that is
chemically identical, physically distinct, and (often) mechanically separable [32]. J. Willard
Gibbs expressed his results in 1875, also known as Gibbs phase rule, and is built on the
fundamental principles of thermodynamics and makes it possible to predict if a system of
phases can reach equilibrium. It basically describes how many independent thermodynamic
variables needed to be defined for the system to reach equilibrium [33].

F=C-P+2 (3.11)

The F in equation 3.11 is the number of independent variables (degree of freedom), C is the
number of components, and P is the number of phases. In nature and industries, phase
changes are controlled by pressure and temperature, hence the additional two in the equation.
A simple system of liquid water and methane gas, where C=2 and P = 2(gas, liquid), results in
F = 2 independent variables which are already given as pressure and temperature. This means
the system can reach equilibrium. However, this is very unlikely in dynamic situations such as
gas transport in pipelines due to the continuous flow.

If hydrate is introduced to the system, the number of independent variables reduces to F=1,
due to the third phase P =3 (gas, liquid, hydrate). In this case, the system is overdetermined as
the number of independent variables is lower than the number of variables already defined.
Hydrates can therefore never reach equilibrium but will strive towards the lowest possible free
energy. Nevertheless, in a non-equilibrium system, the chemical potential for a hydrate former
in different phases are different because of the 1% and 2" laws of thermodynamics which

determine the distribution of masses over the various possible phases [21].
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4  Thermodynamics

Thermodynamics is a compilation of beneficial mathematical relations between quantities, all
of which is independently measurable. Even though thermodynamics tells us nothing of any
kind of the microscopic description of macroscopic changes, it is useful because it can be
used to quantify many unknowns. Thermodynamics is beneficial because specific quantities
are easier to measure than others. The laws of thermodynamics offer a sophisticated
mathematical expression of some empirically discovered truths of nature. The principle of
energy conservation tolerates the energy requirements for processes to be calculated. The
theory of increasing entropy (and the following Gibbs free energy minimisation) allows

estimates to be produced of the degree to which those processes may proceed [34].

4.1 Free Energy

The term “free energy” is used to describe “available energy” that can be converted to “do
work”. Gibbs free energy can be obtained from the first law of thermodynamics, the
conservation of energy, and the second law of thermodynamics, that states that an isolated
system will always naturally strive towards maximum entropy. The changes for a phase “i” in
an isolated system, can be expressed by the combination of 1%t and 2" law of thermodynamics

as follows:
dU'<T'dS' - pdv'+>"" u\dN} (4.1)

Where U is the internal energy [joule], p is the chemical potential [joule/mole], T is the
temperature [K], P is the pressure [Pa] and V is the volume [mq]. S is the entropy [joule/K], N;

2 [1TEd
1

is the number of particles of a component, “J” is the component. The is the phase
represented, i=1,2,3...n (gas, liquid or solid). The last term in equation 4.1, Y_" z{dN} , is the

chemical work, the work necessary to put a molecule from one phase into the other phase. For
all real and irreversible changes, we have less than (<) sign. Gibbs free energy is by

definition;

G'=H'-T'S (4.2)
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And since the expression for enthalpy is,

H'=U'+pV' (4.3)
By combining eq.4.2 and 4.3, Gibbs free energy can be expressed as,

G'=U'+pV'-T'S (4.4)
By using Legendre transforms and applying total derivative natural variables for equation 4.4;
dG' <V'dP-S'dT'+Y " idN; (4.5)

Equation 4.5 indicates that a system will always strive towards a minimum when exposed to
changes in P, T or N. In this project, systems are considered both reversible and irreversible
processes, the process continues until the total free energy achieves a minimum. This implies
that we can use the change in Gibbs free energy to state which reaction or phase transition
will be favoured and ensure spontaneously. If AG<O0, then phase transition is
thermodynamically favoured and will develop, if AG>0, then the phase transition is not

favoured and phase transition will not occur [35].

4.2 Equilibrium thermodynamics

To accomplish thermodynamic equilibrium, the temperatures, pressures, and chemical
potentials of all components must be the same in all coexisting phases, as given by the

expressions below:

TO =T T T Thermal equilibrium (no net heat transport) (4.6)
P —ph —pth _p Mechanical equilibrium, Newton’s law 4.7)
w =" = "=y Chemical equilibrium (no net chemical work) (4.8)

The superscripts, (1), (1) and (111) correspond to the phase index for all the co-existing phases
in consideration. Although it is not possible to reach equilibrium, using a quasi-equilibrium
method allows evaluating the thermodynamic advantages of various routes of either formation
or dissociation of hydrates via equation 4.6 to 4.8. as asymptotic limits of inherent stability for
each given phase transition [36].
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4.3 Residual thermodynamics

Thermodynamic deviations from the ideal gas behaviour are represented as residual
thermodynamics (fluid thermodynamics). Combining the 1% and the 2" law of
thermodynamics with the ideal gas law will yield for ideal gas [15]:

du =RTdInxP (4.9)

At constant temperature, where g is the ideal gas chemical potential of component i with

mole fraction x,. To simplify, a new function f named the fugacity is presented to find a

general representation for the chemical potential of component i.

du =RTdIn f, (4.10)

The fugacity can be interpreted as the corrected pressure. For a mixture of ideal gasses, the
fugacity equals the partial pressure X;P of the component, where X is the mole fraction. For
convenience, we also characterise the fugacity coefficient ¢=f,/(XxP), which is the

deviation factor from ideal gas partial pressure over to real fluid fugacity.

NG Residual J [ NAResiduaI ]
0 ( 0
RT TPN;, RT  Jrvw

Ing(T,P,X) = Pl VN 4.11
#(T,P,%) = = (4.11)

The compressibility coefficient Z =PV/RT and the corresponding equation for an ideal gas

can now be inserted into Helmholtz (A) or Gibbs (G) free energy on the form of the equation

of state. The final result is as shown;

In¢(I',P,>”<):—% :H%} —T/—T}d\i—lnz (4.12)

LoV j=

The compressibility coefficient Z for the mixture is given by the specific equation of state
used for the model calculations. For residual thermodynamics, Soave-Redlich-Kwong (SRK)

equation of state [37] has been used for each hydrate forming components in all phases.
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At a provided temperature and pressure for a specific mixture with constant composition,

G _ luio(I',P) S
ﬁ_zxi—RT +in Inx4(T,P,X) (4.13)

The chemical potential for an ideal gas, ,uio, is used as the reference state. This can be

determined from Helmholtz free energy by using the real molar volume, which relates to the
specific condition of temperature and pressure. For this reason, methane is considered as an
approximately spherical atom, and the carbon dioxide molecule is treated as a line with a
specific angular momentum provided by the bond lengths and masses. The molar volume and
partial molar volumes of each component are calculated from the solution of the equation of

state for every temperature, pressure and composition [15].

4.4 Excess thermodynamics

An ideal gas is not a suitable reference state for a condensed phase, but as an alternative, we
choose an ideal solution. In a liquid solution, the molecules apply forces upon each other, in
contrast to an ideal gas. All the intermolecular forces, independent of species, are equal.

Equation of state (EOS) is readily available for gas mixtures, and many of these are based on

the van der Waals equation:

- (4.14)

Where the RT/(v,, —b)is the correction to take account for the volume that a real gas

molecule takes up, and a/v,, is to take to accounts for the fact that gas molecules attract each

other and that real gases are consequently more compressible than ideal gases [38]. This was
proposed in 1873 by van der Waals and was the first equation of state to perform better than
the ideal gas law for liquid/vapour equilibrium. He believed that fluid was homogeneous and
that the molecules were solid spheres with pair wise attraction [39]. The most common
equation of state in the oil and gas industry is the Soave-Redlich-Kwong (SRK) and Peng-
Robinson (PR). They use a more precise suited constant for the attractive forces among non-
polar molecules in a fluid and is basically simple extensions of the van der Waals equation.
Therefore excess thermodynamics is an alternative formulation to the residual

thermodynamics for liquid mixture, and there are two different types; Symmetric and
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asymmetric, dependent of what is chosen as the reference state of liquid [39]. The chemical

potential for an ideal solution can be expressed as

uo= 1 +RTInx (4.15)

Where the chemical potential of the pure liquid is shown as ,uio , and X is the mole fraction.

Activity “a” which is defined as the ratio f / f°and the activity coefficient, which can be

expressed in terms of the activity and the mole fraction as y, =&, /x; . This will result in an

expression for fugacity as f, = 7,X f where the ideal solution at a reference state is the ..

Due to various cross-contact among different molecules and additional non-ideal mixtures,

properties of mixtures changes are incorporated in the excess stage expressed as [15],

0
yiexcess — RT |n ( X;(flf (j)/i ] — RT |n 7i (416)

Equation 4.16 shows the excess expression for the chemical potential of a real liquid. The
pure liquid reference is termed symmetric convention. Symmetric excess thermodynamic uses

pure liquid components as a reference state with the ideal mixing term derived from the
statistical mechanic, where the activity coefficient approaches unity y; —1as the mole
fraction of the solute approaches unity X, —1. However, for low solubility components in

solvents, electrolyte solutions and super-critical components, we use another reference state.

When a mixture is made infinitely dilute in a component, X, — 0, the activity coefficient will

asymptotically approach a value,

limy” =1 (4.17)

X —0

The superscript “oo” is used for quantities at infinite dilution and defines the asymmetrical
convention. The activity coefficient can be relapsed by using the model for equilibrium to fit
experimental data at high pressures and mole fractions. The advantage is that chemical
potential at infinite dilution can be estimated by Molecular Dynamics (MD) simulations [39].

o= +RT In(x7") (4.18)

The equation 4.18 express the chemical potential at infinite dilution.
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4.5 Hydrate thermodynamics

For evaluating the chemical potential of water in hydrates, a statistical mechanical model such
as a Langmuir type of adsorption model is conventionally used. However, this work is based
on the extended theory by Kvamme and Tanaka [40] from 1995. Their method does not rely
on empirical fitting to find the Langmuir constant [39] and allows to account for lattice

movements and related impacts of different guest molecules:

,ulio = :ul(jf;) - Z RTv, In(1+2hik) (4.19)

k=12 i

The expression above expresses the chemical potential of water in the hydrate ﬂﬂzo. The

ﬂﬂ';) is the chemical potential of water in an empty hydrate structure, v, is the fraction of

cavity-type k per water molecule, and h, is the canonical cavity partition function of
component i in cavity type k. To illustrate this in an example; structure I hydrate consists of 3

large cavities and one small cavity per 23 water molecules, 0 V| ;g = 3/23and Vo =1/23. If

mall

carbon dioxide were the only guest, i would be 1 in the sum over the canonical partial

functions that are expressed as [36];

ﬁ(ﬂiH _Agiilr(lclusion]

h,.=e (4.20)

Where the inverse of the gas constant times the temperature(1/RT ) is represented by £ and

Ag™™™ is the impact on hydrate water from the presence of the guest molecules i in cavity k.

The chemical potential for a guest in the hydrate can be written as:
' =Agy +RTInh, (4.2)

The corresponding filling fractions and mole-fraction and cavity of guest in the hydrate are

expressed as:

0, = X:Ij _ hy
I V(= X)L+ Z hy

(4.22)
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6, stand for the filling fraction of component i in cavity k where 6, <1, x/.'is the mole

fraction of component i in cavity k. X, is the total mole fraction of all the guests in the

hydrate.
0, .oveiViarae T Osmart iV
H _ Large,i " Large Small,i ¥ Small
1o ) (4.23)
+ Large,iVLarge + Small,iVSmaII

The corresponding mole fraction of water in the hydrate is then expressed as:

Xipo =1- D X/ (4.24)

And the combined Gibbs free energy is then,

G =x{l ofio+ Z X g (4.25)

The expression above is used in equation 3.2 - 3.4 to find the change in Gibbs free energy for
different hydrates routes. The chemical potential for water in hydrate, the chemical potential
for CH4 in hydrate and the molar Gibbs free energy along the equilibrium curve is plotted as
an example in Figure 3.2.

4.6 Enthalpy: The heat of formation and dissociation of hydrates

The next chapter involves the different approaches to determining the enthalpy of hydrate
formation and dissociation. This is a short introduction of what the definition and uses of

enthalpy are.

Enthalpy is a thermodynamic property of a substance and is defined as the sum of its internal
energy and the product of its pressure and volume [41]. The expression of enthalpy previous
shown in equation 4.3 is an extensive property [J], the expression for specific enthalpy,

[J/mol] is given as:

H=U+pV (4.26)
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Introducing the 1% law of thermodynamics:
AU =Q-W (4.27)

Where the change in internal energy of a closed system is AU . Q is the amount of heat

supplied to the system, and the W is the work done by the system on its surroundings.

For a body at a constant pressure process,
2

W = pdV = p(V, ;) (4.28)
1

Apply this to the 1% law, equation 4.27, and it gives
AU =U, -U; =Q-p(V,-V,) (4.29)
By rearranging the equation;

Q=U,-U;+pM,-V)) > U, +pV,) - U, + pV}) > H, - H,;

o an (4.30)

Therefore for a constant pressure process, the amount of heat given to a body equals the

change in its enthalpy [41].

The heat of dissociation is described as the enthalpy change to dissociate the hydrate phase to
vapour and aqueous liquid, with values given at temperatures just directly above the ice point
[19]. In the case of hydrate formation, it is just the opposite. In the formation of hydrates, heat
is released to the surroundings and results in a negative enthalpy value, so the different terms
in comparing enthalpy values of either formation or dissociation are not crucial if the values

from the different literature (positive or negative) are the same.

Hydration number, also known as occupation number, shown as “n”, is the ratio between the
number of water molecules and the number of cavities occupied by guests at a given
condition. Higher “n” means more empty cavities. In theory, if all the cavities in a structure
() hydrate was occupied, the hydration number could get as low as n =5.75 (46 water

molecules/ 8 filled cavities), but this is very unlikely.
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4.7 Methods for determining the enthalpy of hydrate formation and

dissociation

Most of the next chapters are based on previous work published by our research group,
Kvamme et al. [42] and is based on the different approaches available for determining the
heat of formation/dissociation of hydrates. There are two main categories; directly and
indirectly, methods, which depends on the approaches used. The most straightforward and
most popular indirect methods out there include the use of the Clausius-Clapeyron equation
along with measured or calculated (T and P) data for hydrate formation but are limited to
higher pressures, due to simplifications. However, using the original Clapeyron equation with
various models for the volume changes has been proven more accurate than the Clausius-
Clapeyron equation. This is according to Gupta et al. [43], who compared experimental data

with Clapeyron data calculated by Anderson [44].

