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Abstract: Natural gas hydrate (NGH) is an important alternative energy resource to achieve carbon neutral. The 9 

developmental trend and competitive landscape of NGH exploitation and production play a crucial role for policymakers 10 

in government, managers of enterprises, and science researchers. This paper proposes a new framework to carry out in-11 

depth analysis of NGH by combining patentometrics, technologies evolution and correlation relationships to monitor 12 

developmental tends and competitive landscape using patent analysis. The results show that China, the US, and Japan 13 

hold a clear advantage using patents analysis. The current technological development in NGH field is more oriented 14 

towards extraction technologies, equipment, and processing systems. The co-opetition analysis among countries reveals 15 

that the largest international cooperation network is mainly in Europe and the United States, while national partnerships 16 

in Asia are mainly in China and Japan. The cooperation among institutions is still low and occurs mainly within 17 

universities in China, whereas both the US and Japan have cooperation between enterprises. The competitive landscapes 18 

of NGH-related key technologies among countries and institutions are also discussed. This study not only contributes 19 

to monitoring the developmental trend and competitive landscape in NGH but also provides policy recommendations 20 

for the government and enterprises on strategic management and collaborative innovation. 21 

Keywords: patent analysis, developmental trend, competitive landscape, natural gas hydrate, ITGInsight 22 
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1 Introduction 24 

As the energy crisis worsens, and the development and utilization of new energy sources is gaining widespread 25 

attention (Vedachalam et al., 2015). Natural gas hydrate (NGH) is a crystalline solid formed by a mixture of methane 26 

and water under high pressure or low temperature. It is  known as combustible ice, which is widely distributed on the 27 

marine sediments and terrestrial permafrost (Kvenvolden, 1988; Zhao et al., 2022). NGH has become an important 28 

transitional energy source in the process of achieving carbon peaking and carbon neutrality in Europe, the United States 29 

of America (US), and China. (Wei et al., 2021) because of its cleanliness, accessibility, wide distribution, ease of storage 30 

and security of supply. Currently, there are over 230 areas worldwide where NGH are to be explored and developed, 31 

and the global resource of NGH is approximately 2.1*1016 cubic metre, which is twice the total resources of existing 32 

fossil energy on land (coal, oil, and the standard NGH) (Kvenvolden, 1999; Musakaev, Khasanov and Borodin, 2018). 33 

NGH has become one of the most promising new energy resources and is considered to be an ideal alternative energy 34 

source for the 21st century (Collett and Dallimore, 1999; He et al., 2021; Makogon, Holditch and Makogon, 2007). It  35 

has attracted a growing number of companies and academics worldwide to conduct relevant research.  36 

Many countries around the world are actively developing NGH industry including the US,  Russia, Canada, Japan, 37 

Korea, China, and India. The US  is at the forefront of NGH research in the world and is the most active in research into 38 

exploration and extraction techniques. In 1968, the US conducted its  NGH investigation at the Black Sea Plateau 39 

(Chazallon et al., 2021). Until the 21st century, research efforts on marine NGH in the US have focused on the Gulf of 40 

Mexico. In Japan, the exploration program for NGH in the Nankai Trough was made a priority in 1995, and large-scale 41 

exploration tests for NGH samples were conducted in the eastern part of the Nankai Trough from 1999 to 2000, but the 42 

expected high grade NGH deposits were not found (Oyama and Masutani, 2017; Tsuji et al., 2004). China's NGH 43 

resources in the South China Sea are huge, about 80 billion tonnes of oil equivalent, which is equivalent to more than 44 

half of China's total onshore oil and gas resources (Gao, 2020; Kong et al., 2018). On May 18, 2017, China announced 45 

the successful test mining of NGH, which was the world's first that achieve the continuous and steady flow of gas from 46 

NGH in marine area (Li et al., 2018). However, NGH exploitation and production has fallen far short of public 47 

expectations, even though NGH has attracted a lot of attention from academics and countries. However, the current 48 

NGH technologies are not yet ready for large-scale industrial mining. At present, NGH is still at the early stage of 49 

commercialization, and the economics of extraction under existing technology and resources are low (Ye et al., 2022). 50 

Hence there exists a considerable gap from research and development (R&D) to the mass production for NGH. 51 

Moreover, because of the importance  of NGH as an alternative to existing energy sources, various countries are pressing 52 

ahead with R&D and strategic deployment of NGH-related technologies (Kong et al., 2018). Therefore, it is crucial for 53 

researchers and engineers to understand the developmental trends for forecasting technology opportunities in NGH. 54 

Meanwhile, evaluating the competitive landscape of NGH technology is crucial for policymakers and managers to create 55 

an effective R&D strategy. Understanding the developmental trends of NGH is helpful for us to grasp the history of 56 

technological development, identify current research hotspots and indicate R&D directions (Wang, X. et al., 2022). 57 

Technological competitive landscape analysis refers to the process of analyzing and determining external scientific and 58 



technical information that can have a significant impact on the organization’s competitive position (Li et al., 2022; 59 

Wang, X. et al., 2022).  60 

The existing literature on the developmental trends and the competitive landscape in NGH is still in its infancy, 61 

such as identifying research hotspots and frontiers by using bibliometrics analysis (Seo, Han and Sohn, 2015), statistical 62 

analysis (Wang, H. et al., 2022), and systematic literature review on the NGH-related technologies (Komatsu et al., 63 

2013; Veluswamy et al., 2018; Wei et al., 2022; White et al., 2020; Wu et al., 2021). Despite this, there is a lack of 64 

patent-based reviews and bibliometrics on the various technical themes of marine NGH. Because of the high complexity 65 

and uncertainty nature of NGH exploitation and production, it is difficult to evaluate the developmental trends and the 66 

competitive landscape with bibliometrics or literature review. To address this, it is our belief that patents, which 67 

comprises about 80% of the world’s technology knowledge, can be used as an important pillar for forecasting technology 68 

opportunities and making strategic decisions by government and firms. Because patents data contains key research 69 

findings, it is ideal as a strong indicator of technological innovation and progress. The study of patents allows us to 70 

understand competitors and competing technology,  and to identify developments and trends in related technological 71 

topics in different countries (Mogee, 1991). According to the statistics of the World Intellectual Property Organization 72 

(WIPO), patent documents cover 95% of human scientific research achievements. Effective use of patent information 73 

can reduce the costs of R&D, shorten its time (Cantwell and Janne, 1999), and speed up R&D and inventions process 74 

(B. Jin et al., 2011).  Due to the importance of NGH as potential alteratve  energy source, major countries around the 75 

world have to started  commercial exploitation of NGH. Although patent analysis is used in energy research (Assunção 76 

et al., 2021; Block and Song, 2022; Luan, Sun and Wang, 2021; Yin, Gu and Zhang, 2020), but it is rarely studied in 77 

NGH. This study presents patent analysis in the NGH  by focusing on the following issues: 78 

1) What are the overall patent layout in the NGH field, including time span, countries, patentees and technology 79 

classification? 80 

2) What are the technological development trends in the NGH field from the perspective of technology topics and 81 

their evolution? 82 

3) What is the competitive landscape in the NGH field, including national or institutional competition? 83 

To address these issues, this study proposes a framework to monitor the developmental trend and competitive 84 

landscape of technologies related to marine NGH. First, from the perspective of patentometrics, we conducted an overall 85 

layout of patents, including the application trends, country, patentee, and hot technology area distribution. Then, based 86 

on the subject terms, the evolutionary paths of NGH related technologies are analysed, which are used to determine 87 

technological development trends. Finally, by means of correlation calculations and clustering, we analysed the 88 

competition and cooperation landscapes among countries and institutions in the key technical fields.  89 

The general structure of this study is as follows. Section 2 describes the rules for retrieving and preprocessing of 90 

the data, as well as the methods and principles used in the subsequent analysis. In Section 3, we first provide a general 91 

overview of the patent data, then we examine developmental trends through technological evolutionary approaches, and 92 

finally we analyse the competitive landscape among countries and institutions, respectively. Finally, in Section 4, we 93 

conclude the results of this study's analysis and make recommendations.  94 



2 Data and method 95 

2.1 Data source and preprocessing 96 

 This study focuses on marine gas for the following reasons. Firstly, , more than 90% of NGHs occur in submarine 97 

sediments at shelf margins, and less than 10% are distributed in fractures and pores of rocks in continental permafrost 98 

(Qin et al., 2022). Secondly, following a preliminary search of patents we found that the patents are mainly distributed 99 

in marine NGH related technologies. All the data in this research came from Derwent Inovations Index (DII), and since 100 

this study focuses on patent4s related to marine NGH, we added some criteria to correct the results when retrieving the 101 

data. We created the following retrieval strategy: TS = (“natural gas hydrate*” OR “gas hydrate*” OR “methane 102 

hydrate*” OR “clathrate hydrate*” OR “ch4 hydrate*” OR NGH OR “combustible ice” OR “flammable ice”) AND 103 

(“deep water” OR sea OR ocean OR offshore OR off-shore OR “off shore” OR subsea OR marine), A total of 806 patent 104 

data were obtained to 2021, using Excel and ITGInsight for analysis and visualisation of the acquired data.  105 

2.1.1 Institutions merging 106 

In order to eliminate data confusion and facilitate analysis, we combined institutions with different forms of 107 

expression, but belonging to the same company. For example, CHINA NAT OFFSHORE OIL CORP. In the data, there 108 

are 6 institutions whose full names are not exactly the same but have the same abbreviation, we define these data as 109 

from CNOOC and merge them. However, for universities and research institutes, we believe that there is no strong 110 

connection between sub-institutions from the same institution in different regions and they can be regarded as 111 

independent institutions, such as the research institute of the Chinese Academy of Sciences in various places, UNIV 112 

