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a b s t r a c t

There have been at least 29 groups of estimates on the global natural gas hydrate (NGH) resource since
1973, varying greatly with up to 10,000 times and showing a decreasing trend with time. For the South
China Sea (SCS), 35 groups of estimations were conducted on NGH resource potential since 2000, while
these estimates kept almost the same with time, varying between 60 and 90 billion tons of oil equivalent
(toe). What are the key factors controlling the variation trend? What are the implications of these
variations for the NGH development in the world and the SCS? By analyzing the investigation charac-
teristics of NGH resources in the world, this study divided the evaluation process into six stages and
confirmed four essential factors for controlling the variations of estimates. Results indicated that the
reduction trend reflects an improved understanding of the NGH formation mechanism and advancement
in the resource evaluation methods, and promoted more objective evaluation results. Furthermore, the
analysis process and improved evaluation method was applied to evaluate the NGH resources in the SCS,
showing the similar decreasing trend of NGH resources with time. By utilizing the decreasing trend
model, the predicted recoverable resources in the world and the SCS are (205e500) � 1012m3 and (0.8
e6.5) � 1012m3, respectively, accounting for 20% of the total conventional oil and gas resources.
Recoverable NGH resource in the SCS is only about 4%e6% of the previous estimates of 60e90 billion toe.
If extracted completely, it only can support the sustainable development of China for 7 years at the
current annual consumption level of oil and gas. NGH cannot be the main energy resource in future due
to its low resource potential and lack of advantages in recovery.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since the first assessment of global natural gas hydrate (NGH)
resourcewas performed and the estimatewas as high as 3� 1018m3
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(Trofimuk et al., 1973), they have been honored as a new energy
source to replace traditional oil and gas in the future (Wood and
Jung, 2008; Arthur, 2011; Wadham et al., 2012; Senger et al.,
2016). The NGH has received great attentions from many govern-
ments, such as USA (Booth et al., 1996), Canada (Dallimore et al.,
2005), Japan (Konno et al., 2017), India (Sain and Gupta, 2012;
Holland et al., 2019), South Korea (Ning et al., 2012), and China
(Yang et al., 2015). Currently, there have been at least 29 studies
were conducted on the global NGH resource evaluation since 1973,
while these estimates vary greatly, with a maximum difference up
to 10,000 times. There are two completely different opinions for
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these results. One is that the 29 estimates show a promising NGH
development potential (Fig. 1a), and the other is that they show a
limited development potential (Fig. 1b). More recently, by utilizing
a variation trend model, the global NGH resource was predicted to
be 41.46 � 1012 m3 in 2050, less than 5% of the total global con-
ventional oil and gas resources (Pang et al., 2021a).

What are the key factors controlling the decreasing trend of
NGH resources? What are the implications of these variations for
the NGH development in the world and the SCS? These are
important issues concerned with researchers and governments and
will be addressed in this study.
2. Methods and techniques

This study was conducted with five steps. First, defining the
relevant concepts of NGH resources for convenience in discussion;
Second, analyzing the characteristics of the evaluation process of
global NGH resources so as to figure out essential advancements in
theoretical researches and exploration practices, and then divide
the evaluation process into six stages; Third, investigating the
methods and principles for NGH resource evaluation in every
stages to determine the key factors controlling evaluation results;
Fourth, evaluating NGH resources in these stages in the SCS with
the samemethodology and principles; Fifth, assessing the technical
and commercial recoverable NGH resources by using the result
trends in the above six stages, and finally predicting NGH devel-
opment direction in the future for the globe as well as SCS.
2.1. NGH concept

Following the definition of petroleum resources (SPE/AAPG/
WPC/SPEE, 2007), the NGH resource is defined as “a natural con-
centration or occurrence of the NGH of economic interest in or on
the earth's crust in such form, grade or quality and quantity that
there are reasonable prospects for eventual economic extraction”.
According to this, the NGH that are dispersed in source rocks or
difficult to exploit, and accumulated in reservoirs with too small
area, too thin thickness or too low saturation, are all excluded from
the resources. The NGH resources are further divided into realistic,
successive, and prospective resources. What we are evaluating in
this study are realistic NGH resources that can be extracted and are
worth extracting under current technological conditions, since
there have not NGH reservoir was exploited commercially yet,
which also refers to recoverable NGH resources.
Fig. 1. Distribution characteristics of scale series and time series of 29 groups of NGH resou
Time series from early to later, showing a decreasing trend (Pang et al., 2021).
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2.2. Principles for NGH resource evaluation

