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Abstract: Natural gas hydrates (shorted as hydrates) are expected to be a prospective alternative for
traditional fossil energies. The main strategy of exploring hydrates is achieved by dissociating solid
hydrates into gas and water with the depressurization method. However, we have few knowledge
on the changes of heat and energy, which are implicit essences compared with the explicit
temperature. Thus this paper for the first time investigates the evolution patterns of heat and energy
during hydrate dissociation, by fully coupled thermal-hydraulic-mechanical-chemical modelling. A
novel numerical technique (physics-based constrained conditions) is proposed to guarantee the
stability and precision of the numerical computation. The classic Masuda’s experiment is used for
case study. Results show that the cumulative conduction heat tends to increase first and then decrease
during the dissociation of hydrate, while the cumulative advection heat has the tendency of
increasing monotonically. External heat source increases the energy, while phase change has a
reduction effect on the change of energy. The role of conduction heat is minor, but the contribution
of advection heat is considerable for the change of energy. Additionally, two implications are given
for the lab-scale experiment and in-situ engineering from the perspective of energy. Findings provide
new insights into the mechanism of hydrate dissociation and are beneficial to the real-world
engineering of hydrate exploration in terms of cost evaluation.

Keywords: natural gas hydrates; dissociation mechanism; heat transfer; change of energy; coupled
process

1. Introduction

Natural gas hydrates (shorted as hydrates) are formed by the chemical reaction between natural
gas (mainly methane) and water under low temperature and high pressure [1-3]. They are well
recognized as a promising future energy to mitigate the crisis of conventional fossil ones, because
hydrates globally exist in ocean sediments and permafrost regions where the conditions for hydrate
formation are easily satisfied. Currently, hydrate exploitation methods include the depressurization,
thermal stimulation, chemical inhibitor injection, CO2 replacement and joint method (such as joint
use of thermal stimulation and depressurization) [4], as shown in Figure 1. Depressurization is the
main method at present, which reduces the pressure to promote the dissociation reaction of hydrates,
and is considered to be the simplest and most economical method. Thermal stimulation method is to
increase the temperature of hydrates by heating, and when the temperature is greater than the phase
equilibrium temperature of hydrates, the dissociation reaction occurs. The CO2 replacement method
is to replace the methane in the hydrates by injecting CO2, which is based on the principle that CO2
is more likely to generate hydrates than CH4. The chemical inhibitor injection method is to change

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.1971.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2025

the phase equilibrium curve of hydrates by injecting inhibitors (e.g., methanol, brine, and ethanol),
which is inefficient, costly and environmentally unfriendly. At present, the joint use of two or more
methods is believed to be an efficient way to recover gas from hydrates.
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Figure 1. Main hydrate exploitation methods [4].

To date, the commercial exploitation is still not achieved, because hydrate dissociation is a
complex thermal-hydraulic-mechanical-chemical (THMC) process, though researchers and engineers
put numerous efforts on the properties of hydrates [5-9], geotechnical issues [10-12], environmental
risks [13], and pipeline blockage [14].