CHINA PETROLEUM HUADONG and UNIV CHINA PETROLEUM BEIJING. 113 

2.1.2 DMCs filtering  114 

The Derwent Manual Code (DMC), given by the Derwent indexing experts for each patented technology, is used 115 

to reveal and express the technical innovation of an invention and its applications. Past research showed that a DMC-116 

based analysis of a patent can reveal all technology areas it relates to in detail (Aaldering and Song, 2019; Wei et al., 117 

2017). The DMCs shown in Table 1 below were removed from the top 40 DMCs ranked by number of patents. The 118 

descriptions of many DMCs are very common (Q49-V35, D04-B07F, etc.) or too broad (Q49-E05, E10-J02D1, etc.). 119 

For these reasons, they may overwrite those DMCs with less numbers but more important or more detailed classification, 120 

resulting in unsatisfactory or inaccurate analysis. In this study, we used a filtering rule  to count the top 10 DMCs sorted 121 

by number of patents, analyse the evolution of DMCs in the past 20 years, and define the technical fields of institutions 122 

and the competition between them.  123 

Table 1 Removed DMCs 124 

DMC Description Count 

Q49-V35 Fluids, slurry 270 

D04-B07F Desalination of brine or sea water 28 



H01-D Producing crude oil and natural gas 25 

Q49-E05 Underwater 25 

H06-A02 (Liquefied) Natural gas 24 

E10-J02D1 Methane 23 

D04-A01 Purification of water [general] 18 

H01-F Natural gas [unclassified] 12 

2.1.3 Subject terms filtering   125 

 In order to obtain the wanted subject terms, we need to perform some deletion and processing on meaningless or 126 

repeated words in records. First, after obtaining all the records of subject words, by caculating the similarity between 127 

words, we integrated the entries with a similarity value above 95.0, which means that these words represent the same 128 

meaning. Some of them used different words but mean the same, such as “riser tube” and “riser pipe”, and some of 129 

them are just words in different tenses, or the same words but in a reversed order, such as “oil production” and 130 

“ product oil”. Then we calculate the PC-value of all words, which is a method of counting the frequency of 131 

occurrence of words in all patent records and with high precision. The formula for caculating the PC-value is  : 132 

𝑃𝐶 − 𝑣𝑎𝑙𝑢𝑒(𝑎) = {𝑙𝑜𝑔2|𝑎|𝑓(𝑎) + 2|𝑎|−2𝑔(𝑎)                                              𝑎 𝑖𝑠 𝑛𝑜𝑡 𝑛𝑒𝑠𝑡𝑒𝑑𝑙𝑜𝑔2|𝑎|(𝑓(𝑤) − 1|𝑇𝑎| ∑ 𝑓(𝑏)) + 2|𝑎|−2𝑔(𝑎)𝑏∈𝑇𝑎            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒          133 

𝑎 represents the subject word to be calculated, |𝑎| means the length of this word, and 𝑓(𝑎) indicates its frequency of 134 

occurrence in thesaurus, 𝑔(𝑎) indicates its frequency of occurrence in patent. 𝑏 is an extracted candidate word that 135 

contains 𝑎, 𝑓(𝑏) means the total frequency of occurrence of 𝑏 in the thesaurus. 𝑇𝑎 is the set of extracted candidate 136 

terms that contain 𝑎, and |𝑇𝑎| is the count of terms in the set (Wang, Zhang and Liu, 2021a). After the calculation, we 137 

rank the subject words according to their PC-value and only select the words whose PC-value is above 1. Thirdly, by 138 

manually checking and filtering, we remove those words that were not meaningful for the analysis of this study 139 

among the words left in the previous step of screening. Such terms tend to appear numerous, frequent, and recurring 140 

in many patent data, not only confounding our analysis results, but also masking more important terms, for example, 141 

sea water, gas hydrate, natural gas hydrate, diagram, degree c and so on.  142 

 Finally, the most important step is that we used these terms that have completed the above process to generate a 143 

subject terms dictionary, which can help us limit the analysis content, refine the objects and reduce the interference with 144 

the research results in subsequent analysis. All the analyses involving subject words in this study were  carried out based 145 

on the processed dictionary, rather than the fully original data.  146 

2.2 Method 147 

In this section, we present the main analysis methods used in this study, namely: the construction of patent 148 

relationship matrixes from the retrieved data; the determination of technology evolution paths based on the different 149 

ways in which technologies diverge; principles for determining the competitive landscape among countries and 150 



institutions; and the generation, and optimisation of visualisation graphs. 151 

2.2.1 Patent matrixes construction 152 

 In order to construct the coorelation and cooperation networks used in the later analysis, we first need to determine 153 

the affiliation of each patent and construct an affiliation matrix for the patents. Record the order in which each research 154 

entity appears in each patent, and the order of the first occurrence shall prevail when the same entity appears multiple 155 

times in a patent. Assuming that there are n research entities and m patents, construct a matrix about the affiliation 156 

between research subjects and patents.  157 

𝑨 =
( 
   
(𝑏1  𝑏2  𝑏3)11 (𝑏1  𝑏2  𝑏3)12 ⋯ (𝑏1  𝑏2  𝑏3)1𝑗 ⋯ (𝑏1  𝑏2  𝑏3)1𝑚(𝑏1  𝑏2  𝑏3)21 (𝑏1  𝑏2  𝑏3)22 ⋯ (𝑏1  𝑏2  𝑏3)2𝑗 ⋯ (𝑏1  𝑏2  𝑏3)2𝑚⋮ ⋮ ⋮ ⋮ ⋮ ⋮(𝑏1  𝑏2  𝑏3)𝑖1 (𝑏1  𝑏2  𝑏3)𝑖2 ⋯ (𝑏1  𝑏2  𝑏3)𝑖𝑗 ⋯ (𝑏1  𝑏2  𝑏3)𝑖𝑚⋮ ⋮ ⋮ ⋮ ⋮ ⋮(𝑏1  𝑏2  𝑏3)𝑛1 (𝑏1  𝑏2  𝑏3)𝑛2 ⋯ (𝑏1  𝑏2  𝑏3)𝑛𝑗 ⋯ (𝑏1  𝑏2  𝑏3)𝑛𝑚) 

    158 

 In this matrix: 𝑏𝑖 = 1 or 𝑏𝑖 = 0, ∑ 𝑏𝑖3𝑖=0 = 1 or ∑ 𝑏𝑖3𝑖=0 = 0; (𝑏1  𝑏2  𝑏3)𝑖𝑗 = (1, 0, 0)𝑖𝑗 means subject i is the 159 

first author of patent j; (𝑏1  𝑏2  𝑏3)𝑖𝑗 = (0, 1, 0)𝑖𝑗 means subject i is the second author of patent j; (𝑏1  𝑏2  𝑏3)𝑖𝑗 =160 (0, 0, 1)𝑖𝑗 means subject i is the third author or the author after third of patent j; (𝑏1  𝑏2  𝑏3)𝑖𝑗 = (0, 0, 0)𝑖𝑗 means 161 

subject i is not the author of patent j. 162 

Based on matrix 𝑨, we can then construct the cooperation matrix 𝑩 for the cooperation network. Caculate the sum 163 

of the number of patents for each subject as the first, second and third author respectively, constuct a quantity matrix B 164 

as follows:   165 

𝑩 =

( 
   
   
   
 ∑(𝑏1)1𝑗𝑚
𝑗=1 ∑(𝑏2)1𝑗𝑚

𝑗=1 ∑(𝑏3)1𝑗𝑚
𝑗=1∑(𝑏1)2𝑗𝑚

𝑗=1 ∑(𝑏2)2𝑗𝑚
𝑗=1 ∑(𝑏3)2𝑗𝑚

𝑗=1⋮ ⋮ ⋮∑(𝑏1)𝑖𝑗𝑚
𝑗=1 ∑(𝑏2)𝑖𝑗𝑚

𝑗=1 ∑(𝑏3)𝑖𝑗𝑚
𝑗=1⋮ ⋮ ⋮∑(𝑏1)𝑛𝑗𝑚

𝑗=1 ∑(𝑏2)𝑛𝑗𝑚
𝑗=1 ∑(𝑏3)𝑛𝑗𝑚

𝑗=1 ) 
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 In this matrix, ∑ (𝑏1)𝑖𝑗𝑚𝑗=1 , ∑ (𝑏2)𝑖𝑗𝑚𝑗=1 , ∑ (𝑏3)𝑖𝑗𝑚𝑗=1  represent the sum of the number of patents for subject i as the 167 

first, sencond and third author respectively. 168 

 Construct cooperation matrix 𝑨𝑨′ with matrix 𝑨. Among them, matrix 𝑨 is a matrix of order 𝑛 × 3𝑚, 𝑨′ is a 169 

matrix of order 3𝑚 × 𝑛, so 𝑨𝑨′ is a matrix of order 𝑛 × 𝑛. Assume that 𝑨𝑨′ = (𝑎𝑖𝑗)𝑛𝑚,  for every element 𝑎𝑖𝑗 : 170 



𝑎𝑖𝑗 = 𝑨𝑖𝑨𝑗′ = ((𝑏1  𝑏2  𝑏3)𝑖1  (𝑏1  𝑏2  𝑏3)𝑖2   ⋯  (𝑏1  𝑏2  𝑏3)𝑖𝑚) × (  
 (𝑏1  𝑏2  𝑏3)𝑗1′(𝑏1  𝑏2  𝑏3)𝑗2′⋮(𝑏1  𝑏2  𝑏3)𝑗𝑚′ )  

