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Smart grid (SG) offers great advantages in renewable energy integration and has
become a popular trend of modern power development recently; meanwhile China
is the second most prolific country using SG. Hence the purpose of this study is to
get access to the research status, development, and trends of SG in China based
on the 3,558 published papers obtained from the WOS core library and application
of the bibliometric method and visualization analysis software VOSviewer and alluvial
diagrams. The results consequently demonstrate some valuable insights. Firstly, the
volume of publications in China’s SG is on the rise, and the cooperation between
countries and institutions is getting closer. Besides, the research hotspots have obvious
interdisciplinary characteristics. Taking into consideration the impact of the information
and communication field on SG, the major current research hotspots include wireless
sensor network (WSN), internet of things (IoT), smart meter, big data, and security. Taking
into consideration the impact of SG on traditional power systems, the main hotspots
cover demand response, micro-grid, distributed generation, and electric vehicle (EV).
Furthermore, China’s SG research shows a trend from a single theme to diversified
development. The research themes during 2010-2018 have deepened with most studies
focusing on the traditional power system. The findings of this paper provide some
enlightenment on China’s SG research, which can present scholars with an overview
of the macro perspective, help them understand the latest development of the SG field
in China and offer useful guidance for future research in this subject as well.

Keywords: smart grid (SG), bibliometrics, co-authorship, co-occurrence, VOSviewer, alluvial diagram, China

INTRODUCTION

The integration of large-scale renewable energy in power systems is inevitable, but large-scale
renewable energy is intermittent and variable, which has a great impact on the power grid. Smart
grid (SG) with the ability of rapid response and self-repair has become an important solution to
the above problems, as SG can promote the use of clean energy, improve the efficiency of power
generation and energy utilization, improve the transmission efficiency of power grids, and improve
the energy efficiency of terminals (Yuan and Hu, 2011). Consequently, SG has become a recent
developmental trend for the world power grid, which can improve the efficiency and reliability of
the power grid, reduce peak demand (El-Hawary, 2017), realize automatic control, and self-repair
(Gungor et al., 2011).

Frontiers in Research Metrics and Analytics | www.frontiersin.org 1

October 2020 | Volume 5 | Article 551147


https://www.frontiersin.org/journals/research-metrics-and-analytics
https://www.frontiersin.org/journals/research-metrics-and-analytics#editorial-board
https://www.frontiersin.org/journals/research-metrics-and-analytics#editorial-board
https://www.frontiersin.org/journals/research-metrics-and-analytics#editorial-board
https://www.frontiersin.org/journals/research-metrics-and-analytics#editorial-board
https://doi.org/10.3389/frma.2020.551147
http://crossmark.crossref.org/dialog/?doi=10.3389/frma.2020.551147&domain=pdf&date_stamp=2020-10-28
https://www.frontiersin.org/journals/research-metrics-and-analytics
https://www.frontiersin.org
https://www.frontiersin.org/journals/research-metrics-and-analytics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:taocumt@cumt.edu.cn
https://doi.org/10.3389/frma.2020.551147
https://www.frontiersin.org/articles/10.3389/frma.2020.551147/full

Wang et al.

Bibliometric Analysis of China’s Smart Grid

SG is not only a single technology but also a series of
new technologies and institutional innovations that can make
the grid more efficient, cleaner, and smarter. Yu et al. define
SG in China as “an integration of renewable energy, new
materials, advanced equipment, information technology, control
technology, and energy storage technology, which can realize
digital management, intelligent decision making, and interactive
transactions of electricity generation, transmission, deployment,
usage, and storage” (Yu et al, 2012). SG has several new
functionalities: self-healing, motivating the consumer, resisting
attack, increasing power quality, accommodating all generation
and storage options, enabling electrical markets, optimizing
assets, and operating efficiently (Baumeister, 2010). In recent
years, SG has attracted more and more attention, and the number
of related papers published has increased. So far, more than
20,000 related papers have been published in different journals.

On the basis of qualitative analysis, many scholars have
published reviews on SG. Technology development is the
primary condition for the development of SG, which mainly
involves wireless sensor technology (Mahmood et al, 2015),
communication technology (Usman and Shami, 2013; Kabalci,
2016), artificial intelligence technology (Zhang et al., 2018),
big data technology (Tu et al, 2017), and internet of things
technology (Hossain et al., 2019). Institutional innovations are
another important area. Along with technological innovation,
developed and developing countries face similar challenges
in the SG area, and national incentives and national energy
resources limit the development of SG (Ponce-Jara et al,
2017). The pioneers of developing countries in SG are China,
India, and Brazil (Fadaeenejad et al, 2014). Yu et al. gave a
comprehensive overview of Chinas SG development, obstacles
and barriers, and policy prospects (Yu et al, 2012). Yuan
et al. analyzed the policy, pilot projects, achievements, and
barriers of developing SG in China, and found that the
lack of national strategy and the current industrial structure
of the power industry were obstacles to its development
(Yuan et al., 2014).

Although these existing reviews are beneficial for scholars
to understand the SG development, they have merely taken a
qualitative approach to review the content and subject matter of
published literature. More knowledge, therefore, can be gained by
quantitatively analyzing the existing literature and exploring and
tracking the evolution of a large number of published work.

At present, a large number of scholars have used bibliometric
methods to quantitatively visualize the landscape and the
evolution of various scientific research fields (e.g., Montoya et al.,
2014; Guo et al,, 2019; Merigé et al., 2019; Shi and Liu, 2019).
These studies are of great help to our quantitative analysis
of SG research in China. For example, 10,938 journal articles,
and 144 books on SG from ScienceDirect from 2008 to 2015
were reviewed and discussed the features, functionalities, and
characteristics of SG (Tuballa and Abundo, 2016). However,
this paper only briefly analyzes the annual publication quantity
and technical classification of literature, and subjectively selects
some literature for analysis. Coincidentally, Hossain et al.
searched relevant literature on SG from databases such as
Elsevier, Springer, Taylor & Francis, and Wiley for analysis,

and determined the role of SG in renewable energy (Hossain

et al., 2016). This paper also searched the literature in SG from

different databases and only selected part of the literature for
categorization and analysis.

The above two works of literature, analyzed from a literature
perspective, play an important role in the SG field. However, there
are still some defects, mainly in the following aspects: First of all,
these reviews only selected a few representative papers. Secondly,
the author selects the literature subjectively according to his
own experience. Thirdly, existing review articles rarely cover the
research hotspots, cooperative networks, and development trends
of SG. However, there are currently still too few bibliometric
papers in the SG field.

Quantitative visualization analysis of the SG field in
China is very useful because it can supplement and verify
qualitative reviews (Zhu et al., 2019). Compared with qualitative
reviews, quantitative reviews can elucidate the status quo and
development within the SG field in China from a macro
perspective and provide an objective and intuitive overview.
Besides, with the help of visualization tools, the landscape, and
evolutionary patterns of Chinas SG can be more intuitively
displayed. Therefore, it is important and timely to conduct a
quantitative review of China’s SG.

In this review, we attempt to quantify the landscape and
development trajectory of SG research in China and discover the
current research frontiers. We reviewed 11 years of published
research (2008-2018) from the WOS Core library and used the
visualization tool VOSviewer to detect, quantify, and visualize the
current status and evolution of SG research in China.

