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a b s t r a c t

As a clean and abundant unconventional natural gas resource, natural gas hydrate (NGH) holds the
characteristics of safety, high efficiency and sustainable exploitation, which helps to alleviate the energy
shortage of China, reduce the foreign-trade dependence of oil and gas, and ensure the national energy
security. Microwave heating is a significant method that has been used in natural gas hydrate explora-
tion. By using the microwave heating, the NGH in the reservoir formations would be heated, decomposed
and stimulated thanks to taking advantage of microwave heating's unique characters: efficiency, high
speed, clean and pollution-free. This paper established the temperature under microwave heating gas
hydrate distribution theory model, and by using the finite element method for simulating temperature
field of microwave heating gas hydrate, this paper analyzed the natural gas hydrate in the microwave
field temperature distribution in the influencing factors. Microwave has a significant heating effect on
the hydrate reservoir in the immediate vicinity of wellbore, and it is not affected by the initial conditions
of reservoir. The temperature can rise to above 50�C within 1 h which is higher than the phase equi-
librium temperature at the time of hydrate decomposition and is helpful to improve the decomposition
rate of hydrate. The frequency is set at 915 MHz, and the feed port has a spiral arrangement with a length
of 10 mm, which greatly expands the microwave heating range.

© 2022 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As an unconventional energy with great potential, Natural Gas
Hydrate is regarded as an ideal alternative energy in the 21st
century. The commercial development of NGH has important
strategic significance for ensuring national energy security and
promoting energy structure optimization. In China, the proved
Combustible Ice reserves are estimated at no less than 7� 1010 tons
in the maritime space, which means the haft oil and gas resources
reserves onshore. Therefore, the exploration of NGH has become
one of the key energy development goals in China [1]. A historic

breakthrough was made in May 2017 when China managed to
explore NGH from the most difficult sediments with unconsoli-
dated argillaceous siltstones at a depth of 203 me277 m below the
sea floor and 1266 m under the water surface in the Shenhu area of
the South China Sea [2]. It was found that the singlewell production
was too low and the yield fluctuated periodically in pilot produc-
tion, which made it difficult to meet the commercial demands [3].
Through experimental research, Fu [4], Du [5] believes that a large
pressure drop can promote the rapid decomposition of methane
hydrate. Hao [6], Yang [7], and some others used fluent,
tough þ hydrate to detect the sensitivity of natural gas hydrate
during pressure drop. According to analysis, it is believed that
increasing the reservoir temperature or reducing the wellhead
pressure will help increase the hydrate decomposition rate.The
pressure drop method should be used in combination with other
methods to increase the gas production rate.Wang, Chen, and some
others [8e12] used the combined heat injection and pressure drop
method to carry out the numerical simulation of hydrate produc-
tion, which is conducive to the formation of high-temperature and
high-permeability areas and increases the production of well.
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Huang [13], Feng [14], and some others belived that the microwave
heating method can avoid the heat loss during the wellbore
migration, directly generate heat in the reservoir, and improve the
effective utilization of energy. As had taken advantage of the
characteristics of NGH absorbing the formation heat during the
decomposition, Li [15], Wang [16], and some others belived that
microwave heating eliminated the risk of secondary generation of
NGH blocking seepage channel so as to improve the exploration
efficiency. Meanwhile this method added formation energy to
provide effective energy for gas production under lowering pres-
sure. As a whole heating mode, microwave heating allowed the
object to absorb microwave and be heated up simultaneously from
inside to outside, resulting in a high efficiency [17,18]. Zhang [19]
believed that heat exchange technology could increase the internal
temperature of mineral deposits, thus speeding up the replacement
reaction rate and increasing the degree of replacement reaction,
thus solving the problem of low replacement degree and low
replacement efficiency in the process of single CO2 replacement.
Shadman [20] comprehensively reviewed the technologies of gas
hydrate using microwave, ultrasonic and radio frequency radiation
sources. Wang [21] established and verified a two-dimensional
axisymmetric model to study the effect of microwave stimulation
on energy recovery of methane hydrate sediments. The simulation
results showed that microwave stimulation could provide timely
and sufficient energy to promote rapid and continuous hydrate
decomposition. Zhao [22] found that microwave stimulation can
provide timely energy conversion, which is enough to promote the
dissociation of hydrate, and has a rapid and continuous gas gen-
eration effect. He [23] stably produced gas mixture hydrates from
20 ppm, 50 ppm and 300 ppm sodium dodecyl sulfate solutions to
detect the storage potential of natural gas. To this end, this paper
established the temperature under microwave heating gas hydrate
distribution theory model, and by using the numerical simulation
software COMSOL microwave heating, to simulate the natural gas
hydrate in the analysis of natural gas hydrate in themicrowave field
temperature distribution in the influence factors of the qualitative
analysis, the effect of the downhole microwave heating for subse-
quent equipment improvement and process optimization to pro-
vide theoretical basis.

