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Abstract
This work presents a review of literature data of methane and carbon dioxide hydrate
equilibrium at low temperatures. Constants of Arrhenius-type equation accurately
determined for the mentioned lines which allow calculating the hydrate equilibrium
pressure at any temperature below the quadruple point for both systems contain ice
or supercooled water. Through intersection analysis, new accurate quadruple points
were determined. Interpretations based on flash calculations by high accurate equa-
tions of states shown enthalpies of clathrate formation/dissociation, for equilibrium
below quadruple point, lead to the similarity of Clapeyron and Clausius–Clapey-
ron approaches. Based on equality of equilibrium conditions at the quadruple point,
new hydration numbers were calculated. Gamma–phi approach through high accurate
equations of states of GERG-2008 and CG for the prediction of VHIw three-phase
equilibrium line was evaluated. Commercial packages of Multiflash and PVTsim and
open-source codes of CSMGem and CSMHYD were used to model the phenomena.
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1 Introduction

Hydrates are solid crystalline compounds formed by the inclusion of a guest molecule
inside a cavity formed by water molecules structured in a hydrogen-bond network [1].
These compounds are also known as clathrates [2].

Hydrates occur naturally beneath the permafrost in polar regions and in marine
sediments and contain large amounts of untapped gases. The main gas component of
these hydrates is methane, but small amounts of heavier hydrocarbons, carbon dioxide
and hydrogen sulfide have also been recovered [3, 4]. Hydrates are also known to
occur at and near the surface of Mars [5, 6]. While methane is the most common guest
compound in hydrates, carbon dioxide is also an important hydrate-forming gas [7–9].

Hydrates may provide a safe way to transport gases. The capital cost for natural
gas hydrate transportation facilities is lower than for liquefied natural gas (LNG),
an established method [10]. The production of methane from natural gas hydrates
is expected to have a far higher impact on the global economy than the impact of
shale [11]. Finally, atmospheric methane concentrations have undergone significant
changes in the past, and it is widely accepted that these have occurred in conjunction
with shifts in global climate [12]. Current studies indicate a need for an abatement
strategy to reduce emissions from thawingpermafrost.Anaggressive abatement policy,
in addition to other benefits, will reduce the mean extra impacts of emissions from
thawing permafrost by about US$ 37–50 trillion [13].

This work presents a literature review of experimental data of equilibrium pressure
of single guest hydrates of methane and carbon dioxide at temperatures below the
quadruple point. The experimental data on vapor+hydrate+water– ice (VHIw) three-
phase equilibriumweremodeled through a gamma–phi (γ–ϕ) approach. This approach
comprises the van der Waals and Platteeuw [14] adsorption theory, without mutual
interaction of the adsorbed guest molecules according to Ballard and Sloan [15], cou-
pled with the highly accurate equations of states GERG-2008 [16] and its extension
for carbon capture and storage (CCS) process EOS-CG [17]. The commercial phase
equilibrium packages PVTsim [18] and Multiflash [19] and the open-source packages
CSMGem [20] and CSMHYD [21] were also considered for comparison. Finally, the
three-phase equilibrium line of VHIw was correlated by an Arrhenius-type equation
[22] coupled with the Clapeyron [23] equation. By considering the Clausius–Clapey-
ron [24] equation, the enthalpy of hydrate formation/dissociation was calculated. The
quadrupole points and the hydration numbers estimated by this approach are in good
agreement with other approaches.

2 Literature Review

2.1 Experimental Data

2.1.1 Methane

Details of experimental literature data for methane hydrate below the freezing point of
water [25–35], the uncertainties in theirmeasurements and the purity of the compounds
used in the experiments are presented in Table 1. Figure 1 presents an overview of
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Fig. 1 Overview of literature experimental data for equilibrium conditions for methane, hydrate and ice at
temperatures below the quadrupole point. (Istomin et al. [36] hexagonal ice: continuous line; Istomin et al.
[36] cubic ice: dashed line; Roberts et al. [25]: filled square; Deaton and Frost [26]: filled diamond; Falabella
and Vanpee [28]: filled upward triangle; Makogon and Sloan [29]: empty square; Yang [30]: filled circle;
Hachikubo et al. [31]: filled downward triangle; Yasuda and Ohmura [32]: filled star; Mohammadi and
Richon [33]: empty circle; Fray et al. [34]: cross symbol ; Nagashima Ohmura [35]: plus symbol) (Color
figure online)

these data. The experimental data obtained by Delsemme and Wenger [27] are not
presented due to very low temperature and pressure range of that data set.