If the reader is further interested, the calculation of enthalpy and hydration number by
Anderson [44] is explained and simplified in our recently published work [42]. Still, the next
subsection contains a short explanation of how the Clapeyron equation is defined and used,
additionally to the Clausius-Clapeyron equation. There is plenty of publications involving
experimental measurements of enthalpy for methane hydrate formation, yet the lack of useful

information in most of them is vast.

Experimental data is the preferred method compared to the Clapeyron or Clausius-Clapeyron
because it’s a directly measured, but again, this is determined by their approach. For instance,
Handa [45] used an indirect approach for calculating the heat of dissociation, even though it

involved experimental work.

Consequently, for comparing enthalpy values in this work, leaving only a few publications
using calorimetry that is regarded as good enough and are reviewed in its own subsection. The
method used for calculating the enthalpy of hydrate formation/dissociation in this work,
residual thermodynamics, is a direct approach because Gibbs free energy is directly linked to
the enthalpy. Values such as hydration numbers, densities and volume can be calculated and

not estimated.
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4.7.1 The Clapeyron equation

In determining thermodynamic properties such as enthalpy or entropy in positions of other
properties that can be measured, the calculations fall into two distinct categories: changes in
properties among two different phases and changes contained by a single homogeneous phase
[46].

In section 3.4, the Gibbs phase rule stated that for a pure component that occurs in two phases
at equilibrium, pressure and temperature could not be independent. Nevertheless, there is a
way to find an expression involving the pressure at which two phases be able to coexist to the
temperature of the system. As an example, this allows calculating how the saturation pressure
shifts with temperature. Saturation pressure is defined as the distinctive pressure at which
pure components boil at a given temperature [47]. The principle for equilibrium between two

phases is:
Gia == Giw (431)

Where the superscript a¢and y in Gibbs free energy represents phases (vapour, liquid or

solid) for the component i. Since two intensive variables entirely specify the state of the
system, the value of G for each phase is limited at a given temperature and pressure.
Therefore, by plotting the surfaces of Gibbs free energy for both phases, then the intersection
of the two surfaces creates the so-called coexisting line. This characterises the conditions

where equation 4.31 is pleased, and the two phases are in equilibrium.

Since equation 4.31 must be valid alongside both points on the coexisting line, the change in

pressure, dP, can be calculated for every change in temperature, dT , at equilibrium.

Therefore both G + AG” =G} + AG! and G =G/, Subtraction gives:

AG® = AGY (4.32)
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Equation 3.1 can be changed to:
AG =AH —ATS =VAP —SAT (4.33)

That is the fundamental property relation for Gibbs energy, and by applying this to equation
4.32 for each phase, gives:

V2AP —S*AT =V.Y AP - S.* AT (4.34)
a _‘I’
d_P = ﬁ (4.35)

By introducing equation 4.31 and using the definition of Gibbs energy, gives
Hf-TS* =H,' -TS," (4.36)
And by solving for the difference in entropy,

H -H;"

(4.37)

By swapping the entropy difference in equation 4.35 with the expression in equation 4.37,

yields the Clapeyron equation:

dP _ Hf-H/ _, AH
dT  TV“-VY) TAV

(4.38)

This is a very simple relation and yet a mighty one. It connects the slope of the coexistence
curve to the enthalpy and volume variations of phase transition, both experimentally
accessible properties [47]. Let us assume that the two phases are liquid and vapour. The left-
hand side of the equation gives the slope of the vapour pressure as a function of temperature.
It is also possible to determine the specific volumes of saturated vapour and liquid at the
provided temperature. This implies that the enthalpy change and entropy change of

vaporisation can both be calculated.
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The same steps apply for changes in other phases, such as solid to liquid or solid to vapour.
In each scenario, the outcome is the Clapeyron equation, and in every one of them involves

the saturation pressure, specific volumes, entropy change and enthalpy change [46].

For hydrate equilibrium, it may seem somewhat bizarre to apply it to binary systems (water +
one guest) of three-phase (Liquid water - Hydrate — VVapor) equilibrium to achieve the heats of
dissociation. In the argument of simple hydrates, as long as the system is univariant(one
degree of freedom), according to van der Waals and Platteeuw [48], the use of the Clapeyron
equation is thermodynamically correct [19].

Unlike other publication that uses Clapeyron equation to determine the enthalpy, Anderson
[44] [49] included volumes of the condensed phases for both carbon dioxide and methane

hydrates and also calculated the hydration number.

4.7.2 The Clausius-Clapeyron equation

For hydrate formation reaction (Lw+ V < H), if we assume that the volume of the hydrate is

approximate the same as for liquid water (or ice), then AV ~V, = RT/Pz, where the Z is the

compressibility factor. Inserting this expression for AV into the Clapeyron equation (equation

4.38), converts it into a more practical form, the Clausius-Clapeyron equation [19]:

dinP _ AH (4.39)

d(yT) R

For hydrate formation, semi-logarithmic plots of pressure versus reciprocal temperature
generate straight lines, over restricted spans of temperature, from either liquid water or ice.

Such linear plots in equation 4.39 either imply (1) reasonably constant values of the 3 factors:

(a) Enthalpy, (b) compressibility factor, (c) stoichiometry or (2) abandoning of curvilinear
behaviour in these three factors.
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4.7.3 Available experimental enthalpy values for CH, and CO;
hydrates

Only experimental values can confirm whether a theory is correct or is in the proximity since
the data represent the physical reality, and they have been carefully obtained. To assemble an
experiment and its apparatus can typically take numerous months or even years. It is not
unusual to achieve only one pressure/temperature data point per 1 or 2 days of experimental

work due to long metastable periods [19].

There are numerous methods used for direct measurement; calorimetry, pressure drop,
Raman, NMR, X-ray diffraction or DSC. However, calorimetry appears to be favoured by the
experimentalists. It is not possible to measure the heat of dissociation directly with an
apparatus at precisely equilibrium conditions as it would take infinite time. Experiments have
consequently been done outside the equilibrium conditions, typically with various degrees of
superheating. Experiments from Handa [45], Nakagawa et al. [50], Lievois et al. [23] and
Gupta et al. [43] are some of those who used calorimetry for clarification of the enthalpy of
dissociation of methane hydrate.

These four are examples of the typical incompleteness of experimental data using calorimetry.
Some reported data sets missing complete thermodynamic conditions that can tell how much
the sample is heated above equilibrium temperature and pressure, and likewise how much of
the quantified heat consumption is truly dissociation heat. The lack of information on hydrate
composition is an additional limitation in the stability in the understanding of how much
water and hydrate former the number really relates to. For simplification, the occupation
number, also known as the hydration number, is often reported as an average value and often
not including details on the precision of the number. Sometimes it is even just described as an

assumed number.

Handa [45] used a Tian-Calvet heat-flow calorimeter in the 1980s to quantify the enthalpy of
dissociation and heat capacities of hydrates under low temperatures and pressure. The
experiment was evaluated in the temperature range 85K to 270K for methane (CH4) and 85K
to 260K for ethane (C2Hs). To make sure that no gas was condensed inside the apparatus cell,
a surplus of gas was inserted to generate a higher pressure than the dissociation pressure over

the entire temperature scale of interest. Still, the standard enthalpy of dissociation from
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hydrate to gas and water were found by a summation of the enthalpy of ice and the
dissociation heat from hydrate to ice and gas, in another expression, an indirect method for
interpretation the of heats of dissociation. Nakagawa et al. [50] performed a related
experiment but obtained the specific heat of hydrates in the temperature spans of 264-276 K
for methane and 264-282K for ethane. The dissociation heat was calculated by a temperature
range of 279 K to 282 K. They portrayed a dissociation enthalpy of 55.3 kJ/mol gas for
methane and a value of 71.1 kJ/mol gas for ethane, without any informed values of hydration

number.

Lievois et al. [23] prepared an experiment with a heat flux calorimeter at a higher pressure for
methane. The result was an enthalpy of 57.65 kJ/mol gas at 278K and 4.2 MPa, and 53.24
kJ/mol gas at 283.15K at 7.1 MPa. These values were calculated using an average occupation
number. Only a few have done experiments for methane hydrate at pressures and
temperatures which can simulate hydrate reservoir conditions. Gupta et al. [43] applied a
high-pressure differential scanning calorimeter (DSC) to quantify the heat of dissociation up
to 20 MPa and 292K for methane hydrate. The enthalpy value was reported to be constant for
pressures up to 20 MPa and with no temperature dependence up to 292K.

Their results demonstrated that calculations from the Clausius-Clapeyron equation do not
agree with measurements at high pressures. Yet, a constant hydration number (n) equal to 6.0
were used in their interpretation of the measured data. Even though there are several reported
values of enthalpy published over the years, no one has ever given all the information
necessary to compare values correctly. The experiments that were reviewed in this section is
also shown in Table 4.1 but is also used in the “results and discussion” chapter for

comparison.

Evaluating the amount of available calorimetry data for CH4 hydrates to the amount for CO-
hydrates, there isn’t much to look for. Still, there are some published data that can be used for
this evaluation. Although the lack of some valuable information and conditions way out of
equilibrium, it is the best ones out there. Kang et al. [51] did manage to define the enthalpy of
dissociation and also the occupation number for a simple CO2 hydrate. They used an

isothermal microcalorimeter, but this was at low pressure.
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As mention beforehand, there are other methods besides calorimetry to determine the
enthalpy. DTA, differential thermal analysis was used by Delahaye et al. [52], but they did
not specify the occupation numbers (n). Table 4.2 shows the experimental enthalpy value of

dissociation for CO- hydrate and its conditions but also used for comparing results.

Table 4.1: Capabilities and limitations of the different experimental data for CH4 hydrate
enthalpy by different literature [43] [23] [50] [51] [45].

Conditions and Pressure Temperature
Author available data on Limitation (MPa) (K)
thermodynamic
variables
Gupta et al. High pressures Constant occupation <20 <292
number
Lievois et al. High (Pand T) Average occupation = 4.2-7.1 278-283
number
Nakagawa Temperature Occupation number 5.0 264-276
et al. not specified
Kang et al. Temperature and Low pressure n/a 274.15

hydration number
Low temperature and
Handa Heat capacities pressure. An indirect n/a 85-270
method to determine
enthalpy.

Table 4.2: Enthalpy of dissociation and the occupation number of simple CO2 hydrates by
Kang et al. [51]

Temperature  Pressure  Occupation  AH

Arthur (K) (MPa) number  (kJ/mol) Method

Kang et al. 273.65 0.1 7.23 65.22 Calorimetry
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4.7.4 Enthalpy of hydrate formation via residual thermodynamics

Since the residual energy approach is going directly to the real thermodynamics, the actual
limited effect of pressure on enthalpy for hydrate formation is more accurate and smaller than
what the Clapeyron equation would predict. The free energy change of hydrate formation
from water and separate hydrate former phase is shown in equation 3.2 (H1). The chemical
potential for liquid water is evaluated using symmetric excess conventions, as explained in
chapter 4.4, the leionllszo =1 when x, , approaches unity
i (T,PX) = ufig (T ,P)+RT In| X,y 074,0(T,P.X) |

. o (4.40)
e (T, PR ) g™ (T,P)+RTIn[ 0 |

Since the aim is to explain the complexity of numerous hydrate formation in systems of water
and hydrate former such as CO>, a simpler kinetic model such as classical nucleation theory is
used. This is more observable in terms of the different contributions to the hydrate phase
transition dynamics, so the approximation in equation 4.40 is strictly needless, as it is accurate

enough for this purpose.

The solubility of methane in water is exceptionally poor, so the right-hand side of equation
4.40 will be very close to the chemical potential of pure water. The chemical potential of
water in a hydrate is expressed in equation 4.19 and are accessible from model water

simulations(TIP4P) made by Kuznetsova and Kvamme [53].

The chemical potential for a guest molecule, “i”, in this work what would be either CH4 or
CO2, which enters equations 3.2 and 4.20 at equilibrium, is according to residual

thermodynamics:
(T P.Y) =" (T P.y)+RT In[y, (T ,P.)] (4.41)

The mole fraction of component i in the gas mixture is referred to as y;, and the fugacity

coefficient for component i as ¢. By using statistical mechanics from mass and

intramolecular structures (bond angles and lengths), the chemical potential for a pure ideal gas
can be calculated for every model molecule. The ideal gas chemical potential, together with

density and temperature, is accessible from the momentum space canonical partial function.
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Calculation of the ideal gas free energy requires density and fugacity coefficient, which is

evaluated by the use of the SRK [37] equation of state.

The change in enthalpy is associated with the equivalent free energy change by the following
thermodynamic relationship.

oT RT?

AGTotaI
o]
{ RT }P,N __|:AHTotal:|

(4.42)

The superscript Total is introduced to include the penalty of pushing away the old phases,
which is explained in chapter 3 and expressed in equation 3.6. The fact that critical nuclei
sizes are tiny [54] [7], the whole grain can be regarded as coated with water due to capillary

forces.

or or

RT | | RT | .
PN _
{GTLN{

kzl‘lzv In(1+2hk,ﬂ e

From the expression in equation 4.19 with the chemical potential of an empty hydrate on the
right-hand side of equation 4.43, which are obtained from Kvamme & Tanaka [40], the

second term on the right-hand side can be reorganized as:

=3,

BIEERN

(4.44)

The derivatives of the cavity partition function, shown in equation 4.20, can be stated as:

aoh,; 1 1 0w, OAg,
{_kl} :hkil:__(/uki_Agki)-l__ ﬂ—%)}

2
oT |y RT RT " oT (4.45)
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By introducing equation 4.45 into equation 4.44 gives:

H 0H
Hi0 M0 1 1 0w, OAQ,
6[ RT ] ~ 8{ RT :I _ thi j(ﬂki_Agki)_i(ﬂ_ gkl)
bR b —~ Y| RT RT 0T  oT
= aed DN
or oT

=y
‘ (4.46)
The partial derivation in the last term on the right-hand side is differentiated numerically

using the polynomial fits [40]:

0H
Hio ou.  OAQ,
| , 8{ RT LN thi |:(:uki_Agki)_T(alL.ll.kl —a.?k')}
HY —_RT2_ b il | gy ]
H,0 oT + Z k

S G521

(4.47)

In an equilibrium condition, the chemical potential of the identical hydrate former in the two
cavity-types must be the same, and these must also be identical to the chemical potential of

the same guest molecule in the phase that it comes from.

