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ABSTRACT

As renewable energy expands rapidly in installed capacity and in
built-over area, constructors and researchers are shifting their
sights from the lands to the seas. Offshore wind power (OWP), or
offshore wind farm, is a typical source of the renewable energy
constructed on the offshore islands or in the oceans. Since the
installed capacity of OWP has become booming since 2000, its
relevant researches also grow substantially. The objective of this
paper is to quantify the research works of OWP and to analyze
their focuses, main producers and high impact literature using
bibliometric method, where the OWP-related core literature in
recent 40years are sorted out and a visualized analysis closely
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concerned terms, contributors on national/regional basis, and
highly cited articles. The results show that researchers have been
largely followed on the grid-connection operations, the frame-
works and the ambient environment change of offshore wind
power. Moreover, the UK has taken the leading position on the
study of OWP at present.

1. Introduction

With the continuous development of the global economy, the global demand for
energy supply is also increasing rapidly. Energy is the key factor of social and eco-
nomic development, but with the traditional fossil energy’s consumption and deple-
tion, the development and utilization of renewable energy have become an
indispensable strategy for sustainable development of all countries in the world. Wind
power is a typical clean energy whose power source only comes from wind, the whole
electricity generation process is non-polluting (Ackermann, 2005; Archer & Jacobson,
2005). Compared with solar energy, biomass energy, tidal energy, geothermal energy
and other forms of renewable energy sources, wind power technology is compara-
tively mature with relatively low cost (Ackermann & Soder, 2002). The fundamental
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difference between the onshore wind power and the offshore wind power is the for-
mer’s installed locations are on the continent, whereas the latter’s installation sites are in
the ocean or on the offshore islands, and the installation costs of the onshore wind
power are commonly lower compared with the offshore (Noori, Kucukvar, & Tatari,
2015). However, as the land space and the wind resources for onshore wind power are
limited, especially in those coastal countries such as Demark (Ladenburg, 2008), offshore
wind power (OWP), whose wind driven generator are mainly built in the vast ocean,
has the advantages such as abundant wind energy resources and proximity to load cen-
ters (Bilgili, Yasar, & Simsek, 2011), so the development of offshore wind power indus-
try is favoured by many countries with coastlines (Ladenburg, 2008; Esteban, Diez,
Lépez, & Negro, 2011). Compared with other marine energies, the utilization of offshore
wind power has entered a mature commercial operation stage with proven techniques
(Perveen, Kishor, & Mohanty, 2014). Nowadays, countries with different economic levels
now take the offshore wind power as one of the ways to deal with the future energy
problems. Hence, the offshore wind power deserves research and analysis.

In addition to the natural environment conducive to sustainable development, the
development of offshore wind power can also bring economic benefits. The scale
expansion of OWP will bring new opportunities for the upgrade of wind power
equipment manufacturing industry. On the one hand, as many upstream and down-
stream industries are closely linked, the development of offshore wind power will
play an indispensable role in leading and driving, forming a number of highly inte-
grated industrial clusters. On the other hand, the harsh natural conditions at sea give
a chance for the verifying the tough environment-adaptive equipment for wind
power. By the applying and exploring in the sea, research personnel and engineers
can promote the upgradation in high-end bearings, gearboxes, high-power generators
and other cutting-edge technologies related to wind power. In developing countries
such as China, the development of offshore wind power can rectify the past economic
growth patterns which were at a cost of high carbon emissions and environmental
pollutions, and also promote employment or meet the government’s commitment to
limiting the carbon emissions(Yu & Qu, 2010).

Despite a mature scheme of its construction and operation, offshore wind power
still faces many challenges. In its planning process, offshore wind power should not
only be selected based on wind conditions or geographical space, but also be taking
relevant affairs carefully, such as the input-output ratio, or the relationships with rele-
vant departments, including local governments, energy departments, fisheries and
shipping sectors. In the process of construction, all aspects of difficulties in the con-
struction management are needed to be considered, including site exploration, piling,
foundation installation and power-on electric tests, etc. In the operation link, the fluc-
tuation of wind energy supply is in natural contradiction with the stability of power
demand, which requires the complementary adjustment of other stable forms of
energy and puts forward new requirements for power grid scheduling. In terms of
maintenance, the cost of offshore wind power is much higher than that of onshore
wind power due to the corrosion problems caused by being far away from the main-
land, high salt fog with high humidity, and frequent severe sea climate. In addition,
in many areas of the offshore wind power already in operation has not yet recovered
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the input costs, faced with equipment aging need to spend money to update the situ-
ation. In order to solve these problems, the academic and engineering circles have
done a lot of targeted research on these problems. However, these studies also need
to be counted, classified and summarized to better enable us to find the research rules
and core concerns. Therefore, this paper extracted the offshore wind power literature
from the authoritative literature database, processed and visualized.