The trend presented by the experimental data is overall the same, but some discrep-
ancies are observed for the results by Fray et al. [34] at low temperatures. Figure 1
also presents the results by Istomin et al. [36] for molecular dynamic (MD) simu-
lations for both hexagonal and cubic ice. For the same temperature, the equilibrium
pressure is lower with cubic ice. A likely explanation for the discrepancy observed by
Fray et al. [34] is the formation of cubic ice at lower temperatures. The possibility of
hydrate equilibriumwith supercooledwater formethanewas also presented by Istomin
and coworkers [36]. Experimental evidenced for methane hydrate in equilibrium with
supercooled water was investigated byMelnikov et al. [37]. Their results are presented
in Fig. 2 and compared with molecular dynamics simulations by Istomin et al. [36].

2.1.2 Carbon Dioxide

An outline of the existing data sets for carbon dioxide hydrate formation below the
freezing point of water is presented in Table 2 [31, 32, 34, 38–45]. This table also
presents information concerning measurement uncertainties in temperature and pres-
sure or on the purity of the carbon dioxide and water used, when available.

Figure 3a presents an overview of these literature data. The trend presented by the
experimental data is overall the same. Figure 3a also presents the results of Istomin and
coworkers [36]. Their results indicate that all experimental data sets were obtained for
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Fig. 2 Overview of literature experimental data for equilibrium conditions for methane, hydrate and super-
cooled water at temperatures below the quadrupole point. (Istomin et al. [36] supercooled water: continuous
line; Melnikov et al. [37]: filled downward triangle) (Color figure online)

hexagonal ice: The equilibrium with cubic ice system would occur only at pressures
roughly at 33% lower pressure. Figure 3b presents a magnification of the experimental
data close to the quadrupole point. It shows that the molecular dynamic simulations by
Istomin et al. [36] for systems containing hexagonal ice agree with the experimental
data by Larson [38], but underestimates the equilibrium pressure of the other data sets.

The results by Istomin et al. [36] for carbon dioxide hydrate equilibriumwith super-
cooled water are presented in Fig. 4, along with the experimental data by Melnikov
et al. [46] and Nema et al. [47]. The concordance between experimental results and
simulations is remarkable, even though the equilibrium pressure determined by Nema
et al. [47] is slightly higher.

2.2 Phase EquilibriumModeling

Although newmodels have been recently proposed to describe gas hydrate equilibrium
[48], the most widely used approach is the van der Waals and Platteeuw [14] (vdWP)
equation. The vdWP model uses the Langmuir adsorption theory [49] to evaluate the
chemical–potential difference of water in the metastable empty hydrate β-lattice and
in the hydrate lattice stabilized by the presence of guest molecules. The commercial
package Multiflash [19] uses the vdWP model [14] combined to the Cubic-Plus-
Association (CPA) Equation of State [50] to predict hydrate phase equilibrium.

The vdWP model may fail when calculating cavity occupancy in multiple occu-
pancy situations [51–53]. This model has undergone several modifications to improve
its performance [54–59]. The first important improvement was carried out by Parrish
and Prausnitz [54]. These authors used a reference hydrate for which the chemi-
cal–potential difference could be determined from available experimental data for
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Fig. 3 Literature experimental data for equilibrium conditions for carbon dioxide, hydrate and ice at temper-
atures below the quadrupole point. a overview (Istomin et al. [34] hexagonal ice: continuous line; Istomin
et al. [34] cubic ice: dashed line; Larson [38]: filled square; Miller and Smythe [39]: filled diamond;
Adamson and Jones [40]: filled upward triangle; Falabella [41]: empty square; Schmitt [42]: filled circle;
Wendland et al. [43]: filled downward triangle; Hachikubo et al. [31]: filled star; Yasuda and Ohmura [32]:
empty circle; Mohammadi and Richon [44]: cross symbol, Fray et al. [34]: plus symbol; Nagashima et al.
[45]: commercial at symbol). b magnification close to the quadrupole point: (Istomin et al. [36] hexagonal
ice: continuous line; Istomin et al. [36] cubic ice: dashed line; Larson [38]: filled square; Wendland et al.
[33]: filled downward triangle; Hachikubo et al. [31]: filled star; Yasuda and Ohmura [32]: empty circle;
Mohammadi and Richon [44]: cross symbol; Nagashima et al. [45]: commercial at symbol) (Color figure
online)
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Fig. 4 Overview of experimental literature data for equilibrium conditions for carbon dioxide, hydrate and
supercooled water at temperatures below the quadrupole point. (Istomin et al. [36] supercooled water:
continuous line; Melnikov et al. [46]: filled downward triangle; Nema et al. [47]: filled square) (Color
figure online)