2. Theoretical model for temperature distribution of NGH
under microwave heating

The theoretical model for temperature distribution of NGH un-
der microwave heating was established by combining the heat
transfer theory, microwave heating and analyzing the reservoir
physical property of NGH.

2.1. The penetration depth of microwave in the medium

The penetration depth meant the degree of microwave pene-
tration into the media, which was divided into three types: electric
field strength, power, and half power penetration depths [24].

The electric field strength depth of penetration from point 1= e
(D):

D¼ l0
p
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In the formula l0 was the wavelength.
The power depth of penetration from point 1= e (Dp):
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The half power penetration depth(D1=2):
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(3)

where l0 (mm) is the wavelength of microwave; εr is the permit-
tivity; tgd is the dielectric dissipation factor.

In conclusion, if the electrical loss parameters were consistent,
the wavelength and penetration depths would all belong to the
same order of magnitude with only a few millimeters to several
centimeters. Power penetration depth must be considered for
medium needed to be overall heated by microwave.

2.2. Microwave heating theory
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where mr (S=m) is the electrical conductivity; εr is the permittivity;
m0r is the real electrical conductivity; m

00
r is the conductivity loss; ε0r is

the real permittivity; ε

00
r is the dielectric loss; s is the dielectric

conductivity; u is th angular frequency.
Among the above formulas, (4) is the Maxwell's equation; (5)

and (6) are loss of energy in the microwave field; (6) is permittivity
which is an important factor for natural gas hydrate to produce
heat. Polar molecules in natural gas hydrates are polarized in the
microwave field, causing sympathetic electric field and heat energy
[25].
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In equation (7), the Poynting theorem is used to calculate the
power of loss, i.e., the heat quantity absorbed by natural gas hy-
drates. It proved that microwave power varies periodically ac-
cording to the principle of microwave field theory. Moreover, the
Poynting theorem reflect the loss of microwave power in a cycle
because of the short cycle of microwave.

Heat transfer theorem:

rCp
vT
vt

þV , ð�kVTÞ¼Q (8)

2.3. The power of microwave heating

P means the power for per-unit-volume medium absorbing
microwave:

P¼2pfE2εrtgd (9)

where the E (V=M) meant the effective electric field intensity;
f ðMHzÞ is the frequency of microwave; εr is the permittivity; tgd is
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the dielectric dissipation factor.
There was a positive correlation between the energy efficiency

of material getting for microwave and the electric field intensity
and the frequency of the microwave field. When the electric field
intensity and the frequency of microwave were improved effi-
ciently, that would enhance the materials absorbing the wave po-
wer. The microwave heating principle relied on the mediums
producing heat by absorbing the energy from the electric field. The
losses, thermal effects, and permittivity of various materials varied.
It would be easier for materials with polar molecules to absorb
energy than the materials with nonpolar molecules which rarely or
never absorb energy.

During the heating process, the energy efficiency of microwave
field was totally relevant to the water content and specific heat
capacity of NGH.

2.4. The temperature rising rate of microwave heating

Let m be the mass of heated materials, such that with a time t,
temperature from T0 to T , the required power would be:

P¼mCpðT � T0Þ
t

(10)

If the electric field was constant, P (per unit volume medium's
microwave power), which heated materials and rose their tem-
perature. The rate formula is as follows [26]:

dT
dt

¼ T � T0
t

¼ P
mCp

¼ 2pfE2εrtgd
rCp

(11)

Where rmeans the density; Cp means the specific heat capacity.

3. Numerical simulation models and basic parameters

3.1. Physical model

The frequency and power of microwave are 2.45 GHz and 1 KW
respectively; the initial temperature and pressure of reservoir are
283.15K and 10 MPa; according to Fig. 1, a geometric model is
formed in accordance with the structure of the casing short section
used for microwave heating.