In the case of heterogeneous formation, that implies the chemical potential of the molecule in
gas(or liquid) hydrate former phase. However, outside the equilibrium, gradients in chemical
potentials as a function of temperature, pressure and mole fraction must reflect how the guest

molecule behaves inside the cavity.

Monte Carlo simulations can calculate enthalpy values for various guest molecules in the two
types of cavities by sampling guest/water interaction energies and efficient volumes from

movements [9] [55] that is expressed as:
HiEesidual — Uilljesidual -|-( Zik _ 1)RT (4.48)

U stands for the residual contribution of energy for the guest in molecule i inside the cavity k.
z, is the compressibility factor for the guest molecule i inside the cavity k. ldeal gas values

for the identical interaction models that were applied in the calculation of the residual values

is trivial.
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Kg is the Boltzmann’s constant and Vik are the excluded volume of a molecule i in cavity k.
This volume can be calculated from the sampled volume of the centre of mass movements
plus excluded volume because of water/guest occupation. Somewhat more complex sampling
and calculation for molecules which are not monoatomic (or approximated as monoatomic

such as CHa) but still standard and explicit discussion on this are not required here.

For a relevant range of temperature (273-290K), the differences in enthalpies as evaluated
from equation 4.48 using sampled data from Monte Carlo, do not significantly differ and
could even be approximated as a constant for the purpose of this work. This is because the
H-O lattice of the hydrate is reasonably rigid, and the average movements are nearly the same

for the restricted temperature range.

Sampled cavity partition functions will differ remarkably over the same range of temperature
because of the direct exponential (Boltzmann factor) reliance. The interaction models for
CH4 and CO used are the same used by Kvamme & Tanaka [40]. Even though there is an

average attraction for CO3, the sampled Langmuir constant is very tiny and not significant.

This is confirmed by molecular dynamics(MD) studies [40], where the movements of CO; in
the small cavity interfere with various H2O liberation frequencies. The resulting free energy
of enclosure is not favourable for CO> in the small cavity. However, small cavity occupation
of CO2 has been discovered at extreme circumstances in the ice-range of temperatures in
some studies [56], it remains uncertain if there would be any considerable small cavity filling

at all for temperatures above 0 degree Celsius (Table 4.3).

Table 4.3: The sample energies and cavity occupation volumes for methane and carbon
dioxide. The superscript R stands for residual interaction [42].

CHa4 CO2
Property Large cavity Small cavity Large cavity Small cavity
UR(kJ / mole) -16.53 -17.73 -27.65 -10.58
Vig (A%) 164.2 89.2 135.6 76.9
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The energy for COz in the small cavity was sampled once a structure | hydrate, including just
CO: in large cavities was stabilised. When this was archived, small cavities were slowly
filled, and simulations were operated up to the average fluctuations in sampled interaction
energies were symmetrical and on average < 0.5 % of the average energy for the hydrate
crystal. This energy does not have any effect on the enthalpy, is given that the canonical

partition function for CO: is almost zero in the small cavities.

At pressures below 95 bars alongside the equilibrium line, it is zero to the 107 digit in mole
fraction, while the highest filling fraction in the small cavity provides 0.006 to the mole
fraction at (290.0 K and 403.0 bars). In compare, the approximated mole fraction of CHs in
structure (I) fluctuated between 0.134 at (276.16 K and 25.2 bars) to 0.138 at (290.0K and
164.7 bars) along the equilibrium line.

The derivative of the chemical potential of the component i in cavity-type k with respect to

temperature can be expressed as the negative of partial molar entropy for the same guest;

{%} _ | % _ M~ Hyg (4.50)
o b [N, T '

By introducing equation 4.50 into equation 4.47 gives:

0H
Hiio OAQ..
0| = | (Hy —Agy +T gk'}
HH :_RTZ l: RT ]PN s zv Zl: Ki |:( ki gk| 8T ) (4 51)
H,0 oT K )

= (e

Residual enthalpies for hydrate former in a distinct hydrate former phase are trivially given

by:

gas
HY=-RT?>y, olng™ (4.52)
i or P.Yia

In which the identical equation of state is used as the one used for evaluating the fugacity

coefficient for the chemical potentials.
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The free energy change of the homogeneous hydrate formation from water and dissolved

hydrate former in liquid water, AG™ | is shown in equation 3.3. The solubility of
hydrocarbons in water is very low, especially for methane, so the chemical potential for water
as a solvent for methane would not be affected significantly. For carbon dioxide dissolved in
water, the approximation in equation 4.40 is considered good enough.

The asymmetric excess convention can be used where the activity coefficient for methane in
liquid water approaches unity when the mole fraction of methane in water approaches zero,

lim yc, =1

Xcp, =0

The chemical potential for the dissolved methane in the liquid water can then be formulated

as:

ME (T, P, X) = ui™ ™ (T, P, X) + e (T,P,X) + RT I [ Xg, v, (T,P,X) | (4.53)

T, in equation 4.54 — 4.56, is the temperature divided by the critical temperature for methane

(190.6 K). The maximum temperature that is used in this fitting is 325 K [57].

40.667  48.860

ﬂéohljesidual — 3665+ TR TRZ (454)
And,
L _ 73,0011 129.925 70.(224 (4.55)

) TR TR
The activity coefficient for methane in liquid water has been fitted to the following
expression:

" - 39 N (i+2) [0.05+i4;01}
Inyg, (T, PX) =2 | a(i)+ T [en)

=12 R (4.56)

The lower summation i =1,2 indicates beginning from 1 and counting in steps of two up to

39. The parameters ay and a; are given by Kvamme et al. [57] and adapted into Table 4.5.
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For carbon dioxide, a vaguely different approach is utilized. The density of carbon dioxide in
liquid water will correspond to the partial molar volume of CO: at infinite dilution. The
chemical potential of the ideal gas at infinite dilution is not sensitive to pressures, so the

following approximation to only temperature dependency is considered as acceptable:

163.818 64.898
T02,R

Heo ™' = —130.006 + (4.57)

0,R

Where T, is 273.15K divided by the actual temperature. Equation 4.57 does not apply to

temperatures above 303 Kelvin or below 273.16 Kelvin due to the limited range of
temperatures for which infinite partial molar volumes are used. The fugacity coefficient for

carbon dioxide in water is expressed as:

In ¢Water(-|- P X) Z{ao(l)_'_ ai(T )}(XCOZ)[O.OSJr:Ol}

=1,2

(4.59)

Where Ty, is the actual temperature divided by the critical temperature for carbon dioxide

(304.35 K). The parametersa, and & are given in Table 4.5. The chemical potential for

carbon dioxide in liquid water is given as:
MES (T, P, ) = pEs=% (T, P, ) + RTIn[ X6, dco, (TP X) | (4.58)

In this case, the only change to equation 4.51 is in the cavity partition function, so that
equation 4.20 is now with more specific notations:

ﬂ[luiaqueous T ,P,)?)—AgiiECIUSiO” T )}

h e (4.60)

|nclu5|on i ( ]I (4.61)

i=0

The computed free energies of guest inclusion can be calculated by the equation above by
using the coefficients in Table 4.4. The chemical potential for methane (equation 4.53) or
carbon dioxide (equation 4.58) can be applied since it is assumed that the chemical potential

for the guest molecule has the same chemical potential in both cavities in the case of
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equilibrium conditions, 44 jarge cavity = 44 sman cavity - A difference, in relative to the case of

separate phases for liquid water and hydrate former, sits in the enthalpy for the hydrate former

that enters in the changes associated with the phase transition [58]:

_a(ﬂggjeal gas J
RT P.Yjsco, n [a In ¢ggzer :l

Heo ' =—RT? (4.62)
oT oT P yco,
And:
8 In ¢water
HE, =—-RT? {i} (4.63)
aT P-choz

For non-equilibrium cases, the only phase that needs attention is the hydrate phase, because
the description of all fluids phase is continuous, while the theory for hydrate is based on a
Langmuir type of equilibrium theory [58]. The chemical potentials of guest molecules in
hydrates are not directly available from models and may be approached using a Taylor

expansion around the equilibrium:

- H _
GH,eq(Teq,Peq’X-eq)_'_aG (T_TGQ)
= P,X
Gr:-én—equilibrium(r’ P, X) = sGH sGH (4.64)
+ (P=P)+>" (X, —x9)
L T‘X r r F)'Tvxiﬂ ]

Where “eq” in the superscript denotes the equilibrium values, with all the derivatives
evaluated at equilibrium. The chemical potentials needed for equation 4.25 in a non-

equilibrium case is given by:

6( NGrT)n_equiIibrium (T P X))‘
oN

fn = (4.65)

"
T,P.Ngam

Where “m” denotes a hydrate former or water.
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Table 4.4: Coefficients for Ag"'s°" series expansion in case of methane inclusion in both
large and small cavities. Coefficients for inverse-temperature expansion in case of carbon
dioxide inclusion, if no CO- enters the small cavities. Adapted from ref [59].

CHa4 CO2
ki (kJ / mol) Small cavity Large cavity Small cavity Large cavity

0 -42.47683 17.97150 0 14.85234

1 119.24124 -23.440123 0 2.70758

2 -183.19565 -161.81535 0 -92.74317

3 128.39252 45.20561 0 -5.07768 x 100
4 -54.98784 36.67261 0 9.40264

5 -78.55671 138.00217 0 21.65244

©O© N 01 W

13
15
17
19
21
23
25
27
29
31
33
35
37
39

a
1.360608

0.033630
0.656974
1.763890
5.337858
-0.024750
48.353808
-11.580192
-0.087295
-0.558793
-23.753020
-10.128675
-41.212178
-31.279868
-23.855418
-35.125907
-33.675110
-27.027285
-19.026786
-37.872252

CHa

&
3.796962

-0.703216
-12.441339
-21.119318
-33.298760

12.387276
17.261174
16.384626
13.171333
13.556732
16.573197
13.591099

5.060082
31.289978
31.720767
37.064849
41.544360
57.609882
54.961702
57.204781
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a

—139.137483

—76.549658
—20.868725
18.030987
44.210433
63.353037
74.713278
80.411175
82.710575
82.017332
79.373137
75.429910
70.680932
65.490785
60.126698
54.782421
49.592998
44.500001
39.869990
35.597488

Table 4.5: Parameters for equations 4.56 and 4.59. Adapted from ref. [57]

CO2

&

—138.899061

—72.397006
—14.715982
24.548835
52.904238
71.596515
82.605791
88.536302
90.262518
89.094887
85.956670
81.519167
76.270320
70.551406
64.683147
58.865478
53.235844
47.728622
42.730831
38.125674



5 Results and discussion

The estimated equilibrium curves for both methane and carbon dioxide are presented in
Figure 5.1 and Figure 5.2. The other data points are the conditions used to conduct
experiments or calculation of enthalpy in Table 4.1 and Table 4.2 by the other authors to show
that there exists an agreement about this.

The rapid steep change for CO> in Figure 5.2 is due to the phase change that occurs at around
283 K and 46.9 bars, where the SRK EOS is not that accurate.

It seems that the bulk of published research, either measure or calculate equilibrium pressures
for CO> to the point of phase change and no further, or they skip the whole section below the
phase change. This phase change will, of course, affect other calculations at the same pressure
and temperature region and therefore makes it easier to see which plots are related to methane

and which is related to carbon dioxide in the result figures.

However, the phase change and its effect are explained in more substantial details in an article
published by Kvamme and Aromada [60].
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Figure 5.1: Equilibrium curve for methane from the residual thermodynamics shown as a
solid line compared with pressure and temperature plots used from other literature [61] [23]
[62] [49] [43] such as in Table 4.1.

450 T T T T T
This work

O  Kang etal. (2001)
400 - % Anderson (2003)

350 -

300

250 -

200

Pressure (bars)

150 -

100 -

272 274 276 278 280 282 284 286 288 290
Temperature (K)

Figure 5.2: Equilibrium curve for carbon dioxide from the residual thermodynamics shown as

a solid line compared with pressure and temperature data used from other literature [51]
[44] such as in Table 4.2.
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5.1 Evaluating the chemical potential, free energy, and mole fraction

in hydrates by means of residual thermodynamics

By using the mole fraction of guest in the hydrate along with the chemical potential of water
and guest in the hydrate makes it possible to calculate the molar free energy. The calculated
mole fractions of both methane and carbon dioxide in the hydrate is presented in Figure 5.3.
The calculated chemical potential of guests in hydrates and water in the hydrate is plotted in
Figure 5.4 and Figure 5.5. An example of the calculation of the molar free energy for a
methane hydrate at goes as follows: The mole fractions of methane inside the hydrate,
formed from a saturated solution, was calculated by using the expression in equation 4.23, and
the results are plotted in Figure 5.3. The mole fraction of water in the hydrate can now be

calculated by using the expression in equation 4.24.

At T =273.16 Kand P = 25.19 bars:

The chemical potential of water in hydrate was found using the expression in equation 4.19,
and the chemical potential of methane in hydrate was found using the expression in equation
4.21. These values are plotted in Figure 5.4.

Table 5.1: Calculated mole fractions and chemical potentials for water and methane in
hydrate at equilibrium condition.

T(K) P(bars) X&h, Xio #cn, (kJ/mole) a1l o (kJ/mole)
273.16 25.19 0.134 0.866 -25.683 -49.311
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The values in Table 5.1 can now be applied to equation 4.25 for calculating the molar free

energy of the methane hydrate.

G"(T,P)= ngoﬂﬂzo + ZXiH M

U

G"(T,P)= XSZOIUI:LO + XSHAIng'H4

U

G"(273.16K, 25.19bar) =(0.866-(—49.311)+0.134-(-25.683) ) kJ /mole

U
G"(273.16K, 25.19bar) = —46.145 kJ /mole

The calculated molar free energy for both CH4 and CO> hydrates along the equilibrium curves
is plotted in Figure 5.4 and Figure 5.5. These values are essential for further calculation

involving the enthalpies of hydrate formation.