Our bibliometric review has the following possible
contributions. Firstly, it provides a new way to discover
partnerships through co-authorship and is able to show it
visually. Secondly, the evolution of the frontier of SG research
in China is quantitatively tracked by stages. Thirdly, this review
provides an overview of SG research in China from a macro
perspective. Therefore, this review can provide scholars with a
systematic understanding of the status quo, research frontiers,
and future trends of SG research in China, and thus promote the
development of SG research in the future.

The present study aimed to answer the following research
questions of China’s SG:

(1) What are the publication, citation status, and trend of smart
grid literature? This will help researchers identify SG trends
and predict future patterns in the field.

(2) Which are the most influential institutions in Chinas SG
field and what are the differences in their research hotspots?
How is China’s cooperation in the SG field? This will help
the researcher identify the subject and potential research
collaborators.

(3) What are the most influential papers and journals? This will
help researchers to consider which journals to choose to
publish their manuscripts in within the SG field, potentially
affecting future citations of their literature. On the other
hand, most influential papers will help researchers and
practitioners gain access to the literature that needs the most
attention in the field. It will be beneficial for researchers to
find research directions and methods.
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(4) What are China’s research hotspots in the SG field? How
do research hotspots evolve? This will help researchers to
understand the research direction and development trend of
SG in China from a global perspective, and point out the
direction for future research.

To solve the above research questions, this paper is organized as
follows: In section Methodology, we will introduce the research
methods, including the database selection, retrieval strategy,
bibliometric methods, and data cleaning. A general overview of
the SG field in China will be presented in section Basic Features
in SG of China, including annual changes in publications and
citations, the most published Chinese institutions and influences,
the most published journals, and key articles ranked by citations.
Section Visualization Analysis displays a visual presentation of
keyword co-occurrence and discovers research hotspots and their
evolution process in three stages. In the last section, we will
present the conclusions and limitations.

METHODOLOGY

This paper provides a systematic review of scientometric analysis
in SG of China. Figure 1 shows the research design of this study.

Data Collection and Processing

Before the bibliometric analysis, it is necessary to establish a
data set containing citation information. Currently, the citation
databases include Scopus, ISI Web of Science (WOS), and
Google Scholar. Olawumi et al. compared the advantages and
disadvantages of the three databases (Olawumi et al., 2017). This
paper finally selects the Science Citation Index Science (SCIE),
Conference Proceedings Citation Index-Science (CPCI-S) and
Social Sciences Citation Index (SSCI), which are in the core
library of the WOS database. The WOS records were chosen as
they contain the most comprehensive and influential journals,
which have scientific robustness. Therefore, they have become
the choice of many scholars for literature measurement (Rahman
et al., 2017; Olawumi and Chan, 2018; Yu and He, 2020).

The search strategy adopted to retrieve the paper data on
China’s SG was as follows:

TS = (“smart grid*” OR “smartgrid*”). Document Type:
Article OR Proceedings Paper OR Review. Timespan = 2008-2018.
Databases: Science Citation Index Expanded (SCIE), Conference
Proceedings Citation Index - Science (CPCI-S), Social Sciences
Citation Index (SSCI). Country/Region: PEOPLES R CHINA.
Search time: 2019-11-14 (SCIE and CPCI-S), 2020-03-20 (SSCI).
TS refers to topic research in Web of Science.

Before we can analyze the data, we must clean the sample
we received from the WOS (Mulet-Forteza et al., 2019). In the
co-authorship analysis, countries that appear in different names
but choose to be recognized as a single country have been
unified, such as “Scotland” and “England” were united as the
“United Kingdom.” “Taiwan” and “Hong Kong” were united as
“People R China.” Also, the organization’s name is unified. For
example, “NCEPU” and “N CHINA ELECT POWER UNIV” are
uniformly modified to “North China Elect Power University.”
Furthermore, subordinate agencies of the State Grid Corporation

of China will be integrated into the State Grid Corporation
of China. For example, the names of “Guangdong POWER
Grid Corporation,” “Jiangsu POWER Grid Corporation,” and
“CHINA POWER SCI RES INS” will be replaced by “State Grid
Corporation of China.”

Finally, in the co-occurrence of author-keywords, First of
all, for the lack of author keywords, the necessary supplements
were made against the original literature. Besides, different
expressions of keywords have been integrated, such as unifying
“smart grids,” “smart grid,” and “smart-grids” into “smart grid”;
“V2G” and “Vehicle-to-grid” have been unified into “Vehicle-
to-grid (V2G).” “Demand response,” “DR” unified into “demand
response (DR).”

Scientometric Analysis Methods

In this article, we use a variety of bibliometric methods to analyze
the acquired data set. Firstly, the number of publications (TP)
is used to detect the quantified productivity (Ding et al., 2014),
meanwhile, the number of citations (TC) is used to measure
influence (Goran, 2010). “Citations per document” (TC/TP)
shows the average impact per paper. Another bibliographic
method is h-index, which means h number of papers published
in a journal, or by an organization, have at least h citations
(Hirsch, 2005). Some other common methods include the most
productive institutions, journals, the most cited articles, average
number of authors per article (AN/TP), average number of
references per article (RN/TC), and impact factor (IF) (Garfield,
1983).

Finally, we use VOSviewer software (see www.vosviewer.com)
to visualize the graphical mapping of the bibliographic data.
VOSviewer can construct bibliometric networks based on data
from WOS, Scopus, Dimensions, and PubMed files, or reference
manager files (i.e., RIS, EndNote, and RefWorks files). It uses
distance-based maps to construct a co-authorship map, co-
occurrence map, citation, bibliographic coupling, and co-citation
map (van Eck and Waltman, 2010). In this article, co-authorship
was used for country and institution cooperation analysis. Since
the early 1980s, co-authorship has been operating as a proxy for
research cooperation (Subramanyam, 1983). Co-occurrence was
used for author-keywords analysis (He, 1999).

There are two counting methods in VOSviewer: full counting
and fractional counting. Perianes-Rodriguez et al. have compared
the two methods of counting, they think that in many cases, the
difference is relatively limited. There may not be a conclusion
from the literature on network analysis to produce fundamental
influence, especially when the conclusion is based on the analysis
of the datasets. Using full counting or fractional counting, there
is no essential difference between the results obtained (Perianes-
Rodriguez et al., 2016). Therefore, full counting was chosen as the
counting method in this paper.

BASIC FEATURES IN SG OF CHINA

We found that there were 20,195 research papers about SG
around the world, among the highest were the United States with
4,457 and China with 3,558. China publishes 324 articles every
year on average, so it is meaningful to conduct a global analysis
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FIGURE 1 | Outline of research design.

on the SG field in China. The term “Chinese scholar” in this paper
refers to a scholar from a Chinese institution where the author
published the document.

Annual Publications and Growth Trend

As set out in Table 1, the papers published by Chinese scholars
before 2009 were no more than 10 per year, but after the year
2010 the number of publications increased significantly. Then
there was a small decline in 2015, followed by a slow increase and
a steady trend in 2016. Therefore, the research literature in the
SG field of China can be divided into three stages: the embryonic
stage before 2009, the developmental stage from 2010 to 2014,
and the stable stage from 2015 to 2018.