This study selects the SCS as a case to show how the resource
estimates changing with research progress on NGH and key pa-
rameters about resources evaluation, which is mainly due to a
relatively high degree of NGH exploration of the SCS, such as lots of
NGH well drilling and the longest time for trial production tests. In
this study, volumetric method and Monte Carlo simulation were
utilized in resource evaluation. This is because that 67% of the 29
estimates in the world and 94% of the 35 estimates in the SCS
adopted the volumetric method, and the Monte Carlo simulation is
able to characterize the distribution and probability of estimates.
The principles are shown in Eqs. (1)e(4):

HGC ¼ A$Karea � H$Kthick � 4� Sgh � Kvolume (1)

GIP ¼ HGC� RR (2)

TRR ¼ GIP� TRF (3)

CRR ¼ TRR � CRF (4)

where HGC refers to NGH content; A is favorable area for the NGH
formation; Karea is area ratio of NGH confirmed by well drilling; H
and Kthick refer to favorable thickness and thickness ratio of NGH
confirmed by well drilling, respectively; 4 is porosity of NGH-
bearing strata; Sgh refers to NGH saturation; Kvolume refers to NGH
volume coefficient at surface condition; GIP is in-situ NGH
resource; RR refers to resource ratio of enriched NGH confirmed by
well drilling; TRR is technical recoverable resources; TRF refers to
the technical recovery factor; CRR is commercial recoverable re-
sources; CRF refers to commercial recoverable factor.

2.3. Important progress of hydrate study and stage division of
global NGH resource evaluation

According to ten advancements in hydrate investigation and
theoretical research progress, the evaluation procedures of the
NGH resources were divided into seven stages (Table 1). The esti-
mates of NGH resources in the first three stages are of low level and
high uncertainty, which are not “resources” but respective gas
content, and termed as the expected gas content (I), estimated gas
content (II), and predicted gas content (III), respectively. The esti-
mate calculated in stage four is the actual hydrate gas content (IV)
by practical data, and the results in the final three stages are of high
rces potential estimations in the world. a. Scale sequence from small to large scales. b.



Table 1
The research progress and stage division of NGH resources potential evaluation.

Investigation and research progress Representative papers Stage division References

Number Content Time Authors Subject Sources Feature Stages Reliability

1 First resource assessment 1973 A A Trofimuk,
N. V. Cherskiy,
V. P. Tsarev

Accumulation of natural gases in zones of
hydrate - formation in the hydrosphere

Doklady
Akademii
Nauk SSSR

Seems to be
every where
and set
parameters

I e 9
years
1973
e1981

Expected
hydrate
gas
content

Trofimuk
et al.
(1973)

2 First time to investigate
ocean hydrate

1982 A.G.Yefremova,
N.D.Gritchina

Gas hydrates in marine sediments and the
problems of their practical application

International
Geology
Review

Geological
survey and
samples

II e 9
years
1982
e1990

Estimated
hydrate
gas
content

Yefremova
and
Gritchina.
1982

3 First applying seismic BSR
features to identify
hydrates

1991 John J M,
Myung W L,
Roland V H.

An analysis of a seismic reflection from the base
of a gas hydrate zone, offshore Peru

AAPG Bulletin Seismic
exploration
and BSR

III e 8
years
1991
e1998

Predicted
hydrate
gas
content

John. 1991

4 First marine geological
sampling and evaluation
of hydrate resources

1996 J S Booth, M M
Rowe,
K M Fischer

Offshore gas hydrate sample database with an
overview and preliminary analysis

U.S.
Geological
Survey

Geological
investigation

Booth.
1996

5 First confirmation of gas
source and used for
resource evaluation

1999 Lorenson T D Gas composition and isotopic geochemistry of
cuttings, core, and gas hydrate from the JAPEX/
JNOC/GSC Mallik 2L-38 gas hydrate research
well

Bulletin of the
Geological
Survey of
Canada

Gas from
organic
degradation

IV e

10
years
1999
e2008

Calculated
hydrate
gas
content

Lorenson
(1999)

6 First discover the cage
structure and phase
equilibrium mechanism
of hydrate

2003 Sloan E D Fundamental principles and applications of
natural gas hydrates

Nature High P & low T
GHSZ

Sloan
(2003)