If we approximate that the hydrate former guest reaches equilibrium, or close to equilibrium,
then:

Hydrate liquid water __  gas
Hi i = H;

Where i is the guest component. For example, in the case of methane, since the chemical

potential of the hydrate former at non-equilibrium is:

Hydrate liquid water gas
Hep, 7 Hep, # Mcn,

gas liquid water gas liquid water
then hey = heh, i and G55 \ # 6, «

Different composition and different free energy define different phases [63]. This is the
reason there are three different hydrate formation (Hi, Hz, and Hs) which is explained in
chapter 3. The dynamic development of the system is controlled by the minimum free energy
under constrains of conservation of mass and energy. For stable hydrate formation, the
chemical potential for water and guest in the hydrate phase must be lower than in the
separated phase. This means that the water prefers to be in a hydrate phase and not in a liquid
phase (or gas). The same thing goes for the guest molecules. In the case of hydrate condition,
the CH4 and CO2 molecules prefer to be in a hydrate phase, not in an aqueous solution, gas or

a supercritical fluid.
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For water: For hydrate former:

A < < R < T <

Hydrate phase is the lowest free energy phase for water and will control the possible
remaining hydrocarbons of each type in the presence of hydrate. Take note that the molar free
energy of CO hydrate in Figure 5.5 is lower than the molar free energy of CHs in Figure 5.4
with a difference of approximately 1-2 kJ/mole. This implies that the CO, hydrate is more
stable than the CH4 hydrate and is an important factor for cases where “swapping” methane

guests with carbon dioxide in hydrate reservoirs for natural gas production and CO> storing.

The solubility of hydrocarbons in water is limited. The solubility of methane in liquid water is
shown in Figure 5.6 as a function of temperature and pressure. Each of those blue lines

represents the saturated xg,‘]'“:d water at different constant pressure (48 bars to 200 bars) with

increasing temperature (273.16 K — 290.0 K). The other solid lines, which is coloured black,
is the minimum mole fraction of CHa in water that is required to maintain hydrate stability. If
the concentration of hydrate formers in the surrounding water is below the black lines, then
hydrate will start to dissociate. The free energy of a hydrate is controlled by the pressure,

temperature and the concentration in the system, and so does the stability as equation 4.5

shows: dG' <V'dP-S'dT'+) " zidN;

The pressure change shows a significant impact on the solubility of methane. The solubility of
CO- and the minimum mole fraction of CO- in water for hydrate stability is plotted in Figure
5.7. Carbon dioxide is significantly more soluble in water than methane is. By comparing the
two different figures, shows that the solubility of CO: in liquid water at 48 bars and 273.16 K,
is between 17-18 times higher compared to methane at the same pressure and temperature.
This massive difference will be reduced as the temperature and pressure increase. The
supersaturation is the difference between the hydrate stability limit, as given in Figure 5.6 and
Figure 5.7. The hydrate can grow from an initial liquid solubility until the liquid mole fraction
of hydrate former has reached the stability limit. The mole fraction of guest in hydrate varies
considerably from very low supersaturation near the stability limit of the hydrate up to the
maximum driving force for the solubility limit [57]. For homogeneous hydrate formation,
there will be an infinite number of hydrate phases corresponding to concentrations spanning

the range between guest solubility in liquid water and its hydrate stability limit.
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Figure 5.3: Mole fraction of guest component in hydrate formed from saturated aqueous
solutions as a function of temperature. The solid line is for methane hydrate, and the dashed
line is for carbon dioxide hydrate.
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equilibrium line, respectfully. The dashed line in the middle is the molar free energy for the
gas hydrate.
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Figure 5.5: The chemical potential for carbon dioxide and water in the clathrate hydrate
along the equilibrium line, respectfully. The dashed line in the middle is the molar free energy
for the gas hydrate.
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Figure 5.6: The solid black lines are the minimum mole fraction of methane in liquid water
for hydrate stability. The solid blue lines are the solubility of methane in liquid water.
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water for hydrate stability. The solid blue lines are the solubility of carbon dioxide in liquid
water.
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5.2 Evaluating the enthalpies of hydrate formation using residual

thermodynamics

The enthalpy changes of hydrate formation from pure CHa4, CO3, and liquid H2O along the
equilibrium line, the three-phase co-existing conditions (L-H-V), have been estimated using
residual thermodynamics, as shown in Figure 5.8 and Figure 5.9. The enthalpy values for

hydrate formation is presented as a function of pressure and temperature in Figure 5.10.

This figure illustrates how different the enthalpy change is for the different hydrate formers.
The sharp change in curvature of the CO2 hydrate tells us that it requires increasing high

pressure to maintain hydrate equilibrium as the temperature increases.

This occurs at around 282 K and up. Such extreme conditions are not likely for reservoir
conditions and therefore not worth discussing. The difference in enthalpy change, however, is
noteworthy. It is difficult to see the difference in Figure 5.10 unless we plot the enthalpy of
hydrate formation along the equilibrium curve for both CHs and CO, as a function of

temperature, as shown in Figure 5.11.

The formation of CO; hydrate releases approximately 9-11 kJ/mole more energy than the
energy required to dissociate CH4 hydrate. The benefit is that not only is CO> hydrate
thermodynamically more stable than CHa4 hydrate, but by injecting CO2 gas into CH4 hydrate
reservoirs, the heat of formation is enough to dissociate more CHs hydrate than the amount of
CO2 injected.

Another benefit of this is that this is a noteworthy alternative to capture the greenhouse gas
instead of releasing it into the atmosphere. Carbon capture and hydrates have been Kvamme's

primary research over many years, and he has published several papers within this subject.

For instance, a recent study of his shows how methanol inhibitor affects the enthalpy of
hydrate formation for CHs4 and CO> hydrates [4]. This theory of production is still under
development and have some constraint. The nucleation of the carbon dioxide/pore water
interface hydrate is extremely fast and rapidly blocks the pore space for further mass

transport.
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By adding surfactants to the injected carbon dioxide will reduce the hydrate formation on the
interface and consequently make it possible to control combined methane production and

carbon dioxide storage [64].

From Figure 5.8 and Figure 5.9, we can see that the enthalpy change for hydrate formation
decreases (note the negative sign) as the pressure and temperature conditions increases. As
explained before, the negative enthalpy value for hydrate formation is because it is

exothermic, for hydrate dissociation it is the opposite.

During hydrate crystallisation, heat must be transported out of the system. When all the other
conditions for hydrate formation is encountered, the heat transport is still a significant factor.
It is about 2 to 3 times [65] the amount of mass transport, which is more rapid, so a restriction

of heat transport can lead to hydrate dissociation.
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Figure 5.10: Three-dimensional plot of the enthalpy change of hydrate formation as a
function of temperature and pressure. The solid lines are for different hydrate former, the
smooth curve on the left is for CH4 hydrate, the more twisted curve on the right is for CO>
hydrate.
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Table 5.2: Hydration number and heat of formation for carbon dioxide and methane hydrates
computed using residual thermodynamics, respectively. These values are based on the
equilibrium pressure and temperature, which is listed with a step of approximately one Kelvin
in each row.

Temperature €O Chs
(K) Pressure | Hydration AH Pressure | Hydration AH
(bars) | number | (kJ/mol) [ (bars) number | (kJ/mol)
(n) (n)
273.16 14.19 7.26 -67.79 25.19 6.46 -57.07
27417 15.73 7.24 -67.24 27.87 6.43 -56.63
275.19 17.70 7.22 -66.63 31.20 6.40 -56.16
276.15 19.73 7.20 -66.08 34.53 6.38 -55.75
277.16 22.21 7.18 -65.50 38.45 6.37 -55.31
278.17 25.06 7.16 -64.91 42.83 6.35 -54.88
279.19 28.37 7.14 -64.33 47.72 6.33 -54.44
280.14 31.96 7.11 -63.77 52.87 6.32 -54.03
281.16 36.34 7.09 -63.18 58.97 6.31 -53.57
282.17 41.42 7.07 -62.59 65.80 6.30 -53.11
283.19 95.55 6.72 -61.50 73.48 6.29 -52.64
284.14 109.88 6.69 -60.96 81.64 6.29 -52.17
285.15 128.38 6.67 -60.40 91.41 6.28 -51.65
286.17 152.24 6.64 -59.86 102.55 6.28 -51.11
287.18 185.60 6.62 -59.36 11541 6.27 -50.54
288.14 233.44 6.59 -58.96 129.55 6.27 -49.97
289.16 313.22 6.57 -58.68 147.28 6.26 -49.33
290.00 404.15 6.55 -58.55 164.94 6.26 -48.76
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5.3 Evaluating the various approaches: Clapeyron, Clausius-

Clapeyron, experimental and residual thermodynamics

Even though there are plenty of different theories for hydrates formation/dissociation, one of
the main concepts for this thesis is to give an overview of the considerable uncertainty in
hydrate literature, but also to compare the heat of formation for hydrates using residual
thermodynamics with other approaches. Kvamme and his research team usually present their
values in graphic plot and not in tables. Since this work is reviewing other works of literature

and their limitation of information, then we should also specify our data in the form of a table.

The equilibrium pressures in Table 5.2 were used to calculate the change in enthalpy of CH4
and CO> hydrate formation, but also hydration number at a given temperature using residual
thermodynamics. The table presents the values calculated from 273.16 K to 290 K, with a
change in temperature at around one kelvin for each step. The heat of dissociation/formation
(enthalpy) and hydration number for both methane and carbon dioxide hydrate obtained from
different literature is presented in Figure 5.13 to Figure 5.16, along with the results using

residual thermodynamics.

The result from Nakagawa et al. [50] are not entirely relevant here due to their value being
determined at a constant pressure of 5 MPa over a temperature range of 279 K to 282 K, so
the 4 data points plotted in Figure 5.13 are the same enthalpy value. They did not give any
information about the hydration number.

Most of the approaches are indirect methods that are obtained at equilibrium. This means that
non-equilibrium conditions are overlooked, such as superheating, the amount of heat to
dissociate above the equilibrium. Several of those do not even provide information about the

pressure and temperature conditions used for their evaluation [66].

The lack of information concerning the equation of state or compressibility factors used for
their calculation is not always described. A short brief of the literature data plotted in the
figures is given here. Some of it will be a repetition of the experimental literature reviewed in

section 4.7.3, but this includes the literature that used Clapeyron and Clausius-Clapeyron.
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The enthalpies of hydrate dissociation were calculated by Nakamura et al. [62] by applying
the Clapeyron equation on equilibrium (T, P) data they measured experimentally with a high-
pressure cell apparatus. The volumetric fluid properties of methane were evaluated using
IUPAC recommendation equation in Angus et al. [67], and the molar volume for methane
hydrate was estimated from a lattice constant of the structure (1) hydrate [68]. They assumed

ideal hydration for their work, and their results are plotted in Figure 5.13.

The change in enthalpy for dissociation of formation does not show any significant
dependence on temperature. De Roo et al. [61] used the Clapeyron equation for their approach
to determining the enthalpy dissociation of methane hydrate. Their value stands out compared
to the other literature with a value of 67.85 kJ/mol. They also calculated the hydration number
at the quadruple point (ice - liquid water — hydrate — vapour) at 2.523 MPa and 272.95 K. This
resulted in hydration number of 7.4, but after using the Mille and Strong method, their

hydration number was reduced to 6.3 as shown in Figure 5.15.

The evaluation of hydrate dissociation enthalpies using Clapeyron equation was also done by
Anderson [44] [49]. He calculated for both methane and carbon dioxide along the equilibrium
curve, respectively, and his results are plotted in Figure 5.13 and Figure 5.14. For his
calculation, he considered the finite volumes of all the phases, methane solubility in liquid
water and the nonideality of the gas phase. The equilibrium data used for his calculation were
obtained from Sloan [69] in a temperature range of 273 K to 290 K. The change in enthalpy
for hydrate dissociation did not show any remarkable temperature dependency, especially for

methane hydrate.

In the 1940s, Robert et al. [70] evaluated the enthalpy change for methane hydrate
dissociation along the three-phase equilibrium line using the Clapeyron equation. The results
plotted in Figure 5.13, was found in Glew [71], but information regarding the equation of
state used for their calculation is not available. Their results do not show any significant
dependence on temperature. In fact, their results show a negative slope as the temperature

increases.

Another literature from the 1940s is Deaton and Frost [72]. They evaluated the dissociation
enthalpy for methane hydrate but used the simplified Clausius-Clapeyron equation. Their

result did not show any particular dependency on temperature and is plotted in Figure 5.13.
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These data were found in Glew [71], but details of the equation of state used were not given.
The Soave-Redlich-Kwang equation of state was not available before 1972, and the work of
both Robert et al. [70], Deaton and Frost [72] were done up till 1971.

As mentioned in section 4.7.3, Kang et al. [51] used an isothermal microcalorimeter to
directly measure the enthalpy change for both methane and carbon dioxide hydrate
dissociation. However, the experiment was performed at low pressures, 1.0 bar (0.1 MPa) at

273.65 K (for CO> hydrate) which is way below the equilibrium pressure.

Gupta et al. [43] used experiments, Clapeyron and Clausius-Clapeyron equation to determine
the enthalpy of methane hydrate dissociation. Unlike Kang et al. [51], Gupta and his team
used high pressures for their calorimeter experiments. The pressures and temperatures used in
the experiments were also used to calculate enthalpy values using the other approaches;
Clapeyron and Clausius-Clapeyron equation. This was done for comparing the different
methods. They assumed a constant hydration number, based on Circone et al. [73]. For the
Clausius-Clapeyron approach, they assumed that molar volumes of methane hydrate were
equal to water, which is based on Dickens et al. [74]. The use of Clausius-Clapeyron is
described in section 4.7.2. Their Clapeyron approach was based on a method proposed by

Anderson [44] [49]. All three different approaches are plotted in Figure 5.13.

Lievois et al. [23] used a calorimeter for their experiments on methane hydrates. To determine
the hydration number, they measured the pressure change in the system to track the guest
molecules, and their result is plotted in Figure 5.15. Most of the different works of literature
within the field of methane hydrate enthalpies compare their values with the work of Handa
[45]. For his experiments with a calorimeter, he considered corrections for the nonideality of
the gas phase, impact of pressure on condensed phase volumes and the solubility of a gas in

water.