2. Literature review

The concept of scientific knowledge mapping originated around 2003, and a series of
knowledge visualization software was born one after another since then, including
BibExcel, SCI2, VOSviewer, HistCite, and CiteSpace. CiteSpace has been widely used
in academia due to its simplicity, ease of use and versatility. This Java-based software
can perform visual analysis in the form of cluster diagrams of the collected literature
data, including statistics of keywords, producing countries, producing institutions, co-
cited journals and co-cited authors (Chen, 2006).

The Bibliometric study becomes widespread in various areas since 2006. In medical
science, Chen C.M. et al has analyzed the emerging trends of regenerative medicine
from 2000 to 2011, finding that the alternative reprogramming techniques, along with
the structural and functional equivalence between induced pluripotent stem cells and
human embryonic stem cells, are the two major trends in that field(Chen, Hu, Liu, &
Tseng, 2012). In economics and finance, Zhou W. et al have conducted a bibliometric
study of credit risk based on 2384 articles, finding out some useful features such as
the interdisciplinary studies of credit risk are growing (Zhou, Chen, & Meng, 2019).

In the domain of renewable energy and environment protection, the relevant lit-
erature has been not a few. For example, Xiao, et al. had examined the Organic
Photovoltaic Tech through text mining and knowledge visualization (Zhao, Wang, &
Wang, 2018). Luo, et al. analyzed the history and present of coalbed methane (CBM)
in China, unearthed its variation tendency and leading institution (Luo, Zhang,
Zhang, & Huang, 2017). And for the research of Carbon Capture and Storage, Qiu
and Liu demonstrated it by knowledge mapping, showing three main topics, carbon
emissions with environment protection, R&D activities and social practical issues
(Qiu & Liu, 2018). Furthermore, Pierpaoli and Ruello detected the focus of attention
of indoor air quality during different years (Pierpaoli & Ruello, 2018)

Research trends of renewable energy deserve more summaries in terms of different
forms of clean power supply. Hence, in this paper, literature with the theme of
“Offshore Wind Power” from Clarivate Analytics’ Web of Science Core Collection
were searched and gathered, then CiteSpace was used for visual bibliometric analysis
to explore the development history and law, along with the high contributors in
terms of country/region and institution on what we focus.

3. Data collection and analysis methods

The fundamental purpose of this paper is to select a reliable data source for the
bibliometric analysis, hence we may find out the statics, the concerned topics and the
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Search query Remove duplication

Data Source: ﬂ Retrieved data: ﬂ Final data:
WOS Articles: 1570 Articles: 1562

Figure 1. Steps of data retrieval.

trends of the offshore wind power’s studies more convincible. Meanwhile, suitable
methods to process the data and to produce the knowledge map are also essential.

3.1. Data retrieval

The data in this paper are all collected from Clarivate Analytics’ Web of Science Core
Collection (WOS Core). The previous bibliometric analysis showed that the reason
why WOS Core was selected is that it provides literature data with a longer time
span than other databases (Zhao et al., 2018). Hence, we also chose WOS Core as the
data source in this study. We used the “advanced search” function provided by WOS
to search. The search query is

TS = (“offshore wind power® OR “offshore wind farm*” OR “offshore wind
power generation®” OR “offshore wind power system )

Meanwhile, in order to ensure the data to be as intact as possible, in time range
setting, we do not set the starting year of the retrieved data, but set 2018 as the end-
ing year (As 2019 is not ending yet), and the first year when the OWP-related article
appeared will be regarded as the starting year. In addition, we restrict the language to
“English” and the data type to “Article”. Figure 1 lists the steps of data collected
from WOS.