7 First proposed resources
enrichment concept and
discriminant criteria

2009 Boswell R Is gas hydrate energy within reach? Science Conditions for
hydrate
enriched

V e 8
years
2009
e2016

GIP Boswell
(2009)

8 First evaluate hydrate
resource in situ

2011 Boswell and
Collett

Current perspectives on gas hydrate resources EES Accumulation
and enrich
model

Boswell
2011

9 First trial production of
hydrate in Japanese seas

2017 Konno Y, Fujii
T, Sato A, et al.

Key Findings of the World's First Offshore
Methane Hydrate Production Test off the Coast
of Japan: Toward Future Commercial
Production

Energy &
Fuels

Proven by
exploration
Wells

Ⅵ e 4
years
2017
e2020

TRR Konno
et al.
(2017)

10 First horizontal well test
production in the South
China Sea

2020 Ye Jianliang,
Qin Xuwen,
et al.

Main progress of the second gas hydrate trial
production in the South China Sea

Geology in
China

Trial
production

Ye and Qin
(2020)

11 First predict commercial
recoverable resources
based on variation trend

2021 Pang et al. Evaluation and Re-understanding of the Global
Natural Gas Hydrate Resources

Petroleum
Science

Commercial
recovery
resource

Ⅶ e 5
years
2021
e2025

CRR Pang et al.
(2021)
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level and low uncertainty, termed as the GIP (V), TRR (VI), and CRR
(VII), respectively.

3. Key factors controlling reduction of global NGH resource
estimation

In the past 30 years, many important achievements have been
made in NGH researches around the world, which have profoundly
changed our understanding of NGH resources. In the primary stage,
the NGHwas considered to develop at everywhere, and people was
optimistic about its resource potential. For example, the SCS was
firstly assumed to be favorable to NGH formation, and the esti-
mated result is the maximum one. Various factors controlling NGH
resource estimation but the following four are the most important,
because they are closely related to the ten key parameters in Eq. (1)
to Eq. (4).

3.1. Revealing of NGH formation mechanism leads to reduction in
NGH resource estimation

Analyses of carbon and hydrogen isotopes of natural gas in 13
proven global NGH reservoirs (Liu et al., 2015; Dai et al., 2017)
indicate that, the gas was derived from the degradation of sedi-
mentary organic matter. Guiding by it, the available areas for NGH
formation are limited to sedimentary basins, and then the favorable
areas are reduced by 2.8 times from 350 � 104 km2 (Fig. 2a) to
5

125� 104 km2 (Fig. 2b). Uncovering the NGH formationmechanism
(Sloan Jr, 2003) delineates its distribution within Gas Hydrate Sta-
ble Zone (GHSZ) in the earth's poles, plateau, and deep sea with
high pressure and low temperature (Chong et al., 2016). With this
principle, the favorable areas in the SCS was predicted to be
55� 104 km2 (Fig. 2c), reduced by 2.3 times comparedwith the area
of sedimentary basins (Fig. 2b).

3.2. Exploration and well drilling lead to reduction in NGH resource
estimation

Geological surveys discover that, the NGH cannot be formed in
the marine with a water depth less than 500 m, and then the
favorable area in the SCS is reduced by 1.9 times from
350 � 104 km2 to 183 � 104 km2. Seismic exploration shows that
the NGH do not always exist in areas with bottom simulating
reflector (BSR) characteristics, even in the theoretically predicted
favorable areas in a gas hydrate stability zone (GHSZ). China had
conducted lots of seismic exploration of NGH in the Shenhu Area,
with an area of 3000� 104 km2 (Zhang et al., 2003; Zeng and Zhou,
2003; Zhu, 2004; Wang et al., 2004), confirmed that the favorable
area ratio is about 24.2% and NGH thickness ratio is less than 50%
(Fig. 3a). China had drilled 19 exploration wells in the Shenhu Area
(Yang et al. 2007, 2017; Yao et al., 2008; Qian and Zhu, 2008; Lu
et al., 2008; Wang et al., 2010), and further proved that the NGH
thickness is much smaller than previously studies, accounting for



Fig. 2. Variation of favorable areas and thickness for NGH formation in the SCS with understanding improvement (Liu et al., 2021; Wang et al., 2021). (a) Whole area of the SCS
(350 � 104 km2), KQ ¼ 100%. (b) Major sedimentary basin distribution in the SCS (Area of sedimentary basin in the SCS is 125 � 104 km2), KQ ¼ 35.7%. (c) Thickness distribution of
GHSZ (Area of GHSZ in sedimentary basin is 55 � 104 km2, H ¼ 0e800 m, with an average of 350 m), KQ ¼ 15.7%.