 
 171 

 Since the coorelation nework of this study is based on DMC, we construct the co-occurrence matrix of DMC. The 172 

co-occurrence matrix 𝑪 is constructed based on research entities and DMC as follows:  173 

𝑪 =
( 
  
𝑑11 𝑑12 ⋯ 𝑑1𝑘 ⋯ 𝑑1𝑙𝑑21 𝑑22 ⋯ 𝑑2𝑘 ⋯ 𝑑2𝑙⋮ ⋮ ⋮ ⋮ ⋮ ⋮𝑑𝑖1 𝑑𝑖2 ⋯ 𝑑𝑖𝑘 ⋯ 𝑑𝑖𝑙⋮ ⋮ ⋮ ⋮ ⋮ ⋮𝑑𝑛1 𝑑𝑛2 ⋯ 𝑑𝑛𝑘 ⋯ 𝑑𝑛𝑙) 

   174 

 In this matrix, 𝑑𝑖𝑘 represents the number of times  𝐷𝑀𝐶𝑘 appears in the patents filed by subject  𝐴𝑖; 𝑛 means the 175 

total number of research subjects, 𝑙 means the total number of DMCs in all patents.  176 

As the calculation of the correlations in the analysis software we used: ITGInsight, is based on co-occurrence. 177 

Therefore, finally, by matrixes 𝑨 and 𝑪, we can be able to obtain the correlations between the research entities and draw 178 

the relative diagrams. 179 

2.2.2 Technology evolution analysis  180 

 By comparing the year-by-year changes in the number of patent applications in a certain technical field and 181 

studying its evolutionary process, we can see the development history of its technologies and analyse the future 182 

development trend, or to identify emerging technologies or those that are gradually being eliminated, find the weak 183 

points or hot spots in the field, and predict future research. As shown in the evolutionary map in Section 3.2, each color 184 

represents a subject term, the length of every rectangle is proportional to the number of occurrences of the corresponding 185 

subject term, and the thickness of the connection lines is related to the relationship strength between the two rectangles.  186 

The path and direction of technology evolution can be shown by the different ways in which the rectangles are 187 

connected to each other. There are four different types of connections, representing five different evolutionary processes. 188 

First, two rectangles of the same color with only one normal line between them, means the evolution of the same 189 

technology in these two years, and the trend of increasing or decreasing can be seen, which may indicate gains or losses 190 

in importance. Second, if there is no line between a rectangle in one year and any rectangle in the next year, it means 191 

that this technology has not been used in the patent filed in the second year; If there is a rectangle that has no line with 192 

any rectangle in the previous year, it may be an emerging technology. Third, one rectangle has several lines to connect 193 

it with two or more rectangles in the following year, this means that one technology has differentiated into more 194 

technologies, and it is a refinement of it, showing the trend of further research and application, or a few technologies 195 

that are closely related to it. Fourth, several rectangles in one year are connected to only one rectangle in the next year, 196 

indicating the merger of technologies (Wang et al., 2021b). 197 



2.2.3 Competition analysis 198 

Using the method described in Section 2.2.1, we generate a correlation network between the entities, as shown in 199 

Fig. 1. Each node represents an entity, the size of a node is proportional to its number of patents. The edges between the 200 

nodes represent the relationship between two entities, the thickness of which is proportional to the strength of the 201 

association, and the strength values are marked on the edges. We use the strength value in the network to represent the 202 

competitive relationship and cooperative relationship between entities. Larger strength values represent stronger 203 

connections, and vice versa. 204 

 205 

Fig. 1 Sample network of correlation relationship 206 

Because there is less cooperation between countries on key technologies, we will only develop our analysis through 207 

the correlation network. Due to the relationship shown in the image is between countries of origin or priority, we can 208 

derive the competitive relationship between countries only through the correlation network. A node contains the patent 209 

applicants or institutions belonging to that country, and there are no cases where the same patent is filed in more than 210 

one region, resulting in a link between two regions. Therefore, we can analyse the areas of competition and the intensity 211 

of competition directly.  212 

In contrast to countries, cooperation between institutions on patented technologies is more common, especially 213 

between institutions in the same country. Thus, we need to exclude the interference from their cooperation when 214 

analyzing the competitive relationship based on correlation networks, and we will do so by comparing the cooperation 215 

and correlation networks. If there is no line or a very thin line between two nodes shown in the former, and a thick line 216 



between the same two nodes in the latter, we can then define that there is a clear competition between the institutions 217 

represented by these two nodes. Due to our simplification of the image, isolated nodes are removed, which will result 218 

in the nodes shown in the two images generated by using the same data not exactly being the same. While we are using 219 

the rule that was mentioned above to search for competitive relationships, we may find that a node that shows a strong 220 

connection with another node in the correlation network does not appear in the cooperation network, and in this case, 221 

we can judge the existence of a competitive relationship only through the correlation network.  222 

2.2.4  Visualisation graphs generation 223 

We chose algorithm LinLog to complete the layout of nodes during the visualisation process. LinLog algorithm is 224 

proposed by Andreas Noack, and the energy expression of this algorithm was defined as (Esposito, 1988) :  225 𝑈𝐿𝑖𝑛𝐿𝑜𝑔(𝑝) =∑ || 𝑝𝑢 − 𝑝𝑣 ||{𝑢,𝑣}∈𝐸 −∑ ln || 𝑝𝑢 − 𝑝𝑣 ||{𝑢,𝑣}∈𝑉2  226 

In this formula,  𝑝𝑢, 𝑝𝑣   represents the location of node u and node v respectively, and || 𝑝𝑢 − 𝑝𝑣 ||  means the 227 

diatance between nodes u and v. On the right side of the equation, the first part means the attractive force between 228 

adjacent nodes, and the second part means the repulsive force between them. To avoid the situation of infinite energy, 229 

we need different nodes in different positions, and the least amount of energy represents the best layout.  230 

After producing the desired diagrams, we need to refine and compress them further so that relationships with high 231 

correlation strength can be highlighted. There are two methods used in such a process:  232 

(1) Using the Pathfinder algorithm. The algorithm was designed to analyse data similarity in 1990 by American 233 

psychologist Schvaneveldt, Durso and Dearholt (1989), by keeping the strongest connection among all possible paths 234 

between two nodes after checking the association between all data, by establishing  the most efficient connection path.  235 

(2) Setting a threshold. By choosing a suitable value as the threshold, we can make the visualisation only show the 236 

lines that exceed the set threshold. This approach offers us a way to improve the image that is not only simple but also 237 

easy to understand and interpret. The  image can also be adjusted flexibly according to different datasets to meet the 238 

needs of different analysis. By filtering out a part of the connection in this way and re-layouting  it, the image can be 239 

further optimized.  240 

2.3 Research Framework 241 

We integrate the methods mentioned above into the following research framework in Fig. 2. 242 



 243 

Fig. 2 Research framework 244 

3 Results and discussion 245 

 In this section, we will analyse and discuss the results from the following three perspectives: a general overview 246 

of patent data, trends in technological evolution, and an analysis of the competitive landscape. 247 

3.1 Overall patent layout 248 

 In order to obtain a comprehensive overview of patent layout and filing trends, we analyse the patent data and 249 

discuss the results from four perspectives: temporal, geographical, patentee and technology classification, respectively. 250 

3.1.1 Time span analysis 251 

 The trend of the number of patent applications over time can only reflect the development trend of scientific and 252 

technology innovation in a research field, but also the active degree of its innovation. We counted the number of 253 

applications by year for the patents retrieved, as shown in Fig. 3. Fig. 3 shows that the technologies related to the patent 254 

of marine NGH have been developed since 1967. In 1967, the first patent application was made by SHELL OIL CORP 255 



of the US. Fig. 3 also shows the annual change in the number of global patent applications in the field of marine NGH. 256 

As can be seen, the technologies for these have been  developed since 1997. The intuitive reason may be that Kyoto 257 

Protocol, which was developed by international climate organisations in 1997, a decade-long development of emerging 258 

alternative energy sources was spawned. After a brief surge in 2006, there has been sustained and significant rapid 259 

growth since 2015, and reached the peak for patent applications in 2020. Possible explanations for this apparent increase 260 

is that in 2016, the Paris Agreement called for a "global average temperature increase of less than 1.5°C by the end of 261 

the 21st century" (UNFCCC, 2015). This attributes  to the increase in research over the last five years, as a bridge energy 262 

for the transition from fossil fuel to energy, NGH is a focus of attention for all parties.  263 

