SNE TECHNICAL NOTE

Modelling of Methane Hydrate Formation and
Dissociation using Residual Thermodynamics

Solomon Aforkoghene Aromadal”, Bjgrn Kvamme?

1Department of Physics and Technology, University of Bergen, Allegaten 55, 5007 Bergen, Norway;

*Solomon.Aromada@student.uib.no, saromada@gmail.com

2Strategic Carbon LLC, Vestre Holbergsallmenningen 17, 5011 Bergen, Norway, kvamme@strategic-carbonllc.com

SNE 31(3), 2021, 143-150, DOI: 10.11128/sne.31.tn.10575
Received: March 10, 2021 (Selected EUROSIM 2019 Postconf.
Publ.); Revised: August 30, 2021; Accepted: September 2, 2021
SNE - Simulation Notes Europe, ARGESIM Publisher Vienna
ISSN Print 2305-9974, Online 2306-0271, www.sne-journal .org

Abstract. The available experimental data in literature
for enthalpies of hydrate formation and dissociation are
limited and often lacks relevant information required for
interpretation. Commonly missing information include
hydrate composition, hydration number, temperature
and/or pressure data, and degree of super heating during
dissociation of hydrate.

Clausius-Clapeyron equations used with measured or cal-
culated hydrate formation pressure-temperature equilib-
rium data is the simplest indirect methods used for eval-
uating enthalpy change involved in phase transition dur-
ing hydrate formation or dissociation. This approach in-
volves over-simplifications. These oversimplifications
make all the data based on Clausius-Clapeyron to be un-
reliable. And old data using Clapeyron do not have appro-
priate volume corrections. We therefore propose a ther-
modynamic scheme (residual thermodynamics approach)
which does not have these limitations. This method is
based on residual thermodynamics for all properties like
equilibrium (pressure-temperature) curves, free energy
change as thermodynamic driving force in kinetic theories
and enthalpies of hydrate formation and dissociation. The
pressure-temperature equilibrium curve obtained in this
work agrees well with literature.

Introduction

Natural gas hydrates are non-stoichiometric crystalline
inclusion compounds (ice-like substances) formed when
hydrogen-bonded water molecules form three-dimen-
sional solid cage-like structures with cavities which en-
trap suitably small sized molecules of certain gases and

volatile liquids known as guest molecules, under the con-
dition of high pressure and low temperature. Unlike ice,
they exist above 273.15 K (0 °C). Lighter hydrocarbon
components [1,2] and some inorganic gases [3,4] are
guest moleculesthat can form hydrate in their pure form.

A vast amount of natural occurring methane hydrates
is distributed al over the world in the permafrost and in
the oceans [5]. This huge amount of methane gas trapped
in the naturally existing hydrate could be a potential
source of unconventional energy. In atime when decar-
bonazation and the use of low-carbon energy resources
have become exigent, successfully exploiting this huge
amount of natural gas stored in form of hydrate will be
important.

To produce this methane, any method that could be
used will require supply of heat [6] to dissociate the me-
thane hydrate. Therefore, a study of the heat of dissocia-
tion and formation of methane hydrate is important.
Thus, it is essential to examine how best these heat (exo-
thermic for formation and endothermic for dissociation)
can be better evaluated. The amount of heat required for
dissociation of the hydrate is the same amount that is re-
leased when the hydrate isform. The differencein repre-
sentation is in the sign, negative for formation and posi-
tive for dissociation.

Hydrate formation is a complex exothermic process
that involves competing phase transition mechanisms
and routes where kinetics and thermodynamics play im-
portant role. The exothermic heat released (enthalpy of
formation) during the phase transition is one of the most
significant thermodynamic properties that we need for
proper understanding of the phase transition process.
Thisheat is either measured directly [7] by experiment or
indirectly using Clausius-Clapeyron [8] or Clapeyron [9]
modelling approaches. These approaches have somelim-
itations and the results obtainable in literature often lack
important information.
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For example, the available experimental datain liter-
aturefor enthal piesof hydrate phasetransition arelimited
and often lacks relevant information required for inter-
pretation. Frequently missing information are composi-
tion of the hydrates, hydration number, temperature
and/or pressure data, and degree of super heating re-
quired during dissociation of hydrate.  Clausius-
Clapeyron equations used with measured or calculated
hydrate formation pressure-temperature equilibrium data
is the simplest indirect methods used for evaluating en-
thalpy change during hydrate phase transition. This ap-
proach involves over-simplifications. These oversimpli-
fications make all the data based on Clausius-Clapeyron
to be unreliable. And old data from Clapeyron do not
have appropriate volume corrections.