Figure 2 presents a comparative analysis of the publication
numbers of Chinese and worldwide scholars. Global publication
began to decline after peaking in 2016, but the number of
publications by Chinese scholars continued to rise until 2018. The
number of articles published by Chinese scholars has increased
year by year, and more than 570 were published in 2018. Besides,
since 2016, Chinese scholars have published more than 550
articles on SG every year.

China’s SG publication volume is closely related to policy
promotion. For example, in 2010, the National Energy
Administration (NEA) started to promote smart grid

TABLE 1 | Chinese scholars’ publications characteristics on SG from 2008 to

2018.

Years TP AN AN/TP TC TC/TP RN RN/TP
2008 1 4 4 0 0 5 5
2009 8 39 5 15 2 145 18
2010 91 337 4 759 8 1,068 12
2011 140 508 4 1,466 10 1,812 13
2012 288 1,080 4 4,832 17 4,934 17
2013 354 1,390 4 7,949 22 6,574 19
2014 488 1,975 4 5,376 I 8,847 18
2015 476 2,084 4 4,679 10 10,473 22
2016 579 2,439 4 4,379 8 12,998 22
2017 558 2,504 4 4,164 7 15,019 27
2018 575 2,640 5 2,290 4 17,791 31
Average 323.5 1363.6 4.1 3264.5 9.1 7242.4 18.5
Total 3,658 15,000 - 35,909 - 79,666 -

TR, total publication; AN, author number; TC, total citation; RN, reference number.

standardization work by the “Notice on The Establishment
of National Smart Grid Standardization Overall Work Promotion
Group”(National Energy Administration, 2010). In the same year,
the State Grid Corporation of China issued the “Strong Smart
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FIGURE 2 | Annual publications by Chinese scholars and worldwide scholars in the field of SG.

Grid Technical Standard System Plan,” which officially carried
out smart grid construction at the national level (Wang, 2010).
Since 2010, relevant research began to greatly increase. Similarly,
in 2015 the National Development and Reform Commission
(NDRC) and NEA issued the “Guidelines on Promoting the
Development of Smart Grid” (National Development and Reform
Commission and National Energy Administration, 2015),
which further promoted the development of Chinas SG. In
the following year, China published more than 100 articles
on SG. In 2016, NDRC and NEA released “the 13th Five-Year
Plan of Electric Power Development (2016-2020)” (National
Development Reform Commission and National Energy
Administration, 2016) which proposed to optimize the power
grid structure and further promote the construction of the smart
power grid. From 2016 to 2018, the number of papers published
in this period was maintained at over 550. In 2020, NDRC and
the Ministry of Justice issued “the Opinions on Accelerating the
Establishment of Green Production and Consumption Regulations
and Policy System” (National Energy Administration Ministry
of Justice, 2020) which proposed to increase policy support
for distributed energy, smart grid, energy storage technology,

and multi-energy complementary technology. It is expected
that relevant policies will still be introduced in the 14th 5-Year
Plan to promote the development of SG in China, and research
literature on SG in China will continue to be maintained in the
next few years.

Common bibliometric indicators are used in Table1, for
example, TP (total publication) refers to the total number
of publications per year, AN (author number) represents the
number of authors and can be used to describe the strength of
collaboration between authors, TC (total citation) refers to the
number of citations, usually used to describe the influence of
the literature, RN (reference number) refers to the number of
references cited, which is generally used to describe the basis
of the literature research, and TC/TP represents the average
annual citation amount of the literature which reflects the
citation situation of the literature issued by Chinese scholars
(Yu et al., 2020).

The number of citations per article by Chinese scholars in
the SG field averaged <10 in 2008-2018 and reached the highest
level of 22 in 2013. The cited frequency in China is relatively low,
among which only two papers were cited more than 1,000 times,
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TABLE 2 | Most productive Chinese institutions on SG.

Rank Institution TP TC TC/TP h-index Cited interval®
>300 >200 >100 >50 >10

1 SGCC 644 1,652 2.6 17 0 1 1 38
2 NCEPU 348 1,653 4.8 19 0 1 1 39
3 THU 177 3,810 21.5 28 2 1 2 15 37
4 CAS 152 4,535 29.8 29 3 2 2 30
5 SJTU 149 1,298 8.7 20 0 0 2 3 25
6 ZJU 148 3,045 20.6 26 1 2 6 7 32
7 HKU 108 2,409 22.3 26 0 3 5 11 63
8 SEU 103 545 5.3 12 0 0 1 1 12
9 XJTU 95 1,256 13.2 17 0 1 0 5 25
10 HUST 86 1,850 21.5 18 1 0 1 5 19

TR total publication; TC, total citation. cited interval refers to the annual total number of TC references interval, 2the interval >200 in cited interval means 200<cited interval <300, and
all others are similar intervals. Institution abbreviation: SGCC, State Grid Corporation of China; NCEPU, North China Elect Power University; THU, Tsinghua University; CAS, Chinese
Academy of Sciences; SJTU, Shanghai Jiaotong University; ZJU, Zhejiang University; HKU, University of Hong Kong, SEU, Southeast University; XJTU, Xi’an Jiao Tong University;

HUST, Huazhong University of Science and Technology.

one paper was cited more than 500 times, and 1,722 articles have
not been cited since publication.

The Most Productive Chinese Institutions
The top 10 institutions have published a total of 2010 papers,
accounting for 56.5%. These 10 institutions are China’s main
research institutions in the SG field. Table2 shows some
characteristics of these 10 institutions, such as TP, TC, and
TC/TP. SGCC (State Grid Corporation of China) ranks first with
644 articles and accounts for 18.1%. Then there are NCEPU
(North China Electric Power University), THU (Tsinghua
University), CAS (Chinese Academy of Sciences), and SJTU
(Shanghai Jiaotong University). There are two institutions whose
TP quantity is >300, six institutions between 100 and 200. Both
institutions ranked 9 and 10 have a TP quantity <100.

In terms of TC/TP, the highest is CAS, with an average of
29.8 citations per document. The second to the fifth most cited
institutions are HKU (University of Hong Kong) (22.3), THU
(21.5), HUST (Huazhong University of Science and Technology)
(21.5), and ZJU (Zhejiang University) (16.9). It should be pointed
out that SGCC is the institution with the most articles published,
but its TC/TP ranked only 10th.

H-index gives an estimate of the importance, significance,
and the broad impact of a scientists cumulative research
contributions (Hirsch, 2005). The CAS ranks first in the h-index
with the value of 29, followed by THU (28), ZJU, and HKU with
an h-index value of 26. There is a big difference between TP and
h-index in some institutions, such as HUST which was tenth in
TP, which ranks 7th in the h-index, and NCEPU, which ranks 2nd
in TP but 6th in h-index.

Table 2 also gives new indicators: cited interval. Cited interval
>300 refers to the number of literature published by an
institution whose citation quantity is >300. In this interval,
only three papers had been published by the CAS. Besides, one
institution had published two articles, two institutions published
only one article in this interval, and six institutions did not

publish any literature. In institutions with more than 10 citations,
HKU (82) ranks first, followed by THU (57), ZJU (48), CAS
(45), and NCEPU (45). Cited interval can reflect the academic
influence of relevant institutions.

In terms of the frequency of institutional citation, the
literature published by the CAS in the SG field was cited the
most, more than 4,500 times, with an average of 29.8 citations per
article. According to the citation interval, only seven papers were
cited more than 300 times in the top 10 institutions, 11 papers
were cited more than 200 times, and most of the papers were cited
<10 times.