The fugacity of methane was obtained from Angus et al. [67], and the fugacity of propane,
iso-butane and ethane was with the use of second virial coefficients [75]. The solubility and

standard thermodynamic functions for the solution process were from Wilhelm et al. [76].
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Lirio and Pessoa [66] published their work in 2013 using the Clausius-Clapeyron equation.
They calculated the enthalpy of dissociation for pure CO. hydrate, but also various mixed
systems of sodium dodecyl sulphate, tetrahydrofuran and CO>. The equilibrium conditions
were measured using the closed-loop method at a constant cooling rate. They also stated in
their work that they used equilibrium data from the literature, so both their generated values
and other literature data were used to indirectly evaluate both the hydration/occupation
number and the heat of dissociation.

A very steep slope can be observed in both Figure 5.14 and Figure 5.16, and to compensate
they used an average value for both hydration number and for the enthalpy of dissociation to

compare with other kinds of literature.

Sabil et al. [77] also first directly measured the 3 phase hydrate equilibrium conditions of pure
CO- and mixtures with tetrahydrofuran and used the Clausius-Clapeyron equation to calculate
the enthalpy of dissociation. Their work highlights that the compressibility faction has a
significant impact on the enthalpy value.

A modified version of Clausius-Clapeyron, a theory proposed by Sloan and Fleyfel [78] was
used by Skovborg and Rasmussen [29] in which a more detailed P and T relation for the
liquid water/hydrate/vapour equilibrium than the regular Clausius-Clapeyron equation. They
considered the total amounts of water going into the hydrate structure for a unit mole of the
different gases.

Udachin et al. [79] used X-ray to evaluate the hydration number of CO> hydrate. Yoon et al.
[80] used a modified Clausius-Clapeyron equation to determine the enthalpy of hydrate
dissociation and hydration number that considers the change in compressibility by phase
transition and the guest molecules solubility in the liquid phase. They also stated that the

impact of two correction factors on the valuation of the hydrate enthalpy is significant.
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Figure 5.13: Enthalpy of methane (CH4) hydrate formation calculated using residual
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6 General Discussion

Most of the available experimental data for enthalpies of hydrate formation/dissociation for
methane or carbon dioxide are limited. Methane hydrate is far the most popular hydrate
former compared to CO> hydrate or other gases in works of literature. Some are determined
directly using apparatus such as calorimetry, and some of the data is indirect that they first
measured the hydrate equilibrium curve and then apply the Clausius-Clapeyron approach. For
pure components, such as methane and carbon dioxide, the chemical potential of the particular
component must be equal along the equilibrium curve, but for a complex structure like

hydrate, it is not quite as insignificant, but can be done for pure hydrate former [44].

The incline in the free energy for different hydrate formers is different for mixtures of hydrate
formers (such as CH4 + CO., CHs + CyHs), and the different hydrate formers will have
various attractions to water and different thermodynamic preferences for condensing on the
surface of liquid water. So for mixtures of carbon dioxide and supercritical methane, the
carbon dioxide will adsorb on the liquid water which will have a thermodynamic driving force
for condensing on the water surface. Examples of this can be found in the work of Kvamme
[81] where 10 mol per cent of carbon dioxide in the air result in 30 per cent of the carbon
dioxide to adsorbed on the liquid water (at 30 bars and 274 K).

The concentration of carbon dioxide at the gas side interface will also suggest in super-
saturation of carbon dioxide at the liquid water interface. As a result, the formed hydrate will
be dominated by carbon dioxide, with small amounts of nitrogen in the small cavities. This

will also be in the case of mixtures of carbon dioxide and methane.

It is the adsorbed concentrations and the chemical potentials which will determine the
concentration at the liquid interface and the composition of the hydrate. For closed systems of
primary composition, the most stable hydrate will form, following the 1% and 2™ law of

thermodynamics.

These characteristics can not be calculated using the Clapeyron equation on its own.
However, it can be applied in combination with a free-energy minimisation scheme. The
approach using residual thermodynamic can efficiently be used for any simple or mixtures of

hydrates that will form during a free-energy analysis of hydrate formation.
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Anderson [44] used an equilibrium approach based on the difference in chemical potential
between liquid water and empty hydrate clathrate for the calculation of the equilibrium curve,
hence could not calculate outside of the equilibrium conditions.

Residual thermodynamics do not have these types of limitations and can be applied for all
phases and components in all phases. Many publications use the simplified Clausius-
Clapeyron equation together with experimental or calculated hydrate equilibrium curve. These
approaches fail at the conditions where the condensed phase volumes become significant.
Even if the temperature is presented, the missing information about the pressure makes it
impossible to characterise the degree of superheating, relative to the hydrate equilibrium

pressure at the provided temperature.

A conventional example can be found in the work of Kang et al. [51], who stated that the
pressure was kept above the dissociation equilibrium pressure. Information regarding the level
of superheating is critical in understanding how much heat is used into heating the hydrate
sample and how much heat is actually being used to dissociate the sample. This is important
as it is definitely not possible to dissociate a sample exactly at equilibrium conditions since

that will require infinite time.

As long as both the temperature and pressure in the experiment are defined, we know for a
fact that it is a non-equilibrium system. The typical equilibrium conditions are not bounded to
the chemical potentials of the components in different phases (liquid, hydrate, gas), that other
factors can influence the phase transitions. During hydrate dissociation, it can dissociate
towards a liquid water phase that contains a lower concentration of CO; than the required

minimum concentration for hydrate stability.

It is also possible for hydrate to dissociate towards a gas phase, which is undersaturated with
water molecules. Information regarding the stirring rate is crucial since it affects the ratio of
hydrate formed from gas and water vs the hydrate formed from dissolved hydrate formers in
the liquid water. It can also promote supersaturation and distribution of nano and microsized
bubbles of hydrate formers that have other properties than a bulk gas phase, because of the

influence of shape, size and interaction with bubble walls (water).
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For systems where carbon dioxide is in contact with THF enriched water, this is even more
crucial. The combination of heterogeneous and homogeneous hydrates is a complex issue that
makes it difficult to understand their experimental data. Even for simple, pure carbon dioxide,
a huge variety of hydrates will form from gas and water, and dissolved carbon dioxide in the
liquid water. The calculated solubility of carbon dioxide is plotted in Figure 5.7 on page 66,

but a more detailed description can be found in the work of Kvamme et al. [57].

From each hydrate formed from a given mole fraction of carbon dioxide in the water solution,
and since the filling fraction is unique, it produces a unique hydrate. These results and similar

calculation can be found in the work of Kvamme [82] [25] [83].

The work of Delahaye et al. [52] is difficult to understand since they use as up to 30 wt %
(weight per cent) of THF and only presents hydrate pressure and temperature curves, while

much of the hydrate may form in the liquid water solution.

The composition of hydrates from these solutions might vary significantly due to the rate of

stirring and the concentration of carbon dioxide and THF in the water at all times.

Because of this and the other causes of inaccuracy, their results were not used for this work,
and the same goes for their work from 2004 [84] at which they reported a constant hydration

number over a wide range of thermodynamic conditions.
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7 Conclusions

The available experimental data of enthalpies of hydrate formation and dissociation in works
of literature are minimal and commonly lack critical information necessary for interpretation.
In most of the cases, the hydration number, which gives valuable information about the
hydrate composition is either missing, estimated or hold constant. The degree of superheating

during hydrate dissociation is also frequently missing.

Models based on the Clausius-Clapeyron approach seems to be the most popular and
favourable for evaluation enthalpies of hydrate dissociation. These methods have several
limitations, which have been debated in this work. The proposed method in this work is built
on residual thermodynamics. Because the enthalpy change of hydrate phase change is directly
connected to the change in free-energy, the enthalpy of hydrate formation and dissociation

can be calculated directly.

Although this work only considered simple CH4 and CO. hydrates at equilibrium conditions,
there are no limitations for this approach, and it can be used for all mixtures, all components,
in all phases at every condition. This implies that it can be used for non-equilibrium purposes,
which is conditions outside the equilibrium. Calculation based on non-equilibrium conditions

is more suitable and realistic since hydrates can never reach equilibrium in nature.

Unlike the Clapeyron approach, which is locked to equilibrium conditions, residual
thermodynamics would be the best choice for calculating hydrate phase transitions. This is
relevant for industries where realistic thermodynamically properties will be necessary.
Production of natural gas from hydrates using CO> swapping requires a better understanding
of the theory and is already proposed using residual thermodynamics. Transport of natural gas
in pipelines is also relevant, due to nucleation of hydrate toward mineral surfaces that can

cause plugging or damage to pieces of equipment.
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8 Suggestion for further work

Just before working on this thesis, our research group was already working on a paper for a
scientific journal. 1 was supposed to look for some experimental data we could use for
comparison, and it was not meant to be a significant focus. That was easier said than done,
but that created the objective for this master thesis. Most of the time, working on this thesis
went into doing research and examining experimental data. In fact, most of the articles found

were not even mention in this work. There were several reasons for this:

Most of the experimental literature ended up using either Clapeyron or Clausius-Clapeyron to
calculate the final enthalpy of hydrate dissociation. Many of the estimated values, such as
hydration numbers were not mentioned at all. There were different apparatus and different
approaches used, and the lack of useful information during their setup or experiments made it

difficult to decide if this was good enough for comparison.

A suggestion for future work would be to do more experiments with calorimetry but
conducting them more precisely. Hydrates require high pressure and low temperature to
form, which was and still is a challenge when performing precise measurements. Better
information of the setup and the process during the experiment would be helpful, such as;
Where the temperature is measured (Inside the hydrate core, just underneath the hydrate
surface, in the liquid water, in the gas phase), at what pressure, concentration and time, the list
goes on. Even though hydrates can never reach equilibrium, conducting these experiments
close to these conditions would be a challenge, time-consuming and expensive but not
impossible. Another suggestion for future work is to calculate the enthalpy changes of hydrate
phase transition for mixtures of different hydrate formers.
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Abstract

Though the Natuna field in offshore Indonesia contains natural gas resources, its CO, content exceeds 70%. While existing
technologies can handle the separation challenges, the question of CO, transport and storage will still remain due to the lack of
aquifer storage sites with sufficient sealing integrity in this part of South Asia. Substantial occurrences of natural gas hydrates
have been discovered in offshore Indonesia roughly 700 miles from Natuna, making the pipeline transport economically feasible.
This work aimed to assess the risk of hydrate formation during this transport as evaluated by two different approaches: traditional
method based on water dew-point versus evaluation accounting for alternative routes of hydrate formation. The hydrate risk
analysis was also conducted for produced natural gas at transport conditions. We have investigated the case study involving using
the separated CO, for simultaneous safe long-term storage of CO, and release of methane for in situ hydrates located at the North
Makassar Basin in offshore Indonesia. Utilization of CO, will require additive gases to increase gas permeability and reduce the
blocking of sediments by new CO,-dominated hydrate. This analysis was conducted for variable content of nitrogen and H,S. We
have concluded that the water dew-point-based method appears to severely underestimate the risk of hydrate formation; the
maximum water concentration it allows in gas will be larger by a factor of eighteen than the one permitted by approaches that
used water adsorption on hematite (rust) as the criterion.

Nomenclature hi; Canonical cavity partition function of component j
T Temperature [K] in cavity type i
T. Critical temperature [K] Agg" Free energy of inclusion of the guest molecules j
P Pressure [bar or kPa] in the cavity i
Iz Chemical potential [kl/mol] 6y Filling fraction of component j in cavity type i
H Hydrate phase I} Inverse of gas constant times temperature
AG  Free energy change Xt Total mole fraction of all guests in the hydrate
G Free energy change [kJ/mol]
P Parent phase
R Universal Gas Constant [kJ/(K mol)] .
%] Fugacity coefficeint 1 Introduction
Y Activity coefficient
¥ Mole fraction of liquid Hydrocarbons being transported to the processing plant for
v Mole fraction of gas treatment are always accompanied by reservoir water. Under

certain conditions, the water presence in natural gas mixtures
during processing and transport gives rise to serious hydrate
formation concerns. At high pressures and low temperatures,
it can be thermodynamically beneficial for water molecules to

P4 Tatiana Kuznetsova form ice-like lattices (three-dimensional structures) with cav-
tatyana.kuznetsova@uib.no ities encaging molecules of hydrocarbons and volatile liquids

as well as certain inorganics like carbon dioxide and hydrogen

! Department of Physics and Technology, University of Bergen, sulphide (guest molecules). The resulting nonstoichiometric
Allegaten 55, 5007 Bergen, Norway crystalline compounds are often referred to as clathrate
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hydrates or natural gas hydrates. Hydrate can grow to plug
processing equipment and transport pipeline. In this work,
we have evaluated the risk of hydrate formation based on
the upper limit of water content that can be permitted in a
multicomponent natural gas mixture with substantial amount
of carbon dioxide. The Natuna gas field contains more than
70% of CO, and as such makes for a good case study of
hydrate formation risk during the transport of CO, and hydro-
carbons. The potential for simultaneous utilization and safe
long terms storage of CO, in the natural gas hydrate coastal
fields of Indonesia is a fascinating opportunity.

Several unit operations commonly employed in natural gas
processing involve thermodynamic conditions that could give
rise lead to hydrate formation. Processes that lead to increasing
pressure and/or decreasing temperature can in many cases bring
the fluid phases (CO,, hydrocarbons) into hydrate formation re-
gion if free water is either available outright or can drop out from
the fluid. Examples are turbines where gas expands and cools
down, as well as low-temperature separators and compressors.
The Natuna field has the advantage of not being very far from
mainland Indonesia. From a long-term production perspective,
700 miles of pipeline transport for utilization and storage of CO,
is certainly economically feasible. Moreover, the presence of
offshore methane hydrates fields provides a storage option for
the excessive CO, produced by the gas field. The seafloor tem-
peratures in the area between Natuna and mainland Indonesia
typically vary between 274 K and 283 K, with the pipeline
transport from Natuna to onshore Indonesia involving pressures
between 50 and 300 bars. A substantial portion of this thermo-
dynamic range will fall inside the hydrate formation zone if free
water becomes available by either dropping out from as liquid
water or being adsorbed on rusty pipeline walls. A direct hydrate
formation from water dissolved in fluid is possible but highly
unlikely due to substantial limitation in mass transport and trans-
port of released heat. As will be discussed in more detail later,
studies available in open literature indicate that the presence of
hematite significantly lowers the level of water tolerated during
transport without invoking the risk of hydrate formation.