Fig. 3. Variation of favorable areas for NGH and statistics of drilling results in Shenhu Area, Pearl River Mouth Basin, SCS. (a) Variation of plane distribution of NGH-bearing
formation (Zhang et al., 2003; Zeng and Zhou, 2003; Zhu, 2004; Wang et al., 2004). (a1) Location of Shenhu Area and favorable area for NGH-bearing shown by BSR. (a2) Areas
with remarkable BSR and tectonic framework. (a3) Drilling results of NGH in areas with remarkable BSR. (B) Statistical analysis of drilling results from 19 wells (Yang et al., 2007; Yao
et al., 2008; Qian and Zhu, 2008; Lu et al., 2008; Yang et al., 2017; Wang et al., 2010). (b1). GHSZ thickness. (b2). Thickness ratio of NGH-bearing layers to the thickness of GHSZ. (b3).
Reservoir porosity. (b4). NGH saturation. (b5). NGH volume ratio. (b6) NGH resource ratio.
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only 1%e11% with an average less than 5% of the GHSZ thickness
(Fig. 3b). Seismic exploration and well drilling results have reduced
6

the NGH reservoir volume by 159 times compared with the rock
volume of GHSZ.
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3.3. Establishment of NGH resources concept leads to reduction in
NGH resource estimation

(1) By investigating the drilling results in different areas over the
world, researchers from US proposed a new concept of NGH
resource and advocated to limit the in-situ NGH resource to
that migrated and accumulated in sandstone and mudstone
fractures with high porosity and permeability. The estimated
results about the global NGH resource varied from
(300e600) � 1012 m3 (Boswell, 2009; Boswell and Collett,
2011), indicating that the resource ratio is less than 6%e
12% and reducing by 8.3e16.7 times.

(2) NGH resource is a component of the whole petroleum sys-
tem, and it can only exist in a GHSZ in sedimentary basins
with high pressure and low temperature by themass balance
law. The total amount of the NGH is controlled by the total
conventional oil and gas resources amount and the rock
volume ratio of GHSZ to sedimentary rock volume in free
hydrocarbon dynamic field (F-HDF, Pang et al., 2021), which
is above the Buoyancy-driven Hydrocarbon Accumulation
Depth (BHAD, Pang et al., 2021). Under the same gas source
conditions, the larger the volume ratio of GHSZ in the F-HDF
and total conventional oil and gas resources are, the greater
the NGH resources are. Two mass balance equations were
established to calculate NGH resources, as shown in Eq. (5)
and Eq. (6). Results show that the global NGH resources are
estimated to be (44e135) � 1012 m3, and the estimate is
reduced by about 4 times than the NGH amount in the pre-
vious stage (Trofimuk et al., 1973; Pang et al., 2021a).

QNGH ¼ RNGH � Qcon (5)

RNGH ¼ VGHSZ=VF�HDFzðAGHSZ � HGHSZÞ=ðAF�HDF � HF�HDFÞ
(6)

where QNGH refers to NGH resource amount; VGHSZ is rock volume
of GHSZ in F-HDF; VF-HDF is rock volume of F-HDF; RNGH is rock
volume ratio of GHSZ to F-HDF.
3.4. Technology level leads to reduction in NGH resource estimation

Trial production success of the NGH shows capability to exploit
it under current technical conditions. However, howmuch NGH can
be exploited and whether the NGH can be exploited commercially
depend on geological conditions of the NGH and the current
technical levels. Simulation experiments showed that the recovery
factor of the NGH varied from 15% to 70%, with an average of 30%
(Konno et al., 2014), indicating that most of NGH resource cannot be
extracted with current techniques. Based on it, the global TRR of
NGH was predicted to be 22 � 1012 m3 e 63 � 1012 m3, and further
reduced by 3.3 times.
3.5. Reduction trend indicates the NGH estimates are getting closer
to the reality

Variation of global NGH resource estimates is controlled by
advancements of NGH researches and exploration, which results in
smaller estimates but with a more accuracy (Fig. 4). The reduction
trend indicates improved understandings of NGH formation and
distribution mechanisms and also the improved resource evalua-
tion methods, and the NGH estimates are getting closer to the re-
ality. Based on the evaluation results in the first six stages, a global
NGH resource variation model with time was established (Eq. (7)).
7

NGH resource ¼ 1:6� 105ðY � 1970Þ�3:116
�
R2 ¼ 0:6807

�

(7)

where NGH resource is the resource potential in different stages,
1012 m3; Y is time, year.