Therefore, a consistent thermodynamic scheme, re-
sidual thermodynamics approach is proposed in thiswork
and implemented based on the the trivial thermodynamic
relationship between enthalpy change and free energy
change. This method is based on using residua thermo-
dynamics for al properties like equilibrium (pressure-
temperature) curves, free energy change as thermody-
namic driving force in kinetic theories and enthal pies of
hydrate formation and dissociation. The approach elimi-
nates the limitations.

The relevant modelling equations are presented, and
simulations were performed. The results are discussed
are compared with literature.

1 Modelling of Hydrate
Dissociation with Residual
Thermodynamics

Our modelling approach is summarized in this section.
The free energy change for a specific hydrate phase tran-
sition can expressed as:

AGHD = xff (#520 (T, P,Ff) — ppyeter (T, P,a‘c’)) +
%y (1 (1,737 = g (1,2, 57%)
@

The superscript H; distinguishes the specific heterogene-
ous phase transition from other hydrate formation phase
transitions. T istemperature, P ispressure. x is mole-frac-
tion in either liquid or hydrate (denoted with a subscript
H) while y ismole-fraction in gas (or liquid) hydrate for-
mer phase. j isan index for hydrate formers.
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Superscript water denotes water phase that is con-
verted into hydrate. Generaly, thisisice or liquid but, in
this work, we only consider liquid water. u is chemical
potential. These chemical potentials are convenient in
discussing other routes to hydrate formation and associ-
ated hydrate former chemical potentials since any varia-
tion in chemical potential of hydrate formerswill lead to
changes in hydrate compositions and hydrate free ener-
gies. Thisisfundamentally important since any assembly
of molecules with unique density and composition is a
unique phase. Liquid water chemical potential is calcu-
lated from the symmetric excess conventions as:

Wiyo (T, P, %) = plig”™2° (T, P) +
R.Tln (xHZO-VHzo(T. P,f)) = ﬂZgge'HZO(T, P)+
R. Tln(xHZO) 2

lim(yy,0) = 1.0 when x,, o tendsto unity

The focus here is to illustrate the complexity of multiple
hydrate formation in systems of water and CH4. We used
asimpler kinetic model which is morevisiblein terms of
the various contributions to the hydrate phase transition
dynamics. As such the approximation on the right-hand
side of equation (2) is accurate enough for the purpose.
The solubility of CH4 in water issmall and the right-hand
side will be close to pure water chemical potential.
Chemical potential for water in the hydrate structure is
given by [10]:

Mo =Hro— D RV, In(1+ hij] 3)

k=12

inwhich H denote hydrate and 0 in the superscript on first
term on right hand side means empty clathrate. These
chemical potentials are readily available from model wa-
ter (TIP4P) simulations [11]. The number of cavities per
water, v, is 1/23 for small cavities of structure| and 3/23
for large cavities. With CH4 asonly theguest, iis1inthe
sum over the canonical partition functions for small and
large cavities.
h — eﬁ[ﬂkz‘ ~Agy ]
ki (4)

Theenthalpy changeistrivialy related to the correspond-
ing free energy change by the thermodynamic relation-
ship:
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oT RT?

The superscript total is introduced to also include the
penalty of pushing aside the old phases.

Practically the total free energy change will be equa-
tion (2) plus the interface free energy times contact area
between water and hydrate forming phase during the nu-
cleation stage divided by number of moleculesin the spe-
cific core size. Since critical nuclei sizes are small the
whole particle can be considered as covered with water
due to capillary forces. Above critical core size the pen-
alty diminishesrapidly relative to the free energy benefits
from (2).
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(6)

For theliquid water phasein (2), aswcell asfor the empty
hydrate chemical potential on right hand side of equation
(6) results are trivially obtained from [12] while the sec-
ond term on right hand side is reorganized as:

BIREN e

)
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k=12

And the derivatives of the cavity partition functions can
be written as:

o 1,04, aAg,a.)

