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Abstract: Since 1973, studies have explored ocean power generation from different perspectives.
However, in the past 45 years, few studies have attempted to comprehensively review the existing
studies on ocean power generation using wave energy, tidal current energy, ocean thermal energy,
salinity gradient energy, bio-mass energy, and gas hydrates. In this study, we collected 5262 studies
published from 1973 to 2018 for scientometric visualization analysis and drew a knowledge map of the
ocean power generation field. The results show that the most important contributions to the research
of ocean power generation mainly came from the United States, China, Britain, Italy, Spain, Japan,
Norway, Germany, France, and Denmark. Ocean power generation research is mainly divided into
two stages. From 1973 to 2007, there were relatively few studies and no obvious hot topics. From 2008
to 2018, the knowledge fields mainly focused on ocean biomass power generation, the exploitation of
natural gas hydrates, the utilization of wave energy and tidal energy, the research and optimization
of energy generators, the storage and management of ocean energy, and numerical simulations of
marine climates. In addition, the joint utilization of wind energy and wave energy is also a current
research topic of interest, including joint assessment of the two energy potentials, the research and
development of equipment, and numerical simulations of joint power generation projects.

Keywords: scientometric analysis; ocean power generation; knowledge map; clean energy; sustain-
able development

1. Introduction

Urban expansion and the development of industry have brought a lot of problems [1,2].
One of them is the environmental, economic, and cost issues caused by the current de-
pendence on fossil energy. Therefore, the exploitation and utilization of clean energy has
gradually become the current development trend. At present, onshore wind energy and
solar energy have been successfully applied on land. Compared with land, the ocean
has more available resources, including organisms living in seawater; chemical elements
and fresh water dissolved in seawater; energy generated by seawater movement, such
as waves, tides, and tidal currents; heat stored in seawater; resources contained in deep
seabeds, particularly various solid minerals, such as gas hydrates; pressure differences
formed in deep seawater and the salinity difference between seawater and fresh water.
How to obtain clean energy from the ocean, which covers more than 70% of the Earth,
has become a focus of the energy industry. The clean natural energy in the ocean mainly
includes wave energy, tidal current energy, ocean thermal energy, salinity gradient energy,
bio-mass energy, and gas hydrates. According to measurements and calculations, the theo-
retical tidal energy potential (including both tidal stream and tidal range) was calculated as
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26,000 (TW·h)·a−1. The theoretical wave energy potential is about 32,000 (TW·h)·a−1. The
global resource potential of ocean thermal energy conversion is huge, with a theoretical
potential of about 44,000 (TW·h)·a−1. Ocean salinity gradients have an estimated technical
potential of about 1650 (TW·h)·a−1 (a−1 indicates the annual average). These has great
potential for development [3]. Ocean energy is not only clean, but also has the advantage
of predictability. For instance, tides caused by changes of lunar gravity can be predicted
in advance, and the operation plans of power generation system can be made in advance
according to the tide forecast. The ocean current map can be obtained by satellites in real
time to ensure the stable operation of the current power generation system. The waves are
constantly fluctuating up and down and surging in an indefinite direction, and the water
level also is not fixed. Although these conditions make wave energy seem to be a kind of
disordered, scattered, discontinuous, low-speed, unstable and uncontrollable energy. In
fact, it has a certain inherent law. By monitoring and predicting environmental factors and
selecting appropriate technology, wave energy can be obtained and utilized stably [4–6].
This predictability is helpful to prevent the occurrence of large-scale blackouts.

Due to the importance of ocean energy, the exploitation and utilization of ocean clean
energy has aroused the extensive attention of governments, international organizations,
and research institutions. Therefore, a great deal of research articles about ocean power
generation (OPG) have been published [7,8]. Some of them are published in the form of a
review. These review articles typically focus on a topic or a knowledge unit in the field and
provide a knowledge base for the research of OPG. However, a limited article review cannot
clearly show the network, structure, interaction, crossover, evolution, and other implicit
relationships among the knowledge units in OPG research. These complex relationships
breed new knowledge, which has an important guiding value for the mining of research
hot topics and frontiers in the OPG field. In addition, the dynamic attributes of the huge
knowledge scope and its knowledge units bring challenges to researchers’ information
mining work. For global OPG research, how have the research themes (knowledge groups)
evolved in the past 40 years? How are the themes related? Which studies have played
a key turning point or milestone roles? What are the latest frontiers of research? These
problems are difficult to accurately identify and explore. However, to grasp the research
field systematically and improve the efficiency of scientific research is important.