equilibrium at reference conditions. This modification, in combination with the SRK-
EOS [60], was used in the CSMHyd code [21] and in PVTsim package [18]. Ballard
and Sloan [15] introduced further modifications to improve the performance of the
vdWP approach. Their work is the backbone of the CSMGem code [20] for calculating
hydrate formation conditions. Vinš and coworkers [61] fitted the parameters of Ballard
and Sloan [15] model using highly accurate EOSs [16, 17].

As shown in Figs. 1, 2, 3 and 4, hydrate equilibrium pressures follow a logarithmic
trend similar to that presented by the vapor pressures of pure substances. Therefore,
representing the natural logarithm of hydrate pressure as a function of the reciprocal of
absolute temperature at equilibrium condition may provide an appropriate description
for the experimental data. Anderson [62] used a quadratic equation to represent data
along the coexistence line (ice, hydrate and vapor) for methane hydrates based on
this technique. Furthermore, Anderson [63] correlated the equilibrium line for carbon
dioxide hydrate data by Larson [38] using a similar approach with a second-order
polynomial fit.

3 Results and Discussion

3.1 Correlation of Experimental Data

Figure 5 shows the hydrate pressure (in logarithm scale) as a function of the reciprocal
of temperature along the equilibrium line for ice, methane hydrate and vapor. The
linear behavior is apparent.
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Fig. 5 Hydrate equilibrium pressure as a function of the reciprocal of temperature for methane, ice and
hydrate: experimental data andmodeling. (Anderson [62]: continuous line; Eq. 1: dashed line; data depicted
in Fig. 1: filled square; Delsemme and Wenger [27]: filled diamond) (Color figure online)

Table 3 Parameters Ai for Eqs. (1) and (2)

i Guest molecule

Methane Carbon dioxide

Ice Supercooled water Ice Supercooled water

1 1.58297×101 3.18030×101 1.63686×101 8.86456×101

2 − 2.18367×103 −6.54584×103 −2.55918×103 −3.54994×104

3 – – – 3.61428×106

The experimental data can be fitted by the following Arrhenius-like equation:

P

kPa
� exp

(
A1 +

A2

(T /K )

)
(1)

The parameters of Eq. 1 fitted to the data in Fig. 5 are presented in Table 3. The
data by Delsemme and Wenger [27] were not considered in the fitting: They were
considered just to evaluate the extrapolative capability of Eq. (1). The resulting fit is
presented in Fig. 5, along with the results for Anderson’s [62] quadratic equation. It
can be seen that the correlation proposed correlates precisely the experimental data
over the entire temperature range, with only two adjustable parameters. Moreover, the
extrapolation of Eq. (1) for low temperatures results in a very good prediction of the
experimental data.

The same procedure was used to correlate the equilibrium pressures of supercooled
water, methane hydrate and methane vapor. The corresponding parameters are also
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Fig. 6 Hydrate equilibrium pressure as a function of the reciprocal of temperature for methane, supercooled
water and hydrate: experimental data and modeling. (Equation 1 (ice): continuous line; Eq. 1 (supercooled
water): dashed line; quadruple point: filled square; methane hydrate dissociation (T <253) [37]: filled
diamond; methane hydrate dissociation (T >253) [37]: filled upward triangle; supercooled water lower
temperature limit: dash-point line) (Color figure online)

presented in Table 3. The performance of Eq. (1) can be seen in Fig. 6. This figure
shows how the equilibriumcurvewith supercooledwater deviates from the equilibrium
curve with ice. The equilibrium curve with supercooled water can be extended down
to 233.15 K, which is the minimum temperature in which supercooled water exists
[64]. Melnikov et al. [46] obtained experimental equilibrium conditions close to this
limit. These data were not considered in the modeling, but are presented in Fig. 6. In
this case, the experimental uncertainty is a high cue to the mall hydrate samples, and
the experimental data follow a different trend from data at higher temperatures.