As for mechanism of hydrate dissociation in porous media, present laboratory experiments,
theoretical analyses and THMC numerical simulations [15-18]. Yousif et al. (1991) [19] investigated
the slow dissociation behavior of hydrates in Berea sandstone through both experimental and
numerical approaches, revealing that the dissociation process produced significant amounts of water
in addition to gas. Masuda et al. (1999) [20] obtained the the gas production, pressure evolution and
temperature change during hydrate dissociation in lab-scale Berea sandstone core. Goel et al. (2001)
[21] carried out analytical investigation to predict the gas production and pressure evolution in the
process of hydrate dissociation. Kwon et al. (2008) [22] analytically proposed a simple model to
analyze the changes of pressure and temperature during hydrate dissociation in porous media.
Sénchez et al. (2018) [23] considered the coupled thermal-hydraulic-mechanical relations to simulate
the behavior of hydrate dissociation in porous media, and compared results with data of the
experimental tests of the cores from one Indian Basin [24]. Song et al. (2021) [25] performed a
comparative study on the dissociation of methane hydrate in core-scale sandy sediments by taking
account of the mass and heat transfer, and found that The distribution of the synthetic hydrate within
the core in the laboratory may not be uniform even when assuming the core is homogeneous. Li et
al. (2023) [26] experimentally investigated the competitive coexistence growth of CO2 gas hydrates
and ice below the quadruple point. By correlating the evolution of crystal frameworks with the
thermodynamic characteristics of the process, the findings provide deeper and expanded insights
into the competition between ice and hydrates. Wan et al. (2022) [27] proposed a THMC coupled
model for hydrate dissociation, which consists of two subsystems: the fluid part involving non-
isothermal two-phase flow with hydrate kinetics, and the solid part concerning geomechanical
reponses. This model takes into account the bidirectional coupling effects between these two
subsystems, namely the impact of pore pressure and hydrate dissociation on the mechanical behavior
of the solid, as well as the influence of stress on the hydraulic behavior. Lin et al. (2022) [28] developed
a coupled mathematical model for hydrate dissociation, with a focus on the impact of optimized
depressurization strategies on enhancing gas production efficiency, as well as the influence of
compaction effects on the decline of gas production rates. The results indicate that the pressure drop
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gradient and the duration of constant pressure are critical factors influencing stepwise
depressurization. The low permeability of the hydrate-bearing layer inhibits the propagation of
pressure drop and heat transfer within this sublayer, resulting in lower gas production in the later
stages. Li et al. (2024) [29] presented a multi-physical coupled mathematical model to investigate
wellbore stability in hydrate-bearing sediments. The results indicate that, under the same acceptable
rate of wellbore enlargement, both the safe mud weight window and the temperature window
expand with increasing mud salinity and hydrate saturation. Dong et al. (2023) [30] proposed a
coupled thermal-water-mechanical model to characterize the geophysical field and wellbore failure.
The model has advantages in characterizing the stress state and intrusion-induced deformation in the
near-wellbore formation, and considers the influences of and drilling operations and the shape of
borehole.

Therefore, previous investigations mainly focus on the evolutions of temperature, fluid flow,
mechanical deformation and gas production. The changes of heat and energy attract few attentions
though it is the link between the scientific mechanism and real-world engineering. The challenge is
that heat and energy usually cannot be measured directly by sensors, though it is easy to monitor
and record temperature in the laboratory. Therefore, this paper attempts to make up for this
knowledge gap to find out the evolution patterns of heat and energy and contributions of influence
factors governing the change of energy, by fully coupled thermal-hydraulic-mechanical-chemical
modelling.

This paper is organized as follows. The THMC coupled model for hydrate dissociation is
established in Section 2. Then evolutions of heat and energy are investigated by a case, after which a
further discussion is conducted on the roles of factors causing the change of energy and implications
for the lab-scale experiment and in-situ engineering.

2. THMC Coupled Model for Hydrate Dissociation

2.1. Problem Definition

Five phenomena are involved in the process of natural gas hydrate dissociation, that is phase
change, water flow, gas flow, stress redistribution and heat transfer.

Phase change: When temperature increases or pressure decreases, the stability of hydrates is
disrupted, causing the solid crystal structure to break down and release liquid water and gaseous
methane. This process is similar to ice melting into water, but hydrate dissociation also involves the
release of gas. The rate of phase change depends on the extent of temperature and pressure changes.
The higher temperature and lower t pressure leads to the faster phase change.

Water flow: Hydrate dissociation releases a significant amount of water. This water is not static
within the sediment but begins to flow. Water flows through pores of porous media. The movement
of water can alter the physical properties of the porous media, such as reducing its mechanical
strength. Additionally, water flow can carry away heat, affecting local temperature distribution and
further influencing the rate of hydrate dissociation.

Gas flow: Similar to water, the methane gas released during hydrate dissociation does not
remain in place but migrates through the pores of porous media. Also, gas flow directly affects the
heat transfer.

Stress redistribution: In their solid state, hydrates act like "glue," enhancing the stiffness and
strength of porous media. When hydrates dissociate, this binding effect is lost, causing stress
redistribution within the porous media. This stress change leads to the deformation of porous media.