3.2. Data statistics and aggregate analysis

According to the retrieval input in 2.1, we obtained 1562 articles. Figure 2 depicts the
publication status of works of literature related to offshore wind power. After the first
and only literature (Ossenbrugen, Pregent, & Meeker, 1979) was published in 1979,
there was even no literature on offshore wind power in the following 16 years. Even
in the period from 1996 to 2003, the number of publications per year was still scarce.

This situation lasted until 2003, when the installed capacity of global offshore wind
power increased much more than ever before, by 0.3 GW. From 2004 to 2011, the
number of published articles maintained steady growth, while from 2012 to 2017 the
growth trend became exponential.

Figure 3 shows the global installed offshore wind power capacity from 2001 to
2018, which is calculated by annually new installed capacity and total capacity
respectively. In order to find the relationship between the amount of annual equip-
ment and the number of annual documents, we made a linear fitting between them,
as shown in Figure 4.

From Figure 4, we can see that there is a strong correlation between the annually
new installation of OWP and the number of its relevant articles. To this end, we
build a simple linear regression model to confirm and analyze this correlation:
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Figure 2. The annual number of published articles of OWP in WOS Core. Source: Gao et al. (2016).
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Figure 3. The new installations and the total installations of offshore wind power in the globe.

Article; = oo + B - Installation; + & (1)

Where the explained variable, Article, refers to number of articles published in
year t; Installation, which stands for the new installed capacity of OWP (measured in
Gigawatt) in year f, is the explanatory variable, f is its coefficient or the slope of the
simple linear regression model; « is the constant term and &, is the error term. As
both the publications and installed capacities are rare before 2000, we chose the data
from 2001 to 2018 as the sample and adopted the ordinary least square (OLS)
method to obtain the regression results, as shown in Table 1.

Table 1 illustrates that in Eq. (1), the estimated coefficient for the installation is
12.576 and significant at 1% level, the estimated value of constant term is 16.143 (sig-
nificant at 10% level); the coefficient of determination R*=0.916, indicating that the
linear model has a high degree of goodness of fit (changes in Installation can explain
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Figure 4. The Fitting curve of the annually new published articles and the annually new installa-
tion of OWP.

Table 1. Estimation results of the annual installation on the number of articles.

Variable Coefficient St. Err. t-value p-value [95% Conf Interval]
Installation (B=)12.576%** 0.953 13.20 0.000 10.556 14.596
Constant (4=)16.143* 8.258 1.96 0.068 —1.362 33.649
Mean dependent var 86.778 SD dependent var 89.236
R? 0916 Number of obs 18.000
F-test 174.181 Prob > F 0.000

Notes: denote significant at 1%, 5% and 10% level.
k() < 0.01), **(p < 0.05) and *(p < 0.1).

the variation of Article to a degree of 91.6%). Therefore, we can conclude that there
is a strong positive correlation between the number of articles on offshore wind
power and the installation capacity of it.

3.3. Data processing and analysis

After acquiring the duplicated-removed data, we then use CiteSpace (Ver. 5.3.R9) to
load them and start the visualized analysis from three aspects, including the
Keywords, the Country/Region, and the Reference Co-Citation.

4, Results and discussion

According to Figure 5, the results will be displayed and interpreted by three aspects,
which can reveal the characteristic of offshore wind power’s research in the past
40 years and deserves discussion.
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Figure 5. Steps of visualized analysis.
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Figure 6. Keyword knowledge mapping of OWP.

4.1. Keyword

In a research field, keyword is the direct reflection of researchers’ concerns. By using
the function of keyword visualization in CiteSpace, the research hotspots are emerged
intuitively, as Figure 6 shows.

The high-frequency keywords, whose frequency of occurrence in the collected data
have been set no less than 30 times, are displayed explicitly on the figure above. Each
keyword is represented by a cross-shaped node with a specific size that denotes its
frequency (so is its font-size), the larger a node’s size, the higher the frequency of
the corresponding keyword. The links between any two keywords indicate their co-
occurrence. Obviously, these intricate links in the keyword knowledge mapping prove
they are correlated tightly. Table 2 has listed the keywords that counted more than
100 times.
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Table 2. High-frequency keywords (>100).