The State Grid Corporation of China (SGCC) published the
most literature, but the Chinese Academy of Science (CAS) had
the highest h-index, cited interval >300 had more literature
than the other institutions, indicating that CAS was the most
influential institution in the SG field in China.

The Most Productive Journals

Overall, 3,558 articles by Chinese scholars were published in
1,268 journals, with an average of 2.8 articles published in each
journal. As far as productive journals are concerned, Table 3
shows the top 10 most productive journals published by Chinese
scholars on SG and other relevant information. The top 10
journals had published 478 Chinese scholars’ papers in the SG
field, accounting for only 13.8%. Nevertheless, 41% of journals
published only one article and 14% of journals published two
articles on the above.

Journal publications are relatively scattered. IEEE
Transactions on Smart Grid, have published only 142 papers
in the past 11 years. Among the top 10 journals, eight have
an IF (2008) index >4. The largest IF (2008) is Renewable &
Sustainable Energy Reviews with a value of 10.556, followed
by IEEE Transactions on Smart Grid (10.486), and Applied
Energy (8.426).

On the other hand, the largest TC/TP journal is IEEE
Transactions on Industrial Electronics. The average number of
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TABLE 3 | The top 10 most productive journals on SG by Chinese scholars.

Rank Journal IF (2018) IF TP TC TC/TP Cited interval h The most cited Times cited
(5 years) article
>200 >100 >50 >20
1 |IEEE T SMART GRID 10.486 10.607 142 5795 408 4 5 29 44 121 Lietal, 2010 418
2 ENERGIES 2.707 2.99 71 524 0 0 0 7 64 Yuetal, 2012 39
3 |IEEE ACCESS 4.098 4.54 54 571 10.6 0 0 2 56  Yuetal, 2017 95
4 |IEEE T IND INFORM 7.377 8.423 53 1,893 357 2 3 4 13 100 Suetal, 2012 349
5 APPL ENERG 8.426 8.558 34 1,147 337 0 2 7 162  Wang et al., 2015 126
6 INT J ELEC POWER 4.418 4.262 30 666 22.2 1 0 2 100 Tanetal., 2013 261
7 RENEW SUST ENERG REV ~ 10.556 11.239 30 1,020 34.0 0 3 3 222 Zhouetal., 2016 156
8 |IEEE T POWER SYST 6.807 8.143 29 931 32.1 0 1 5 13 221  Zhongetal., 2013 141
9 IET GENER TRANSM DIS 3.229 3.432 25 232 0 0 0 94  Xaoetal., 2012 28
10 |IEEE T IND ELECTRON 7.503 8.459 24 1,168 48.7 0 5 3 7 236 Strasser et al., 2015 164

IF (impact factor), the data were from the Journal Citation Reports database; TF, total publication; TC, total citation; h, h-index. Abbreviation of the journal name: IEEE T SMART GRID,
IEEE Transactions on Smart Grid; IEEE T IND INFORM, IEEE Transactions on Industrial Informatics; APPL ENERG, Applied Energy; INT J ELEC POWER, International Journal Of Electrical
Power & Energy Systems; IEEE T POWER SYST, IEEE Transactions On Power Systems; RENEW SUST ENERG REV, Renewable & Sustainable Energy Reviews; IEEE T IND ELECTRON,
|IEEE Transactions On Industrial Electronics, and IET GENER TRANSM DIS, IET Generation Transmission & Distribution.

citations for Chinese scholars published in this journal is 48.7,
followed by IEEE Transactions on Smart Grid (40.8), and IEEE
Transactions on Industrial Informatics (35.7). In terms of h-index,
the highest value of IEEE Transactions on Industrial Electronics
is 236, followed by Renewable & Sustainable Energy Reviews
(222), and IEEE Transactions on Power Systems (221). Table 3
also shows some indicators, such as the most cited literature in
the journal and the number of citations, which can help scholars
quickly find the important SG literature in the target journal.

Literature in the field of China’s SG was mainly distributed in
Engineering, Electrical & Electronic, Computer Science, Energy &
Fuels, Telecommunications, Automation & Control Systems, and
Materials Science, indicating that there are many interdisciplinary
types of research on SG, and that authors of different disciplines
are interested in SG.

IEEE Transactions on Smart Grid published the highest
number of articles by Chinese scholars in 2008-2018, and it is
also ranked second in IF and second in TC/TP, indicating that it
is the most important journal in the SG field in terms of volume
and influence.

The Most Cited Papers

Since 2008, Chinese scholars have published many influential
papers in the SG field. Table 4 lists the top 20 most cited papers
in the SG field by Chinese scholars. Among them, the literature
published by Pan et al. (2013) has been cited more than 1,650
times, and the other paper that was cited more than 1,000
times is Cheng and Chen (2012), both of which were completed
by a single institution. Among the top 20 publications, multi-
country cooperation accounted for 75% and multi-institution
cooperation 80%. It can be seen that multi-country cooperation
and multi-institution cooperation play an important role in high-
impact research results in SG.

Table 4 also shows the cited references with high citation
frequency in the SG field in China. Through the cited references

TABLE 4 | The top 20 most cited papers on SG by Chinese scholars.

Rank Most cited documents TC Citation/year AN RN IN CN
1 Pan et al., 2013 1,657 237 3 197 1 1
2 Cheng and Chen, 2012 1,300 1683 2 217 1 1
3 Chen et al., 2014 852 142 3 1556 3 2
4 Sun et al., 2013 475 68 11 56 4 2
5 Hu et al., 2013 437 63 3 278 1 1
6 Lietal, 2010 417 42 8 52 8 3
7 Wang et al., 2013 410 59 10 59 2 2
8 Suetal., 2012 349 44 4 91 2 2
9 Linetal., 2017 290 97 6 163 5 2
10 Zhong et al., 2014 287 48 4 29 3 2
11 Deng et al., 2015 267 54 4 95 2 2
12 Rahimi-Eichi et al., 2013 262 38 4 45 3 2
13 Varaiya et al., 2011 261 29 3 4 3 83
14 Tanetal., 2013 260 38 3 52 2 1
15 Tsui and Chan, 2012 246 31 2 19 1 1
16 Zhang et al., 2012 243 31 6 10 2 2
17 Gao et al.,, 2012 237 30 5 203 4 2
18 Zhao et al., 2015 219 44 4 592 2 2
19 Wu et al., 2012 219 28 3 38 3 2
20 Liu et al., 2012 217 28 5 116 5 2

TC, total citation; AN, author number; RN, references number; IN, institution number; CN.
country number.

with high citation frequency, research hotspots similar to the co-
occurrence of keywords can be found. The top 20 cited literature
can be divided into the following research topics: smart grid (rank
6, 10, 13), batteries and energy storage (rank 1, 2, 4, 5, 7, 12, 14,
19), EV (rank 8, 18), IoT (rank 9), demand response (rank 11, 15),
smart grid communication technology (rank 16, 17, 20), and big
data technology (rank 3).
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The overall adoption of SG and dispatching synchronizer
research are the main topics focusing on SG’s impact on
traditional power grids. For example, Li et al. divided SG
into smart control center, smart transmission grid, and smart
substation, and regarded it as an integrated system to discuss
its characteristics and performance (Li et al., 2010). Zhong
et al. focused on the self-synchronized synchronverters of the
smart grid (Zhong et al., 2014). Varaiya et al. have designed
a risk-and-speed dispatch mode to improve grid efficiency
(Varaiya et al., 2011).