Determining the maximum water tolerance for gas being
processed or transported is one of the critical parameters when
it comes to design of drying facilities, whether solvent based
(glycols is most common) or adsorption based (zeolites for
instance).

Hydrate formation occurring in a system composed of nat-
ural gas with substantial admixture of impurities, for example
water and carbon dioxide, will be a complex process involving
competition between different phase transition mechanisms
and routes, with both kinetics and thermodynamics playing
significant roles. Conventional techniques currently used in
industry to evaluate the risk of hydrate formation assume that
hydrate will form when water drops out of the gas stream
during processing or transport. Therefore, this method in-
volves estimating the dew-point temperature of natural gas

@ Springer
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mixtures in question. We refer to this approach as water
drop-out or dew-point route to hydrate formation. However,
the problem with this approach is that absolutely disregards
that the presence of rust on the inside of pipeline walls and
processing equipment will provide sites for water adsorption
and consequently offer an alternative route for hydrate forma-
tion (the hematite route, hematite being the most dominant
and one of the most thermodynamically stable forms of rust).

The problem grows in complexity [1] due to the fact that in
an industrial setting like pipeline transport and processing,
hydrate formation from natural gas cannot successfully attain
equilibrium, as a result of limitations imposed by either Gibbs
phase rule or mass and heat transport. The Gibbs phase rule is
given as: 7=n—m+ 2. Here, 7 refers to the degrees of free-
dom, which is the number of defined independent thermody-
namic variables in the system, and  represents the number of
actively coexisting phases, while # is the number of active
components in terms of hydrate phase transitions. If we
choose a simple scenario with only a single hydrate forming
guest molecule present in the system containing bulk gas and
water, say methane and water, with the existence of a hydrate
nucleus, we will have three actively coexisting phases (7= 3)
and two actively components (n=2). And according to the
Gibbs phase rule, the degrees of freedom should be just one
(7= 1) for the system to reach equilibrium. But the system will
never attain equilibrium because for a real industrial case in-
volving flowing stream, hydrodynamics and hydrostatics in-
cluding phase transitions which involves heat exchange, the
fact that local pressure and temperature are specified. This
means that even the simplest system with one guest molecule
equilibrium (methane) can never achieve equilibrium.
Furthermore, mass transport limitation and low concentration
of water in methane could hinder hydrate crystal nucleus from
ever attaining the critical size, thus preventing stable growth
from even commencing.

Heat transport is yet another problem that can compound
the issue of hydrate growth. Methane is a bad thermal conduc-
tor compared to liquid water clusters and hydrate before hy-
drate is formed [1], this means that transporting the exother-
mic heat of hydrate formation away from the system will
become a challenge that could also critically restrict hydrate
formation rate. Solid surfaces will also indirectly affect forma-
tion of hydrate; for instance, hydrate formation occurring on
the interface between methane-rich gas and the aqueous phase
adsorbed on solid wall surfaces covered with rust. This possi-
ble impact of water-wetting surfaces on the phase transitions
should not be ignored just because the gas phase will dominate
as far as the mass is concerned [1]. Hydrate nucleation and
growth may take place either when both water and hydrate
formers are adsorbed on the rusty surface or when water alone
is present in the adsorbed phase, and hydrate former species
are imported from the methane-rich phase. Hydrate formation
will not occur directly on hematite surfaces due to
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incompatibility between charge distribution in hydrate water
lattice and hematite surface. Nevertheless, hematite will effec-
tively function as a catalyst that removes water from the bulk
gas via adsorption, thereby providing a separate water phase
for hydrate formation, which will occur just outside the first
two or three tightly structured water layers.

Thermodynamically, there exists a third possible pathway to
hydrate formation. It involves hydrate forming directly from wa-
ter dissolved in the natural gas stream. But the low concentration
of water in the bulk gas combined with heat and mass transport
limitations will make it highly improbable for hydrate to form via
this pathway. Therefore, this alternative pathway has been left out
of consideration in this work. Nevertheless, if surface stress from
flow does not impact on water/hydrocarbon system at all, a quick
formation of hydrate film on the water/hydrocarbon interface can
take place, which will very rapidly block further transport of
molecules of hydrate formers and waters through the hydrate film
(extremely low diffusivity). Therefore, hydrate will form from
the hydrate formers dissolved in water, and could also form from
water dissolved in gas, which then would take advantage of
nucleation on the hydrate surface. However, in case of flow with
turbulent shear forces present, this situation is not feasible.
Another difference between a flowing case and a case of a sta-
tionary constant volume and constant mass laboratory experi-
ment is that new mass is supplied continuously. Consequently,
the limiting situation where the water is completely consumed
thus stopping hydrate formation will never happen.

This paper presents the application of our novel thermody-
namic scheme for investigation of different routes to hydrate
formation, utilizing ideal gas as reference state for all compo-
nents in all phases including hydrate phase. We apply this
scheme to determine the upper limit of water content that
could be tolerated in a multicomponent natural gas with a
substantial amount of CO, (Natuna gas as a case study) with-
out the risk of hydrate formation during processing and trans-
port. Two alternative pathways to hydrate formation, the tra-
ditional dew-point route approach and that facilitated by water
adsorption on hematite-covered surfaces inside process equip-
ment and pipeline are discussed below.

Using CO, for simultaneous safe long terms storage of CO,
and release of methane from in sifu hydrates is one alternative
use for the substantial amount of CO, produced at the Natuna
field. The conversion between methane hydrate and CO,-dom-
inated hydrate is made viable by two primary mechanisms. A
solid-state exchange is possible but will be extremely slow and

Table 1 Composition of

the original gas from Gas Mole fraction
Natuna gas-field

CO, 0.710

CH,4 0.270

CoHg 0.010

N 0.010
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Table 2 Composition of -
the CHy-rich gas stream Gas Mole fraction
CH, 0.940
C>H, 0.035
CO, 0.025

thus of limited practical importance. The second mechanism
will involve the formation of new hydrate from injected CO,,
with heat released by the formation process assisting in disso-
ciation of in situ methane hydrate. The formation of new hy-
drate from injected CO, will be an extremely fast process and
can potentially plug the reservoir. In addition, the permeability
of CO, injected into water wetting reservoir is quite low. One
way to circumvent these limitations is to add nitrogen to the
injection gas. For instance, injection gas used in the Ignik
Sikumi experiment in Alaska [2] even consisted of 77.5% N,
by volume. A drawback of adding such high fraction of N, is
the dramatic impact it can have on the thermodynamics of new
CO, hydrate formation. In the worst-case scenario, the injection
mixture may become too lean in CO, to create a new hydrate.
In this limit, the system will have to proceed via the very slow
solid-state exchange process, while a number of other phase
transitions contributing to dissociation of in-situ methane hy-
drate may occur in the meantime. These transitions include
hydrate dissociation when exposed to a N, rich phase and water
under-saturated with methane. A substantial portion of accumu-
lated methane released in the above-mentioned pilot experi-
ment was likely due to the pressure reduction period. It is there-
fore hard to extract from the data how much CH, that were
converted due to CO,. In view of the low concentrations of
CO; in the injected gas and other phase transitions that con-
sume CO, (solution in water, adsorption of CO, on minerals).
Various laboratories around the world has also conducted ex-
periments on the exchange process but experimental set-up and
conditions are frequently far away from a real situation in na-
ture, including the fact that most of these available experimental
data were conducted in equipment with tight temperature con-
trol. Since the most efficient conversion mechanism involves
the formation of a new hydrate and dissociation of the methane
hydrate due to released heat from this new formation of CO,
dominated hydrate. Heat exchange with an external cooling
system will therefore interfere with the natural mechanism.
On top of this there are all the usual limitations of imitating a
natural hydrate system which exposed to flow (diffusion to
hydrodynamics depending on connection to fracture systems),

Table 3 Composition of

the CO,-rich gas stream Gas Mole fraction
co, 0.982
N, 0.014
CH,4 0.004
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geochemistry and fluid/hydrate/mineral interactions which are
different from the experimental set-up. And since these hydrate
systems can never reach thermodynamic equilibrium they exist
in a stationary that has developed over geological time scales
that is impossible to reproduce over limited time in a laboratory
set-up.

The second part of this study has been therefore focused on
the examination of thermodynamic stability limits governing
the formation of hydrate from various mixtures of CO, and N,
as related to a particular hydrate field example in offshore
Indonesia. A comprehensive examination of all of the hydrate
occurrences in that are lay well beyond the scope of this work;
our choice of example also reflects the varying scope and
quality of data available in the open literature.

2 Natuna gas reservoir

The gas composition of the Natuna Gas Reservoir is dominat-
ed by a very high content of CO,. According to [3], the gas
consists of approximately 71% carbon dioxide, 27% methane,
1% ethane and heavier hydrocarbons (approximated as eth-
ane), and 1% nitrogen and hydrogen sulphide combined.
While hydrogen sulphide is an aggressive hydrate former, a
tiny fraction of H,S (less than 1%) will have only a limited
impact on either the water dew-point and the maximum water
content before drop-out due to adsorption on hematite. Rough
estimates of conditions relevant for transport from Natuna to
onshore Indonesia indicate that temperatures (below 280 K for
seafloor pipeline transport) and pressures (between 50 and
300 bar) will fall inside the hydrate formation region. A crit-
ical question thus arises concerning the lowest fraction of
water that will trigger either water condensation or adsorption
on rusty pipe walls. In view of this, Table 1 presents gas
composition chosen to model the gas stream being transported
to land for separation.

Typically, the maximum CO, content of sales gas is limited
to 2.5%. The acceptable loss levels of hydrocarbons in the
separated CO, stream will be highly dependent on the sepa-
ration method and costs versus increased value per extra unit
of methane recovered. It will be desirable to separate as much
of the methane as possible from the other gasses. Assuming
that all N, will follow CO,, and all ethane will follow the CH,-
rich phase resulted in the model systems for separated phases
given in Tables 2 and 3 below.

3 Fluid thermodynamics
In equilibrium, temperatures, pressures, and chemical poten-
tials of all coexisting phases must be the same across all phase

boundaries. Though the equilibrium is unattainable in prac-
tice, applying a quasi-equilibrium method will help us to

@ Springer
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Fig. 1 Estimated equilibrium pressures for hydrate formed from a gas
mixture containing 88.53 mol% of CO,, 6.83 mol% of CH,,
0.38 mol% C,Hg and 4.26 mol% of N, compared to experimental data
[ [

evaluate the thermodynamic advantages of different pathways
to formation/dissociation of hydrate as asymptotic stability
limits for each given phase transition. The residual thermody-
namics approach will be applied for all components and all
phases (hydrate, liquid water, aqueous phases, ice) through the
use of the Soave—Redlich—-Kwong (SRK) equation of state
[4]. Parameters required by the SRK have been mostly sup-
plied by molecular dynamics simulations involving water in
different phases (empty hydrates, liquid water, and ice) [5].
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Fig. 2 Estimated equilibrium pressures for hydrate formed from a gas
mixture containing 90.2 mol% of CH4 and 9.8 mol% of C,Hg
compared to experimental data [12]
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In equilibrium systems, both phase distributions and compo-
sitions can be evaluated by means of free energy minimization.
Provided that thermodynamic models are available, it is not a
critical issue to choose a reference state for different components
in different phases for equilibrium systems. However, in non-
equilibrium systems, the most favourable local phase distribu-
tions, together with the thermodynamic driving forces encourag-
ing each component to move across the phase boundaries from
one phases to another can be determined by a free energy anal-
ysis. It is convenient in this case to use ideal gas as the reference
state to ensure same reference values for free energy of every
phase present in the estimation of the chemical potential of all
components, irrespective of the phase as presented in Eq. (1):

4 j(T.P. ?)—H';‘f“f gas (T,P. ?) - R.T.tn:aj(Ti.D, 7)
lim (&;)—1.0...for ideal gas
(D

Where &; refers to the fugacity coefficient for component ;
in given phase; ¥ is the gas mole fraction vector. The chem-
ical potential of the ideal gas comprises the trivial mixing term
since ideal gas mixing of gases at constant pressure.

Another reference state is used to evaluate the chemical
potential of component ; as an intermediate step for the liquid
state. It is given in Eq. (2) below generally known as symmet-
ric excess. This equation involves the ideal liquid term (chem-
ical potential) as well including the trivial ideal mixing term
together with the pure liquid value.

,u,j(TT . 7) + ;L;flea/ fiquid (T, P, ?) =R.T.ny; (T,P, 7)

lim (7]-) —1.0 when xj—1.0

(2)

where ; is the activity coefficient for component in the liquid
mixture. When applying Eq. (2) to water, the ideal gas refer-
ence state can suitably be applied too when the chemical po-
tential of pure liquid water is evaluated from molecular inter-
action models by means of molecular dynamics (MD) simu-
lations. In this work we have utilized data from [5].

In case of gas components with low solubility in water, like
the hydrocarbons in consideration, the “infinite dilution” of
gas in water will make for a more suitable liquid reference
state. Therefore, the asymmetric excess formulation in Eq.
(3) will be appropriate. It is called asymmetric excess because
the activity coefficient limit of the component j tends to one as
the mole fraction vanishes as shown below:

;L;’ZO(T,P, 7’) + ;Lj.“’"”(T,R 7)
(3)

—RT.n [xj“"r,j"z‘“(r.P. ?H lim (1710-”) when xj—0

Where ;1.7 29 g the chemical potential of component j in water;
>0
J
component j in aqueous phase based on the same reference
state; R is the universal gas constant. In practice, the evalua-
tion of infinite dilution chemical potential with ideal gas as the
reference state can be be achieved by means of molecular
dynamics (MD) simulations and application of the Gibbs
—Duhem relation [6, 7], contingent on thermodynamic prop-
erties of all phases can also be specified and evaluated outside
of equilibrium. The combination of the first and the second
laws of thermodynamics requires that both available mass of
every component as well as the overall mass will have to be
distributed over all possible phases coexisting under specific
local pressure and temperature conditions. This evaluation is
quite straightforward for most of the fluid phases of interest,
with the hydrate phase being somewhat an exception and
needing a special consideration; it has however been compre-
hensively evaluated in Kvamme et al. [7, 8]. Thus, the mini-
mization of free energy and obtaining values for the local
phase distributions becomes possible through combining ther-
modynamic formulations for fluids in Egs. (1), (2) and (3)
with hydrate nonequilibrium formulations from Kvamme
etal. [7, 8]. A number of algorithms capable of implementing
this approach are available in the open literature.

