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A B S T R A C T

The effects of depressurization and the combination method with wellbore heating on vertical center well and
vertical side well on hydrate exploitation were investigated and compared in this study. Six combinations of
experimental groups were conducted using different exploitation methods (i.e., depressurization and the com-
bination method) and different types of wells (i.e., vertical center well and vertical double-side wells). The
results show that the lower the production pressure is, the better it can generate hydrate productions.
Meanwhile, it is further confirmed that the heating process can greatly increase the gas production rate of
hydrates. In addition, when using depressurization within a certain exploitation range, the location of the
production well has little impact on the effects of hydrate exploitation. However, with double-side wells using
the combination method, the effect of driving force in hydrate decomposition is weakened due to the larger heat
loss. Therefore, when the heating well is located close to the boundary of the hydrate deposit, the use of double-
side wells is less productive than that of a center well. As a result, when using the depressurization method, the
location of the production well within the exploitation zone should be as close to the coastal line as possible with
a stable hydrate deposit layer. On the other hand, when wellbore heating is applied, it is suggested that the
heating well should be arranged near the center of the hydrate deposit. Furthermore, it is found that there is a
right-skewed bell curve shape relationship between the exploitation time and the energy generation level using
the combination method.

1. Introduction

As the environmental issues caused by the exploitations and the
consumptions of traditional energy sources continue to worsen, Natural
gas hydrate (NGH) is found to be one of the most efficient source of
clean high-reserves energy that can drastically reduce these problems.
Currently, the traditional sources with the highest percentage of use are
fossil fuels which include coal, natural gas, and oil, occupying more
than 70% of the total energy consumption worldwide (Chong et al.,
2016; Song et al., 2014). However, fossil fuels are non-renewable and
release post-consumption pollutants such as sulfide, dust and CO2 gas
that are severely detrimental to our environment, negatively affecting
the human health while contributing to the greenhouse effects
(Kvenvolden, 1999). Therefore, humans need to find alternative ways
for energy exploitation that are both economical and sustainable, ful-
filling the needs of our daily energy consumption as well as protecting
our environment.

Since the first discovery of NGH in the stratum in mid 1960s, experts

and scholars from all over the world have been studying its composi-
tion, carbon reserves and efficacy to understand how to best utilize this
new source of energy (Babu et al., 2015). Early researchers found that
NGH is an ice-like solid comprised of water and methane, formed under
a high-pressure and low-temperature environment, and its interior is a
crystalline cage compound (Chong et al., 2016; E.D.S and Koh, 2007;
Sloan, 1998a). To date, there have been three types of NGH discovered
that are distinguished by their structures, namely structure Ι, structure
II and structure H (Kurnosov et al., 2001; Loveday et al., 2001; Tariq
et al., 2014). As the research progressed, more emphasis was put on
studying carbon reserves of NGH. It was found that the global organic-
carbon gas content of methane gas released by global NGH is twice as
much as the organic carbon already found in fossil fuels, and that one
unit volume of pure NGH releases about 160 unit volumes of methane
gas under the standard conditions (Moridis et al., 2009). Moreover,
NGH decomposes to produce only methane gas and water (E.D.S and
Koh, 2007; Sloan, 1998b), making it a clean and alternative source of
energy to meet the growing demand on energy consumption (Yin et al.,
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2016). Therefore, recent researchers have moved their attention to
studying the way to exploit NGH. Currently, the feasible methods for
hydrates exploitation include depressurization, heat stimulation, in-
hibitor method, combination method and CO2 - CH4 replacement
method (Babu et al., 2013, 2015; Collett et al., 2014; Sloan, 2007;
Haligva et al., 2010; Yousif and Sloan, 1991; Pang et al., 2009; Fan
et al., 2006; Morohashi et al., 2005; Rice, 2003; Dashti et al., 2015;
Aman et al., 2016; Aminnaji et al., 2017).

To investigate the efficiency of NGH extraction methods, many
studies have been carried out and some important results have been
obtained. Li et al. (2012a) compared the dissociation behavior of hy-
drates in a pilot-scale hydrate simulator (PHS) with that in a cubic
hydrate simulator (CHS) by depressurization. They found that the scale
of hydrate sediment showed a negative influence on the gas production
and water production during the hydrate decomposition, but it had
little effect on the temperature change in the hydrate reservoir. Jiang
et al. (2012) analyzed the gas production properties with the use of a
3D numerical model in depressurization, and the results showed that a
higher initial temperature and larger absolute permeability could pro-
mote hydrate dissociation and gas production. However, the increase of
the initial reservoir pressure had a negative effect on hydrate dis-
sociation. In addition, it was confirmed by many other studies (Li et al.,
2014a; Ji et al., 2001; Konno et al., 2010) that although being more
accessible and economical in energy gain in contrast to the thermal
stimulation method, depressurization does not ensure high production
efficiency due to its long exploitation time. Subsequently, thermal sti-
mulation with heated water injection was investigated by other re-
searchers. Specifically, Yang et al. (2010) conducted an experiment on
hydrate decomposition in a three dimensional mid-sized reactor using a
cyclic hot-water injection process. The result indicated that the increase
of hydrate saturation in the sediment and hydrate temperature had
positive effects on the rise of energy efficiency but the increase of hot
water temperature and well pressure led to the decrease of it. Fur-
thermore, Li et al. (2011) simulated the gas production of the hydrate
sediment at the Shenhu marine area using the huff-and-puffmethod in a
horizontal center well, and it was confirmed by numerical study that
the production rate could be improved by raising the temperature of the
injected water in a limited range. Some other related researches (Li
et al., 2012b; Kawamura et al., 2007) also drew the identical conclusion
that the heated water injection had promoting capacity for hydrate
decomposition and gas production. However, the hot water injection
may actually have a limited effect on the increase of field-scale hydrate
exploitation rate as the energy loss caused by long transportation dis-
tance of heated water has never been considered in the above studies. In
order to obtain high production rate and reduce energy loss, the well-
bore heating, an in-situ heating method that is merely studied can be
considered in hydrate exploitation.