Heat transfer: Hydrate dissociation is an endothermic process, requiring heat absorption from
the surrounding environment. Heat transfer occurs through conduction, advection and radiation.
Radiation can be neglected for hydrate dissociation. The efficiency of heat transfer affects the rate and
extent of hydrate dissociation. For example, if heat supply is insufficient, hydrate dissociation may
locally stagnate; if heat supply is excessive, dissociation may accelerate, potentially leading to large-
scale methane release.
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2.2. Modelling Framework

Under the framework of continuum mechanics, the hydrate dissociation is governed by basic
conservation laws of mass, momentum and energy. In addition, auxiliary relations from experiments
should be embedded to close the coupled system. Porous media is indexed by the porosity, and
parameters are calculated by the volume-average method. The modelling approaches for all involved
phenomena during hydrate dissociation are listed in Table 1. Detailed equations are given in Section
22.1and 2.2.2.

Table 1. Modelling approaches for hydrate dissociation under framework of continuum mechanics.

Phenomena Governing laws Auxiliary relations
Phase change Mass conservation Kineti.c mo.del. for
hydrate dissociation rate
Water flow Mass conservation Darcy's Law for seepage
Gas flow Mass conservation Darcy's Law for seepage
Momentum Elasticity theory for force

Stress redistribution . o
conservation equilibrium

. Heat conduction and
Heat transfer Energy conservation .
advection theory

2.2.1. Governing Equations

Governing equations of hydrate phase change, water seepage, gas seepage and mechanical
deformation. As shown in Equation 1 ~ 5.
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where, pn[kg/m?] is the density of hydrate; n is the porosity of porous media; s [-] is the hydrate
saturation; Qr [kg/(m?.s)] is the hydrate dissociation rate; p» [kg/m?] is the water density; s« [-] is the
water saturation, defined as the ratio of the water volume to the sum volume of natural gas hydrate,
water and gas; vo [m/s] is the water seepage velocity; Quw [kg/(m3.s)] is the mass source of water,
resulting from hydrate dissociation; p; [kg/m?] is the methane density; s; [-] is the gas saturation,
defined as the ratio of the methane volume to the sum volume of hydrate, water and gas; vg[m/s] is
the gas seepage velocity; Q; [kg/(m?.s)] is the mass source of methane, resulting from natural gas
hydrate dissociation; oij [Pa] is the stress tensor; Fi[N/m3] is the body force due to the gravity; T [K]
is the temperature; Cg[J/(kg.K)], Cw[J/(kg.K)], Cn[J/(kg.K)] and Cs[J/(kg.K)] are specific heat capacities
of methane, water, natural gas hydrate and matrix respectively; ps [kg/m?] is the matrix density; A
[W/(m.K)], Aw [W/(m.K)], An [W/(m.K)] and As [W/(m.K)] are thermal conductivities of gas, water,
natural gas hydrate and matrix respectively; AH [J/mol] is the latent heat of natural gas hydrate
dissociation; g [J/(m3.s)] is the heat obtained from the environment.
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2.2.2. Auxiliary Equations

Additionally, some experimental or empirical equations are necessary to close the governing
equations, including the hydrate dissociation kinetic model [31], Darcy’s flow law, Arrhenius-type
intrinsic reaction rate coefficient *2, effective reaction specific area modified from Kozeny-Carman
relation ® and three intrinsic relations, as shown in Equation 7 ~ 14 respectively.

0, =-M,k, A Max(p, —Pg> 0)

(6)
v, =Ry,
luw (7)
KinKrg
Ve =7 Vpg
He (8)
_AE
_ RT
kd = koe (9)
4| =5 | ns
s 2K;, nsy +1-n
(10)
1<in =Ko (1'Sh )N (11)
Pe=Ac (12)
5.75Mw Mg
: : =1l
Qh Qw Qg Mh Mh (13)
Sg =1—5,—5u (14)