Scientometrics originated in the early 20th century and has developed into a visu-
alization analysis method based on collaboration and co-citation networks [9,10]. As an
analysis method of contents, scientometric analysis can liberate researchers from the in-
terpretation of massive articles bodies through scientific identification, comprehensive
statistics, and systematic unscrambling, which has become increasingly popular among
researchers worldwide in recent years [11–20]. By analyzing the articles information, the ex-
isting studies have made great achievements in many fields. However, these studies mainly
focused on the mining of research hot topics and did not fully consider the distribution
characteristics of research hot topics in time.

Based on previous research results, on the one hand, we considered making a compre-
hensive field analysis from more aspects, such as the articles, journals, authors, institutions,
countries (region), collaboration, citations, evolution; on the other hand, research hot top-
ics were separately analyzed from two periods according to the characteristics of time
distribution, which can more scientifically and truly reflect the evolution trend of the
field research.

In this research, 46 years of OPG research documents were selected from the Web
of Science database. With the help of visual scientometric analysis tools (CiteSpace and
VosViewer), we quantitatively analyzed the influence of the articles, authors, journals,
institutions, and other factors of knowledge body on the development of OPG research. At
the same time, we drew knowledge maps, clarified the relationship between the knowledge
base and themes, and mined the overall trends, frontiers, and hot spots of OPG. This is
a new attempt to study the international OPG framework. Our scientometric analysis
contributes to the OPG research in several ways: (1) to overview the OPG researches
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published from 1973 to 2018; (2) to analyze the overall research status of OPG from countries
(regions), institutes, journals, authors, and documents; (3) to acquire the main topics of OPG
research and their evolution process in time; (4) to recognize frontiers and future directions
in OPG research; and (5) to propose new and comprehensive knowledge maps of OPG
research. In short, for scholars and institutions in the OPG field, our research can grasp the
direction of technological development, identify technological innovation opportunities,
and help make further outstanding achievements. For enterprises, it is helpful to evaluate
and predict business prospects and take the lead in future applications. For countries, this
study will help governments to find the appropriate energy technology for the locale, and
then determine a future energy development strategy.

2. Data and Materials

In this study, all data were taken from the Web of Science (WOS) article index database,
which is the largest comprehensive platform for integrating academic information in the
world and covers the most disciplines. Its core collection is an internationally recognized
database reflecting the level of scientific research. The WOS core collection contains several
important Index types, including the Science Citation Index Expanded (SCIE), Social
Science Citation Index (SSCI), Arts & Humanities Citation Index (A&HCI), Conference
Proceedings Citation Index-Science (CPCI-S), Conference Proceedings Citation Index-Social
Science & Humanities (CPCI-SSH), Index Chemicus (IC), and Current Chemical Reactions
(CCR). In the scientometric analysis of other fields, the main data sources are SCIE and
SSCI; however, considering that there are many valuable articles of OPG research published
in conference articles, in this research, SCIE, SSCI, CPCI-S, and CPCI-SSH were chosen as
our sources of data collection.

To make a systematic analysis of the OPG field, all relevant and reliable publications
are necessary. Publications from 1973 to 2018 indexed by SCIE, SSCI, CPCI-S, and CPCI-
SSH were selected to set up the database for processing, and the types included Articles,
Proceedings, Articles, and Reviews. Referring to the settings of traditional scientometric
analysis, the language type of publications was also set to be in English. In addition,
the topic words search was conducted with these constraint terms: “ocean or marine
or sea or oceanic” and “power generation or electricity or energy or power”, and the
research domains were set to energy fuels (or green sustainable science technology). The
full search criterions were as follows: TS = ((ocean OR marine OR sea OR oceanic) AND
(power generation OR electricity OR energy OR power)) AND LANGUAGE: (English)
AND DOCUMENT TYPES: (Article OR Proceedings Article OR Review) AND RESEARCH
DOMAINS: ENERGY FUELS OR GREEN SUSTAINABLE SCIENCE TECHNOLOGY AND
Timespan: 1973–2018 AND Indexes: SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH. As a result,
a total of 5262 publications were obtained and used in this study. The search date was
finished at 16 June 2019.