The intersection between the curves for the equilibrium with either ice and super-
cooled water is the quadrupole point. The calculated quadrupole point, considering
Eq. (1) for both equilibria, is 273.09 K and 2523.79 kPa. These values are in very good
agreement with the values reported by Selim and Sloan [65].

Figure 7 presents the equilibrium pressure (in logarithm scale) for ice, carbon
dioxide and hydrate. A trend similar to that for the equilibrium with ice, methane and
hydrate is observed.

The values of the parameters of Eq. (1) fitted to the experimental data are presented
in Table 3. Figure 7 presents the results from the fitting of Eq. (1) to the experimental
data. The results obtained by extrapolating the quadratic polynomial fit by Anderson
[63] are also presented. That Eq. (1) is suitable to describe this equilibrium is evident
from these results. Concerning the polynomial fit byAnderson [63], Fig. 7 underscores
the obvious fact that a polynomial correlation cannot be used outside the range of
conditions for which the parameters were fitted.
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Fig. 7 Hydrate equilibrium pressure as a function of the reciprocal of temperature for carbon dioxide, ice
and hydrate: experimental data and modeling. (Anderson [63]: continuous line; Eq. 1: dashed line; data
depicted in Fig. 1: filled square) (Color figure online)

For the equilibrium of water/supercooled water, carbon dioxide and hydrate, there
is a subtle deviation in the linearity, which makes Eq. (1) unsuitable for the description
of this equilibrium. Therefore, the experimental data were fitted using Eq. (2):

P

kPa
� exp

(
A1 +

A2

(T /K )
+

A3

(T /K )2

)
(2)

The values of the parameters of Eq. (2) fitted to the experimental equilibrium data
for water/supercooled water, carbon dioxide and hydrate are presented in Table 3.
Figure 8 presents the results obtained from this fitting, along with the results obtained
by using the equations by Melnikov et al. [46] and Nema et al. [47]. This figure
highlights the necessity of adding the parameter A3 to Eq. (2). While the linear fit of
Melnikov et al. [46] cannot predict the high-temperature region, the linear fit by Nema
et al. [47] is not accurate for low temperatures. The quadratic form of Eq. (2) is more
reliable for the whole temperature range.

The intersection of the equilibrium curves for systems containing carbon dioxide
results in a calculated quadrupole point of 271.70 K and 1042.67 kPa. These values
are very close to those reported by Larson [38].

While the reliability of Eqs. (1) and (2) is apparent from the corresponding figures,
their performance can be compared with other methods currently used to predict
hydrate equilibriumpressure [66]. To assess the reliability of themodels, the arithmetic
average of the absolute values of relative errors (AARE%) can be used. It is defined
as:

AARE% � 100

Nd

Nd∑
i�1

∣∣∣∣∣
Pexp
i − Pcalc

i

Pexp
i

∣∣∣∣∣ (3)
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Fig. 8 Hydrate equilibrium pressure as a function of the reciprocal of temperature for carbon dioxide,
supercooled water and hydrate: experimental data and modeling. (Melnikov et al. [46]: continuous line;
Nema et al. [47]: dotted line; Eq. 2: dashed line; Nema et al. [47] water: filled diamond, Melnikov et al.
[46] water: filled upward triangle; Nema et al. [47] supercooled water: empty square, Melnikov et al. [46]
supercooled water: filled circle) (Color figure online)

A second measure of the reliability of the fitting procedure is the coefficient of
determination R2, defined as:

R2 � 1 −

Nd∑
i�1

(
Pexp
i − Pcalc

i

)2
Nd∑
i�1

(
P̄exp − Pcalc

i

)2 (4)

A small value of AARE% and an R2 value close to 1.0 denote a good correlation.
Particularly, since the range of equilibrium pressures comprises data with different
magnitude orders, the sum of absolute residuals (SAR) can also be used as a measure
of fitting quality [67]. The value of SAR is sensitive to high-order data points (higher
pressures). It is defined as:

SAR �
Nd∑
i�1

∣∣∣Pexp .
i

− Pcalc.
i

∣∣∣ (5)

The value of SAR has a dimension of pressure and describes the reliability of the
model for high-order data points.