Where, M [kg/mol] is the molar mass of methane hydrate; ks [mol/(s.Pa.m?)] is the chemical
reaction coefficient; As[1/m] is the effective specific area for natural gas hydrate dissociation; ps [Pa]
is the gas pressure; pe [Pa] is the equilibrium gas pressure of natural gas hydrate; pw [Pa.s] is the
dynamic viscosity of water; Kr [-] is the relative permeability of water; p;[Pa] is gas pressure; p« [Pa]
is water pressure; pg[Pa.s] is the dynamic viscosity of methane; K [-] is the relative permeability of
methane; Kin [m?] is the intrinsic(absolute) permeability; ko [mol/(s.Pa.m?)] is the intrinsic reaction
constant, 36000 mol/(s.Pa.m?); R [J/(mol.K)] is the universal gas constant, 8.31 [J/(mol.K)]; AE [J/mol]
is the reaction activation energy, 81000 [J/mol]; Ko [m?] is the intrinsic permeability without natural
gas hydrate in porous media; N [-] is the permeability reduction index due to hydrate dissociation
and equals 15 in this study; A [Pa], B [-] and C [K] are fitted constants and equal 1.12 [Pa], 49.3185
and 9459 [K] respectively; Mg [kg/mol] and Mw [kg/mol] are the molar mass of gas and water
respectively.

2.2.3. Physics-Based Constrained Conditions

To guarantee a stable THMC coupled computation, two constrained conditions are proposed
according to the physics. Physically, hydrate dissociation can only occur when the pressure is lower
than the phase equilibrium pressure; hydrate dissociation is a dynamic process during which the
hydrate saturation gradually decreases from its initial value, and when the hydrate is completely
dissociated, the hydrate saturation becomes zero. Mathematically, therefore one constrain is that
hydrate dissociation does not occur if the gas pressure is higher than the phase equilibrium (this is
already embedded in Equation 6). Another is that the hydrate saturation stops decreasing once it
reaches zero to avoid negative values, which is achieved by introducing an extra variable Ss.

Su=min(max(ss, 0), 1) (15)

When performing the coupled computation of hydrate dissociation, Su replaces si in other
equations (such as Equation 10, 11 and 14) to link the coupled relations.
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3. Case Study

3.1. Case Introduction

Since Masuda et al. [20] carried out an early investigation on hydrate dissociation in Berea
sandstone, numerous scholars has chosen Berea sandstone as their study case [34-37]. Therefore, the
laboratory test of Run 2 by Masuda et al. [20] is also used in this study, as illustrated in Figure 2. The
experiment was conducted in an air-bath setting. A sample holder secured the Berea sandstone core,
which was encased in a rubber sleeve and sealed at both ends. The Berea sandstone core used in the
experiment measured 30.0 cm in length and had a cross-sectional area of 20.3 cm?2. The core, devoid
of natural gas hydrates, exhibited an intrinsic permeability of 0.0967 um? and a porosity of 0.182. By
reducing the pressure at the core's right boundary, the hydrate dissociation was triggered. Three
thermocouples were uniformly distributed along the core at the right quarter point (Point A), the
middle quarter point (Point B) and the left quarter point (Point C). Theoretically, more thermocouples
could obtain more data. However, in practice, more thermocouples also influence the data precision,
because they take up more space of the core. Additionally, the beginning and end are the places easily
influenced by outside uncertain factors. So 3 thermocouples are installed in the middle of the core.

Air bath

Thermocouples
C B A

Leftseal Rubber sleeve Sample Right seal

..............................................

Figure 2. [llustration of natural gas hydrate-bearing Berea sandstone.

3.2. Computation Parameters and Settings

Parameters for numerical simulation are shown in Table 2. The Young’s modulus of hydrate-
bearing Berea sandstone is estimated by the linear relations with the Young’s moduli of Berea
sandstone and natural gas hydrate. Poisson’s ratio of hydrate-bearing Berea sandstone is empirically
assumed to be 0.2. The relative permeability and capillary pressure of Berea sandstone can be
obtained from Yousif et al. [19]. The heat that the natural gas hydrate-bearing core obtains from the
air-bath environment can be calculated with the heat exchange coefficient, 53 [W/(m2.K)].

Table 2. Parameters for numerical computation.