3. Methodology and Software

The method applied in this research was scientometric analysis [10,21], which is a
visual technique that can quantitatively display the structure factors and dynamic evolution
of a knowledge domain [22]. The analysis tools used in this study were CiteSpace and
VOSviewer, which are the scientific visualization software based in Java. CiteSpace was
developed by Chaomei Chen at Drexel University and VOSviewer was developed by Nees
Jan van Eck and Ludo Waltman at Leiden University [10,23]. Aiming to analyze the OPG
research from various aspects, including basic indicators, countries (institutions, journals,
and authors) collaborations, core research groups, high output and high-impact authors,
key research topics, and future directions, the following methods were applied.

3.1. Statistical Analysis of Basic Characteristics

Everything has various characteristics to express its essential attributes. The article
mainly includes external characteristics, such as the Author, Author’s Institution, Jour-
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nal, Country, and Publication Time, as well as internal characteristics, such as the Title,
Keywords, Disciplines, etc. Statistical analysis can explain the overall development and
evolution of the discipline field from the perspective of time and space through quantitative
statistics and analysis of these article characteristics.

3.2. Term Frequency Analysis

Term frequency analysis is the statistics and analysis of the number of important words
appearing in the title, abstract, and body. Typically, important words whose frequency
exceeds a given threshold are called high-frequency words. As high-frequency words
appear repeatedly in the article of the discipline, the research topics embodied by these
words are likely to become a research hot topic in this field. Therefore, to a great extent,
high-frequency words reflect the research foci and reveal the research hot topics in the
field. In addition, statistical analysis of the distribution characteristics of high-frequency
words in time series, including the differences of high-frequency words in each year, the
frequency changes, and occurrence ranking changes in each year, can reveal the temporal
changes and development trends of research topics.

3.3. Cluster Analysis

Cluster analysis is a method of classifying things according to the characteristics
of the thing itself, which is to achieve “birds of a feather flock together”. Based on the
premise that there is more or less similarity among the research objects, cluster analysis
first analyzes each variable index of the research objects, to determine specific statistical
parameters and uses these statistical parameters to calculate the similarity degree between
each variable index. According to the calculation results, the similarly large variables were
aggregated into one class. The results of cluster analysis can reflect the potential differences
and connections in massive data.

3.4. Analysis of Citation Relations

If two (or more) studies are cited by one or more published study at the same time, it
is said that the two studies (or more) constitute a co-citation relationship. The number of
studies that cited two (or more) studies at the same time is called the co-citation intensity.
These articles with a higher co-citation intensity indicate that they are closely related
and have similar content. Based on this, clustering analysis can be used to mine the
common topics of similar studies. The co-citation relationship of studies will change with
time. Through the study of the co-citation network, we can explore the development and
evolution of a discipline [24,25].

3.5. Social Network Analysis

“Social network” is a collection of social actors and their relationships, which is
mainly used to measure and describe the relationships between social actors (people or
organizations, etc.) [26]. In the scientific visualization analysis, the points in social network
represent the research subjects (author, article, journal, keywords, etc.), and “network”
indicate the collection of the relationship between nodes. Each point in the network is not
completely independent and has different degrees of relationship with other points. By
establishing models that can express these relationships, quantitative research of network
relationships can be achieved, so as to draw a network knowledge map. The map can
show the characteristics of network structure (the collaboration between authors is close
or far), important nodes (important authors, journals, and articles), and distribution of
sub-networks (research groups), etc. The main measurement indicators include density,
centrality, ties strength, position, and content. Centrality is a quantitative index to measure
the “power” of nodes in the network (i.e., how centrally a node is in the network) [27].
Between Centrality indicates the times of a node act as a bridge on the shortest path of the
other two nodes. The higher the between centrality of a node, this node is more important.
Without it, the interconnection between many nodes may increase many difficulties.
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4. Results and Discussion
4.1. Temporal Distribution Analysis of Global OPG Research