RT oT OT }
®
The partial derivativesin the last term on right hand side

is numerically differentiated from the polynomial fits of
[11].
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For liquid water, the enthalpy is even more trivialy ob-
tained by numerical differentiation of the polynomial fit
of chemical potential as function of T given by [10].

In an equilibrium situation, chemical potential of the
same guest in the two cavity types must be the same and
these have to be equal to the chemical potential of the
same molecule in the phase that it came from. For the
heterogeneous case this means chemical potential of the
moleculein gas (or liquid) hydrate former phase. But out-
side of equilibrium the gradients in chemical potentials
asfunction of 7, P and mole-fractions have to reflect how
the molecule behavesin the cavity.

Enthalpies for various guest molecules in the two
types of cavities can be evaluated by Monte Carlo simu-
lations along the lines described by [10-12] by sampling
guest water interaction energies and efficient volumes
from the movements of the guest molecules. That is:

Hp=U}+(z, —DRT (11)

where U is energy and superscript R denote residual (in-
teraction) contribution. z,; is compressibility factor for
the guest molecule i in cavity k. Consistent ideal gasval-
ues for the same interaction models that were applied in
calculation of theresidual valuesistrivial.

PV,
z,. = Vi

e 12
ki kB T ( )
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In which kg is Boltzmann’s constant and is the ex-
cluded volume of amolecule of typei in cavity of typek.
Thislatter volumeis cal cul ated from the sampled volume
of centre of mass movements plus the excluded volume
due to water/guest occupation. Slightly more complex
sampling and calculation for molecules which are not
monoatomic (or approximated as monoatomic as me-
thane) but still fairly standard (6, 7) and explicit discus-
sion on this is not needed here. The derivative of the
chemical potential of a guest molecule i in cavity type k
with respect to temperature as needed in equation (9) is
the negative of partial molar entropy for the same guest
molecule and can be calculated according to:

ou,. —H,.
ILl]a :ﬂkl ki (13)
ol |5 T
Equation (10) can then be rearranged into:
i
RT | _,
Hylo = —RT? ———P1 +
5 i hki[Hki—Agki+ T%]
k=12 Vk [+ 21 el
(14

Residual enthalpies for hydrate former in a separate hy-
drate former phase are trivially given by:

Ings
Hi= R 2 Pa—ﬂ
Pryjti

(15)

In which the same equation of state (SRK) is utilized as
the one used for calculating fugacity coefficients for the
chemical potentials.

2 Methane Hydrate Equilibrium
Pressure - Temperature

Hydrate equilibrium pressures for methane hydrate for-
mation were estimated for a temperature range of 273K
to 290 K as can be seenin Fig. 1. The estimates are com-
pared with literature [9, 13] and there is a very good
agreement even though we did not fit interaction param-
eters, which is not the priority here.
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Figure 1: Estimated methane hydrate equilibrium
pressures using residual thermodynamics
(this work) compared with literature [9,15].

The priority is to keep the statistical mechanical model
free of adjustable parameters in all terms, together aso
with empty hydrate chemical potentials and chemical po-
tentials for ice and liquid water.

3 Enthalpies of Methane
Hydrate Formation along
Equilibrium Curve

The experimental data available in literature for en-
thal pies of hydrate formation and dissociation are limited
and often lacks significant information required for inter-
pretation. Commonly missing information include hy-
drate composition, hydration number, temperature and/or
pressure data, and degree of super heating in the course
of dissociation of hydrate. Hydrate dissociation enthalpy
are measured directly or evaluated indirectly. Calorime-
try, NMR, Raman, pressure drop X-ray diffraction are
some of the methods used for direct measurement. And
for the indirect method,

Clapeyron and Clausius-Clapeyron equations are the
approaches that are usually employed. The simplest indi-
rect method isthe Clausius-Clapeyron equation [8] and it
is used with measured or calculated hydrate formation
pressure-temperature equilibrium data. The simplifica-
tions in this approach limit the accuracy of results for
higher pressures. Therefore, more recent studies use the
original Clapeyron equation with various models for the
volume changes associated with the phase transitions [9].