The microwave feed ports are 2 layers in which each layer is
settled by 3 feed ports at an angle of 120�. The reservoir size was
400 mm � 400 mm � 800 mm, diameter of outside cylinder was
190 mm with 800 mm height (Fig. 2).

3.2. Boundary conditions

In this paper, the initial conditions were set as follows:
Electromagnetic field boundary: the outer boundary is

insulated;

Heat conduction boundary: the outer boundary is insulated;
Pressure boundary: the outer boundary is formation pressure.

T ¼ T0 Sh ¼ SH0 SW]SW0 SG¼Sg0 (0�x � L)

3.3. Microwave heating simulation parameter list

Having learned from the researches on the microwave heating
mechanism of downhole NGH and combined with the numerical
simulation, the temperature distribution laws (including micro-
wave in the casing during production and NGH in the reservoir)
were investigated in this paper, as well as the effects of microwave
heating on NGH. On this basis, it analyzed the distribution of mi-
crowave heating of NGH and did the analysis on the effect of NGH
properties parameters on production through multi-field coupled
microwave simulation data model which combined many theories
such as principle of mass conservation and energy conservation law
etc. The main parameters are shown in Table 1.

4. Analysis of simulation results

4.1. Analysis of reservoir's temperature field

4.1.1. The temperature field distribution
Fig. 3 shows the spatial distribution of temperature near the

well when the microwave heating system has been working for
1800 s. It clearly shows the change of temperature near the mi-
crowave feed port, which means if the area was not covered by
electromagnetic field that produces microwave, it could only
transfer energy through heat convection. Therefore, it was neces-
sary to reasonably arrange the feed ports heating points so as to
optimize overall heating and maximize the heating efficiency.Fig. 1. The structure of casing short section used of microwave

Fig. 2. Physical model.
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4.1.2. Different length of microwave feed port
Fig. 4 shows that under the different distances of feed port the

temperature was changing: the largest temperature change rate
was at the nearest location from the feed port; as the distance
increased the temperature change rate declined; the temperature
change rate was basically close to 0 when the distance was about
100 mm. Fig. 5 shows that the reason was that the microwave
heating ability was limited by the penetrating depth. The radial
penetrating distance of wellbore feed port could be no more than
150mm if it needed direct microwave heating. In the production, as
the NGH had been decomposed into water and gas, the microwave
penetrating depth extended towards the radial distance because no
polar media nears the well.

According to Li's analysis of the production curve of hydrate
production in Japan, the gas production rate is obviously correlated
with reservoir pressure and temperature, and there is the

possibility of regenerating hydrate in the reservoir and at the bot-
tom of the well. Therefore, effective heating is the necessary con-
dition for long-term and high-yield production of natural gas
hydrate under pressure drop. Microwave heating can effectively
increase the bottom hole temperature and avoid the formation of
hydrate at the bottom of the well [27].

4.2. Reservoir environment

4.2.1. Initial temperature
Fig. 6 is the spatial distribution of initial temperatures at 0�C,

5�C, and 10�C when it was heated for 1800 s. The higher the initial
temperature, the earlier the time of NGH decomposition when
heated by microwave, the larger temperature filed was near the
well during the long-term heating, and the higher overall the
reservoir kept. The exploration of NGH was determined by the

Table 1
Physical parameters for NGH simulation.

Molecular mass (kg$mol�1) 0.119 Permeability (md) 300

Mole density (kg$m�3) 919.7 Temperature (�C) 5
Mole volume (m3$mol�1) 7696 Porosity (%) 30
Reaction enthalpy (dimensionless number) 1.071 � 1013 Pressure (MPa) 8
Frequency factor (J$mol�1) 81084.2 Water saturation 0.5
Specific heat capacity (J$g�1$�C�1) 51858 NGH saturation 0.5

Fig. 3. The spatial distribution of temperatures while it heating for 1800s and 3600s.

Fig. 4. The temperature variations in different distances.
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formation of which its initial condition could not be changed while
its temperature could be raised by heating the formation.

Fig. 7 is the spatial distribution of initial temperatures at 0�C,
5�C, and 10�C when it was heated for 1800s. The higher the initial
temperature, the earlier the time of NGH decomposition when
heated by microwave, the larger temperature filed was near the
well during the long-term heating, and the higher overall the
reservoir kept. The exploration of NGH was determined by the
formationwhich its initial condition could not be changed while its
temperature could be raised by heating the formation.