Table 4 presents a comparison between the proposed equations and other well-
known methods for the prediction/correlation of the equilibrium pressure of methane
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Table 4 Comparison of different methods in the prediction/correlation of equilibrium pressure of methane,
ice and hydrate

Method AARE% R2 SAR (Pa)

Equation (1) 4.23 0.9987 978

Multiflash [19] 4.56 0.9987 1497

GERG & BS [16 and 15] 4.79 0.9985 1063

Anderson [62] 5.26 0.9986 898

PVTsim [18] 7.80 0.9949 1996

CSMHYD [21] 9.93 0.998 2260

CSMGema [20] 4.02 0.9972 1395

aDiverged at temperatures below 200 K (results are for 70% of data)

Table 5 Comparison of different methods in the prediction/correlation of equilibrium pressure of carbon
dioxide, ice and hydrate

Method AARE% R2 SAR (Pa)

Equation (1) 1.50 0.9992 332

Nema et al. [47] 1.95 0.9992 348

EOS-CG and BS [15, 17] 2.04 0.9992 501

Multiflash [19] 2.18 0.9992 481

Anderson [63] 2.38 0.9843 514

CSMGem [20] 6.76 0.9985 687

CSMHYD [21] 9.91 0.9990 1244

PVTsim [18] 21.6 0.9987 1333

vapor, ice and the corresponding hydrate. The experimental data by Delsemme and
Wenger [27] were not considered in this calculation. The results for the equilibrium
pressure of carbon dioxide, ice and hydrate are presented in Table 5.

Tables 4 and 5 show that proposed Eq. (1) is adequate to correlate the equilibrium
data and allows calculations more precise than any other method, regardless of its
complexity. The prediction of equilibrium pressure through highly accurate equations
of states such as GERG-2008 [16] and EOS-CG [17] is the number one choice of
iterative methods. The results of Multiflash [19] are more satisfactory in comparison
with PVTsim [18] for both hydrates. The performance of CSMGem [20] is better than
CSMHYD [21]. However, considering the necessity of a reasonable initial guess for
the calculation, it easily fails to calculate the equilibrium pressure at low temperatures.

These methods can be used “in reverse,” i.e., to calculate the equilibrium temper-
ature from the corresponding pressure. The corresponding AARE% is compared in
Fig. 9 both for calculating the equilibrium pressure, AARE%P, and for calculating the
equilibrium temperature, AARE%T. Due to the logarithm relationship, deviations in
temperature are one magnitude order lower than pressure deviations. In any case, the
calculations using Eq. (1) result in better agreement with the experimental data than
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Fig. 9 Bar chart of the arithmetic average of the absolute values of the relative errors in the estimation of
equilibrium pressure as a function of temperature and vice versa for different calculationmethods. (AARE%
methane: empty square; AARET% methane: square with upper right to lower left fill; AAREP% carbon
dioxide: squarewith upper left to lower right fill; AARET%carbon dioxide: squarewith diagonal crosshatch
fill). Results for CSMGem are based on 70% of data (Color figure online)

Table 6 AARE% for the prediction of the equilibrium pressure of methane or carbon dioxide vapor, hydrate
and supercooled water

Method System AARE%

Equation (1) Methane/hydrate/supercooled water 1.62

Melnikov et al. [37] 1.75

Equation (2) Carbon dioxide/hydrate/supercooled water 1.78

Melnikov et al. [46] 2.95

Nema et al. [47] 4.74

any other method. For the PVTsim method [18], the equilibrium temperature could
not be calculated for pressures below 110 kPa for methane hydrates.

Finally, Table 6 presents the values of AARE% for the prediction and correlation of
equilibrium pressure and temperature of methane or carbon dioxide vapor and hydrate
and supercooled water. Once again, the results of the proposed equations are superior
to those obtained by other methods.