 264 

Fig. 3 Global patent application trend of marine NGH patent technology 265 

3.1.2 Geographical analysis 266 

 Over the past 20 years, the number of patent applications for marine NGH has continued to rise. Since 2021, more 267 

than 30 countries or regions have applied for related patents. In order to reveal the trend of the major patent application 268 

countries and forecast changes of related technologies in the global market, we chose the top 10 countries to draw the 269 

evolution map. Considering that many countries may apply for patents in WIPO, we removed it from the data records, 270 

and merged data belonging to Russia and the Soviet Union. Each color represents a country; the country’s name is 271 

marked on the rectangle using an abbreviation; and the length of the rectangle is proportional to the number of patents 272 

applied for by the corresponding country.  273 

0

10

20

30

40

50

60

70

80

90

100

1
9
6

7

1
9
8

3

1
9
8

6

1
9
8

7

1
9
8

9

1
9
9

0

1
9
9

1

1
9
9

3

1
9
9

4

1
9
9

5

1
9
9

6

1
9
9

7

1
9
9

8

1
9
9

9

2
0
0

0

2
0
0

1

2
0
0

2

2
0
0

3

2
0
0

4

2
0
0

5

2
0
0

6

2
0
0

7

2
0
0

8

2
0
0

9

2
0
1

0

2
0
1

1

2
0
1

2

2
0
1

3

2
0
1

4

2
0
1

5

2
0
1

6

2
0
1

7

2
0
1

8

2
0
1

9

2
0
2

0

2
0
2

1



 274 

Fig. 4 Evolution map of the top 10 countries in the past 20 years 275 

 As shown in Fig. 4, the number of patent applications in the US has maintained a steady growth rate with a slight 276 

decline in recent years, and reached a maximum of 13 in 2018. With an abundance of fossil energy, the need for NGH 277 

in the US is not in demand. USA  has perfomed three mining tests of NGH with Canada. In recent years, the US has 278 

invested less in NGH research but continues to surpport basic science research and participate in major international 279 

hydrate programs. In contrast, due to the lack of energy resource, Japan attaches great importance to the investigation 280 

and exploitation of NGH. Japan's NGH R&D plan for the 21st Century, which began in 2000, covers all aspects of NGH 281 

exploration, development, environmental impact, as well as engineering options for offshore mining and 282 

commercialization studies. The search for safe and reliable energy has always been a top priority in Japan's national 283 

energy policy and innovation policy, and NGH have once again become a hot topic following the nuclear power plant 284 

incident in Fukushima in 2011. It has conducted two NGH exploitation tests in the Nankai Trough in 2013 and 2017 285 

(Zhu et al., 2020). However, neither of the two field test in 2017 resulted in significant production increases , and the 286 

number of patent applications in Japan has  also show  a downward trend in the past 3 years. 287 

The number of patent applications in China was a relatively small part of the global total until 2010. It start to grow 288 

steadily from 2011 to 2014, and has risen significantly from 2015. Since 2015, the annual applications have accounted 289 

for more than half of the global total. It reached a peak of 82 applications, accounting for 92% of the annual global 290 

application volume in 2020. The number of Chinese patents in the last six years is surging. There are two reasons for 291 

this. Firstly, it is due to the confirmation of a super 100 billion cubic metre gas hydrate deposit in the Shenhu sea area 292 

in 2015 and the identification of hydrate drilling targets in 2016 (Tan, Pan and Liu, 2016). Secondly, according to the 293 

The Report of China Mineral Resource Reserves, 20181, the preliminary forecast for gas hydrate resources in China's 294 

 
1 http://en.cgsjournals.com/article/doi/10.31035/cg2018100 



waters is about 81010t of oil equivalent, which is equivalent to more than half of China's total onshore oil and gas 295 

resource.  296 

3.1.3 Patentee analysis  297 

As shown in Fig. 5 nine of the top ten institutions come from China. It shows that although China started late in 298 

the field of marine NGH, it has caught up with other countries in terms of the number of applications. These institutions 299 

mainly come from universities and research institutes, which means that the marine NGH are still in the basic theoretical 300 

research stage. However, the number of patents held by the enterprises cannot be ignored, representing that some 301 

technologies have already begun to be commercialized in recent years. Because of this study limits the technical 302 

direction to marine NGH and mainly focus on its exploitation. Although there are many patents related to the 303 

transportation and manufacture of NGH, or the study of NGH in permafrost areas, these have not been retrieved.  304 

 305 

Fig. 5 Top 10 institutions for patent application 306 

3.1.4 Technology classification analysis 307 

 We selected the top 15 DMCs and  as shown in Fig. 6. H01-D08, H01-C03, and E31-N05C are three different 308 

mining methods: thermal injection, depressurisation, and CO2 replacement. Q49-A, H01-B01, H01-D05, Q49-A01, 309 

H01-B03C3, H01-D04, H01-B03C3, A12-W10A, H01-D03, and H01-C01 are all related to the equipment and 310 

components exploited in the NGH field. From a broader category of DMC, the results show that the patents of marine 311 

NGH are mainly concentrated in the fields of H01 (Obtaining crude oil and natural gas – including exploration, drilling, 312 

well completion, production, and treatment) and Q49 (Mining). Therefore the research topics are generally related to 313 

technology and equipment of drilling and mining for NGH. The top 15 DMCs with the number of patents and their 314 

meanings are shown in Table A1 in Appendix.  315 
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 317 

Fig. 6 Evolution map of the number of major technology patents in the last 20 years 318 

  319 

 Fig. 6  shows the changing trend of the number of patents for different DMCs in the past 20 years. Some 320 

technologies were applied for related patents over a long period of  time. The annual number of patent applications 321 

remains basically stable, and has a high frequency of occurrence, such as A12-W10A, H01-D05, and H01-B01. This 322 

shows that they have received attention over a long time as basic mining equipment or method. On the contrary, we can 323 

see that only the patent number of H01-F01 are declining. From 2012 to 2020, there has been no patent application. 324 

This means that this DMC mainly involves the traditional on-site processing technology of NGH rather than mining 325 

processes. There are some technologies that have not been patented before, or have been in small number , but gradually 326 

developed in recent years, such as H01-B03B3, Q49-A, Q49-A01, Q49-H, H01-B03C3, H01-D08, H01-D03, and so 327 

on. All of these indicate that the multiple mining methods of NGH have begun to receive widespread attention and 328 

utilisation.  329 

3.2 Technological development trends  330 

 Because of the importance of patents in the last twenty yeaes, we chose the evolution of subject terms to reveal the 331 

evolution process of patent topics and reflect technological development trends over time in the marine NGH field. 332 

After deleting some terms that appear many times but have no actual research significance, we selected the top 40 333 

subject terms with the highest frequency of occurrence to make the evolution map in the past twenty years as shown in  334 

(Fig. 7), and grouped them according to different technical topics and conducted an analysis for each topic.  335 



 336 

Fig. 7 Evolution map of subject terms 337 

 As shown in Fig. 7, we can see that the technical aspects of marine NGH are broad. Before 2007, the technology 338 

focus was not the same, and there were constantly substituting with only a few of them being intermittenly linked. It 339 

was similar between 2009-2012 and 2015-2016. Since 2016, we can see that the intersections among technologies 340 

become significant. In the following, we will analyse the developmental trends of these technology topics in detail by 341 

grouping the subject terms.  342 

3.2.1 Evolution of mining methods 343 

(1) CO2 replacement method 344 

 The principle of this method is that CO2 is used to displace NGH and store in the original NGH reservoir (Lee et 345 

al., 2017; Wang et al., 2015). Since CO2 is more readily form hydrates than methane, this method is very useful to 346 

reduce greenhouse effect. However, the replacement method is less commercially available due to the constraints of low 347 

replacement efficiency, but it has always been a popular research topic (Wang et al., 2021a).  348 



 349 

Fig. 8 Evolution of CO2 replacement 350 

 In Fig. 8, we can find that the technology of CO2 replacement mining has been patented early, and has consistently 351 

appeared over the last 20 years. The number of patents stayed at a steady level and did not fluctuate much, and was at 352 

its highest share from 2007 to 2009. It suggests that this technology has not made some significant progress.  Compared 353 

to before 2015, the number in recent years has shown a slight decline which means that this method is not yet 354 

commercially available for NGH extraction. Therefore, the use of this method is gradually decreasing with the 355 

development of other mining techniques. 356 

(2) Thermal injection 357 

 The principle of this method is that the heated mediums (e.g., hot water, microwave, electromagnetic wave) are 358 

injected in NGH reservoir to break the equilibrium of the hydrate phases and induce hydrate decomposition (Shi et al., 359 

2021). As a mining technology in an early appearance, the thermal injection method has been used in the field of NGH 360 

mining for a long time, as shown in  Fig. 9. The thermal injection method can avoids secondary NGH plugging which 361 

can serve effectively as an auxiliary method (Li et al., 2016; Liu et al., 2019). However, it is understood that the 362 

efficiency of using the thermal injection alone is not considerable, thus it is rarely used individually (Kumar et al., 2019). 363 

Generally, it is used in conjunction with other mining methods as a means to induce rapid decomposition of hydrate 364 

reservoirs.  365 



 366 

Fig. 9 Evolution of terms related to thermal injection 367 

In Fig. 9 we can see the two terms “hot water” and “warm water”, which  means the same,  occured many times 368 

during the past 20 years. Moreover, there are many evolutionary links between these terms and other terms in recent 369 

years. The  meanings of which are not shown in the map, such as “gas-liquid seperator”, “global warming”, indicating 370 

that they cannot be judged from their literal meaning as part of the thermal injection method. Although we know the use 371 

of thermal injectionhas low efficiency, but the evoluton map shows that its use has not diminished as the number of 372 

patents has increased in recent years. However, there has been an  increase in the number of occurrences of “hot water” 373 

and “heat pump” in 2020. From those terms, we find that there are many edges between the terms related to thermal 374 

injection and terms related  to other techniques. For example, “carbon dioxide” and “sound wave”. The result illustrates 375 

the crossover of the thermal injection method with a variety of other methods.  376 

(3) Depressurisation method 377 

 The principle of this method is that when the hydrate pressure drops below the equilibrium pressure by means of 378 

groundwater extraction or gas lift, it  automatically decomposing NGH from the hydrate reservior (Wang et al., 2018; 379 

Zhao et al., 2015). Due to the simplicity of the operation, high energy efficiency, and the relatively rapid induced 380 

decomposition (Moridis et al., 2011), the depressurisation method is considered to be the most economical and effective 381 