A total of 5262 articles researching on the OPG field from 1973 to 2018 were collected
from the WOS core database. The number of annual publication and the total of cited times
are shown in Figure 1. As can be seen from the figure, only a small number of studies were
published from 1973 to 1990, and the research topics are also mainly discussions of existing
OPG stations, and the future potential and prospects of OPG [28–31]. From 1991 to 2006,
the number of studies showed a slow upward trend from 22 (0.42%) to 69 (1.31%). During
this period, the research mainly focused on the utilization of wave energy, wind energy
and marine current energy, and the potentiality of marine biomass energy [32–42]. The
article of OPG research broke through 100 (n = 136, 2.58%) for the first time in 2007, and
the cited times also exceeded 500 times (n = 619). In the following 10 years, the number of
studies and times cited demonstrated a rapid growth trend. In 2018, the number of articles
and cited times reached 706 (13.42%) and 17,150, respectively. We propose the reason is that
the world has arrived at a consensus that the excessive carbon dioxide emissions and the
sharp consumption of non-clean energy, such as oil, may bring great harm and potential
threat to human survival. Therefore, various countries have begun to seek clean energy
and have formulated and promulgated corresponding regulations and policies to promote
the development of clean energy. For instance, in February 2005, the “Kyoto Protocol”
signed by 84 countries came into effect, becoming one of the new driving forces for the
development of clean energy in various countries, particularly in Europe [43]. In August
2005, the United States issued the U.S. energy policy act, which was the first comprehensive
energy policy since 1992. The act clearly states that it is necessary to encourage the research,
development, and use of clean energy [44]. By September 2005, 34 developed countries
and 14 developing countries in the world had introduced different policies to promote the
development of clean energy. A total of 32 of them had implemented a feed-in tariff, that is,
to purchase clean energy power at a price higher than that of conventional fossil energy
generation. At the same time, 35 developed countries and 100 developing countries set
national clean energy development goals [45]. There are huge clean energy resources in
the ocean, which have the characteristics of ultra-low carbon emissions. Therefore, the
research on ocean energy has attracted more researchers from different countries. Due to
the delay of policy effects, and the time required for manuscript review and publication, the
number of studies in the OPG field has also shown a rapid growth since 2007. In addition,
in October 2003, the “Berlin Declaration on Open Access to Knowledge in the Sciences
and Humanities” launched by the Max Planck Society extended the object of open access
to research article. In this way, many OA articles were added in the WOS database for
readers to read and cite. We propose that this was one of the driving factors for the increase
of citations.
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To know more about the changes in different countries’ attention to OPG over time,
we conducted further statistical analysis on the top three countries with the number of
studies, and the results are shown in Figure 2. OPG research was first carried out in
the United States, where Anderson published an article on solar energy to discuss the
utilization of offshore solar energy [46]. Only a few related studies were published before
1990 (n = 21). From 1991 to 2006, the number of publications showed a slow growth trend.
During this period, a total of 143 studies were published. However, since 2007, the research
articles published by the United States have been growing rapidly, with a total of 755
studies published by 2018. The United Kingdom began to publish OPG studies in 1977,
but only a small number were published until 2006—a total of 88. Since 2007, the situation
changed, and the publications showed a steady growth trend. By 2018, 503 studies had
been published in 12 years. In China, the research on OPG started relatively late. From
1994 to 2006, only 35 studies were published. However, since 2007, the number of studies
began increasing rapidly. In 2009, the number of annual publications exceeded the United
Kingdom, and also exceeded the United States in 2015. Since 2017, China has ranked first
in the world in the number of articles published each year. In addition, by 2018, the total
of studies published by China ranked second in the world, which may result from the
government encouragement and financial support for scientific research.
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4.2. Global Spatial Distribution of OPG Research and National Collaboration

According to the statistical analysis, from 1973 to 2018, a total of 114 countries (or
regions) published 6545 articles in the OPG field. As some of them were jointly published
by several countries, we calculated the article once in each country. The results showed
that a small number of countries/regions published most of the studies in the field, and
the top 30 countries (or regions) published 5805 studies, accounting for about 88.69% of
the total. Figure 3 shows the global spatial distribution of OPG research. The color from
light yellow to dark brown indicates that the number of studies is from less to more, and
the red node represents the specific number in the country. The OPG research was mainly
concentrated in North America, Europe, East Asia, West Asia, and Australia. Except for the
United States, Brazil, Canada, China, and Australia, most of the other countries (or regions)
are located in Europe, such as Britain, Italy, Spain, Norway, Germany, France, Denmark,
Sweden, etc. These countries have long sea lines and highly developed industries, and
they attach great importance to environmental protection.
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The United States has the largest number of publications in the OPG field among all
countries (n = 919), and it is also the largest node in the spatial distribution map. As can be
seen from Table 1, the studies from the United States also had the highest citations. China
published 730 studies, ranking second. Next was the United Kingdom. If only the island of
England is counted, about 424 studies were published. However, due to the high number
of studies published by Wales, Scotland, and Northern Ireland, which belong to the UK, the
United Kingdom ranked third in the total (n = 591). These were followed by Italy, Spain,
Japan, Norway, Germany, France, Denmark, and the other countries (regions). If we look at
European countries as a whole, the number of articles published accounts for almost half
of the world total, ranking first in the world.