Except for the hydrate phases, all the relevant pressures and
temperatures will refer to a liquid state. All the situations con-
sidered in this work involve very low mutual solubilities and/
or low concentrations. The following approximation in Eq. (4)
should therefore prove satisfactorily accurate for most indus-
trial applications where hydrate formation is a risk factor:

oo stands for infinite dilution; is activity coefficient of

I (T, P, ?) i (T_. P, 7’)

+R.T.In [x;-.'y_[/-'w(T,P, ?)} 4

Here the subscript ¢ distinguish between different phases
with low solubility and subscript j refers to different
components.

4 Thermodynamics of hydrate: model
description and verification

The chemical potential of water in hydrate can be evaluated
using the statistical mechanical model for water in hydrate,
which is a typical Langmuir type of adsorption model. We
used the version presented in Kvamme & Tanaka [5] given
in Eq. (5). Unlike that of van der Waal and Platteuw (1959)
[9], the Kvamme & Tanaka [5] form considers the lattice
movements and corresponding effects of different guest mol-
ecules; it takes into account collisions between guest
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Fig. 3 Hydrate equilibrium
pressures for the original Natuna
gas mixture (solid), CHy-rich gas
(dash) and CO,-rich gas (dash-
dot) streams

Pressure (bar)

70

40

T

— Original-stream
———CH4 rich-stream
H — —-CO2 rich-stream

I

molecules and water sufficiently strong to affect the water

motion. A rigid lattice is presumed by the van der Waal and
Platteuw (1959) [9] model, it assumes that the guest j does

not affect water movements in the lattice.

Fig. 4 Maximum concentration
of water that can be permitted in
Natuna gas before liquid water
drops out. Curves from top to
bottom correspond to pressure of
50 bar, 90 bar, 130 bar, 170 bar,
210 bar and 250 bar respectively
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Fig. 5 Maximum concentration

of water that can be permitted in

Natuna gas before water is
adsorbed on hematite. Curves
from top to bottom correspond to
pressure of 50 bar, 90 bar, 130 bar,
170 bar, 210 bar and 250 bar
respectively

Mole fraction of water before adsorption on hematite

Where / denotes to hydrate phase; ,u(:;)o refers to the chem-
(0,H)
H,0
tential of water in empty clathrate structure; v; refers to the
fraction of cavity type i per water molecule. The unit cell of

hydrate of structure I is composed of forty-six water mole-

ical potential of water in hydrate; ;. is the chemical po-

1
278
Temperature (K)

L
276 284

consequently, Veuas caviy = 1/23 and Vigrge caviyy = 3/23. hy;is the
canonical cavity partition function of component ; in cavity
type i. Nges Stands for number of guest molecules in the sys-
tem. Equation (6) is used to evaluate the canonical partition
function:

cules. Structure I hydrate has two small and six large cavities, ~ h; = o (6)
Fig. 6 Maximum concentration 3X 10°

of water that can be permitted in p—r— ' " ! T

the CHy-rich gas before liquid —  9bar

water drops out. Curves from top ——— 130 bar

to bottom correspond to pressure —— 170 bar -

of 50 bar, 90 bar, 130 bar, 170 bar, 25H — 210 bar P g =
210 bar and 250 bar respectively — 250 bar -

Mole fraction of water before liquid drop out

L L 1 I

1
276

Temperature (K)
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Fig. 7 Maximum concentration x 10

of water that can be permitted in 16 T T T T T

the CHg-rich gas before water is == -50 bar -
adsorbed on hematite. Curves —90 bar B a

from top to bottom correspond to 14H — 130 bar - |
pressure of 50 bar, 90 bar, 130 bar, — 170 bar 2

170 bar, 210 bar and 250 bar — 210 bar /‘/

respectively pl— 250 bar e |

o @ o

Mole fraction of water before adsorption on hematite

=

L L

%4

Here, 3 is the inverse of the product of gas constant and temper-
ature, and Ag;'® is the impact on hydrate water from inclusion of
the guest molecules ; in the cavity i [10]; its expansion coeffi-
cients are tabulated in Tables 4 and 5 below for carbon dioxide
and hydrogen sulfide guests, respectively. In equilibrium, the
chemical potential of component j in hydrate phase “H” must
be identical to that in the (parent) phase from which it has been
extracted [1]. Chemical potential of all gas components in hy-
drate are estimated by employing Eq. (1). The usual equilibrium
approximation most hydrate simulators utilize is presented in Eq.
(7) below assuming a free hydrate former phase (gas, liquid,
fluid) in which every component’s chemical potential is generally
estimated by an equation of state and the resulting chemical
potential required in Eq. (6) for the cavity.

, 5
Table 4  Coefficients of Agieusion in the equation Agheision = ¥ i,

[771’ in case of CO, inclusion in structure I hydrate. Subscript ¢ o Tin

the equation denote critical temperature. Critical temperature for CQ, is
304.13 K. Units on k are in kJ/mol

1
276

1 1
278 280 282 284 266
Temperature (K)

(0.H)

0 *R-TZLVJ”(I + Z;imiwh;‘f )
- ;Lf]“i’zeowa!@r(T P)+RTin {x;"[-lloryi‘Hzo (T, P, ?)] (7)

The estimation of the chemical potential of water in empty
chlatrate (hydrate) structure has been implemented by means of
Kvamme and Tanaka model [5]. This model has been proven to
have predictive capabilities; consequently, it makes any empirical
formulations for these chemical potentials unnecessary and pos-
sibly also nonphysical since chemical potential is a fundamental
thermodynamic property. Given that the aqueous phase water
lacks any ions and includes only limited amount of dissolved
gases, the right-hand side of Eq. (7) has been approximated by
the pure water value. This involves only a minor shift in chemical
potential of liquid water. For instance, at 15000 kPa and 274 K

. " 5
Table 5 Coefficients of Aginciusion in the equation Agetusion — " |,
[TTJI for H,S in structure I. Subscript ¢ of T in the equation dénbte

critical temperature. Critical temperature for H,S is 373.0 K. Units of k
are kJ/mol

k Large cavity Small cavity k Large cavity Small cavity

0 1.624892126738541 —0.001472006897812825 0 16.016081922594900 —22.756290074587520
1 1.163780531566063 —55.894438257553600 1 24.620388773936620 0.7857734898893513
2 —56.736684127967590 —5.622310021096491 2 —44.136111233969420 —33.910124845368450
3 —27.993674783103930 19.483488092203920 3 —39.553535022042830 0.2509106251170165
4 16.859513200395660 11.325243831207700 4 2.362730250749388 —16.141504094980840
5 19.774626541207180 3.033541053649439 5 15.324247971160300 19.005383720423500
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Table 6 The maximum
concentration of water permitted Pressure: 250 bar Original gas CH,-rich gas CO,-rich gas
in different gas-streams and com-
paring the two different routes to 274K 280K 274K 280K 274K 280K
hydrate formation at a pressure of
250 bar Maximum mole fraction of water before liquid 0.701 1.078 0.569 0.836  0.564  0.832
drop out (x 107°%)
Maximum mole fraction of water before adsorption ~ 0.036  0.061 0.030  0.047  0.029  0.047

on hematite (< 107%)

the correction will be as small as —0.07 kJ/mol. Though slightly
greater for 20,000 kPa and 25,000 kPa, it is still not dramatic for
the purpose of this study. However, Eq. (8) has been proven to be
beneficial to estimate free energy change corresponding to a
hydrate phase transition Ag/’

Aglt =53 (u?'—uf ) (3)
J=1

Where H is refers to the hydrate phase of molecule j; P is
parent phase of molecule j. While Eq. (9) presents the relation
between the filling fraction, the mole fractions and cavity par-
tition function as shown below:

x5 hy

Oy =—2 =— "7 9
I TS ®)

Where x7 refers to the total mole fraction of all guests in the
hydrate; 6; stands for the filling fraction of component j in cavity
type I, and xfy! is the mole fraction of component j in cavity type i.

Figures | and 2 present the comparison between the experi-
mental data [11, 12] and hydrate equilibrium pressure-
temperature curves estimated by our theoretical model for com-
ponents relevant to this work: carbon dioxide, methane, ethane,
and nitrogen. Rather that fitting the interaction parameters to
replicate the experiment, our main goal was to ensure that the
statistical-physics model of [5] was fiee of adjustable parameters
in every term, including chemical potential of water in empty
hydrate lattice, as liquid water, and in the form of ice. The com-
parison of our estimates with widely accepted experimental data
demonstrates a quite satisfactory agreement without any

Table 7 Recapitulative table of pressure temperature and composition
dependency for CO, hydrates formation and substitution in CH, hydrates
structure [

Pressure [bar] Fraction range Minimal temperature

required for (0.1) CO, [K]

200 [0.1:0.8] 277.0
210 [0.1;0.8] 276.9
220 [0.1; 0.8] 276.7
230 [0.1: 0.8] 276.5
240 [0.1;0.8] 276.3
250 [0.1; 0.8] 276.1

empirical fitting required. The slight deviation observed in
Fig. 1 is due to guest-guest interactions for a quaternary gas
mixture like the one in question. Figure 2 exhibits a very good
match, especially inside the relevant temperature ranges of 273~
286 K, which is just a binary gas mixture of methane and ethane.
Therefore, we have deemed the deviations to be acceptable for
the purposes of this work.

5 Hydrate risk analysis: alternative
approaches for evaluating the risk of hydrate
formation for Natuna gas from the reservoir

When hydrate risk under transport or processing is to be
assessed for a particular gas mixture containing hydrate-
forming hydrocarbons and inorganics (structure I components
and CO, and in this study), the initial step is to evaluate the
upper safe limit of water tolerated by the gas or liquid system
before water will drop out as condensate. The classical ap-
proach to hydrate risk analysis involves evaluating the mole
fraction of water in gas or liquid phase at the water dew-point.
More recent analysis has been extended by considering two
other alternative pathways [1, 7]. The first of these alternative
pathways takes into account the process of water condensing
out as adsorbed phase on the rusty (hematite) pipe walls. The
other alternative route to hydrate formation considers hydrate
forming directly from water dissolved in hydrate former
phase. Despite the fact that the latter alternative route is ther-
modynamically feasible, it was associated with large mass-
and heat-transport limitations in the hydrate forming systems
examined in those studies [1, 7]. Thus, the route where hydrate
forms directly from dissolved water will be extremely improb-
able compared to both the classical (dew-point) water drop-
out approach and the alternative approach involving adsorp-
tion of water on hematite (rusty) surfaces. Therefore, our study
ignored the third alternative and focused on the other two.
The produced gas transportation from Natuna gas-field will
typically involve temperature 274 K to 283 K and pressures
ranging from 50 to 300 bars. The processing conditions during
separation onshore are not known since they are highly de-
pendent on the separation methods. After the separation pro-
cess on mainland, two new gas streams will be generated with
compositions presented above in Tables 2 and 3. Both the
CH;-and CO,-rich gas streams are expected to be transported
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Fig. 8 Maximum concentration
of water that can be permitted in
the COx-rich gas before liquid
water drops out. Curves from top
to bottom correspond to pressure
of 50 bar, 90 bar, 130 bar, 170 bar,
210 bar and 250 bar respectively

Mole fraction of water before liquid drop out

x 10

=w=+=Hl) ba
— 90 bar
— 130 bar
— 170 bar
25H — 210 bar
— 250 bar

1 1 1 1

% 276

278 260 282 284 266
Temperature (K)

by pipeline operating at temperature and pressure ranging  state for all components in all phases including hydrate phase

from 274 K to 285 K, and 50 bars to 250 bars, respectively.

has been applied to investigate the maximum limit of water

Our novel thermodynamic scheme for investigation of dif-  content that should be permitted in Natuna gas from the
ferent routes to hydrate formation, using ideal gas as reference ~ Greater Sarawak Basin. Figure 1 presents the hydrate

Fig. 9 Maximum concentration
of water that can be permitted in
the CO,-rich gas before water is
adsorbed on hematite. Curves
from top to bottom correspond to
pressure of 50 bar, 90 bar, 130 bar,
170 bar, 210 bar and 250 bar
respectively
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Fig. 10 Chemical potential as

s [H25]=0,0

488
function of temperature of present
components in the injection gas at -
P=200 bar. The upper dashed B

curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure II formed
from a gas composition contain-
ing CHy4, CoHg and C;Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N, ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

'S & 'S S
@ o © B
® > = x4

Chemical potential of water (kJ/mole)

o
S

-80.2

275

equilibrium curves for the three gas streams in question.
Figures 2, 3,4, 5, 6 and 7 illustrate qualitatively the safe limits
of water content for Natuna gas before and after most of the
CO, is separated out of the bulk, with both the classical dew-
point liquid water drop-out approach and the alternative route
involving adsorption of water on the rusty surfaces of process
equipment and transport pipes. Maximum water level tolerat-
ed before water will start to drop out from the original gas
from Natuna are plotted in Fig. 2. Levels calculated basing
on adsorption on hematite is shown in Fig. 3 for the same gas.

Fig. 11 Chemical potential as 488 .

278 27 280 282

Temperature (K)

276 2m

Both the methane- and CO,-rich gas exhibit similar
trends for all pressures presented in Figs. 4 to 7. Only a tiny
shift in absolute values of water drop-out mole fractions is
present, with methane values being slightly higher compared
to CO,. Generally, both hydrate formation routes share a
significant reduction in the gap/difference between the pres-
sure curves between 50 bar and 90 bar, and between 90 bar
and 130 bar. The curves for the two highest pressures,
210 bar and 250 bar, overlap for both methane and CO,.
In case of the CO, stream, the pressure curves overlap

chemical potentials for P=210bars [H25]=0,0

function of temperature of present
components in the injection gas at
P =210 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure Il formed
from a gas composition contain-
ing CHy, C;Hg and C;Hg, Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N; ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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Temperature (K)
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Fig. 12 Chemical potential as
function of temperature of present
components in the injection gas at
P =220 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure II formed
from a gas composition contain-
ing CHy4, CoHg and C;Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N, ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

almost completely, indicating the higher density impact. The
differences at the highest pressures are virtually insensitive

Chemical potential of water (kJ/mole)

-48.8

-49
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©
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©
FS
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©
™

-50.2

274

to pressure due to the high density.