The NGH retained its self-belay ability, allowing it to decompose
only under sufficient pressure and critical temperature. During the
NGH decomposition, its phase would change causing the temper-
ature to drop quickly and then to return gradually. This was due to
the self-belay ability and high thermal conductivity of NGH, which
raised the temperature higher than the critical temperature and
made the NGH decomposition increase rate slower.

4.2.2. Initial pressure
Figs. 8e9 indicate that, under the conditions of low temperature

and low pressure, the original pressure of reservoir has no signifi-
cant effect on the temperature field, and the microwave heating
under different pressure conditions forms the same temperature
field.

4.3. Microwave heating process

4.3.1. Feed port
Feed port is the access for feeding the microwave from the in-

side of wellbore to the reservoir. The length of feed port affects the
actual power of microwave transmitting. The quantities and
arrangement modes of feed port determine the electromagnetic
field distribution of microwave in the reservoir. Therefore it is
necessary to study the influence of different feed port lengths,
quantities and arrangement modes on the temperature field.

1) Analysis on different feed port lengths

Figs. 10e12 show the electric field profiles in the center of feed
port and in the center of casing short section when the feed port
lengths are 10 mm, 30 mm and 50 mm. It can be seen from the
figures that the surrounding electric field intensity at the position
of the feed port is apparently higher than the electric field intensity
in the center of casing short section, which means that the strong
electric field generated by themicrowave at the position of the feed
port has a significant heating effect on the immediate vicinity of
wellbore, but the electric field intensity is weak and the heating
effect is weak in the center of casing short section.

Figs. 13e14 show the temperature field distributions in the

Fig. 5. The length of the feed port is 10 mm.The electric field profile distributions located at the center(left with the center of feed port, right with the center of reservoir).

Fig. 6. The spatial distribution of temperatures while it heating for 1800s (from left to right was at 0�C, 5�C).
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reservoir after heating for 1 h when the feed port lengths are
50 mm, 30 mm and 10 mm. It can be seen from the figures that the
longer the feed port is, the radial radiation distance of microwave is
longer and the temperature change at the boundary of casing short
section is greater. The radial size of microwave heating is so big that
it is difficult to run into the wellbore from the wellhead.

2) The rank and quantity of feed port

Figs. 15e16 are the spatial and profile distributions of

temperature field respectively when the two feed ports (in a same
layer) were heated in 1800 s, while Fig. 6 is the spatial distribution
of the temperature field for three feed ports. The pictures show that
the microwave radiation range of two feed ports was larger than
three feed ports, but the former one existed radiation blind areas
while the later one was able to cover all the NGH reservoir near the
well. Therefore, it could be necessary to calculate the quantity of
feed ports both with enough microwave radiation range and
coverage area. For inhomogeneous NGH reservoir, the placement
angle of feed ports in the same layer could be adjusted to heat the

Fig. 7. The heating chart is different distance away from the feed port at the initial temperature of 0�C and 5�C (From left to right: the distance was 20 mm,50 mm and 70 mm).

Fig. 8. The spatial distribution of temperatures while it heating for 3600 s (left with 5 MPa, right with 20 MPa).
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enriched region.

4.3.2. Microwave
Microwave is essentially a kind of electromagnetic wave. The

higher the frequency is, the transformation speed of electromag-
netic field is faster, which speeds up the dipole movement fre-
quency and the effect of generating heat through friction becomes
more significant. The better the heating effect, the faster the
decomposition rate is. When the microwave frequency is close to
the characteristic frequency of natural gas hydrate, it will trigger
the resonance of natural gas hydrate molecules, and the decom-
position rate of hydrate reaches the fastest at this moment. When
the microwave frequency is higher than the characteristic fre-
quency of hydrate, the decomposition rate will decrease. Besides,
the penetration depth of microwave shall also be considered,

because the higher the microwave frequency is, the penetration
depth is smaller, so it is difficult to realize uniform heating. In
addition, the power of microwave also has a great influence on the
electric field intensity, so it is necessary to study the influence of
microwave property on the temperature field.