Batteries and energy storage account for the highest
proportion of literature citations, which on the one hand reflects
emphasis on energy storage in the SG field in China. Among
them, three articles discussed room-temperature sodium-ion
batteries (Pan et al, 2013; Sun et al, 2013; Wang et al,
2013), metal-air batteries were mentioned in one article (Cheng
and Chen, 2012), LI4TI5012-based electrodes for lithium-ion
batteries were discussed in one article (Zhao et al., 2015), and
one paper wrote about high-voltage lithium-ion batteries (Hu
etal,, 2013). In addition to the research of battery technology, the
battery management system plays an important role in improving
battery performance (Rahimi-Eichi et al., 2013). Energy storage
systems (ESSS) realize comprehensive battery management from
a wider range to improve the efficiency of battery use (Tan et al.,
2013). EV are both users and suppliers in the smart grid, and their
energy storage role is well-recognized. Wu et al. programmed a
new game-theoretic model to understand the interactions among
EV and aggregators in a vehicle-to grid (V2G) market (Wu et al,,
2012). Su et al. focused on transportation electrification and
introduced the current situation and prospect of electric vehicles
in the field of industrial information systems (Su et al., 2012).

Network communication technology is the basis of smart
grid operation, mainly including network security and privacy
issues (Liu et al, 2012). The Machine-to-machine (M2M)
Communications Paradigm (Zhang et al., 2012) and systematic
Review of Communication/Networking Technologies in Smart
Grid (Gao et al., 2012) discussed this.

IoT and big data play an irreplaceable role in the smart grid,
Lin et al. reviewed the IoT in smart grid technology (Lin et al.,
2017), similarly, Chen et al. reviewed the background and state-
of-the-art of big data (Chen et al., 2014), These reviews play an
important role in advancing the IoT and big data applications
in SG.

Another important theme in Chinas SG field is demand
response, which promotes load forecasting and management in
smart grids (Tsui and Chan, 2012), power grid dispatch, and the
electric market (Deng et al., 2015). The theme of highly cited
literature in the SG field in China is similar to that of the co-
occurrence of keywords, which can further reflect the research
hotspots in the SG field in China.

VISUALIZATION ANALYSIS

Co-authorship Analysis

Co-authorship analysis has been widely used in the cooperative
research of scientific research institutions and researchers.
Although it is somewhat similar to the citation network (Garfield,

1979), co-authorship is a temporal and collegial relationship,
which is fairer than the anonymity of citation (Liu et al., 2005).

Co-authorship Between Countries

Figure 3 shows the publication numbers of international
cooperation and non-international cooperation, as well as
the percentage of international collaborative publications. The
number of international cooperation and non-international
cooperation papers all showed a trend of growth and a larger
percentage of international cooperation in 2009. This growth
could possible be due to more published learning technology
and experience from abroad at the initial stage of Chinas SG
research. After 2010, the percentage of international cooperation
fluctuated but has since been on the rise, which shows that the
field is increasingly attracting the attention of more institutions.

The rate of international cooperation in the SG field is on the
rise, but which countries have closer cooperation with China?
Figure 4 shows the network of countries with international
cooperation with China. The United States is the country with the
most cooperation, with 508 cooperative articles. Followed by 130
articles from Australia, 117 articles from the United Kingdom,
and 109 articles from Canada. The larger the node is, the more
papers published in cooperation between the country and China
are, and the thicker the connection between the nodes, the closer
the cooperation between the two countries is.

Figures 3, 4 show China’s cooperation with other countries in
the SG field. The current research also indicates that cooperation
with foreign countries in the SG field is increasing. The
average cooperation rate from 2008 to 2018 was 25.5%, and the
cooperation rate reached 38% in 2018. The United States and
China have the largest number of collaborative literature. Other
countries that continue to work closely with China are Australia,
the United Kingdom, and Canada. The overall increase of foreign
cooperation rate indicates that Chinese scholars are paying more
attention to cooperation with foreign countries in the SG field.

Co-authorship Between Institutions

As indicated in Figure5, a total of 1,052 institutions have
published literature in the SG field. The proportion of papers
for inter-agency collaboration increased substantially in 2009,
similar to the increase in country collaboration in 2009. In 2013,
the number of inter-agency collaborations began to increase
significantly, and the number of inter-agency collaboration
papers in the following years showed an increasing trend. In
terms of percentage, inter-agency collaboration was at 72% in
2015, fell to 65% in 2016, and then kept on rising, accounting
for 78% in 2018.

To figure out the institutional cooperation in the SG field
research by Chinese scholars, VOSviewer was used to make the
institutional cooperation network as shown in Figure 6. The size
of the circle in Figure 6 is equal to the number of posts issued
by the organization, and the thickness of the line represents
the cooperative relationship between the organizations. For
example, Fudan University and the University of Minnesota
have the closest cooperation relationship (11 times), and then
the State Grid Corporation of China and Zhejiang University
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FIGURE 3 | Annual literature distribution of international and non-international cooperation.

(8 times), Guangdong University Technology, and University of
Oslo (7 times).

Next we consider the cooperation clustering. The different
colors in Figure 6 represent the clustering of the VOSviewer
to the institution, thereby revealing the collaboration between
the institutions. Green is the cluster with the largest volume of
publications, mainly including 10 institutions such as the State
Grid Corporation of China, Zhejiang University, North China
Electric Power University, and Tianjin University. The second
is the purple clustering, which mainly represents Tsinghua
University, Shanghai Jiao Tong University, Xi’an Jiao Tong
University, Fudan University, and the University of Minnesota.
Red clustering is far away, major representative institutions
include the Chinese Academy of Science, Southeast University,
Beijing Jiao Tong University, and the University of Electric
Sci & Technology China. Blue clustering includes Huazhong
University of SCI & Technology, Wuhan University, and the
University of Oslo.

Co-occurrence Analysis

Co-occurrence analysis has been widely used in bibliometric
analysis, the method of co-word analysis has been put forward
since the 1980s (Callon et al., 1983). Keywords co-occurrence has

been used at the forefront of the analysis of hot topics (Chen,
2017).