Parameters Materials Symbols Values
Hydrate Mh 0.1195
Molar mass
Water M 0.018
[kg/mol]
Methane Mg 0.016
Matrix Cs 800
Heat capacity Hydrate Cn 2010
[kg/m?3] Water Cg 2180
Methane Cw 4200
Matrix As 8.8
Thermal conductivity
Hydrate An 0.57
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[W/m/K] Water Ag 0.0335
Methane Aw 0.6
Matrix ps 2650
Density Hydrate ph 913
[kg/m?] Water? ot Check
Methane® Ps Check
Poisson's ratio Matrix Vi 0.2
[-] Hydrate Vh 0.32
Young's modulus [GPa] Matrix o 20
Hydrate En 9.06
Dynamic viscosity Watere Usg Check
[Pa] Methane® e Check

Notes:
aWater density Data by Tanaka et al. (2001) [38] is modified by the water volumetric modulus:

Pro = Puo| 1+ 2% | (T-273.5[K] +a))> (T - 273.15[K] + a5)
W= Pwo B a3(T-273.15[K]+ay)

] Bw=2 [GPa], pwo=999.97495 [kg/m?],
a1=-3.983035 [K], a>= 301.797 [K], as= 522528.9 [K?] and a+= 69.34881 [K].
bSanchez et al. (2018) ¥ fitted data by Younglove and Ely (1987) ¥ within the range 270 K< T <
290 K and
0.1 MPa < pg< 40 MPa:

2 2
pgzl;gl\gg{uo‘ozs P -~ 0.000645 [ P H Lo =1.o3x105[Pa.s]{1+0.053 Ps (ZSO[K]] }

w

1[MPa 1[MPa] IIMPa] \ T
+ E-bpy
) _ o PYTRT 0-epy)
cLikhachev, (2003) [401; #w = Hwo0® , wo=2.405x10- [Pa.s], a=4.42x10-9 [1/Pa],

b=9.565x10¢[]/(mol.Pa)], c=1.24x107 [K/Pa], 0=139.7 [K] and E=4753 [J/mol].
The initial hydrate saturation, water pressure, gas pressure and temperature are 0.42, 3.68 [MPa],
3.7 [MPa] and 275.6 [K]. At the right boundary where depressurization starts, the gas pressure, water
pressure, temperature gradient and total stress are 3.14 [MPa], 3.125 [MPa], 0 and 3.7 [MPa]
respectively. At the left boundary, the gas pressure gradient, water pressure gradient, the
temperature gradient and the displacement are all 0.

3.3. Results

3.3.1. Hydrate Dissociation

This part intends to reveal the change of hydrate saturation in the process of hydrate
dissociation. Hydrate saturation is defined as the volume fraction of hydrates in the pores of porous
media. As shown in Figure 3, the dissociation of hydrates starts at the right boundary (initial
pressure-reduction boundary) and spreads leftward (from Point A to B, then to C.), lasting about 400
minutes. Over this time, the gap of hydrate saturation at different points first increases before around
100 minutes and then decreases to zero gradually. This evolution pattern can be explained by the
complicated competitions among influence factors including temperature, reaction specific area and
pressure [18,36]. At first, pressure drop controls the hydrate dissociation rate, so the hydrate
dissociation is stronger at positions close to the depressurization boundary. Then, temperature and
reaction specific area dominates it, so when the hydrate saturation reaches half of the initial value,
the hydrate dissociation at positions far from the depressurization boundary becomes stronger.
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Figure 3. Change of hydrate saturation in the process of hydrate dissociation.

3.3.2. Change of Heat

This part intends to reveal the change of heat in the process of hydrate dissociation. In general,
heat transfer has three ways, that is, conduction, advection and radiation. As for hydrate dissociation,
radiation could be neglected. The heat change caused by conduction and advection is
correspondingly called conduction heat (defined as Equation 16) and advection heat (defined as

Equation 17).
e = I_ [)»gnsg +Ans +Ans, + M1 - n)]V]Adt (16)
Qrer = I(Cgﬂgvg + prWVW) TAdt (17)

where, Qi and Quioer are the cumulative conduction heat and advection heat through one
section, respectively; A is the section area. The sign of Quit is consistent with that of fluid seepage
velocity. The sign of Qe is opposite to that of temperature gradient.

As shown in Figure 4, the cumulative conduction heat shows a trend of increasing and then
decreasing during the hydrate dissociation, and the ending time of the conduction is basically the
same as that of the hydrate dissociation. The increase of the cumulative conduction heat indicates
that the heat is transferred from the left to the right of the core, and the decrease of the cumulative
conduction heat means that the heat is transferred from the right to the left. Thus the direction of heat
conduction changes at around 100 min. This is consistent with the pattern of the gap of hydrate
saturation in Figure 2. Additionally, we could observe that the curves of heat conduction at three
quarter points intersect each other after 250 min, much later than the time of the direction change of
heat conduction. The reason is the competition between the consumption heat by hydrate
dissociation and the heat supply from the external environment [34-37]. Before 100 min, the
consumption heat by hydrate dissociation is bigger. After 100 min, the contribution of heat supply
from the external environment is bigger. Time between 100 min and 250 min is the process of external
environment gradually compensating for the absorbed heat by previous hydrate dissociation.
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Figure 4. Change of cumulative conduction heat in the process of hydrate dissociation.