NGH mining technique (Aghajari, Moghaddam and Zallaghi, 2019). However, this method may lead to low temperature 382 

and freezing of the hydrate reservoir, and the secondarily formation of hydrate will block gas channels and affect the 383 

production efficiency (Li et al., 2021). In recent years, in order to increase the yield of NGH, there has been research 384 

on mixed mining methods that combine depressurisation with other auxiliary means such as, the hydraulic fracturing 385 

(Feng et al., 2019), the thermal injection (Cranganu, 2009; Su et al., 2013).  386 

 Next, we select these terms in Fig. 10 into the same group to study and analyse the evolution of this method. There 387 

are two exceptions to the choice of these terms. Firstly, in the chemical reagent injection mining method, although it 388 



decomposes the hydrate reservoir, the lack of relevant patents results in few terms associated with this method. Secondly, 389 

in the solid fluidised mining method, its decomposition occurs in pipes or on sea surface because of the “in-situ 390 

fragmentation” technique (Zhou et al., 2018), but the “decomposition” in Fig. 10 are mainly linked with terms “hydrate 391 

layer” or “hydrate reservoir” that do not belong to the solid fluidised mining method. Therefore, the terms in Fig. 10 we 392 

choose do not fall into the above two mining methods.  393 

 394 

Fig. 10 Evolution of depressurisation 395 

As shown in Fig. 10, although depressurisation method is a relatively simple and mature mining technique, it has 396 

not been used much in the field of marine NGH extraction before 2017. This suggests  that at an early stage, marine 397 

NGH extraction received less attention. From 2007, the number and type of occurrences of related terms began to 398 

increase, and terms like pipe, pump, tank, etc. that involved basic installations and methods have appeared almost every 399 

year since 2009, maintaining a steady and gradual growth. In 2017, 2018, 2019 and 2020, the total number of 400 

occurrences of all terms relating to depressurisation method is 16, 7, 15, and 19 respectively. This shows that although 401 

the number and variety of subject terms has increased, the number of occurrences of terms related to this method has 402 

maintained a relatively stable trend.  This suggests that as a mature mining technique, the achievements have remained 403 

satisfactory after being put to use in the extracion of marine NGH.  404 

The two terms “hydrate decomposition” and “natural gas hydrate decomposition” are always connected with more 405 

terms in recent years. However, we can see a very low number of occurrences of these two terms prior to 2016, there 406 

were even 10 years in which these words had not appeared. The rarity of connecting lines suggesting that previously 407 

there was less exploitation of marine NGH. On the contrary, the increace in the number of occurrences in recent years 408 

after 2016, which indicates that the ways and means of promoting the decomposition of marine NGH have gradually 409 

begun to develop and progress, and there are more related technologies and equipment.  410 

(4) Solid fluidised 411 



 The principle of this method is to break down the NGH reservoir directly into granular form, then transport the 412 

flow that contains the solid particles to the offshore platform for further hydrate decomposition (Zhou et al., 2014). This 413 

method does not change the equilibrium of the marine NGH layer and avoids the massive and disorderly decomposition 414 

of NGH on the seabed, which can ensure the stability of geological and ecological environment. Thus, it has the 415 

characteristics of safety, high efficiency, and environmental friendliness (Wang et al., 2022; Zhao Jinzhou and Na, 2017). 416 

Besides, the marine NGH reservoirs located in the Shenhu sea in China are non-diagenetic ore bodies. Due to its special 417 

characteristics, this method is more effective compared to others. China conducted the first successful test mining using 418 

the solid fluidised method in 2017. (Shouwei et al., 2018). 419 

  As an emerging technology in recent years, the solid fluidised method has a relatively small number of patents 420 

associated with it, and the relevant subject terms do not appear in Fig. 7. However, its excellent characteristics and the 421 

developmental potential of marine NGH test mining cannot be ignored. Therefore, in order to study its development 422 

process and trend, we conduct an evolutionary analysis of the subject terms related to this method separately. We added 423 

to the original retrieval strategy: ("solid*" AND "fluid*"), and gained 14 patent records related to the solid fluidised 424 

method and. Through the processing method of subject terms in Section 2.1.3, we generated Fig. 11.  425 

 426 

Fig. 11 Evolution of solid fluidised 427 

 Fig. 11 shows the more frequently occurring subject terms in each year, which are used to analyse the changing 428 

focus and developmental trends of technologies related to the solid fluidised method. In 2017, when this method first 429 

emerged and was first put into test mining, the patents related to it mainly focused on the various types of equipment 430 

used in mining by this method. Then, in 2018, subject terms that appeared more frequently were about “sand backfilling” 431 

and conveying. This indicates that researchers are beginning to focus on the transport of the acquisition and the 432 

backfilling of the NGH reservoir after implementing the extraction. In 2019, the categories of subject terms began to 433 



increase, covering a wider range, including underwater mining and production control systems, monitoring units, image 434 

content, cables, etc. This shows that research on the use of this method in marine NGH mining is progressing, and the 435 

relevant facilities in NGH reservoirs suitable for production by this method are gradually improved. Although there are 436 

fewer patents in 2020, for the first time, the terms “drilling cost”, “drilling efficiency”, and “geological disaster” appear 437 

in relevant patents, indicating that experts are beginning to pay attention to the costs, efficiency, and the impact on the 438 

ecological environment during the mining process. Finally, in 2021, patents begun to focus on various modules and 439 

equipment of integrated extraction systems, reflecting the fact that the method is being put into test mining. 440 

3.2.2 Evolution of other technologies  441 

(1) Exploration technology 442 

The exploration technologies used in marine NGH mainly include seismic reflection, electromagneitism, logging, 443 

borehole sampling, and so on (Sadeq et al., 2018). In Fig. 12,  two terms “sound wave” and “wave speed” represent 444 

“acoustic technique”, which is one of the seismic reflection techniques and widely used in subsea energy exploration 445 

(Winters et al., 2007). This exploration technology is widely used for discovering NGH reservoirs since 2016. 446 

 447 

Fig. 12 Evolution of exploration technology 448 

 449 

(2) Control system 450 

 In Fig. 13, two terms “control system” and “control unit” span a long period of time, and the number of occurrences 451 

of them varies slightly from year to year. We define them as control system during the process of mining NGH. The 452 

exploration and mining of marine NGH are carried out by remotely controlling machines or equipment on the seafloor. 453 

In NGH research, , the control system receives and transmits signals through the control unit used to feedback the sound, 454 



vibration, temperature, etc. of the seabed, so as to allow the manual or automatic control of the equipment by the operator. 455 

 456 

Fig. 13 Evolution of control system 457 

 458 

(3) Infrastructure and equipment 459 

 We classed all the terms that related to digging, drilling, and mining into infrastructure and equipment,  as shown 460 

in Fig. 14.  461 



 462 

Fig. 14 Evolution of mining devices 463 

 Similar to the evolution of control system, these terms also have a long time span, and the technology evolution of 464 

these basic devices has been modest, and the general trend has remained stable before 2014. However, with the rapid 465 

increase in the number of Chinese patent applications and the fact that China’s main research and exploritation areas 466 

are located in the South China Sea, the number and type of these infrastructures and tools in the field of marine NGH 467 

has began to grow after 2014. 468 

(4) NGH reservoir 469 

 We set terms “hydrate reservoir”, “natural gas hydrate reservoir”, “hydrate layer” and “natrual gas hydrate layer” 470 

into one category and carry out evolution analysis in Fig. 15.  471 



 472 

Fig. 15 Evolution of NGH reservoir 473 

 In Fig. 15, there are two sets of terms indicating NGH reservoir, one is composed of layers: hydrate layer and 474 

natural gas hydrate layer. The  other is composed of reservoirs: hydrate reservoir and natural gas hydrate reservoir. 475 

Allthough these two sets have the same meaning, the evolution trends they show are opposite. For “layer”, which 476 

appeared early and frequently before 2010, has almost disappeared with only two prominent occurrences in recent years, 477 

2017 and 2018. On the contrary,  “reservoir” did not appeared from 2001 to 2014, except for a brief appearance in 2011, 478 

and only in 2015 did they begin to emerge consecutively, with a more significant number of occurrences in recent years. 479 

The evolution trend of two terms with the same meaning is reversed. This situation occurs for the following reasons:  480 

First of all, among all the retrieved patents, we found that majority of those using the word reservoir” are Chinese 481 

institutions, while the description “layer” is used mainly by institutions in other countries. It can be seen that NGH has 482 

been a research hotspot for decades, whereas China has only started to pay attention to this in the last five or six years, 483 

and the technology is lagging behind. But in recent years, with investment in R&D and patent applications, its 484 

development momentum is very strong and the speedy.  In the period from 2006 to 2014, both pairs of words appear 485 

infrequently. We speculate that it may be that in an environment where the energy crisis was not severe or where there 486 

was insufficient awareness of the crisis, there was insufficient investment and motivation in R&D due to the difficulty 487 

of extraction, resulting in less research on the exploration and extraction of hydrate layers and reservoirs.  488 

3.3 Competitive landscape analysis 489 

3.3.1 National competitive landscape analysis 490 

 This section analyses the competitive landscape of key technologies from two angles. We first analyse the main 491 

technology and competitive areas among countries based on the DMC, and then we analyse the competitive landscape 492 



in the different technology areas based on the subject terms.  493 

(1) Main Technical Fields  494 

 In order to demonstrate the strengths and weaknesses of each country in popular technology areas,  we use the top 495 

10 countries to show the distribution of their respective patents applications in the top 15 DMCs and generate Fig. 16. 496 

Each color represents a DMC marked below the diagram, the width of the rectangle is proportional to the number of 497 

patents under the DMC corresponding to that color.  498 

 499 

Fig. 16 Distribution of patent technology themes in major countries 500 

 It is clear that each country has its own areas of technological strength in NGH. From a proportional point of view, 501 