Table 1. The citations and centrality of major countries/regions in the field of OPG.

Country/Region Publications Number Total Citations Average Citation Centrality

United States 919 19189 20.88 0.32
China 730 9186 12.58 0.15

United Kingdom 593 14575 24.58 0.24
Italy 285 4939 17.33 0.08
Spain 245 5544 22.63 0.14
Japan 210 2512 11.96 0.09

Norway 201 2860 14.23 0.02
Germany 189 3269 17.30 0.09

France 177 3371 19.05 0.16
Denmark 163 4220 25.89 0.06

Note: Underscores indicate countries with an average citation greater than 15.

The research influence of a country (or region) usually needs to be considered from
two aspects, one is the number of studies and the other is the citations. Generally, a country
(or region) that published more studies has more citations. However, the number of studies
and the total citations are not completely positively correlated, and the total number of
citations cannot truly reflect a country’s influence in the field. Therefore, the average
citation of studies was analyzed. Table 1 shows the citations and average citations in the
top 10 countries with publications. In the field of OPG, the United States had the most
publications (n = 919), and the total citations (19,189) were also the most; however, the
average citations ranked fourth (20.88). Many researchers in the United States are engaged
in the research of different OPG technologies. Some of the technologies are very advanced,
and have published many high-level articles, which are highly cited. In those areas, the
technology is relatively weak, and the level of articles was relatively low, which affects
the average impact factor. China ranked second in the number of publications (n = 730),
third in the total number of citations (6230), and ninth in the average citations (12.58). This
shows that there are many scholars engaged in OPG research in China; however, because
it started late, the high-level articles published are relatively few, and the influence is
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weak. The number of British publications ranked third (n = 593), and the total and average
citations (14575, 24.58) ranked second. Compared with the United States, the UK has fewer
researchers in the field of OPG, but due to its early start and advanced technology, it
has published more high-level articles and gained higher influence. There are a total of
10 countries with an average citation of more than 15, which are all European countries
except the US. This shows that European countries have paid more attention to clean
energy. After a long period of research, the level ranked in the forefront of the world,
and the research results have a high impact. The number of articles published in Japan
ranked sixth; however, most of its articles are published in academic conferences, and so
the average citation is relatively low. We made a further analysis of the journals including
articles from these 10 countries. The screening of the journals met two conditions. First, the
number of articles published in this journal in each country was greater than or equal to 5,
which indicates that the journal was the main published journal. Second, the impact factor
of the journal was greater than or equal to 5. The analysis results are shown in Table 2. The
countries that published more than 100 high-level articles were the United Kingdom, the
United States, China, and Spain, which to an extent reflects their international influence in
the OPG field. This is consistent with the results of our previous citation analysis.

Table 2. The main journals including articles from these 10 countries.