As shown in Figure 5, the cumulative advection heat shows a monotonically increasing trend in
the process of hydrate dissociation, and the advection heat continues to increase rapidly at the end
of the hydrate dissociation because the flow seepage still does not stop. The increase of the cumulative
advection heat indicates that the heat is transferred from the left to the right, and the cumulative
advection heat peak at the end of the hydrate dissociation is in the order of magnitude of 10°] while
the order of magnitude of the peak of the cumulative conduction heat is 102 J. Comparing the
conduction heat and advection heat in the process of the hydrate dissociation, it can be found that
they show significant differences in the overall trends and values. The behind reason is that the
conduction heat is mainly controlled by the temperature gradient, while the advection heat is mainly
controlled by the flow of the fluid [36]. On one hand, the fluid flow can carry more heat than that
caused by the temperature gradient, so the value of advection heat is much bigger than that of
conduction heat. On the other hand, the direction of fluid flow is only from the depressurization
boundary to another boundary, while the temperature gradient is firstly positive and negative, so the
advection heat and conduction heat have different overall trends during hydrate dissociation.

4000

3000

2000

Advecion heat, [J]

1000

0 100 200 300 400
Time, ¢ [min]

Figure 5. Change of cumulative advection heat in the process of hydrate dissociation.

3.3.3. Change of Energy

This part aims to discover effects of different influence factors of the change of internal energy.
The internal energy herein is evaluated by the change of energy density. Definitions of the changes
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of energy density caused by heat conduction, heat advection, hydrate phase change and external heat
source are defined as Equation 18 — 21, respectively.

L,
Fow = | (18)

gng T + C“puVWT)
advct = _j

dt (19)
= | —h A / ?d 20
¢ Mh ‘ @)

- j qdt 1)

where, Ecuct, Eatoet, Epc and Eex are the changes of energy density caused by heat conduction, heat
advection, hydrate phase change and external heat source.

As shown in Figure 6, the heat conduction generally firstly has a negative effect on the energy
density, and then has a positive effect. Comparing values at the starting and ending point, the change
of the energy density of the left half part of the core (far from the depressurized right boundary)
decreases, and that of the right half part of the core (close to the depressurization boundary) increases.
The behind reason is that hydrate dissociation happens from the right boundary and then gradually
extends to the left boundary, so the higher temperature in the left part of the core would transfer to
the lower temperature in the right one. It is observed that the order of magnitude of the peak value
is 105 J/m3in this case. It is also noticeable that the three curves of change of energy density at quarter
points intersect each before 100 min. The reason is that absolute value of change of energy density at
the position closer to the depressurization boundary is smaller, though it increases faster before the
maximum at around 100 min.

3.0E+05
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Figure 6. Change of energy density caused by heat conduction in the process of hydrate dissociation.

As shown in Figure 7, heat advection generally has a negative effect on the energy density, and
this effect is stronger at the position closer to the depressurization boundary. The behind reason is
that the fluid flow is generally stronger at positions closer to the depressurization boundary.
Additionally, it is observed that the order of magnitude of the peak value is 107 J/m3in this case, much
greater than that caused by the conduction. Similar to the explanation in Section 3.3.2, fluid flow
could transfer more heat, so it makes a bigger contribution to the reduction of the energy density.
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Figure 7. Change of energy density caused by heat advection in the process of hydrate dissociation.

As shown in Figure 8, external heat source generally has a positive effect on the energy density,
and this effect is stronger at the place closer to the depressurized right boundary. The behind reason
is that the external environmental temperature is always not smaller than that of the core, so the core
would absorb energy from the external environment when its temperature drops due to the hydrate
dissociation. The hydrate dissociation starts from the right boundary (depressurization boundary),
thus the temperature at Point A decreases first, then Point B and lastly Point C. So the external heat
source provides more energy to Point A. Additionally, it is observed that the order of magnitude of
the peak value is also 107 ] in this case, a little greater than that caused by advection heat.
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Figure 8. Change of energy density caused by external heat source in the process of hydrate dissociation.