US patents have the most balanced distribution of technology themes and are more advanced in many of the technologies. 502 

Both China and Japan have a high percentage of patents on Q49-A. Canada does not hold a large number of patents in 503 

total, but has the highest percentage of patents in H01-D08 of any country, as do Korea, Norway and Australia in H01-504 

B01. 505 

Meanwhile, some countries' areas of technological strength do not fully encompass all popular technology areas, 506 

or have more obvious disadvantages. For example, neither Russia nor Korea has a patent related to A12-W10A, the 507 

EPO does not have a patent related to H01-D12 while all other countries do. Canada has obvious areas of strength but 508 

also obvious weaknesses in that it does not cover a wide range of technology areas, as does Russia, which covers only 509 

10 of the 15 DMCs. Some technologies are only mastered by a few countries, such as the US, Japan, and China, which 510 

have patents related to H01-B03C3, and in addition, only these three countries have patents on each of the popular 511 

technologies, which shows a possible competitive relationship between them.  512 
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(2) Country competition analysis 513 

Each DMC represents a corresponding technology, so it can provide a clear and accurate technology classification 514 

for patents in the field of marine NGH. Therefore, based on the DMC, we can not only identify popular technology 515 

areas, i.e., those with a high number of patent applications, but also analyse which technology areas are in competition 516 

among countries. 517 

 518 

Fig. 17 DMC-based country correlation network 519 

 Based on patent matrixes construction in Section 2.2.1 and visualisation graphs generation in Section 2.2.4, we 520 

obtain Fig. 17. We can see that the correlation network is divided into three parts: the middle part is the more densely 521 

connected, with the United States as the centre; the left part with only two countries, China and Japan; and the right part 522 

with Russia, which is not connected to any country. There are 8 pairs of countries in Fig. 17 with a correlation strength 523 

of 0.75 or more, reflecting countries’ that are interested in technology R&D and patent applications in NGH  524 

On the left side of this network, both the Nankai Trough in Japan and the Shenhu Sea in the South China Sea are 525 

among the five hydrate test areas in the world, and Japan has been investing in the exploration and extraction of marine 526 

NGHs in its South China Sea Trough area since 1995. In 2015, china discovered  that there are over 100 billion cubic 527 

meters of NGH deposits in the Shenhu  waters,  and mining technologies have developed rapidly, resulting in the surge 528 

of patent applications. Because the test mining areas of the Japan and china are similar, their respective mining 529 

techniques and methods must also intersect, thus creating competition in these areas. The strength value of the 530 

correlation between China and Japan is 0.75, which also confirms the existence of a more intense competition between 531 

the two in marine NGH. After comparing the DMCs with a large number of patents in these two countries, we  found  532 

that they overlap in DMCs Q49-A, H01-B01, H01-D05 and H01-D08, i.e. the main competitive technology areas. These 533 



technologies are mainly related to various types of production equipment and mining methods in NGH .  534 

 As a country at the forefront of NGH research in the world, the US is actively participates in major international 535 

NGH programs as shown in the middle correlation network. Therefore, it has a correlation with many countries. By 536 

examining the main DMCs, we found  countries, such as Australia, British, and Norway, have a high number of patents 537 

related to A12-W10 (Mining, oil wells), A12-W10A and A12-W10B (Well stimulation, flooding, recovery, fracturing). 538 

Within this network, it can be seen that these countries have a high number of correlations, with most of them being 539 

connected to two or more countries, such as EPO, Brazil, and Canada. This  illustrates the diversity of competitive 540 

relationships within this network. There are also multi-perspective correlations in this network. The triangular network 541 

formed by the US, Australia, and Brazil, has the highest association than the quadrangular network formed by the US, 542 

Australia, Canada, and EPO.  543 

It can also be seen that, the competition between China and Japan, and the competition centered on the US, are 544 

different in the technically. In the middle competition network, in addition to the US, Australia is also highly competitive.  545 

(3) Country cluster analysis 546 

When it comes to identifying technology areas, the classification method of DMC, while having  considerable 547 

accuracy, but suffers from coarse granularity and a lack of detail and specificity. Though individual subject terms have 548 

limited expression content and are better in distinguishing technical fields, the combination of multiple highly relevant 549 

subject terms can show the corresponding technical field more precisely. Therefore, to compensate for the incomplete 550 

presentation of specific competition areas and the lack of detail in the above correlation analysis, we will further show 551 

the competitive landscape of countries in various technologies through clustering based on subject terms.  552 

 We classed all patents based on the thesaurus of subject terms generated after previous filtering in Fig. 18, and  the 553 

remained of the 790 nodes after deleting the irrelevant patents. In this map, countries were distinguished by the color of 554 

the nodes, and clusters were distinguished by the colour of the density map, and each cluster was numbered in the 555 

middle, as shown in Fig. 18. The subject terms with a high number of occurrences in each cluster were exported, as 556 

shown in Table A2 in Appendix.  557 
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Fig. 18 Subject terms-based cluster scatter plots map 559 

 560 

As it  can be seen in Fig. 18, the key technologies in marine NGH field are concentrated on nine areas. Table 2 561 

presents the results of the summary of the main subject terms in each cluster to determine the technology area they each 562 

indicate, 563 

Table 2 Technology areas 564 

Cluster Technology area 

T1 Depressurisation mining method 

T2 Chemical injection mining method 

T3 Replacement mining method 



T4 Drilling structures and related equipment 

T5 CO2 replacement mining method 

T6 Drilling platforms 

T7 Hydrate layer extraction and gas transmission 

T8 Drill fluid and injection 

T9 Thermal injection method 

 565 

In terms of the density of nodes, a higher density indicates a higher number of patent applications in that technology 566 

area, which is a popular and critical area where many countries are conducting relevant R&D and competing with each 567 

other. For example, as can be seen from the colors of the density map in Fig. 18, the nodes are dense and there is a wide 568 

variety of node colors in T8 and T9, indicating that the transport of marine NGH and the thermal injection method are 569 

widely researched and applied, the related technologies are mature. These are the centers of competition between 570 

countries, and the main competitors in both clusters are China, the US, and Japan.  571 

The clusters with low node density, indicate that the competitiveness of each country in this area is relatively low 572 

and that the relevant technologies they possess are not yet comprehensive. For example, in T2 and T3, of Fig. 18, the 573 

practical difficulties of applying the replacement method and the potential environmental pollution caused by the 574 

chemical injection method are the reasons that prevented the rapid development and marketability of these two mining 575 

methods, resulting in a low number of patents and slower progress.  576 

In terms of the distribution of nodes, only China, the US, Japan, and Korea have distributed their respective patents 577 

in each of the technology themes represented by the clusters. In T4 and T7, the highest number of distributed patents 578 

indicating that China is at a competitive advantage in these two technology themes. In T5, the patents are mainly from 579 

China, the US, and Japan, which have similar competitive capabilities in this technology theme, and this is also the 580 

technology area in which Japan is most competitive. Russia's most competitive technology area is T6, even surpassing 581 

the US in second place. 582 

3.3.2  Institution competitive landscape analysis 583 

Unlike the predominantly competitive relationships between countries, it is common for institutions to have a 584 

mixture of cooperative and competitive relationships. The analysis of relationships between institutions is based on the 585 

method described in Section 2.2.3. 586 

(1) Institution cooperation analysis 587 

By using the calculation and visualisation methods of Fig. 17 and deleting the isolated nodes to simplify the 588 

network, we obtain Fig. 19. This reveals the cooperative relationship among institutions.  589 



 590 

Fig. 19 Institution cooperation 591 

In the top 50 institutions, we can see that only 24 institutions have cooperative relationships in Fig. 19. We can see 592 

that most of the values between institutions are below 0.04, which represents the intensity of cooperation that is generally 593 

low. Among them, there are four significant relationships: CHINA NAT OFFSHORE OIL CORP and UNIV 594 

SOUTHWEST PETROLEUM, UNIV CHINA PETROLEUM HUADONG and UNIV CHINA PETROLEUM, UNIV 595 

CHINA PETROLEUM HUADONG and CHINA NAT PETROLEUM CORP, MITSUBISHI HEAVY IND CO LTD 596 

and CHUBU DENRYOKU KK; and the values are 0.04, 0.07, 0.04 and 0.05, respectively.  597 

 Fig. 19 also shows that the cooperation between institutions is usually domestic and rarely transnational. 598 

Domestically, the cooperation network is mainly developed with three institutions as the center: UNIV CHINA 599 

PETROLEUM HUADONG, CHINA NAT OFFSHORE OIL CORP, and GUANGZHOU MARINE GEOLOGICAL 600 

SURNEY. Furthermore, enterprises are more likely to collaborate with others than universities and research institutes. 601 

For example, CHINA NAT OFFSHORE OIL CORP has cooperative relationships with UNIV SOUTHWEST 602 

PETROLEUM, UNIV CHINA PETROLEUM HUADONG, UNIV DALIAN TECHNOLOGY and so on as shown in 603 

Fig. 19. On the contrary, there is less cooperation between universities or research institutes.  604 

(2) Institution competition Analysis 605 

We set the threshold for the strength value of the correlation at 0.50 and rearranged the layout after removing the 606 

isolated nodes to obtain Fig. 20. This network shows the competitive relationship between institutions based on the co-607 

occurrence of DMC.  608 



 609 

Fig. 20 Institution correlation 610 

  611 

 The detail DMCs of the top 10 institutions is shown in Table 3. We removed Q49-A, which was present in the 612 

main DMCs in each institution, and only retained the heterogeneous DMCs among institutions.   613 