7,



—

Aromada & Kvamme Modelling of Methane Hydrate Formation and Dissociation

These oversimplifications make data based on
Claussius-Clapeyron to be unreliable. In addition, the old
data using Clapeyron do not have appropriate volume
corrections. The data from Anderson involves very high
filling fractions of the hydrate. Some of the calculated
filling fractions reported by Anderson [9] seem very
high, even up to 282 K. And most calorimetry data do not
have any measured filling fraction and often use a con

Therefore, there is a need for consistent and reliable
enthalpies of hydrate formation or dissociation data, and
that iswhy we propose the use of residual thermodynam-
ics. Thismethod isbased on residual thermodynamicsfor
all properties like equilibrium (pressure-temperature)
curves, free energy change as thermodynamic driving
force in kinetic theories, and enthalpies of hydrate for-
mation and dissociation. This scheme is aso not limited
to heterogeneous hydrate formation from water, and a
separate hydrate former phase. It can be used to evaluate
associated enthal py change in homogeneous hydrate for-
mation from dissolved hydrate forming guest molecules
in water. Even though we have applied the theory to one
component (methane) because of the acceptable limit of
work to be presented, thereisno limitation in its applica-
tion to other guest molecules and mixtures of hydrate for-
mers (as we shall demonstrate in subsequent work), the
formalism is written for mixtures. Another important ad-
vantage of this approach, unlike the Clapeyron method is
that it can easily be extended to conditions outside of
equilibrium as well asto other hydrate phase transitions.
Applicable examples are enthalpy changes associated
with hydrate forming from dissolved hydrate guest mol-
eculesin water, and the reverse process of hydrate disso-
ciation to water under-saturated with guest molecules.
Additiona applicable hydrate phase transitions are nu-
cleation of hydrate towards mineral surfaces. Our filling
fractions seem realistic and reproduce equilibrium pres-
sures as shown in Figure 1. Anderson [9] used a specific
code. This code is based on fitting of also the difference
between chemical potential of empty hydrate and water
as well as associated fitting of several related differences
needed to cal culate chemical potential differencesup to ac-
tual temperatures and pressures. Fitting fundamental prop-
erties like chemica potentialsis by itself questionable.

Our estimates of enthal py changefor methane hydrate
formation from pure methane and liquid water along the
hydrate equilibrium (P, T) curve, that is three-phase co-
existence conditions (liquid water, hydrate and gas
simply represented as L-H-V) are presented in Figure 2
and have been cal cul ated using residual thermodynamics.

In this figure, our intention is not to validate our
scheme using theseliterature values. Based on all thelim-
itations we have pointed out above, we do not expect our
result to agree perfectly with literature. However, Naka-
mura et a. [12] results are closer to the results of our
work compared to the other literature. The results esti-
mated from Clapeyron approaches by Nakamura et a.
[13] and Anderson [9] disagree significantly both in val-
ues and trend. There is a very wide difference or devia-
tion in their results. The work of Nakamura et al. [13]
even though it shows a very weak dependence on tem-
peraturetill around 280 K, follows similar trend with our
work, therefore, we have Table 1 for easy comparison.
Table 2 givestheresultsfrom using our scheme and some
literature [9, 14, 15]. Kang et al. [15] estimated enthal py
change of phase transition at 274.15 K from isothermal
micro-calorimeter experiment is only also close to result
of this scheme at 274.10 K. it is only 0.4 % higher than
the estimated vaues from the residual thermodynamic
approach. The pressure at this temperature is missing in
the paper of Kang et a. [15]. It is also important to keep
in mind that also experiments have various limitations.
Some of these are discussed by Kvamme et.al. [16]. An-
derson’s [9] results are the lowest and the trend is oppo-
site to those of Nakamura et al. [13] and this work. Ap-
plication of this scheme for CO, guest molecule and the
implication of enthalpy changes of hydrate phase transi-
tions for simultaneous methane production from in-situ
methane hydrates and storage of CO, (zero-emission
concept) as CO; hydrate can be found in [17, 18].