Author-Keywords Co-occurrence of Five Most
Productive Institutions

Different institutions have different research emphases. Figure 7
shows the keyword co-occurrence map of the five institutions
with the most articles published in the SG field in China, which
can be utilized to understand the research emphases of these
five institutions. The hotspots of each institution are displayed
as the depth of color in Figures 7A-E. The brighter the color,
the more frequently the keyword appears. Demand response
is the field with the brightest color in Figures 7A-E, which
indicates that each institution regards the demand response as
the research hotspot. The most frequent occurrence is State
Grid Corporation of China (SGCC) (38 times), while the other
institutions use this keyword more than 15 times. EV appeared
in research hotspots of the State Grid Corporation of China
(SGCC), North China Electric Power University (NCEPU),
Tsinghua University (THU), and Shanghai Jiaotong University
(SJTU). Big data is a common research hotspot of NCEPU, SGCC,
and SJTU, while micro-grid is a research hotspot of NCEPU
and SJTU.
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In addition to the common research hotspot of demand  as distributed generation, micro-grid, IoT, cloud computing, big
response, different institutions have different research hotspots. ~ data, and energy management information systems such as EV
For example, SGCC’s research mainly focuses on big data, IoT,  and energy storage. As a university focusing on power research,
EV, smart substation, distribution network, cloud computing, its University Council includes SGCC and other national key
WSN, distributed generation, micro-grid, renewable energy, = power companies and the China Electricity Council. The power
IEC61850, and smart meter. SGCC, as China’s largest network  system has always been its research topic. Its research hotspot
service provider, is committed to building a strong smart grid  includes SG technology foundation, such as IoT, power WSN,
based on Ultra-High Voltage (UHV). This was proposed in 2009  and many aspects of the power system.
by the smart grid development framework: one goal, two main Research hotspots for Tsinghua University mainly include
lines, three stages, and four systems, five connotations, and six ~ EV, electricity market, cyber-physical systems (CPS), and smart
sections (Yu et al., 2012) including different aspects of smart  meters. Among them, CPS is its unique research hotspot. Under
grid construction. SGCC focused on IoT by smart electricity ~ the academic advantages of Tsinghua University, CPS achieves
meters to improve data collection and analysis capabilities, the  breakthroughs in remote control of distribution networks and
effectiveness of energy efficiency can be realized through big data  reliable, safe, and efficient transmission and distribution of
and distributed systems. To improve energy efficiency, the use of ~ energy. CAS research mainly focuses on adaptive dynamic
electric vehicles and products such as vehicle-to-grid (V2G) that ~ programming, optimal control, micro-grid, WSN, adaptive critic
may affect the load on the grid needs to be considered. SGCCis  designs, security, neural network, and home energy management.
the backbone of China’s smart grid construction. CAS also pays attention to the research of power system

Except for SGCC, the other top four publishers are all  planning and other related policies and algorithms. SJTU
scientific research institutions or universities, and their research ~ mainly studies renewable energy, WSN, micro-grid, IEC61850,
hotspots are related to the characteristics of the institutions. For ~ batteries, energy management, and EV. SJTU pays more
example, the hotspots of NCEPU (North China Electric Power  attention to renewable energy utilization, WSN, micro-grid,
University) involve various aspects of the power system, such  and IEC61850.
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Author-Keywords Co-occurrence Analysis With Three
Stages

Based on author-keywords co-occurrence research, from 2008 to
2018, a total of 7,886 author-keywords were used. A total of 6,308
author-keywords appeared only once, and 123 author-keywords
had a frequency >10.

In section Annual Publications and Growth Trend, we divided
2008-2018 into three stages. In this section, we will examine
the co-occurrence of keywords in these three stages to find the
research hotspots in each stage. Figures 8-10 show the analysis
map of keyword co-occurrence in the three stages, in which
the node size is equal to the number of co-occurrences of
keywords, and the larger the node, the more co-occurrences.
The line between nodes represents the number of simultaneous
occurrences of two keywords, and the thicker the line is, the more
simultaneous occurrences of keywords were present.

Figure 8 is the keywords co-occurrence map of Chinese
scholars’ publications in the field of SG from 2008 to 2009,
with keyword minimum occurrences as 1, 42 keywords were
obtained. This diagram is composed of several independent
parts, labeled as cluster 1-1 to cluster 1-7. Cluster 1-1 contains
the keywords: machine learning, architecture, and human
experience, which can be regarded as the application of artificial
intelligence in the power system. Cluster 1-2, whose theme is
grid planning and management, mainly contains keywords such

as planning and management power grids. Cluster 1-3 focuses
on renewable energy and sustainable development, including
innovation, technology, and strategies. Cluster 1-4 focuses on
integrating distributed energy to improve energy efficiency,
mainly including keywords such as distributed generation and
energy efficiency. Cluster 1-5 is the largest, and its theme is
mainly based on artificial intelligence and the automatic fault
identification of sensors, mainly including signal analysis, leak
detection, signal detection, and other keywords. Cluster 1-6
contains only four keywords: smart substation, vision, smart
control center, and smart transmission grid, which can be
thought of as the clustering theme for intelligent control of
power transmission and distribution. The last cluster 1-7 is
mainly about the research of batteries. At this stage, China’s
SG has just started, and some attempts have been made at
the technical level, but the correlation between different topics
is weak.

SG in China is at an embryonic stage and is committed
to solving the problem of renewable energy consumption. The
research mainly focuses on the power grid itself, such as
power grid dispatching, intelligent power transformation, and
power grid planning. Meanwhile, battery, big data, and machine
learning are proposed.

Figure 9 shows the keyword co-occurrence map of Chinese
scholars’ publications in the SG field from 2010 to 2014.
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Keywords at this stage are considered more closely related,
indicating that the research in the SG field at this stage
is more scattered and involves more fields. The top 10
keywords at this stage are demand response, EV, micro-
grid, WSN, security, IoT, distribution generation, electricity,
IEC61850, and distribution network. VOSviewer automatic
clustering produces six clusters, labeled as cluster 2-1 to cluster
2-6. The largest cluster is cluster 2-1, which contains 29
keywords on the integration of distributed energy, including
the following keywords: EV, micro-grid, distributed generation,
and distribution network. The second-ranking cluster is cluster
2-2, which contains 28 keywords. The theme is DSM to
improve energy efficiency. The main keywords include demand
response, self-healing, and multi-agent. The next cluster is
cluster 2-3, with 25 keywords. The theme is energy storage,
batteries, real-time systems, scheduling, and delays. Cluster 2-
4 is the technology base of SG, including IoT, WSN, sensors,
reliability, quality of service, and other keywords. Security is
becoming increasingly important in SG. Cluster 2-5 contains
related topics and consists of 16 keywords, including intelligent
electricity meter, cloud computing, and advanced metering
infrastructure (AMI). The last cluster 2-6 focuses more on the

establishment of SG standards, including smart grid standards
such as IEC61850.

This stage belongs to the development period of SG in China.
Driven by policies and technological progress, research keywords
are exploding, which mainly reflect three research themes. Firstly,
the SG technology foundation, such as IoT and WSN, are
emerging in a concentrated manner, among which smart meters
are the most represented in the IoT field. At the same time,
studies on SG standards also began to appear, such as IEC61850
related research. Secondly, SG lead to system reconstruction
of the power system, traditional power grid power generation,
transmission, substation, power distribution, and utilization and
scheduling boundaries become blurred, distributed energy, and
micro-grid become relatively independent of the interconnected
power system, EVs became the new way of energy storage,
demand-side management combined with smart meters, have
the potential to further enhance energy efficiency. SG has
transformed the power system from a traditional independent
link into an interconnected and mutually reinforcing internet.