Table 3 Main DMCs for each institution 614 

Institution Name Main DMC 

UNIV SOUTHWEST 

PETROLEUM  

Q49-A01, 7 H01-B03C3, 7 H01-B01, 6 H01-B03B3, 6 H01-D03, 5 H01-D08, 5 

CHINA NAT OFFSHORE 

OIL CORP  

H01-B01, 7 H01-D04, 7 H01-D08, 7 T01-J13, 6 T01-J09F, 4 H01-B05A, 4 

UNIV CHINA 

PETROLEUM HUADONG 

H01-B01, 6 H01-C03, 6 H01-D04, 5 H01-D12, 5 Q49-A01, 4 H01-C07, 4 

GUANGZHOU MARINE 

GEOLOGICAL SURVEY  

Q49-H, 7 Q49-A01, 5 H01-B03B3, 4 H01-D12, 3 S02-K01, 3 T01-J15X, 3 

CHINA NAT PETROLEUM 

CORP 

H01-B03B, 9 H01-B06, 8 H01-B01, 7 A12-W10A, 6 H01-B03B3, 6 S03-E13D, 5 

UNIV DALIAN 

TECHNOLOGY  

H01-D08, 4 H01-D12, 4 H01-B01, 3 H01-D04, 3 H01-D06C, 3 H01-D06, 3 

MITSUI ENG & 

SHIPBUILDING CO LTD  

E31-N05C, 4 H06-A, 3 J04-X, 3 E11-Q02, 3 D04-A01F1, 2 D04-A01C, 2 

QINGDAO INST MARINE 

GEOLOGY  

H01-B03D, 5 H01-C08, 5 H01-D12, 5 H01-D08, 4 H01-B03B3, 5 H01-B03C3, 4 

CHINA PETROLEUM & 

CHEM CORP 

H01-B03D, 6 H01-D06, 6 E12-B02, 4 E11-W, 4 S03-C01X, 4 A12-W10A, 4 



UNIV JILIN  H01-B03C3, 4 H01-B03C1, 3 H01-B03D, 3 H01-C01, 3 H01-D08, 3 H01-B01, 3 

UNIV CHINA 

PETROLEUM  

A12-W10A, 3 H01-B03B, 2 H01-C03, 2 H01-D06C, 2 H01-D12, 2 S03-C01C1, 2 

DAQING DONGYOU 

RUIJIA PETROLEUM 

TECHNOLO  

A03-A00A, 6 A12-W10A, 6 E10-E04H1, 5 E10-E04L1, 5 E33-B, 5 A04-D05A, 4 

HANGZHOU YUNFENG 

IND DESIGN CO LTD  

P41-A05, 8 Q49-A01, 6 P41-A03, 5 Q49-B01A, 3 
  

BAKER HUGHES INC H01-C03, 2 H01-C10, 2 H01-E, 2 
   

UNIV CHINA 

PETROLEUM BEIJING  

H01-A, 2 H01-B03D, 2 Q49-A01, 2 S03-C01X, 2     

  615 

 Using Fig. 20 and Table 3, we selected three representative institutions as analysis subjects. One is UNIV 616 

SOUTHWEST PETROLUEM, which ranks first in the number of patent filings. The second is MITSUI ENG & 617 

SHIPBUILDING CO LTD, the only Japanese institution in the top ten, apart from those from China. The third is 618 

DAQING DONGYOU RUIJIA PETROLEUM TECHNOLO, which has more special main DMCs.  619 

(1) UNIV SOUTHWEST PETROLUEM 620 

 Since UNIV SOUTHWEST PETROLUEM is the institution that has applied for the largest number of patents and 621 

has a significant relationship with many other institutions (Fig. 20), we show the part of the institutions that are 622 

associated with UNIV SOUTHWEST PETROLUEM separately in (Fig. 21).  623 

 624 

Fig. 21 USWP local correlation network 625 

 626 

Comparing with Fig. 19, among the institutions in Fig. 21, only SOUTHERN MARINE SCI & ENG 627 



GUANGDONG LAB and CHINA NAT OFFSHORE OIL CORP have a cooperative relationship with UNIV 628 

SOUTHWEST PETROLUEM, and the strength values reaches 0.02 and 0.04, respectively. 629 

From Fig. 21, we can see that there are 12 institutions with correlation strength value of 0.70 or more with UNIV 630 

SOUTHWEST PETROLUEM. In order to further study which technology fields overlap between these institutions 631 

and UNIV SOUTHWEST PETROLUEM that caused the strong degree of correlation, we selected them and the top 632 

20 DMCs to produce Fig. 22.  633 

 634 

Fig. 22 Main technical distribution of relevant institutions 635 

 636 

Vertically, we can see that H01-B01 (Marine Drilling structures and equipment), H01-D08 (Producing crude oil 637 

and natural gas - Thermal methods) and H01-B03D (Transmission/Generation of power, data, etc.) are all the relatively 638 

basic or widely used technologies, almost every institution in Fig. 22 has patents related to them. UNIV SOUTHWEST 639 

PETROLUEM has a clear advantage in H01-B01, H01-B03B3, H01-B03C3, H01-D03 (Producing crude oil and natural 640 

gas - Pumps), H01-D08, and Q49-A01 (Extraction equipment), which are mainly the DMCs that closely related to the 641 

solid fluidised mining method (Tang et al.; Wang, G. et al.; Zhang, Y. et al.; Zhang, Z. et al.). Besides, it also has some 642 

patents related to thermal injection. For example, “A mining method and equipment of natural gas hydrate in shallow 643 

seabed”, change the solid-state existence conditions of NGH mainly by subsea heating method, and further decomposes 644 

the NGH in the mixture (Wang et al.). 645 

Horizontally, though UNIV SOUTHWEST PETROLUEM has the largest number of patents among them, UNIV 646 

CHINA PETROLEUM HUADONG holds the most extensive technical coverage. UNIV CHINA PETROLEUM 647 

HUADONG, UNIV JILIN, and QINGDAO INST MARINE GEOLOGY have more technology overlap with UNIV 648 

SOUTHWEST PETROLUEM and no cooperation, which causes their correlation strength to reach 0.89, 0.89 and 0.86. 649 

In particular, QINGDAO INST MARINE GEOLOGY, which has many patents in the same technology area where 650 

UNIV SOUTHWEST PETROLUEM has applied for, indicates a significant competitive relationship between them. 651 

There are many technology areas in which they compete. Among these areas, it has obvious advantages in H01-B03B3, 652 

H01-B03C3, H01-D03, Q49-A01, while its patent layout is weaker in the technology areas of H01-C03, H01-C07, H01-653 



D12, etc. This indicates that strengths of UNIV SOUTHWEST PETROLUEM are mainly concentrated in the 654 

technologies related to solid fluidised mining method. 655 

(2) MITSUI ENG & SHIPBUILDING CO LTD 656 

MITSUI ENG & SHIPBUILDING CO LTD ranks seventh in the number of patent applications, however, the 657 

networks reveal that it has no cooperation with other institutions, and a slight correlation only with UNIV SOUTHWEST 658 

PETROLEUM. In Table 3, we can see that the main DMCs belonging to MITSUI ENG & SHIPBUILDING CO LTD 659 

are significantly different from those of other institutions, which is why they have no correlation with other institutions. 660 

Many of them are related to CO2 replacement method (E31-N05C: CO2), a mining method in which institutions in 661 

other countries have few relevant patents. Currently, the other two institutions that have applied for a larger number of 662 

patents related to this method are from Japan: MITSUBISHI HEAVY IND CO LTD and CHUBU DENRYOKU KK. 663 

As it can be seen from Fig. 20, there is a strong relationship between these two institutions.   By lowering the threshold 664 

in this network, a correlation between MITSUI ENG & SHIPBUILDING CO LTD and MITSUBISHI HEAVY IND 665 

CO LTD with a strength value of 33 can be found.  666 

Except for E31-N05C, we know that MITSUI ENG & SHIPBUILDING CO LTD are the leaders in the areas of 667 

manufacture, storage, and transportation of NGH. Such as J04-X (Other chemical methods), D04-A01C (Purification 668 

of water by freezing, crystallization), D04-A01F1 (Other filtration process), and E11-Q02 (Removal, effluent treatment–669 

process, apparatus), which may relate to these areas. For example, there is a method and apparatus for further reducing 670 

storage and transportation costs by continuously dehydrating, cooling, and solidifying with high efficiency to produce 671 

gas hydrates containing a low proportion of water (Kimura et al.). However, there are very few institutions that have 672 

filed patents related to this technology.  673 

(3) DAQING DONGYOU RUIJIA PETROLEUM TECHNOLO 674 

Among Chinese institutions, DAQING DONGYOU RUIJIA PETROLEUM TECHNOLO has most special and 675 

rare DMCs: A03-A00A (Polysaccharides uses), A12-W10A (Drilling mud or fluid), E10-E04H1 (Diol), E10-E04L1 676 

(Methanal, use). These are the technologies for drilling fluids with gas hydrate inhibitors, by injecting chemicals to 677 

facilitate the decomposition of NGH and conduct the exploitation. Except for A12-W10A, it has several main DMCs 678 

that are rare in other institutions in China, but appear frequently in institutions from the US. This illustrates that this 679 

company competes primarily with institutions in some other countries, rather than domestic institutions.  680 