Journal Impact
Factor

Country

US China UK Italy Spain Japan Norway Germany France Denmark

RENEWABLE
SUSTAINABLE

ENERGY
REVIEWS

10.556 40 43 32 - 17 - 7 8 14 5

APPLIED
ENERGY 8.426 34 34 24 22 20 9 8 6 6 7

IEEE
TRANSACTIONS

ON
SUSTAINABLE

ENERGY

7.65 - - - - - - - - 8 -

JOURNAL OF
POWER SOURCES 7.467 23 - - - - - - - - -

ENERGY
CONVERSION

AND
MANAGEMENT

7.181 28 22 33 8 17 16 10 - - -

BIORESOURCE
TECHNOLOGY 6.669 - - - - 5 - - 6 6 -

JOURNAL OF
CLEANER

PRODUCTION
6.395 - - 12 12 16 - - 5 - 7

ENERGY 5.537 33 43 42 10 25 8 5 7 5 18
RENEWABLE

ENERGY 5.439 77 39 126 32 33 14 13 14 32 13

Total publications 235 181 269 84 133 47 43 46 71 50

To study the activeness of different countries in the OPG field, we introduced centrality
to express the central degree of a node in the whole network. As shown in Table 1, the
OPG research in the United States and the United Kingdom had a high between centrality,
which means that the two countries play the important roles in the OPG field. As a
bridge, they usually relate to the information exchange and interactions between different
countries. China ranked second in the number of studies, but it had a lower between
centrality compared with the two countries, which means that China may only play a role
in connecting certain countries.
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Through the analysis of country/region distribution, the distribution of global research
forces in this field can be mastered, which provides a reference to conduct scientific research
investigation and collaboration. After analyzing the number of national publications, we
conducted a network analysis of the cooperative relations between different countries
with more than 10 publications, which can reflect the exchange and communication of the
subject to a certain extent. Figure 4 shows the collaboration network between different
countries with more than 10 publications. Here, the size of nodes represents the number of
studies, and the links between them reflect the strength of collaboration.
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Figure 4a shows the global collaboration relationships in the field of OPG. In the global
scope, three countries (the United States, China, and the United Kingdom) play the bond
roles, connecting other countries (regions) to establish a global collaboration network of
OPG research. Figure 4b shows the international collaboration relationships of the United
States. The United States had collaborations with almost all countries (regions) in the world,
and the United Kingdom and China had the strongest collaborations. Figure 4c shows
China’s international collaboration relationship. China’s main collaborators, except for
Australia, the United States, Canada, and the United Kingdom, are mainly gathered in
Asia, such as Japan, South Korea, Singapore, India, Malaysia, and other countries (regions),
which indicates that China plays a local bond role in the global collaboration network.
Figure 4d shows the UK’s international collaboration relationships. The UK has strong
collaboration relations with Australia, the United States, Canada and China. In addition,
the UK has more collaborators gathered in Europe, such as Germany, France, Spain, the
Netherlands, Italy, Denmark, Switzerland, Norway, etc., which mean that the UK plays an
important local bond role in Europe. These results show that, as a global central bond, the
United State links the two local core bonds (the United Kingdom and China), constructing
a global collaboration network of the OPG field. In addition, the study also found that
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countries (regions) with larger international collaboration are also more productive. For
instance, in the global collaboration network, the three countries with the largest strength
of collaboration were the United Kingdom (342), China (235) and the United States (327),
and their numbers of publications were also the top three in the world.

To further explore the cooperation relationships between countries, we analyzed the
dynamic evolution of the global cooperation network. The results are shown in Figure 5. As
only a small number of relevant studies were published from 1973 to 1998, the cooperation
between countries can be ignored. Starting with 1999, we made an analysis of the national
cooperation network at intervals of four years. It can be seen from the figure that from 1999
to 2010, the UK was at the center of the national cooperation network. There were many
cores in 2011–2014. In 2015–2018, the United States began to become a bridge between
Britain and China. This shows that European countries have a long history in OPG research
and more developed technologies. Therefore, they were in the central position of the
cooperation network for a long time. China and the United States started relatively late but
developed rapidly due to the greater support from the government.
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4.3. Analysis of Hot Topics and Evolution Trends in the OPG Field

The title, abstract, and key words of scientific and technological article are often
the core content used to explain or express the article. By analyzing the association and
combination of the core words extracted from them, we can determine the microstructure
and internal correlations of the research field. First of all, by calculating the frequency
of the core words in the article, as well as the time distribution and change trends of
these words, we can determine the research and development trends of this field. In
addition, by analyzing the frequency of two core words appearing in the same article, we
can form a co-word network composed of these word pairs. Through clustering analysis
of these words of the co-word network, we can mine the changes of the topic structure
represented by these words and identify the research hot topics and frontiers. We used
the co-word analysis method to analyze the occurrence and co-occurrence frequencies
of core words extracted from the titles, abstracts, and keywords of the OPG article, and
we constructed the core words co-occurrence map with the visualization method, which
clearly shows the frequency and clustering relationships of the core words. As shown
in Figure 5, each node represents a core word, and the size of the nodes represents the
frequency of their occurrence.