Count Centrality Keyword
400 0.28 offshore wind farm
185 0.08 system

143 0.08 turbine

138 0.09 energy

133 0.18 model

124 0.09 power

112 0.12 design

108 0.11 farm

105 0.1 renewable energy
103 0.01 offshore wind power

Apparently, “Offshore wind farm” is the mostly emerged keyword, with 400 counts
in WOS core from 1978 to 2018. This keyword also has the highest centrality, a
measurement index which reflects a node’s importance by calculating its number of
shortest paths in a knowledge mapping to which a given node belongs (Chen, 2006;
Li, Porter, & Wang, 2017). In those articles which related to “Offshore wind farm”, a
review given by Franck (Franck, 2011) is mostly cited (296 times till 2018), men-
tioned that the remote renewable energy like offshore wind power had brought
HVDC (high-voltage direct current) multi-terminal systems, which had been once a
research hotspot in 1980s(Billon, Taisne, Arcidiacono, & Mazzoldi, 1989; Morin, Bui,
Casoria, & Reeve, 1993), to the technology of interest again, and regarded the HVDC
circuit breakers as the essential determinant to a dc power grid system by ensuring
its efficiency, reliability, and controllability (Bergstrom, Juhlin, Liss, & Svensson,
1978; Greenwood, Kanngiessner, Lesclae, Margaard, & Schultz, 1995, 1996;
Kanngiesser, Ring, & Wess, 1991). The following article (Yang, Fletcher, & O'Reilly,
2012), also stated that VSC-HVDC (voltage-source converter-HVDC) had been typic-
ally embodied in OWP, and has proposed a fault location method to identify and
define the major faults of VSC-HVDC, where the ground resistance and the distance
to the fault location is the key to this method.

Besides, another highly used keyword, “system”, is tightly linked to OWP
because it is normally a part of the electric power system when working, and its grid-
connection and control have been a challenge for long which attracts numerous stud-
ies. The article related to “system” that has been the only one that had been cited
more than 100 times, is created by J. Robinson, et al., they had devised a Medium
Voltage dc grid system model connected the offshore wind farm to compare with an
ac system, indicating that the former system saves material at a cost of slightly higher
power losses (Robinson, Jovcic, & Joos, 2010). The next research article is contributed
by Zhang et al. (Zhang, Jiang, Lu, Ge, & Peng, 2014) which has been cited 80 times,
has investigated the resonance issues existed in an offshore wind farm using power
electronic converters (Carrasco et al.,, 2006; Kjaer, Pedersen, & Blaabjerg, 2005) that
connected to the power system through long-range HVAC (high-voltage alternating
current) (Bresesti, Kling, Hendriks, & Vailati, 2007; Chinchilla, Arnaltes, & Burgos,
2006; Flourentzou, Agelidis, & Demetriades, 2009) undersea cable (Blaabjerg,
Teodorescu, Liserre, & Timbus, 2006). It also proposed a method of cascaded notch-
filter-based active damping to deal with the resonance. The third place is occupied by
a journal article produced by Stoutenburg, Jenkins, and Jacobson (2010). Based on
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Figure 7. Country/region knowledge mapping of OWP.

the previous studies (Graham, Keirstead, & Millborrow, 2006; Lund, 2006;
Stoutenburg, 2008; Stoutenburg & Jacobson, 2009; Fusco, Nolan, & Ringwood, 2010),
they have found out that a combination of offshore wind farms and wave energy
farms could reduce the fluctuation of the electricity output, compared with their
standalone operations.

Moreover, the keyword “turbine”, which serves as the key component of wind
power, has the 3rd largest frequency. A study of collision risks to the birds on the
offshore wind turbines is highly cited (293 till Dec. 2018 in WOS Core) (Drewitt &
Langston, 2006), the authors have also emphasized that relevant environmental legis-
lation and damage evaluations are needed to mitigate the bird’s living conditions oft-
shore. And the No.4 keyword “Energy” is mainly concerned with the power output of
OWP. For instance, the most cited article (176 counts) (Morgan, Lackner, Vogel, &
Baise, 2011) with this keyword has focused on the probability distribution of wind
speed in terms of three different metric models, probability plot (R?), estimates of
turbine’s average output and estimates of wind speed’s peak value.

4.2. Country/region

The installed capacity of OWP differs by countries/regions, so is its research quantity.
In order to discover and compare the most productive countries/regions, we may also
utilize CiteSpace to calculate out and display, as shown in Figure 7.
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Table 3. The most productive 20 countries/regions in OWP research until 2018.