NGH resource evaluation results are decreasing over time, but
their grade level and reliability are increasing. The reliability can be
expressed by a difference between the estimates in two adjacent
stages, and the smaller the bias is, the closer their values and the
more reliable the results are. The estimates correspond to a dif-
ference of less than 3% between two years are defined as a mini-
mum commercial NGH resource of CRRmini, the corresponding time
is defined as the earliest time (Tcomm) for a large-scale commercial
NGH exploitation, and the ratio of CRR to TRR is defined as CRF. By
Eq. (7), the maximum commercial recoverable resources of CRRmax
in stage VII are predicted to be 700 � 1012 m3, and the minimum
commercial recoverable resources of CRRmini in the next stage (i.e.,
stage VIII) are predicted to be less than 190 � 1012 m3 by a similar
asymptote of NGH resources. Tcomm is predicted to be after 2050,
and the deduced CRF is about 31.3%.

Trend analysis method does not only take the estimate decrease
brought by the scientific and technological progress and under-
standing improvement into account, but also considered increasing
grade level and reliability. Results showed that the global NGH
recoverable resource is 190� 1012 m3 at 2050, which is closer to the
actual reality than that obtained by trend analysis earlier. The
previous trend analyses only took the reduction of the number of
evaluation results caused by technological progress into account,
but failed to consider the grade level increase of estimates. There-
fore, the RR was multiplied in the GIP evaluation, and the RF was
further multiplied in the evaluation of TRR (Pang et al., 2021). The
global NGH TRR at 2050 by trend analysis showed that the mode
value is 41.5 � 1012 m3 and the average is 91.0 � 1012 m3,
respectively.
4. NGH resource evaluation of six exploration stages in the
SCS

4.1. NGH surveys in the SCS

The SCS locates in the western Pacific Ocean (Fig. 5a) and is
considered conducive to NGH formation and distribution (Yao,
1998; Wang et al., 2017). In the past 20 years, China has
completed lots of investigations and studies on NGH geological
engineering and trial exploitation tests, and made abundant
achievements (Fig. 5b). In 2007, 2013, two voyages of drilling pro-
jects in the Shenhu Area and the east of the Pearl River Estuary
were carried out, respectively. During these two periods, 26 sta-
tions were arranged, a multi-channel seismic survey with high
resolution of 167,000 kmwas conducted, 4244 geological sampling
stations were located, and more than 80 evaluation wells were
drilled (Zhang et al. 2014a, 2014b; Wu and Wang, 2018). In 2017,
2020, the NGH trial production testswithworld's longest timewere
obtained successfully by vertical and horizontal wells respectively
in the Shenhu Area, Pearl River Mouth Basin (Fig. 5c), breaking the
first technical bottleneck for large-scale utilization of NGH (Zhang
et al., 2018; Xinhua Net, 2020). Meanwhile, 35 groups of esti-
mates were conducted on NGH resource potential since 2000, and
these estimates kept almost the same with time with ranging be-
tween 60 and 90 billion tons of oil equivalent (toe), showing a
distinct difference with the reduction trend of the global NGH
resource estimates (Pang et al., 2021). Important achievements and
major challenges in the NGH resource evaluation in the SCS have



Fig. 4. Variation of global 29 estimates of NGH resource with time (modified from Pang et al., 2021). A trend model was established to predict the NGH TRR at seventh stages
(2021e2025) and CRR in 2050 according to the lower red asymptote. The values of NGH resource estimates decrease but the grade level and reliability increase.

Fig. 5. Results of NGH geological survey and trial production in the SCS. All data of seabed geomorphologic features, sedimentary basin distribution, and main geological survey in
the SCS were cited from the literatures (Zhang et al. 2014a, 2014b; Wu and Wang, 2018). (a) Seabed geomorphologic features and sedimentary basin distribution and major
geological survey locations. (b) The well location map of the drilling area in Shenhu Area of the first drilling project in 2007. (c) Well location distribution map of Dongsha area of the
second drilling project in 2013. (d) The 35 evaluation results of NGH resource for the SCS.
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been discussed in previous study (Xu et al., 2021).
Why do the 35 evaluation results of NGH resource in the SCS

show a distinct variation trend with time compared to the global
estimates? By investigating the ten key parameters closely related
to these estimates, the following reasons were figured out.