4 Conclusions, managemental implications and limitations 681 

4.1 Conclusions 682 

This study proposes a framework to monitor the developmental trend and competitive landscape of technologies 683 

in marine NGH via patent analysis. From the perspective of patentometrics, we conducted an overall layout of the 684 

temporal and quantitative trends, geographical distribution, patentee distribution and technology distribution of NGH 685 

related patent applications. Then, based on the subject terms, the evolutionary paths of NGH related technologies were 686 

analysed, which were used to determine technological development trends. Finally, we analysed the competition and 687 



cooperation landscape among countries and institutions in key technical fields.  688 

Firstly, in terms of patents overview, the development of marine NGH has a long history and has shown significant 689 

growth in the last 20 years. With many countries placing increasing emphasis on the development and application of 690 

NGH-related technologies, with China, The US, and Japan having clear advantage in the number of related patents, and 691 

Australia, Brazil, Canada, Russia, and South Korea are also important patenting countries. China has a wide distribution 692 

of technology areas and comprehensive patent reserves. We have seen a surge in patent applications over the last decade 693 

and has quickly become the country with the largest number of patents in the world. Today, the developmental trends 694 

in marine NGH technologies are relatively concentrated, and the patent data owned by the main patentees showed the 695 

advantages of agglomeration. Nine of the top ten patentees are from China with one from Japan.  696 

Secondly, in terms of the technical themes the patents, the current development of marine NGH technology is more 697 

oriented towards the fields of extraction technology and equipment, and the field of processing systems and technologies. 698 

The former mainly focuses on various mining methods and techniques, as well as tools and equipment used in the 699 

extraction process, while the latter focuses on data acquisition, transmission and control, etc. Of the five main mining 700 

methods for marine NGH, the CO2 replacement method has been a popular area of research due to its high 701 

environmental friendliness. However, due to the operational difficulties and inefficiencies in actual mining, this method 702 

has never been successfully applied to large-scale test mining. In contrast, in recent years, thermal injection and 703 

depressurisation methods have been commonly used in the test mining of marine NGH. R&D and patent applications 704 

on basic and mature mining methods are increasing. The chemical extraction method, due to the potential pollution of 705 

the marine ecosystem, the number of related patent applications is relatively small.  The number of related patent 706 

applications in chemical extraction method is small due to the potential pollution of the marine ecosystem. The solid 707 

fluidised mining method has developed in recent years, with research being carried out mainly by Chinese institutions. 708 

Thirdly, Today, in marine NGH-related technologies, the world's largest international cooperation network is 709 

mainly distributed in Europe and the United States, with the US as the center, Australia, EPO, etc. as the lead. Whereas 710 

national partnerships in Asia are mainly between China and Japan. Through the analysis and comparison based on DMC 711 

and subject terms respectively, we can see that extraction tools and equipment, drilling fluids, and thermal injection 712 

technology are the research hotspots in each country, and competition in these areas is relatively intense. In contrast, 713 

the competition in the field of chemical mining methods and CO2 replacement method are weaker and the number of 714 

related patents is smaller. But, these technologies are potential areas of competition in the future. There is a need to 715 

increase investment in these areas to improve R&D capabilities and opportunity  for further research. In addition, the 716 

results of the clustering networks not only point to areas of technology that require greater investment in R&D, but also 717 

provide direction to countries in their search for possible partners. For areas where technology development is not yet 718 

mature, technological breakthroughs can be sought together by collaborating with countries with more advanced 719 

research facilities, where they have more mature technology development. By extensive collaboration  between 720 

countries, it is possible for us to find technological innovations to further promote and improve the commercialisation 721 

of marine NGH extraction technologies. 722 

 Finally, as the institution with the highest number of patent applications, UNIV SOUTHWEST PETROLUEM is 723 



associated with numerous institutions. However, all institutions with strong ties to it are from China, and transnational 724 

relationships are rare. Similarly, most cooperative and correlation relationships held by institutions from other countries 725 

are with institutions in their own countries.  Our analysis shows that the technical cooperation in marine NGH is limited 726 

and the technical barriers are high. Currently, in China, the majority of patentees are universities and research institutes, 727 

and the number of patent applications from enterprises is generally low, indicating that marine NGH-related 728 

technologies are still at the basic theoretical research stage and are still some distance away from maturity and 729 

commercialization. Technologies have undergone long term evolution due to the long period of research of Maine NGH 730 

in US and Japan.  Because of this, the patentees in these countries are enterprises, demonstrating more advanced 731 

commercialization progress.  732 

4.2 Managemental implications 733 

Today, the R&D of marine NGH is changing from "experimental exploitation" to "productive exploitation", 734 

combining theory with market demand and applying it in actual mining processes will be the focus in the future. To 735 

utilities, the use of NGH as potential alternative energy development, government should pay great importance to its 736 

research and development at the industrial and market levels. Universities and research institutes should follow 737 

industrial dynamics, promote basic research for practical applications, and accelerate the transfer of scientific research 738 

results. Enterprises should strengthen cooperation among industry, universities, and research institutes, consolidate core 739 

technology reserves, strive to build their own intellectual property rights system, and stimulate independent innovation 740 

to improve competitive ability.  741 

For the government and industry, it should pay attention to the following two aspects in guiding the 742 

commercialization process of NGH. Vertically, there should be a sustained focus on industry-academia-research 743 

cooperation among various types of institutions. Some Chinese institutions have already demonstrated mature 744 

partnerships, such as CHINA NAT PETROLEUM CORP and CHINA NAT OFFSHORE OIL CORP, and have 745 

cooperative relationships with a number of universities and research institutes, working with a wide range of partners 746 

and showing good cooperation Secondly, horizontal cooperation between institutions of the same type should be 747 

strengthened. During the analysis, it can be seen that the current level of horizontal cooperation among Chinese 748 

institutions is still low, whereas in both the US and Japan cooperation is mainly between enterprises. For China, 749 

cooperation among universities and research institutes needs to be further enhanced by extending the network of 750 

cooperation and increasing the number of partners. In terms of enterprises in NGH for technology areas with a high 751 

concentration of patent applications, competition should be reduced and R&D in other technologies should be 752 

accelerated. In contrast, for technology areas with fewer patent applications and weaker competition, consideration 753 

should be given to multi-party cooperation and collaborative innovation for developing advantageous areas. 754 

4.3 Limitations 755 

This study has several  limitations. Firstly, although patents of marine NGH account for more than 90% of total 756 

NGH patents, one future work should investigate NGH patents in permafrosts to enrich the diversity of findings. 757 



Secondly, despite technology being the core feature of patents, papers and standard reports are still research sources of 758 

multi-source data. Our future work will expand data sources to strengthen both the analysis on theory and application 759 

except for technological research in the NGH field. 760 

Appendix 761 

Table A1 Distribution of the top 15 DMCs of key technologies 762 

Record Description Count 

Q49-A Mining and quarrying equipment 247 

H01-B01 Marine Drilling structures and equipment 82 

H01-D05 Marine production equipment for crude oil and natural gas 61 

H01-D08 Producing crude oil and natural gas – Thermal methods 57 

H01-B03D Transmission/Generation of power, data etc. 56 

Q49-H Maintenance equipment; Equipment and methods for 

removing tools from mines, boreholes or wells 

47 

Q49-A01 Extraction equipment 44 

H01-B03B3 Rotary drilling – Valves and control equipment 43 

H01-D12 Testing, control operations and equipment, general 43 

H01-D04 Producing crude oil and natural gas – Separators 38 

H01-B03C3 Rotary drilling – Drill pipe 34 

H01-D03 Producing crude oil and natural gas – Pumps 33 

H01-C03 Fracturing; Fracking 22 

H01-F01 Natural gas – Field treatment and processing 22 

A12-W10A Drilling mud or fluid 21 

E31-N05C CO2 21 

H01-C01 Well completion, stimulating, and servicing – Casing and 

tubing 

21 

 763 

Table A2 Main subject terms in each cluster  764 

Cluster Main Subject Terms 

T1 
gas hydrate 

deposit, 15 

reaction kettle, 

12 

subterranean 

formation, 11 

water storage tank, 

10 
water pump, 7 heat exchanger, 7 

gas compression 

separator, 5 

T2 
liquid 

hydrocarbon, 4 
hydrate slurry, 4 

bottom portion, 

4 

gas hydrate 

agglomeration, 4 
oil pipe, 3 

hydrate 

decomposition, 3 

liquid storage 

tank, 3 

T3 hydrate layer, 17 
carbon dioxide, 

4 

product storage, 

4 

methane gas suction 

line, 4 
methane substitution storage tank, 3  

T4 lower end, 27 upper end, 21 lower part, 18 output shaft, 9 
insulation oil, 

8 
drill rod, 6 hydrate layer, 5 



T5 
carbon dioxide, 

33 

global warming, 

12 

carbon dioxide 

hydrate, 7 

energy 

consumption, 6 

hydrate layer, 

5 

electric power 

generation, 5 

sodium chloride, 

4 

T6 
mining platform, 

9 

carbon dioxide, 

6 

internal 

pressure, 4 
cement slurry, 4 sound wave, 4 

pressure reduction 

method, 3 
 

T7 hydrate layer, 31 
gas liquid 

separator, 12 
gas pipeline, 11 

natural gas hydrate 

exploit, 10 
drill bit, 8 control valve, 7 

gas hydrate 

decomposition, 5 

T8 water pump, 14 
gas hydrate 

inhibitor, 10 

solid gas 

hydrate, 7 
control system, 7 riser tube, 5 

gas hydrate 

decomposition, 4 
drill fluid, 4 

T9 
hydrate reservoir, 

23 

heat exchanger, 

19 
hot water, 11 

temperature sensor, 

4 

sea water heat, 

3 
heat pump, 3 heat source, 3 
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