If two nodes (core words) appear in the same article, the connection between them
is established, and the links between them represent the strength of co-occurrence. The
thicker the line is, the higher the frequency of co-occurrence of the core words is. As can
be seen from the above, the development of OPG can be divided into two stages: the
stable period (1973–2007) and the rapid rise period (2008–2018). In the stable period, only a
small number of studies were published, while in the rapid rising period, the number of
studies increased year by year. We believe that the attention and content of two periods of
OPG research are different; thus, the co-word analysis was carried out for the two periods
separately. Figures 6 and 7 show the co-occurrence network of core words with more
than five occurrences in the two periods. As shown in Figure 6, during 1973–2007, there
were not many high-frequency core words in the studies, and the number and frequency
of co-occurrence word pairs were not high. This indicates that the OPG research had
relatively low attention, and there was no obvious focused topic. We note that, during this
period, under the background of global warming, OPG research mainly sought new energy
sources with low carbon emissions from the ocean. The research mainly focused on the
utilization of wave energy and the development, optimization, and simulation of various
ocean energy turbines. At the same time, they also began to pay attention to the potential
of wind and solar energy.
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Figure 7 shows the co-occurrence relationship of core words from 2008 to 2018. It
is very intuitive that the number and occurrence frequency of core words and the co-
occurrence frequency of word pairs from 2008 to 2018 were much greater than those from
1973 to 2007. Compared with 1973–2007, there were more topics of OPG research in 2008–
2018, and the focus was clearer. During this period, the OPG research was mainly divided
into five parts: (1) We noticed that certain core words, like “sustainability”, “sustainable
development”, “impact”, and “environmental impact”, appeared in the blue cluster of
Figure 6, and they had a relatively large weight in network. These core words rarely
appeared in the co-occurrence network (1973–2007). This shows that, in the past 10 years,
while it was also in the context of low-carbon energy demand, compared with the previous
studies, researchers began to care about the sustainability of energy and the pollution of
the marine environment, which was not focused on in previous studies. (2) More attention
was paid to marine bioenergy, such as using algae to produce biofuels, including hydrogen,
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ethanol, biodiesel, etc. (3) Different from 1973–2007, the research on gas hydrates in recent
10 years have been paid more and more attention. With the high storage, high calorific
value, and low pollution, gas hydrates have great utilization potential, but the technical
requirements for its exploitation are also high. Therefore, only a few countries can mine
gas hydrates from the seabed at present. China’s gas hydrate mining technology is in the
leading position in the world. In May 2017, China achieved continuous and stable gas
production for the first time in the world (for more than one week) in the Shenhu sea area
of the South China Sea. (4) In terms of energy types, previous studies focused on wave
energy, and the utilization of tidal energy became a hot spot. In addition, the research,
development, and optimization of turbines for wave and tidal energy in recent years were
also the hot spots. (5) Compared with Figure 6, many core words, like “energy storage”,
“storage”, “energy management”, and “policy”, appear in Figure 7. We propose the reason
is that while more ocean energy can be developed and utilized, how to store, manage, and
use these energies is also a key problem in OPG research.

Co-citation analysis can find out the relationship of studies and find the research hot
topics and frontiers. The nodes in Figure 8 were used to distinguish studies, which are
marked with the first author and the publication year. The size of the nodes reflects the
citation times, the lines indicates the co-citation relationship, and the thickness of the lines
reflects the co-citation strength. In addition, different colors represent the clusters, each
cluster has a label to summarize the research direction or topic, and the nodes within the
same color belong to the same cluster.
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According to the co-citation and cooperation relationship, a total of eight clusters were
formed. The topics of cluster 1 and 2 both wave energy resource assessment, but they are
divided into two categories because of their different cooperation networks. The other six
topics are co-located wind, wave energy converter array, joint evaluation, water-column
wave energy converter, numerical calculation, and numerical weather prediction model.
The results show that, although many marine resources have been used for power genera-
tion, more attention has been paid to wave energy due to its great potential, especially in
European countries. Britain’s wave energy technology is at the leading level in the world
(clusters 1 and 2). Wind and wave energy can be obtained at the same place in the ocean,
and both industries are considering how to reduce energy costs. At present, the wind
power technology is relatively mature, and the offshore floating wind and wave energy
converter technology is also developing rapidly. Therefore, how to combine a variety of
technologies to produce co-located developments for obtaining wind and wave energy
at the same location at the same time is one of the hot topics going forward (cluster 3).
In the energy sources, the research no longer only considered the potential of one kind
of energy, but also began to estimate the joint storage and application potential of wind
and wave energy through numerical calculations. In terms of equipment, the acquisition
and conversion mechanisms of wind and wave energy are different. Under the premise
of joint acquisition and utilization of the two energies, the development of equipment
for efficient use and collaborative operation is a key point (cluster 5). At the same time,
due to the difficulty of ocean engineering and the extreme waves and gales condition, the
durability of equipment is also particularly important in the construction process of wave
energy engineering. At present, oscillating water columns have received more attention
(clusters 4 and 6). In the process of using ocean energy, the weather conditions are also
an important factor. Accurate and timely weather prediction is crucial for the stable and
efficient operation of energy conversion devices. The existing land numerical weather
prediction models cannot be fully used for ocean weather prediction. Thus, it is also an
important direction of OPG research to establish a suitable numerical weather prediction
model to predict the ocean weather (clusters 7 and 8).