Fig. 13 Chemical potential as
function of temperature of present
components in the injection gas at
P =230 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure II formed
from a gas composition contain-
ing CHy, C;Hg and C;Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N, ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
€O, from top to bottom
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The safe-limit of water content decrease as the pressure
increases for pure structure I hydrate components as methane
and CO,. This is also the case original CO,-dominated Natuna

chemical potentials for P=230bars [H2S]=0,0

I 1 1 1 1 I 1

275 276 277 278

Temperature (K)

279 280 281 282
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Fig. 14 Chemical potential as

-48.8 T

for P=24 [H28]=0,0

function of temperature of present
components in the injection gas at
P =240 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure II formed
from a gas composition contain-
ing CHy4, CoHg and C;Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N, ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

Chemical potential of water (kJ/mole)

=50 [~

-50.2 .

274

gas due to its lack of heavier hydrocarbons such as propane,
and iso-butane etc.

When comparing safe water limit corresponding to the
two hydrate formation routes in case of Natuna gas, the
formation route that involves water adsorption on hematite
yielded the water mole fraction which was by a factor of
19 smaller than value given by the classical dew-point ap-
proach currently used as industrial standard. This large

Fig. 15 Chemical potential as 488 -

275

276 277 278 279 280 281
Temperature (K)

282

difference underlines the risk that hydrates may still form
in industrial processes if only the dew-point approach is
used as the hydrate safety criterion measure. Therefore, this
alternative route involving adsorption of water on rusty
surfaces and providing a free water phase for hydrate nu-
cleation should not be ignored if the risk of hydrate forma-
tion without addition of inhibitions or applying other costly
measures during processing and pipeline transport of

hemical p ials for P=250b [H25]=0,0
T T T

function of temperature of present
components in the injection gas at
P =250 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure Il formed
from a gas composition contain-
ing CHy, C;Hg and C;Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N; ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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Fig. 16 Chemical potential as

chemical potentials for P=200bars [H2S]=0,01

-48.8

function of temperature of present

components in the injection gas o

containing 1% H,S at P =200 bar. 49 | Rl T

The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C5Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

Chemical potential of water (kJ/mole)

-50.4 *
274

275

natural gas must be avoided. On the other hand, it is not
possible for initial hydrate nuclei to attach directly to the
rust surface due to the low chemical potential of adsorbed
water. The hydrate formed will be bridged by at least three
to four layers of structured water on the surface of the
hematite. This alternative route to hydrate formation
through adsorption on hematite absolutely dominates when
it comes to the risk of water dropping out from gas mixture
and pure components to form a separate water phase and

Fig. 17 Chemical potential as

A i
278 279
Temperature (K)

276 277 282

ultimately resulting in hydrate formation. This can be un-
derstood from the fact that the average chemical potential
of water adsorbed on hematite could be 3.4 kJ/mol lower
than that of liquid water. And thermodynamics does favour
minimum free energy.

Table 6 presents the maximum amount of water tolerated
in various gas streams calculated using coefficients provided
in Tables 4 and 5. With anticipated transport pressures vary-
ing between 50 and 250 bars and the highest seafloor

-48.8 T
function of temperature of present
components in the injection gas ——
containing 1% H,S at P=210bar. 49 e

The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C;Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N; ratios. H>S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
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Fig. 18 Chemical potential as
function of temperature of present
components in the injection gas
containing 1% H,S at P =220 bar.
The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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temperature around 6 degrees Celsius, it is obvious from Fig. ~ Table 6 lists the maximum safe water limits permitted at
1 that all considered mixtures will exist inside the hydrate  two temperatures 274 k and 280 K and 250 bars.

formation region. The question is therefore at which water As expected from earlier studies, water solubility are
concentrations in gas the water will drop out. Since the max-  quite similar for both methane-rich and carbon dioxide-rich
imum pressure (Figs. 2 to 7) provides the estimate for the  gas mixtures. The maximum amounts of water before liquid
lowest of permitted gas in all systems, we have extracted  water drop-out or adsorption respectively are also quite sim-
some illustrative examples corresponding to that pressure.  ilar for the two mixtures, in contrast to the original Natuna

Fig. 19 Chemical potential as
function of temperature of present
components in the injection gas
containing 1% H2S at P=

230 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure 11 formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
COy/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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Fig. 20 Chemical potential as 488

hemical p for P= [H2S]=0,01

function of temperature of present

components in the injection gas Te-

containing 1% H,S at P =240 bar.

The upper dashed curve is 4or

chemical potential of liquid water.

The lower dashed curve is for o2
402}

chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-

Chemical potential of water (kJ/mole)

tively 2, 5, 10, 20, 40, 60, 80% B 275

CO, from top to bottom

gas. In all cases, the maximum water tolerances based on the
dew-point are in the order of 18 times higher that tolerance
criteria based on Hematite adsorption.

6 A possible hydrate reservoir for CO, storage
and utilization

While considering the production of natural gas from the
Natuna field wells, it is extremely important to address the

L L L s
276 277 278 279 280 281 282
Temperature (K)

high fraction of CO; (71 mol%) that this field contains.
Given the impact of global warming and the focus on sustain-
able industry, the storage alternatives for such a huge amount
of CO, must be carefully considered. Luckily, Indonesia is
fortunate to have several huge methane hydrates fields that
could serve as perfect storage options for CO, and a viable
intermediary for the EOR.

The North Makassar Basin hydrate field is one of them, with a
reasonable collection of seismic data available [12], making it a
good case study to address the storage and utilization of carbon

Fig. 21 Chemical potential as 488
function of temperature of present

components in the injection gas -

containing 1% H,S at P =250 bar.

The upper dashed curve is o
chemical potential of liquid water.
The lower dashed curve is for 402

chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO4/N, ratios. H>S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
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mole % of CO, of 1%. The fol- 50

lowing curves are for hydrate

formed from a mole % of respec-

tively 2, 5, 10, 20, 40, 60, 80% 0 P

CO, from top to bottom
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Fig. 22 Chemical potential as

function of temperature of present
components in the injection gas
containing 0.5% H,S at P =

200 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C5Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-

Chemical potential of water (kJ/mole)

tively 2, 5, 10, 20, 40, 60, 80% B
CO, from top to bottom

dioxide from Natuna. To be able to store CO, efficiently, CO,
must be converted to hydrate. Indeed, in such a solid form, there
are limited risks of leaks from the wells and pollution of the area.

Moreover, when it comes to EOR, combining the storage
of CO, with recovery of almost pure methane is one of the
best ways to go, provided that pressure and temperature of
methane hydrate fields are suitable for CO, substitution in
type I hydrate. The affinity of CO, for type I hydrate structures

1
275

1 I
276 277 278 279

Temperature (K)

280 281 282

is greater than that of CH4 over pressure and temperature
ranges easily achievable in the hydrates fields, thus allowing
us to seriously consider the possibility of CO, storage.

Data collected by B. A. Jackson [13] show an 8000 m® area
where several indicators point to potential presence of hy-
drates at approximate depth of 2450 m. Given the provided
properties of seafloor and crust, it is possible to calculate pres-
sure and temperature gradient in the field. Our calculations

Fig. 23 Chemical potential as
function of temperature of present
components in the injection gas
containing 0.5% H,S at P=

210 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C;3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N; ratios. H>S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
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Fig. 24 Chemical potential as 488

chemical potentials for P=220bars [H2S]=0,005

function of temperature of present

components in the injection gas

containing 0.5% H,S at P = -49
220 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO/N; ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol- -50.2
lowing curves are for hydrate

formed from a mole % of respec-
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yielded the 200 bar - 250 bar pressure range and 274 K to
282 K temperature range, facilitating the estimation of chem-
ical potential for the different relevant components. These
results are plotted in Figs. 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26 and 27 below, where
the solid lines represent different concentration of CO,
[CO,]1=0.01; 0.02; 0.05; 0.1; 0.2; 0.4; 0.6; 0.8. The dashed
line corresponds to water, the dot dashed line to methane hy-
drate structure I (the only one relevant in our case), and the

L L L L
276 277 278 279 280 281 282
Temperature (K)

double dash dotted line to methane hydrate structure II.
Analysis of the present figures show several points that should
be highlighted.

As reservoir pressure increases, chemical potential of CO,
becomes progressively lower, indicating easier CH, substitu-
tion by CO,, but we must exercise caution when it comes to
the stability of CO, hydrates. Indeed, if CO, hydrate forma-
tion is too fast, it may seal off the reservoir close to the injec-
tion zone. CO, would then form hydrates directly from free

Fig. 25 Chemical potential as 488
function of temperature of present
components in the injection gas
containing 0.5% H,S at P=

230 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H>S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
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Fig. 26 Chemical potential as

function of temperature of present
components in the injection gas
containing 0.5% H,S at P =

240 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C5Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-

Chemical potential of water (kJ/mole)

tively 2, 5, 10, 20, 40, 60, 80% a5 =

CO, from top to bottom

water present in the reservoir, and may never encounter meth-
ane hydrates it is supposed to react with. CH,4 substitution by
CO; in hydrates is limited by the rate of solid diffusion, a slow
kinetic phenomenon, which would take place after new hy-
drates formation, so the CO, concentration in injected gas
must be calculated to allow CO, the time to travel close to
the CH,4 hydrates. Therefore, the injected gas composition will
be of crucial importance; the amount of N, present in the gas

276 277 278 279 280 281 282
Temperature (K)

should be judged wisely to optimise hydrate formation with-
out plugging the system.

One of the great advantages of the Natuna gas field lies in
its virtual lack of hydrogen sulphide, which acts as inhibitor
for chemical transformation of natural gas in addition to
being an intensively corrosive agent. This fact allowed us
to calculate chemical potential profiles for all the compo-
nents while ignoring a possible presence of H,S.

Fig. 27 Chemical potential as 488
function of temperature of present
components in the injection gas
containing 0.5% H,S at P=

250 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CH,,
C,Hg and C;Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N; ratios. H>S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
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Nevertheless, data compiled in the above figures should
prive quite relevant for any potential industrial trial
considerations.

These figures above clearly show that there exists a range
oftemperatures and compositions where CO, can replace CH,
in the structure I hydrate. Table 7 below groups these ranges
for the pressures concerned.

To summarise, the CO, storage coupled with CH,4 recovery
from hydrates fields appears to offer a sustainable alternative
to combine with gas extraction from high CO, concentrated
fields. Figures used to illustrate this study are based on seismic
data that could be refined further for the purposes of a practical
industrial implementation. Nevertheless, the ranges selected
are wide enough to include temperatures and variations the
most probable in such hydrates fields.

tin formation of CO,-dominated hydrate and thus enable a
rapids mechanism for formation of CO, hydrate and release of
methane due to heat generated dissociation of in situ methane
hydrate. A fraction of injected CO, will dissolve in the
groundwater and adsorb on mineral surfaces. The
“enrichment” of CO, when it either adsorbs on mineral sur-
faces or becomes trapped by adsorbed water layers can en-
hance the overall nucleation rate of the new CO, hydrate for-
mation in sediments. But a rigorous estimate of the lowest
limit of CO, needed in the injection gas will require a detailed
modelling for each reservoir in question to make sure that the
fast conversion mechanism is retained throughout the reser-
voir. The extremely slow mechanism of direct solid-state ex-
change is of not practical importance, but as indicated by Figs.
8 to 25, the concentration of CO, in the N,-dominated mixture
needed by the solid-state exchange is higher. In the absence of
H,S in the gas mixture, roughly 5 to 12% CO, will be re-
quired. These limits will decrease to between 4 to 5% for
0.5% H,S in the gas mixture and to between 2 to 3% for the
case of 1% H,S. Since the Natuna gas has a very limited
presence of higher hydrocarbons, the artificial structure-11
gas mixture is not particularly relevant. It is included to pro-
vide a qualitative indication of the situation in a reservoir with
similar conditions but more thermogenic gas.

7 Conclusion

In this work, we have investigated the Natuna gas as well as
two realistic separated streams, a CO»-rich stream and a
methane-rich stream, to determine the maximum water frac-
tion that can be permitted without invoking the risk of hydrate
formation. Our estimates suggest that pipeline transport con-
ditions expected for all three streams will fall inside the hy-
drate formation region if liquid water becomes available either
by condensing below the dew-point or adsorbing on rusty
pipeline surfaces. The low chemical potential of water
adsorbed on hematite (dominating form of rust) will result in

@ Springer

substantially lower tolerance limits for the water content of
transported gas. When the water dew-point is used as the
criteria, the permitted water mole fraction in gas is roughly
eighteen times higher than in the case of using the limit of
adsorption on rust.

We have also studied the feasibility of the separated CO,
for simultaneous safe long terms storage of CO, and release of
methane from in situ hydrates in the North Makassar Basin
hydrate field at offshore Indonesia. It was found that the min-
imum concentration of CO, required to create a new hydrate
while retaining a fast exchange rate will be reasonably low in
case of this deep reservoir. Even CO, fractions as low as
2 mol% in CO,/N; gas will allow the new hydrate to form.
This is of course a theoretical limit, in practice the injection
gas mixture will have to be adjusted depending on hydrate
consumption throughout the reservoir. While N, will mostly
fill the small hydrate cavities, a tiny fraction of it may even
enter the large cavities while competing with the far more
thermodynamically favoured CO,. Data available on the
Natuna gas indicates that the combined fraction of N, and
H,S amounts to 1%. If H,S accounts for only a half of the
admixture, gas able to form a new hydrate is only required to
contain as little as 1% of CO,. Direct solid-state exchange
between in situ CH,4 hydrate and CO; hydrate will be extreme-
ly restricted kinetically and of no practical importance.
Nevertheless, the minimum level of CO; in N, required by
this mechanism is higher. Roughly 5 to 12% CO, will be
needed in the absence of H,S, and 2 to 3% when the mixture
contains 1% H,S.
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