Rank Count Centrality Country/Region Rank Count Centrality Country/Region
1 235 0.31 England 1 46 0.1 Taiwan
2 216 0.27 USA 12 45 0.12 Belgium
3 202 0.12 China (mainland) 13 40 0.03 Sweden
4 198 0.13 Denmark 14 39 0.09 Canada
5 169 0.26 Spain 15 34 0.05 Italy

6 158 0.03 Germany 16 33 0.01 France

7 117 0.13 Scotland 17 30 0.08 Ireland
8 92 0.05 Netherlands 18 24 0.05 Australia
9 70 0.13 Norway 19 22 0 Wales
10 50 0.01 South Korea 20 20 0 Portugal

Figure 7 has displayed the countries/regions whose count number of offshore wind
power are no less than 15. Each circle-shaped node represents a specific country/
region. The size of a circle embodies the amount of the quantity of literature, and the
thickness of the circle’s purple outer ring represents the centrality of the correspond-
ing country/region (Chen, 2016). Apparently, England, the USA, Peoples R China
(mainland China), Denmark and Spain have fairly large count number, and England,
the USA and Spain have comparatively bigger centrality. To quantize this compari-
son, we extracted the statistics of the countries/regions relatively high count number,
as Table 3 shows.

As a result, the UK has held the first place in the count number of the OWP’s
research, as there have been 235 articles produced in England, 117 in Scotland and
22 in Wales. The USA, mainland China, and Denmark have just followed behind in
quantity. As for the centrality, which England also leads above all (0.31) and the USA
has the second largest one (0.27), Spain follows behind as 0.26. Hence, the UK, the
USA, mainland China, and Denmark predominate the quantity of OWP’s research.
And in the meantime, England, the USA, and Spain lead the impact.

4.3. Reference Co-Citation

One key assessment criterion of academic literature is the citation frequency, which
can also be measured and depicted by CiteSpace (Chen, 2004). In the knowledge
mapping of reference co-citation, a node signifies a cited-literature, and its size
denotes the number of citations as other articles’ cited reference (note that all the
counted citations displaced by CiteSpace are only limited in the collected data that
input into CiteSpace) or its citation frequency. The nodes are linked with different
intensities, which are indicated by the thickness of the links. Figure 8 has depicted
the view of the co-citation networks of the offshore wind power’s research, where top
50 levels (identified by CiteSpace) of most cited literature each year are displayed as
the nodes.

From Figure 8, we can figure out that the knowledge mapping of the co-citation
network, is made up of 13 co-citation clusters with different colors. Except for cluster
#10 and cluster #7, the other clusters are interlinked, which indicates that the litera-
ture in these 11 clusters are closely linked as the references been cited. The largest 5
clusters are #0~#4, which contains 130, 98, 81, 57 and 37 nodes. And in each cluster,
the nodes with the same color are related much more tightly, which means the co-
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Figure 8. Co-citation knowledge mapping of OWP.
Table 4. Clusters which reflect the 13 themes of OWP.
Cluster ID' Size Label Cluster ID Size Label
#0 130 Multi-terminal VSC-HVDC grid #7 20 Opinion survey
#1 98 Wave hub experience #8 17 Considering inner grid layout
#2 81 Financial attractiveness #10 13 General probabilistic
forecasting framework
#3 57 Understanding public responses #12 9 Offshore wind
#4 37 Wind turbine #14 8 Marine bird
#5 25 European marine offshore wind farm #17 4 Coastal-marine

social-ecological system
#6 22 Offshore wind power development

'Some IDs have been omitted because the nodes were few in number.

citations inside a cluster are much more frequent than outside. The co-citation know-
ledge mapping has clarified that the researches of OWP are focused on these 13
themes, as listed in Table 4.