3.2 Enthalpy Change of Hydrate Formation

The slope of the equilibrium pressure curve as a function of temperature is related to
the enthalpy and volume change of any phase transition [68] through the Clapeyron
equation [23]:
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dP

dT
� �H

T�V
(6)

A reasonable approximation is to consider the volume change equal to the volume
of the vapor in the equilibrium, which leads to the Clausius–Clapeyron [24] equation:

d ln(P)

d
(
1
/
T

) � −�H

ZR
(7)

The reliability of applying this equation to this equilibrium has been challenged
by researchers [63, 64] mainly because it ignores the amount of vapor dissolved in
the water of equilibria. To provide a better insight into this issue, we calculated the
solubility of methane and carbon dioxide along equilibrium lines with ice and with
supercooled water. For the methane–water system, the equation of state GERG-2008
[16, 69] was used, and for the carbon dioxide–water system, the equation of state of
EOS-CG [17, 70] was used. The mole fraction of carbon dioxide dissolved in water is
twomagnitude orders higher than themole fraction ofmethane under analogous condi-
tions. However, even the solubility of carbon dioxide is very low—at the experimental
conditions, the maximum value corresponds to a mole fraction less than 0.01.

Using the compressibility factors of methane and carbon dioxide calculated from
Setzmann and Wagner [71] and Span and Wagner [72], the enthalpy change can be
estimated through the Clausius–Clapeyron [24] equation. Figures 10 and 11 depict the
result of current approach in comparison with values obtained from other methods for
systems containing methane [62, 73–75] and carbon dioxide [63, 73, 76], respectively.
For both cases, values are rather scattered: While some concordance among experi-
mental and calculated values does exist, it is not perfect. For example, considering the
equilibrium with methane, the experimental datum by Handa [74] falls exactly on the
calculated line, while the experimental datum by Rydzy et al. [76] lies far from this
line. Other calculated values, such as Yoon et al. [73], Avlonitis [75] and Anderson
[62], are rather scattered, without a definite trend. A similar analysis can be carried out
with the enthalpy of carbon dioxide hydrate formation. Calculation results by Yoon
et al. [73] and Avlonitis [75] are close to the calculated ones, opposite to the results
by Anderson [63].

The hydration number of hydrate can be estimated from the difference of enthalpy
of hydrate dissociation in equilibrium with supercooled water and ice divided by the
fusion enthalpy of water [77] at the quadruple point.

n�
⎛
⎝�Hhydrate

supecooler water−�Hhydrate
ice

�H ice
liquid water

⎞
⎠

@quadruple point

(8)

The estimated values of hydration numbers are 5.7 and 8.0 for methane [78] and
carbon dioxide [79]. These values are close to known values, which shows that the
estimative provided by the proposed equations is reasonable.
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Fig. 10 Enthalpy of hydrate formation for hydrates containing methane. (This study: continuous line; Handa
[74]: filled downward triangle; Yoon et al. [73]: filled square; Anderson [62]: filled diamond; Avlonitis [75]:
filled upward triangle; Rydzy et al. [76]: empty square) (Color figure online)

Fig. 11 Enthalpy of hydrate formation for hydrates containing carbon dioxide. (This study: continuous line;
Yoon et al. [73]: filled upward triangle; Anderson [63]: filled square; Avlonitis [75]: filled diamond) (Color
figure online)
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4 Conclusion

Equilibrium literature data of methane and carbon dioxide hydrates at low tempera-
tures have been reviewed. Constants ofArrhenius-type equation accurately determined
for the mentioned equilibrium lines which allow calculating the hydrate equilibrium
pressure at any temperature below the quadruple point for both systems contain ice
and supercooled water. Through intersection analysis, new accurate quadruple points
were determined. Interpretations based on flash calculations by high accurate equa-
tions of states shown enthalpies of clathrate formation/dissociation, for equilibrium
below quadruple point, lead to the similarity of Clapeyron and Clausius–Clapey-
ron approaches. Based on equality of equilibrium conditions at the quadruple point,
new hydration numbers were calculated. Gamma–phi approach through high accurate
equations of states of GERG-2008 and CG for the prediction of VHIw three-phase
equilibrium line was evaluated. Commercial packages of Multiflash and PVTsim and
open-source codes of CSMGem and CSMHYD were used to model the phenomena.
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