Figure 10 shows the map of keyword co-occurrence of
Chinese scholars in the SG field from 2015 to 2018. The
minimum total number of occurrences was 5, and 139 keywords
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FIGURE 7 | Main research topics in the top five most productive institutions. Author-keywords are selected, counting method: full counting, search keywords such as
smartgrid, smart grid, and smart grids are not included. The brighter the color, the more frequently the keyword appears. VOSviewer parameters: normalization
method: LinLog/modularity, attraction = 8, repulsion = 1, clustering: resolution = 1, min. The cluster size: 1, density kernel width: item density = 1.18. (A) The
research topic of the State Grid Corporation of China. A total of 1,802 keywords, minimum occurrence is 3, 131 keywords were obtained. (B) The research topic of
North China Elect Power University. A total of 1,045 keywords, minimum occurrence is 3, 49 keywords were obtained. (C) The research topic of Tsinghua University. A
total of 581 keywords, minimum occurrence is 3, 40 keywords were obtained. (D) The research topic of the Chinese Academy of Sciences. A total of 490 keywords,
minimum occurrence is 3, 31 keywords were obtained. (E) The research topic of Shanghai Jiaotong University. A total of 613 keywords, minimum occurrence is 3, 26
keywords were obtained.

were obtained. In the third stage, the research mainly focuses on  clusters, labeled as cluster 3-1 to cluster 3-6. The largest cluster
demand response, EV, big data, smart meter, micro-grid, WSN, s cluster 3-1, whose theme is similar to cluster 2-4. It is the
security, IoT, optimization, cloud computing, and distributed  technical basis of SG and includes 28 members, including WSN,
generation. Similar to the previous stage, the keyword co-  IoT, smart meters, power line communication, and reliability.
occurrence map in this stage is automatically clustered into 6  Cluster 3-2 covers all aspects of the power system, such as
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demand response, energy storage, distributed network, power
market, and micro-grid. Its theme is SG’s impact on the power
system. At this stage, EV becomes an independent cluster (cluster
3-3), indicating that EV are getting more attention because
they are both an energy consumer and an energy provider,
which is of great significance for energy management. Cluster
3-4 has the theme of power system optimization and contains
14 members. The main keywords are optimization, distributed
control, economic dispatch, and load management. Cluster 3-5
is for big data processing; SG generates massive data, which need
to be processed by relevant big data methods, including big data,
load forecasting, and other keywords. Cluster 3-6 includes cyber-
physical systems (CPS), smart substation, cyber-attack, cascading
failure, state estimation, cyber security, and false data injection
attack, the main theme for the physical information system and
its safety.

The third stage is the stability period of Chinas SG
development. Keywords in this stage are more detailed, as shown
in Figure 10, the number of nodes with larger diameters have
increased significantly, which can be roughly divided into three

themes. The first is still the technical basis of SG. In this stage, in
addition to the main keywords of the previous stage, such as IoT,
WHSN, and smart meter, some new features have emerged. If big
data become a research hotspot, with the development of SG and
more data collection, the problem of data analysis will be raised.
At the same time, security has become another important topic.
Sensor, data communication, system vulnerability, and other
security problems are increasing in SG. Security and stability
are the basic requirements of the power system. The second
theme is the impact of SG on the power system. Keywords also
appear in the trend of decentralization, such as renewable energy,
energy management, and energy efficiency. China is facing the
grim situation of greenhouse gas emissions. At the same time,
the energy internet appears in this stage, which is the depth
and development of SG. At this stage, research on EV and big
data become independent clusters, and their research becomes
more detailed.

Research in Chinas SG field has obvious interdisciplinary
features. For example, the wireless transmission network is an
important way to ensure data transmission. It belongs to the
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application of data communication in the smart power grid. The  hotspots cannot be shown. Therefore, the alluvial diagram is used
IoT is an important carrier for smart devices to play their roles.  in this paper to show the evolution of hotspots at different stages.
It involves electronics, communication, and other fields. The Looking for changes in the scientific structure is important
power system is increasing the proportion of renewable energy,  for understanding the development of science. Alluvial diagrams
SG can partly solve the intermittent issues. Energy storage is an  are such a tool that reveal stories in the network data and allow
important method. How to plan as a whole and consider the  us to connect structural and functional changes (Rosvall and
power system under the influence of smart grid optimization is ~ Bergstrom, 2010). This article utilizes MapEquation’s alluvial
a problem that academic circles have been exploring, so in the  diagrams to understand the changing trends of research hotspots
future smart grid, the influence of traditional power systems will  in the SG field. Firstly, the data set was pre-processed in CiteSpace
be bigger; China has the most complex power grid in the world, =~ (Chen, 2013). It was divided into three stages, 2008-2009,
with complex power consumption and users. Demand response ~ 2010-2014, and 2015-2018, respectively. Three.net files were
has always been a hot research topic. Chinese researchers have  generated and used to import MapEquation’s alluvial diagrams
been seeking to realize optimal dispatching of the power grid  APP. Alluvial diagrams illustrated in Figures 11A-C were finally
through demand response, to guarantee the security and stability =~ generated after computing clusters to simplify the network
of the power grid. (Rosvall and Bergstrom, 2008)!.
In Figure 11, every equivalently colored block in the alluvial
diagram presents a cluster in the networks. The change of the
The Alluvial Diagram of Author-Keywords cluster structure from one time period to the next period was
According to the clustering of keywords at different stages in

Figures 8-10, the research hotspots at different stages can be ISpecific operational method and file format can refer to the website https://www.
roughly seen, but the development and evolution of research  mapequation.org/apps/MapGenerator.html
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represented by the merge and divergence in the strips connecting  for this node (Lambiotte and Rosvall, 2012). The orange stream
the time 1 and time 2 blocks (Rosvall and Bergstrom, 2010). For ~ flows from 2008 to 2009 through 2010-2014 and finally flows
example, Figure 11A shows how SG in China evolved from a  into 2015-2018, indicating that this research topic runs through
relatively independent topic to a cluster of many research topics ~ three stages and has been a hot research topic. Similarly,
between 2008 and 2018. Figure 11B shows the composition and flow of cluster #battery,
The height of the block reflects the size of the cluster, the  while Figure 11C shows other clustering situations from 2015
clusters are ordered from bottom to top by size, with mutually ~ to 2018, such as #big data, #automated metering infrastructure
non-significant clusters placed together and separated by a third ~ (AMI), #state estimation, #optimization, #distributed algorithm,
of the standard spacing. Here we will prefix # with the cluster ~ and #communication.
name to differentiate it with the subset. For example, in the Figure 11A shows the development process of cluster #SG.
2015-2018 column in Figure 11A, the cluster #battery at the In the 2008-2009 stage, #SG only includes two subsets:
bottom is the largest, so it has the highest block. Cluster #SG is ~ SG and energy efficiency (EE). Among them, subset SG
the second largest, ranking on top of the battery, with smaller  is transferred to the cluster in the stage 2010-2014 while
blocks. The height of a stream field, going from the subset  EE is transferred to the other cluster #energy management.
of a cluster in one column to the subset of a cluster in the  The subset of the new cluster #SG in the 2015-2018 phase
adjacent column, which represents the total size of the nodes  has significantly increased. In addition to the orange SG
that make this particular transition. By following all stream fields ~ stream, the subset also includes subsets who are transferred
from a cluster to an adjacent column, it is possible to study  from the other cluster in the 2010-2014 phase. Subset
in detail the mergers with other clusters and the significant  demand response and electricity market transfers from cluster
transitions. The block representing cluster #SG is composed of  #energy management. Subset distribution network, distribution
many streams, the largest of which is the orange stream at the  generation, renewable energy, and subset game theory is
bottom, which represents the highest proportion of PageRank  transferred from cluster #DG.
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Similarly, Figure 11B shows the data flow of cluster #battery
in 2015-2018, which is mainly composed of streams imported
from 2010-2014. For example, vehicle to grid, privacy, EV, and
smart meter are imported from the subset in the cluster #SG.
Power grid, renewable energy resources, energy storage, and
battery are imported from the subset in cluster #SG. Besides, the
subset of cluster #energy management and the subset of cluster
#delay wireless communication also converge to the cluster
#battery in the last stage.