As shown in Figure 9, after cluster analysis, we presented a timeline view of the
clustering structure, which displays the time distribution of studies of different research
topics. The advantage of this analysis is to better reveal the development trajectory and
evolution process of the knowledge structure of OPG over time [47].
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Among the eight clustering topics, the evaluation of wave energy resources is relatively
early. Among all the ocean energy, wave energy has the advantages of high energy density
and wide distribution, which has great potential and has always been the focus of attention.
As shown in Figure 9, since 2002 many scholars have started the research on wave energy
resource assessment. With the development of science and technology, researchers of wave
energy begin to pay attention to the joint exploitation of wind energy and wave energy at
the co-location around 2007, to improve the energy utilization efficiency and reduce the
cost of using complex structures. This also is the third cluster in Figure 9. With the prospect
of wave energy becoming more and more clear, the development of wave energy power
generation equipment has become a research hot topic since 2009 (cluster 4 and 6).

From 2010, the assessment of energy storage changed from single wave energy to the
joint evaluation of wave energy and wind energy (cluster 5). In addition, the utilization of
ocean energy has the problems of complex marine environments and high engineering costs.
It is difficult to verify novel equipment or technology in a real environment. The research
on wave energy using numerical simulation technology can help with this problem when
the experiment cannot be carried out in the real environment or the engineering cost is too
high, which became a hot topic from 2011. When using wave energy to generate electricity,
the equipment is at high risk of damage under extreme waves and gale conditions. In
addition, for the development of wave energy, not all wave heights can be used. Waves
that are too small will not drive the power generation device, and waves that are too large
will cause damage. Therefore, timely adjustment of the operation status of the equipment
according to the weather conditions is conducive to the stable and efficient acquisition of
wave energy. To a certain extent, weather prediction is helpful to reduce the damage of
abnormal weather to equipment and improve the utilization efficiency of wave energy
(cluster 8).

5. Conclusions

In this study, we used visual scientometric analysis to explore the overall trend
of OPG research, draw the knowledge map of OPG research, clarify the relationship
between topics, and mine the frontier and hot topics. This study is helpful for scholars
and institutions to grasp the direction of technological development, understand the
current situation of global OPG research, identify technological innovation opportunities
and make more outstanding achievements. For enterprises, it is helpful to evaluate the
existing OPG technologies, predict the business prospects, and seize the initiative in future
applications. For countries, this study can help the governments to find the appropriate
energy technology and then determine the energy development strategy, which plays a
guiding role in future developments.

For OPG research, the speed of technology development is first related to the national
policy support and a large amount of financial investment. In addition, most of the countries
with advanced OPG technology are developed countries, such as the United States, Italy,
Spain, Japan, Norway, Germany, France and Denmark, or countries with a strong economy,
such as China. This shows that countries with better economies pay more attention to green
energy. While paying attention to the economy, environmental problems are also raised
to a high requirement. Third, most of the countries with advanced OPG technology are
concentrated in Europe. We believe that from the perspective of historical development,
these countries have a small land area but a long coastline; therefore, they have traditionally
paid attention to the development and utilization of ocean energy.

Through cluster analysis, we determined that the current research in the OPG field
was mainly focused on: (1) marine bioenergy, such as the production of biofuels by algae
fermentation, including hydrogen, ethanol, biodiesel; (2) the exploitation of gas hydrates;
(3) the utilization of wave energy and tidal energy; (4) the research and optimization of
turbines; and (5) the storage and management of ocean energy. In the future, the joint
utilization of wind energy and wave energy will continue to be a research hot topic of
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OPG, including joint assessment of the two energy potentials, research and development
of equipment, and numerical simulations of joint engineering and the ocean climate.
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