First, the estimates in the SCS are the prospective gas content of
NGH, with a low grade level and high uncertainty. For example, the
key parameter for resource evaluation remains almost the same,
8

such as the area favorable for NGH formation varied between 11.2
km2 and 93 km2 from 2000 to 2004, 12.6e60 km2 from 2005 to
2008, and 12.6e300 km2 from 2009 to 2020. Second, the estimates
include the NGH resources in all forms and do not separate the
enriched resources from the dispersed NGH resources in mud-
stones. For example, the key parameter of NGH saturation varies
from 1.0% to 14%, with an average of 3.5%. Third, the principles for
resource estimates are too simple, which do not take the global
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advancements of NGH studies into account, including the phase-
equilibrium model, drilling data, new resource concept, and cur-
rent technical limitations. For example, the area ratio and thick-
ness ratio of the NGH confirmed by well drilling were not utilized
in the NGH resource evaluation. Fourth, among the 35 resource
estimates, 34 estimates were obtained by volumetric methods or
the like, which are illogically larger than the total gas content
obtained by the genetic method (yellow points in Fig. 5d), con-
firming these estimates are “expected gas content”, just like the
global NGH estimates in stage I with a low grade level and great
uncertainty.

4.2. NGH resource estimates and their variation trend in different
stages

To figure out why do the 35 estimates of NGH resource in the
SCS show a distinct variation trend compared to the global esti-
mates, evaluation history of the NGH resource in the SCS was
divided into seven stages with reference to the characteristics of
the global seven different stages for NGH studies. Through
geological and geophysical surveys, improved understandings,
and drilling data, the nine key parameters in Eqs. (1)e(3) were
obtained and the NGH resource in every stages were evaluated by
combing Eq. (1) to Eq. (3) and Monde Carlo simulation technique
(Table 2). The results show three features: (1) The NGH resource in
the first six stages are continuously decreased with time; (2) The
grade level and reliability of the NGH resource estimates increase
from the prospective gas contents (I-III) to the realistic gas content
(IV), then to GIP (V) and TRR (VI); (3) The five key parameters play
an important role in calibrating the NGH resource estimates,
including VGHSZ, Karea, Kthick, RR, and RF, as their values are smaller
than 100%. The NGH resource estimates with higher grade levels
are always smaller than that with lower grade levels, resulting in
decreasing estimates in the first six stages.

4.3. CRR evaluation in seventh stages and the possible earliest
time for commercial exploitation

The NGH resource estimates in the first six stages show a
reduction trend over time (Fig. 6), and a variation trendmodel (Eq.
(8)) was established by these six estimates, so as to predict the
CRR in stage VII and stage VIII.

HRP ¼ 4:9� 1011ðY � 1970Þ�6:169
�
R2 ¼ 0:99

�
(8)

where HRP refers to resource potential in different stages,1012 m3;
Y is time, year.

Utilizing the Eq. (8), the CRRmax in stage VII (2021e2025) was
predicted to be 1.28 � 1012 m3, the CRRmini marked by a similar
asymptote of NGH resources and the earliest time for a large-scale
commercial development were predicted to be about
0.8 � 1012 m3 and after 2050, the deduced CRF is about 62.5%.

The recoverable gas resource estimate (0.80e1.95 � 1012m3) in
the SCS assessed by research progress of the global NGH is
consistent with the estimates obtained by the other three
methods, showing the feasibility and reliability of this method.
The first method is to predict the distribution characteristics of
GHSZ in the SCS according to the NGH equilibrium mechanism
and the distribution characteristics of temperature and pressure
in sedimentary basins. The area ratio, thickness ratio, and resource
ratio are determined by statistics of NGH drilling data in the
Shenhu Area, Pearl River Mouth Basin. Finally, the volume analogy
method and key parameters such as recovery efficiency (30%)
were used to evaluate the recoverable resources of the NGH in the
9