1) Microwave power

Fig. 17 shows the spatial distribution of temperature filed when
the feed ports were carried on power with 200W, 1000W and
1000W after heating 1800 s, and Fig. 18 indicates the graph of
temperature raising. They prove that the greater the power, the
greater effects the temperature field has, especially in the place
near the feed ports while the far place was influenced less than the
nearer one. This indicates that the penetration distance of

Fig. 9. The heating chart is different distance away from the feed port at the microwave power of 5 MPa and 20 MPa (From left to right: the distance was 20 mm and 50 mm).

Fig. 10. The length of the feed port is 10 mm. The electric field profile located at the center (left with the center of feed port, right with the center of casing short section).

Fig. 11. The length of the feed port is 30 mm. The electric field profile located at the center (left with the center of feed port, right with the center of casing short section).
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microwave itself is short, and the temperature rise of hydrate near
the well zone is obvious. The electric field intensity of microwave
production decreases with the increase of distance, which leads to
the remote temperature rise not being obvious.

2) Frequency

The Figs. 19e21 show that the temperature fields formed by
microwave heating of the same power at different frequencies are
basically the same, which means the temperature field in the im-
mediate vicinity of wellbore is not affected by the frequency of
microwave. It can be seen from the figures that the 2450 MHz

electric fields are mainly distributed near the feed ports. The
915 MHz electric fields in the center of two-layer feed port are
stronger, so the lower the frequency is, the electric fields formed by
microwave are distributed more evenly in the reservoir.

5. Conclusions

(1) Through building the theoretical model of natural gas hy-
drate temperature distribution in microwave field, the tem-
perature field of heating hydrate reservoir by microwave is
studied.

Fig. 12. The length of the feed port is 50 mm. The electric field profile located at the center (left with the center of feed port, right with the center of casing short section).

Fig. 13. The spatial distribution of temperatures while it heating for 3600s
(from left to right: the feed port length was 10 mm, 30 mm, 50 mm).

Fig. 14. The heating chart is different distance away from the feed port at the feed port length of 10 mm,30 mm and 50 mm(From left to right: the distance was 50 mm and 70 mm).
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(2) Microwave has a significant heating effect on the hydrate
reservoir in the immediate vicinity of wellbore, and it is not
affected by the initial conditions of reservoir. The tempera-
ture can rise to above 50�C within 1 h which is higher than
the phase equilibrium temperature at the time of hydrate

decomposition and is helpful to improve the decomposition
rate of hydrate. The temperature field formed by the micro-
wave is not affected by the initial temperature and pressure
of reservoir, whichmeans the microwave has a heating effect
on the polar materials on the premise of being not affected

Fig. 15. The spatial distribution of temperature filed (left with 2 feed ports, right with 3 feed ports).

Fig. 16. The profile distributions of temperature field (left one with 2 feed ports, right 3 feed ports).

Fig. 17. The spatial distribution of temperature filed when heated for 1800s (form left to right was the carrying power 200W, 1000W and 1000W).
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by environment, thus improving the reservoir temperature
and reducing the heat loss in low temperature environment.

(3) The research on microwave heating technology shows that
the strong electric field generated by microwave at the po-
sition of feed port has a significant heating effect on the
immediate vicinity of wellbore. The arrangement mode of
feed ports affects the temperature distribution in the reser-
voir, so we should adopt the heating method of spiral
arrangement of feed port with feed port length of 10 mm,
which has a significant heating effect on the immediate vi-
cinity of wellbore, and expand the microwave heating range.

(4) The research on microwave shows that the frequency and
power of microwave both affect the temperature field. The
higher the microwave power is, the heating effect is more
significant. However, due to the influence of downhole tools
and limited size of microwave generator, it is difficult to
achieve the theoretical power. The microwave frequency has
a significant effect in the early stage of heating. The tem-
perature fields at different frequencies become the same
gradually as time goes by. In consideration of the penetration
depth of microwave in the reservoir, it should use 915MHz to
expand the microwave heating range.

Fig. 18. The heating chart is different distance away from the feed port at the microwave power of 200W,500W and 1000W(From left to right: the distance was 20 mm,50 mm and
70 mm).

Fig. 19. The spatial distribution of temperatures while it heating for 3600s (left with 915 MHz, right with 2450 MHz).
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(5) The improvement of heating power will significantly
improve the efficiency of heating the natural gas hydrate by
microwave. But the higher frequency poses greater challenge
for the device, so the high-power and small microwave
heating device is a development direction in future.
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