As shown in Figure 9, the phase change of hydrate generally has a negative effect on the energy
density, and this effect is stronger at the place closer to the depressurized boundary in the process of
hydrate dissociation. However, the final change of the energy density caused by the hydrate phase
change is almost the same. The reason is that phase change of hydrate is an endothermic process from
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solid phase to liquid and gas phases [23,37], so where hydrate dissociation happens earlier, the
reduction effect of energy density occurs earlier and more obvious. Additionally, it is observed that
the order of magnitude of the peak value is 107 J in this case, a little greater than that caused by
advection heat but smaller than that caused by external heat source.
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Figure 9. Change of energy density caused by phase change in the process of hydrate dissociation.

4. Discussion

4.1. Comparison Among Contributions of Influence Factors to the Change of Energy Density

This part intends to further discuss roles of factors causing the change of energy. As shown in
Figure 10, in general, external heat source makes a main contribution to the increase of the energy,
while phase change mainly governs the decrease of the energy due to the considerable latent heat of
hydrate dissociation. The role of heat conduction can be almost neglected, but the contribution of
heat advection should still be considered.
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Figure 10. Change of energy density caused by different factors at the center of the investigated core.
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Figure 11 shows the change rate of energy density governed by different factors. It is found that
the absolute values of the change rate by different factors generally shows an increase trend first and
then a decrease one, except for the advection situation where the fluid seepage could continue for
some time after the dissociation of hydrate finishes.
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Figure 11. Change rate of energy density caused by different factors at the center of the investigated core.

4.2. Implications for Lab-Scale Experiments and In-Situ Engineering

Results of this study show that the external heat source has the most significant contribution to
the change of energy, but present lab-scale experiments are not well designed with the consideration
of external heat. Some experiments use the air or liquid bath as the external heat source to keep the
environment with constant temperature. Others do not utilize any external heat source [19,20,25,26].
These two extreme cases are not consistent with natural submarine or permafrost environment of
hydrates. Therefore, future lab-scale experiments could try to refine the design in terms of the
external heat source.

Temperature is an explicit variable which would be measured but sensors, but heat and energy
is the implicit essence that cannot be directly measured. Linking to the real-world engineering [28],
we need analyses of heat and energy to evaluate the cost for hydrate exploitation instead of

temperature. Therefore, future in-situ designs should go further from the temperature to heat and
energy.

5. Conclusions

This study aims to provide new insights into the process of hydrate dissociation in porous media
from the perspective of heat and energy, by a fully coupled thermal-hydraulic-mechanical-chemical
model. Evolution patterns of heat and energy are revealed for the first time, and implications are also
provided to improve designs of lab-scale experiments and in-situ engineering. A brief summary is as
follows.

(1) The trends and values of conduction heat and advection heat show different patterns during
hydrate dissociation. The cumulative conduction heat shows a trend of increasing and then
decreasing in the process of hydrate dissociation, while the cumulative advection heat shows a
monotonically increasing tendency. Additionally, the cumulative conduction heat is much smaller
than the cumulative advection heat by one order of magnitude in the investigated case, which

implicates that the laboratory tests of parameters related to the advection heat transfer should be
more prudent.
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(2) Phase change, conduction heat, advection heat and external heat make various contributions
to the change of energy. External heat source makes a main contribution to the increase of the energy,
while phase change mainly governs the decrease of the energy. The role of heat conduction can be
almost neglected in spite of versatile patterns during hydrate dissociation, but the contribution of
heat advection should still be considered.

(3) This study has two implications for the lab-scale experiment and in-situ engineering. Future
in-situ designs should go further from the temperature to heat and energy, because temperature is
the explicit phenomenon which would be measured, but heat and energy is the implicit essence
directly related to the cost evaluation for the real-world hydrate exploration. Additionally, refining
the design of the external heat source is suggested to improve the similarity between lab-scale
experiments and in-situ engineering, due to the dramatic role of external heat source on the change
of energy.
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