Fig. 6. Resource estimates, variation characteristics, and deviation ratio between two years of NGH resource calculated by the trend model at different exploration stages based on
global NGH research progress in the SCS. The red points are resource estimates in six stages, the yellow circle is the resource estimate in seventh stage, and the yellow point is the
starting time for a large-scale commercial exploitation according to reliable commercially recoverable resources with deviation ratio < 3%.
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SCS (TRR), which was 1.0e4.5 � 1012m3 (Wang et al., 2021). The
secondmethod is that, according to the progress and characteristics
of the NGH exploration in the SCS, divided the resource evaluation
history into six stages, evaluated the resource in each stage by the
volume method, and predicted the NGH resource by a changing
trend in estimates and the quantitative model, which was between
4.0 and 6.5� 1012m3 (Zhang et al., 2021). The thirdmethodwas first
to evaluate the total amount (Qcon) of conventional oil and gas re-
sources in the SCS, then to calculate the ratio RGHSZ of GHSZ to the
rock volume of an F-HDF in the sedimentary basins, and tomultiply
the Qcon by RGHSZ to obtain NGH GIP. Finally, by multiplying the GIP
with RF of 30% to get the NGH TRR, which was 1.34e1.80 � 1012 m3

(Liu et al., 2021). The recoverable NGH resources in the SCS ob-
tained by the four methods ranges from 0.8 � 1012 m3 to
6.5 � 1012 m3, with a mean of 3.33 � 1012 m3.

5. Implications for NGH resource development in the SCS

5.1. The NGH TRR is too less to support a long-term sustainable
development

Global recoverable NGH resources vary from 190 � 1012 m3 e

700 � 1012 m3, consistent with the estimates of 300 � 1012 m3 e

600 � 1012 m3 evaluated by researchers from US and China
(Boswell, 2009; Boswell and Collett, 2011; Pang et al., 2021), but
less than 20% of the total conventional oil and gas resource amount.
The recoverable NGH resources in the SCS vary from 0.8� 1012m3e

6.5 � 1012m3, averagely account for 20.7% of total conventional oil
and gas resources (176.83 � 108 toe) and about 4%e6% of the pre-
vious estimates of 60e90 billion toe, and can only support China for
seven years if extracted completely for continuous use at the cur-
rent annual consumption level of 1.03 � 1012 m3 gas equivalent.

5.2. It is difficult to develop NGH resource duo to complicated
geological conditions

NGH resources are mainly distributed in the earth's poles,
10
plateau, and deep sea with harsh climate and complex geological
conditions (Boswell, 2009). Large-scale exploration is likely to
cause geological disasters and environmental pollution (Hope,
2006; Knittel and Boetius, 2009; Biastoch et al., 2011). The NGH
resources in the SCS mainly distribute in the Quaternary soft
sedimentary strata on the continental slope (Fig. 5), and their water
depth ranges from 500 m to 4200 m, with an average of over 1500
m. All these indicate that the large-scale development and utili-
zation of NGH resources in the SCS needs much higher-level tech-
nologies to prevent geological disasters and ensure environmental
safety.
5.3. Commercial exploitation is too late to compete with other
energy sources

NGH is a type of low-carbon, green, high density, and high-
quality energy, seemly meeting requirements of human society
for future energy. However, after entering a commercial market, it
will face a fierce competition with renewable energy and other
unconventional oil and gas resources. Previous studies showed that
the global ratio of renewable energy was 15.2% in 2017 and was
expected to exceed 30% by 2050, and the unconventional oil and
gas are also growing rapidly, with 45% in 2017 and over 65% by 2050
(British Petroleum, 2016; Zou et al., 2015). Although some studies
proposed that the earliest time for commercial exploitation of the
NGH resource would be 2030 or 2036 (Bouhaya, 2018), most
scholars, including the authors, hold that it should be after 2050
(Cheng, 2001; Boswell and Collett, 2006; Kerr, 2004). At that time,
its role as an energy alternative will be marginalized or completely
abandoned.
6. Conclusions

(1) The 29 estimates of the global NGH resource from 1973 to
2020 represent a reduction trend, indicating improved un-
derstandings of NGH formation and distribution
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mechanisms and also the improved resource evaluation
methods, and the estimates are getting closer to the reality.

(2) Four key factors lead to reduction of NGH resource estimates,
including uncovering of NGH formation mechanisms,
exploration and well drilling, NGH resource concept estab-
lishment, and technology limitations, which reduce the es-
timates by 6.4, 158, 10, and 3 times, respectively.

(3) Recoverable NGH resources in the SCS and the world were
predicted by a decreasing trend model, accounting for less
than 20% of their total conventional oil and gas resources.

(4) NGH resource is incapable of being the major energy in
future in China or theworld, due to its low resource potential
and a lack of advantages in competition with other renew-
able energy and unconventional oil and gas.
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