Claussius approach, or simplified Claussius-Clapey-
ron approach, is generally not applicable for mixtures. At
least not in the simple form used by Anderson [9] and
others. For apure component there is no composition de-
pendency on either side of the co-existence curve. This
changes the formal derivation of Claussius when chang-
ing to mixtures and might make it difficult to use. Hy-
drate is a mixed component and even the use of
Clapeyron for hydrate is not straightforward. There are
publicationsthat formaluate afugacity for hydrate, which
at best isempirical. Fugacity isuniquely related to chem-
ical potential on individual component basis.

To the best of our knowledge, there are no other mod-
elsfor enthalpy that can be utilized for gas mixtures[19,
20], and for different hydrate phase transitions like for
instance hydrate formation from dissolved hydrate for-
mers in water [21]. In principle there is no limit in the
various hydrate formation possibilities.



Aromada & Kvamme Modelling of Methane Hydrate Formation and Dissociation

As long as chemical potential for water and hydrate
formers can be cal culated then the model cam be utilized.
Seefor instance Kvamme et. al [22] for example of work
in progress on hydrate formation from adsorbed methane
in structured water towards mineral surfaces. And since
the model is derived from Gibbs free energy model it is
also consistent [19] and incorporates impact of compo-
nent in water that affects chemical potentias for water,
also on enthalpies.

In thiswork, hydration number was al so estimated as
given in Table 2 where the results from this work are
compared with literature. The enthal pies are negative be-
cause hydrate formation is exothermic. The hydrate for-
mation enthalpy isthe heat of hydrate crystallization that
must be transported out of the system, the system must
lose this heat if the hydrate must form when every other
condition favourable for hydrate to form is met. The heat
transport is about 2-3 times [23] the magnitude of mass
transport, that is more rapid. Heat transport limitation
could lead to hydrate dissociation. These enthal py values
are the same for methane hydrate dissociation. But for
hydrate dissociation, the values will be positive since
heat is added to the system, or heat isrequired by the sys-
tem for hydrate dissociation to proceed.

4 Conclusion

We used a consistent thermodynamic approach to
evaluate the enthal pies of hydrate formation and dissoci-
ation and hydration number of methane hydrate. The me-
thane hydrate equilibrium pressure-temperature curve es-
timated with this scheme agrees well with literature.

The results estimated from Clapeyron approaches by
Nakamura et a. [12] and Anderson [8] disagree signifi-
cantly both in values and trend. Nakamura et al. [12] are
closer to the results of this work compared to the other
literature. The residual thermodynamic method does not
have the limitations of Clausius-Clapeyron and
Clapeyron approaches. The scheme has more capabilities
like the ability for easy calculation of enthalpies of hy-
drate phase transitions for other phase transitions like for
instance, in case of hydrate forming from aqueous solu-
tion, and it can straightforwardly be extended to condi-
tions outside of equilibrium as well as to other hydrate
phase transitions
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Figure 2: Estimated enthalpies of methane hydrate
formation using residual thermodynamics
(this work), Clapeyron equation [9, 15],
and Clausius-Clapeyron equation [8].

Clapeyron equation (Nakamura et a. (2003))

Residual thermodynamics (Thiswork)

Temper- Pressure Enthalpies of dissoci- Temper- Pressure Enthalpies of for-
ature [K] [bar] ation [kJ/mol] ature [K] [bar] mation [kJ/mol]
274.25 29.2 57.1 27424 28.2 56.6
275.25 322 57.2 275.24 314 56.1
276.22 355 57.1 276.19 34.7 55.7
277.24 39.2 57.1 277.26 38.9 55.3
278.24 433 56.9 278.24 431 54.9
279.23 47.9 56.4 279.21 47.8 54.4

Table 1: Enthalpies of methane hydrate formation or dissociation [7].
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Temperature  Pressure  Enthalpy of formation/ Hydration
Method [K] [bar] dissociation [kJmoal] number (n)
273.15 25.19 -57.07 6.46
) 274.10 27.82 -56.64 6.43
Residual Thermo-
274.00 28.50 53.00 5.89
Clapeyron equa-
Clausius-
Clapeyron equa- 273.15 n/a 55.12 n/a
Deaton & Frost (1946) tion
Experiment-1so-
thermal microcalo- 274.15 n/a 56.84 n/a

Kang et al. (2001) rimeter

Table 2: Enthalpies of hydrate formation and dissociation and hydration number [8, 13, 14].
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