Figure 11C shows the inflow of subsets of the last few
clusters, such as #communication network, #state estimation,
#optimization, #AMI, and #big data. #big data consists of a
lot of subsets: big data, cloud computing, data mining, IoT,
machine learning, and power system. Among them, only IoT,
power system, and cloud computing are transferred from phase
2010-2014, while the rest of the topics all involve the new subset.

#AMI mostly flows from the previous phase, genetic algorithm,
micro-grid (#DG), monitoring, WSN, AMI, energy efficiency
(#energy management), the subset of the newly emerged subset
is load management. #communication network consists of the
quality of service (#delay) and communication network transfer
in the former phase and also includes one subset of the newly
emerged subset PLC. #distributed algorithm is a new cluster
that includes two subsets: distributed algorithm and economic
dispatch. #optimization includes four subsets: optimization
(#battery), multi-agent system, control, and neural network.
#state estimation consists mainly of a new subset including the
state estimation, false data injection attack, CPS, cyber-attack,
system, and smart substation (#smart substation).

SG’s keywords at the three stages of development are more
refined, in the first stage there are only two clusters, new clusters
appear in the second phase, such as #battery, #delay, #based
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algorithm, #distributed generation, and #smart substation,
together with the existing similar findings in section Author-
Keywords Co-occurrence Analysis With Three Stages, the stage
of SG has a great influence on the traditional power system and
begins to change each link in power system research. In the third
stage, these clusters are re-decomposed and combined to generate
the new clusters #big data, #AMI, and #optimization. In addition
to paying attention to the impact of the smart power grid on the
traditional power grid, they also turn to intelligent equipment,
data processing, and decision optimization.

CONCLUSION

We applied different bibliometric methods and visualization
tools to analyze the basic situation of Chinas SG, and tried
to answer the questions raised in the first part by presenting
bibliometric results.

Under the pressure of clean energy utilization and climate
change, the development of SG has attracted the attention of
various countries. This paper adopts a scientific visualization
method to analyze 3,558 WOS literature records and uses
scientometric techniques, such as co-authorship and co-
occurrence, through which the status quo and trends of the SG
field in China can be deeply understood.

(1) The basics of SG in China: The publication volume presents
an overall rising trend, but fluctuates after 2015. The research
literature of Chinese scholars in SG is expected to continue
to grow in the coming years. At the same time, from the
perspective of discipline distribution, the literature in the SG
field has obvious interdisciplinary characteristics. We found
that the top 10 institutions in the SG field published half of
the literature in the data set.

Cooperation on SG research in China. China has cooperative
relations with 52 countries in the SG field, and the
cooperation ratio among countries shows an increasing
trend. The proportion of collaborative papers continues to
rise and so does the proportion of the formation of several
major partnerships.

Research hotspots of five productive institutions. SGCC,
which has the largest number of published documents, is
China’s largest power grid service provider and is the main
driver of SG development. It is committed to building
an SG system based on power flow, information flow,
and business flow of the entire power system. While
increasing the consumption of renewable energy, SGCC
plans to build a strong smart grid based on UHYV, achieve
coordinated development of power grids at all levels through
information flow, and use it as a support to realize the
integration of power generation, transmission, substation,
distribution, power consumption, and dispatching business
flow development. Its research topics are the most scattered
and involve all aspects of SG research. In addition to SGCC,
North China Electric Power University has a wide range
of research hotspots, such as distributed power generation
and micro-grid, demand response, EV, big data, and cloud
computing. The research hotspots of Tsinghua University,

2)

CAS, and Shanghai Jiaotong University are relatively
concentrated. In addition to demand response, Tsinghua
University pays more attention to the cyber-physical system
(CPS), power line communication (PLC), and EV. CAS pays
more attention to power system planning and optimization,
neural network, home energy management, and lithium-ion
batteries. Shanghai Jiaotong University pays more attention
to automatic generation control and big data.

Research hotspots and development trends. SG research
has interdisciplinary characteristics, which is the
integration of power system, engineering technology,
and information communication technology. The research
topics include engineering technology development, power
system reconstruction, and information communication
development. In terms of engineering technology, the
development of battery technology has driven the
development of EV and energy storage. Hot keywords
include the battery, EV, energy storage, and lithium-ion
battery. At the same time, the development of sensor
technology provides technical support for data collection.
Related keywords include IoT, sensors, smart meter, and
AMI. Power system reconfiguration driven by SG thus affects
all aspects of the power system research. Related keywords
include micro-grid, distributed generation, smart substation,
v2g, energy internet, and optimization. The development
of information and communication technology is the
foundation of the development of SG, and its main research
hotspots include WSN, wireless communication, security,
and big data. The development of Chinas SG research has
evolved from a relatively single theme to the application of
information and communication technology to integrate
power system-wide research topics, including distributed
power generation, smart grid, smart power transformation,
smart dispatch, and demand response.

(4)

In the next step, further research into SG in China needs to
focus on the following tasks: hardware design based on the IoT,
network construction based on wireless transmission network,
optimal dispatching of the power system based on demand
response, improvement of energy efficiency, and the construction
of regional and national smart grids.

Strengths and Limitations

Quantitative analysis of a certain field or discipline based on
bibliometric is a method that has gradually emerged in recent
years. Although this method cannot be applied to accurately
summarize the development of the discipline or field, it can
find the basic characteristics and hotspots of the research of the
discipline or field from a macro perspective. According to our
search, this is the first bibliometric analysis of SG which uses
alluvial diagrams to analyze the trend of keywords.

The research has provided valuable information for SG
researchers, practitioners, and government institutions in China,
meanwhile, the visualized map has provided valuable insight and
an in-depth understanding of the key institutions, institutional
and national cooperation, the current state of the research field,
and the development trend.
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The results of this study will be applied to (1) when
government agencies and business organizations are formulating
policies, consulting, and determining research cooperation;
(2) when graduate students start to determine the current
development situation of the gaps in understanding in the SG
field; (3) when scholars make an attempt to understand the
research hotspots in the SG field in China or need to discuss these
topics with other scholars and seek potential cooperation.

There were some limitations in this study deserving our
attention. First of all, our analysis is based on the analysis of
the sample set, rather than the research results of the whole
SG field in China. The SG field is developing rapidly and
tends to be interdisciplinary. We are trying to extend it to the
whole WOS library, however, the inclusion of the Emerging
Sources Citation Index (ESCI) database starting in 2015, is
different from the analysis period in this paper from 2008
to 2018, therefore this database was excluded in the analysis.
In the subsequent research, the Scopus, Google Scholar, and
other databases can be further taken into consideration for
more comprehensive analysis in this field. Anyhow, the WOS
database is the most comprehensive and widely used data
at present, which is still meaningful for understanding the
research status and development of the SG field in China.
Secondly, this paper mainly considers SG research hotspots and
its evolution in China from a macro perspective, but does not
consider the relationship network of cooperation and co-citation
between the authors, such as relationships regarding their
common affiliations, academic supervisor-student relationships,
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