It is widely believed that the type and arrangement of wells are also
influencing factors for the gas production in the hydrate reservoir. Feng
et al. (2015a) synthesized methane hydrates and conducted decom-
position experiment in a pilot-scale hydrate simulator using the com-
bination method with both a horizontal well and a vertical well.
Through the comparison of various parameters (e.g. gas production,
temperature, production time, etc.), it was found that the exploitation
efficacy using a horizontal well was better than that of a vertical well.
Subsequently, Feng et al. (2015b) utilized a three-dimensional experi-
mental apparatus to produce the hydrate in a cubic reactor with double-
horizontal wells using depressurization combined with warm water
injection. Moreover, the comparison and analysis were carried out by
numerical simulation. The results of the two methods were in good
agreement with each other, and the exploitation method of depressur-
ization combined with warm water injection in double-horizontal wells
was promising. Wang et al. (2014) compared hydrate dissociation be-
haviors by a new method named Five-spot thermal huff and puff (HP-
5S) with that in a vertical center well by huff and puff, the result of
which indicated that the production performance of this five-spot

vertical well design was much better than that of the later. Afterwards,
Li et al. (Liang et al., 2015) adopted a five-spot well (5S) system with
horizontal wells to numerically simulate the hydrate production prop-
erties with the use of depressurization combined with thermal stimu-
lation. After the comparison with another two kinds of two-spot well
(2S) systems, they found that a greater production rate could be ob-
tained in the 5S system under reasonable heat injection and production
pressure than that in the two-spot well (2S) systems. From the previous
studies, we can see that the production efficiency is affected by the well
designs. However, much of the research is about horizontal well pla-
cement and only a few studies are about vertical well arrangement.

The location of the production well not only affects the hydrate
decomposition characteristics, it also influences the stability of the
hydrate sedimentary layer, which is one of the key factors to ensure the
safety and efficiency of NGH production. Therefore, in this paper, we
utilized a laboratory independent apparatus, which is equipped with a
three-dimensional reactor with three vertical wells. With the use of this
device, the production properties of hydrates were studied by using
depressurization and the combination method with wellbore heating in
single center well, single side well and double-side wells, respectively.
At the same time, it is verified that the added heat can greatly promote
gas production. This paper mainly analyzed the cumulative gas pro-
duction during hydrate decomposition, the temperature change in the
reactor and the energy consumption and net energy gain.

2. Experimental apparatus

In this paper, the experimental system shown in Fig. 1 is designed to
study the synthesis and decomposition of hydrates in porous media. The
structure of the system is shown in Fig. 2. The main device is a vertical
cylindrical stainless steel reactor with a cubic cavity. The length, width
and height of the cubic cavity are 100mm, 100mm and 150mm re-
spectively with the capacity of 1.5 L. It can withstand the pressure of 0
Mpa–25 Mpa, which can simulate hydrate occurrence in marine and
permafrost environments. The pressure in the reactor is measured by an
inlet pressure sensor provided at the bottom of the reactor and an outlet
pressure sensor provided at the outside of the reactor. The reactor is
equipped with nine temperature sensors, named T1 - T9, respectively.
As shown in Fig. 2, the nine temperature sensors are distributed in the
horizontal center plane of the reactor. The length of the square plane is
80mm, on the corner of which the temperature sensors T1, T3, T7 and
T9 are located, respectively, and T5 is on the center. The distance be-
tween each sensor on the four corners and the reactor boundary is
10mm and the distance between two adjacent sensors is 40mm. During
the experiment, the nine temperature sensors are used to monitor the
temperature change in the reactor. The reactor is connected to the
outside through three wells perpendicular to the center plane of the
reactor, which are named as No.1 well, No.2 well and No.3 well, re-
spectively. It can be seen from Fig. 2 that No.2 well is set in the middle
of the center plane as center well, and the other two are side wells. The
vertical well is 10 mm in diameter, and the length of it is equal to 4/5 of
height of the reactor. Hence, the lower end of the vertical well is 30mm
to the bottom of the reactor. The vertical axes of the three vertical wells
are evenly arranged with a resistance of 73.5Ω, and the hydrate can be
exploited by wellbore heating method. The produced gas and water are
revealed through four grooves on the surface of the vertical well.

The temperature control system uses wellbore heating and cooling
system. In this system, the outside of the reactor is surrounded by the
water in the thermostatic zone and the temperature of the device is
adjusted so that the temperature range available in the water zone is
from −5 °C to 30 °C for the synthesis and decomposition of the hydrate,
with an error range of± 0.1 °C . At certain pressure and temperature, it
can be used to simulate the synthesis and exploitation of hydrates in the
marine environment and permafrost.

The experimental gas supply system includes a methane gas cy-
linder, a gas booster pump and a high pressure gas storage tank. The
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