The 13 clusters in Table 4 have grouped the research focuses on offshore wind
power in 1979-2018. In the largest cluster #0, labeled with “multi-terminal VSC-
HVDC grid”, the article “VSC-Based HVDC Power Transmission Systems: An
Overview” (Flourentzou et al., 2009) has the maximum citation counts, 63, which is
also the largest count among all the nodes in the co-citation knowledge mapping
(note that the citation counts are only limited in the data collected). This article pro-
duced by Flourentzou., et al. gave an overview of the development of voltage-source
converter (VSC) HVDC technologies using a fully controlled semiconductor had pro-
pelled the large onshore/offshore wind farms’ grid-connection. Besides, the No.2 and
No.3 most-cited articles (Bresesti et al., 2007; Gomis-Bellmunt, Liang, Ekanayake,
King, & Jenkins, 2011) are also ranged in cluster #0 and have both discussed the
application of VSC-HVDC in offshore wind farms.

Cluster #1, labeled with “wave hub experience”, is a theme concerned with envir-
onmental influence caused by OWP especially in marine acoustics, which may do
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Figure 9. Citation trends and burst duration of the mentioned 3 articles.

harm to marine animals. Taking the No.4 article given by Brandt, Diederichs, Betke,
and Nehls (2011) for example, they had investigated the porpoises’ reactions to the
noises emitted by the construction of an offshore wind farm in the Danish North
Sea, finding that their activities had decreased remarkably nearby, proving a negative
effect on this clean energy. The rest of the clusters have been also concerned with the
technologies applied to OWP and its environmental impacts.

Except for the citations in total amount, the citation bursts, which reflects the
sharp increase of the citation, is another indicator to evaluate the impact of the litera-
ture. The top 20 literature as references with the strongest citation bursts are listed in
Table 5.

The strength of the citation bursts are measured by the duration and the amplitude
of an object’s sudden acceleration, which is the citation counts here. The No.2 cited
article that focused on the VSC-HVDC in offshore wind farms (Bresesti et al., 2007),
is the strongest reference above all, with high growth from 2010 to 2013. A research
of power losses in transmission of large offshore wind farms using different power
electronic technologies carried by Negra, Todorovic, and Ackermann (2006), ranks
the second place. As for the duration only, a research conducted by Wilhelmsson and
Malm (2008) ranks the first. This marine ecological environment concerned paper
also belongs to the cluster #1, proving that the species number and the biodiversity
dropped as the marine geological conditions had changed by the installation of off-
shore wind power. Figure 9 shows the variations of the citations for these 3 works,
and the duration of bursts have been depicted by wider lines.

As shown in Figure 9, the No.3 article has the longest duration of bursts, from
2007-2014. Early in 2007-2009, the citation counts are even zero for both of the top 2
articles, but then there were a booming for them afterward till 2015, which became
the reason why they overtook the No.3. The year 2013 is notable, as all these top 3
articles reached their peak citation counts in that year, which are 16, 8 and 8.
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5. Conclusions

The research of offshore wind power deserves summarization and discussion, as its
installed capacity and correlational studies have experienced a swift growth since the
2010s. This paper has counted its research article from 40vyears ago, confirmed
the positive correlation of its installed capacity and research amount, and discovered
the research trends and hotspots of the offshore wind power.

In conclusion, although the utilization of offshore wind power may cause some
side effects such as the sound pollution and the change of marine soil, the expansion
of this clean, sustainable energy would not cease, along with its relevant researches.
The construction of offshore wind power has undergone a swift growth since the
2000s, especially after 2007, and this may also explain the rising tendency of its vol-
ume of research as their remarkably similar variation trend which is highly fitted.

The bibliometric analysis of the OWP literature enables us to know its research
hotspots and the emerging trends as well as high-impact contributors and literature.
By counting and analyzing the data collected from Clarivate Analytics Web of
Science Core Collection and using knowledge mapping software, we have found out
that the wind power’s grid-connection has been a key concern for the past, present,
as a multitude of high-frequency keywords are associated with it, including “offshore
wind farm”, “system”, “energy” and “model”. The keyword “turbine” is linked with
the structures of wind turbines and their impacts such as environmental influence
on animals.

Beyond that, the UK leads the research on this topic both in quantity and in cen-
trality at present. Then the No.2 to No.4 countries/regions are close to each other,
but the USA has a higher centrality among the four. Spain ranks fifth but is also high
in centrality.

Lastly, similar to the high-frequency keywords, the literature with high citations
may also reflect the research focus. The much-cited literature are mainly focused on
the study of offshore wind power transmission in the form of high voltage and dc
current, its environmental influence and the treatment of its fluctuation.
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