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Abstract: This study examined how green technology (GT) has evolved recently in the domain of
national research and development (R&D) in Korea. The analysis considered social network analysis
by using keywords of national R&D projects in environmentally benign (‘green’ in this paper)
technologies. Data for analysis were collected from the R&D database of the National Science and
Technology Information Service (NTIS). By selecting the official GT category in the NTIS’s database,
we gathered 53,896 GT R&D projects from 2011 to 2016 inclusive. By constructing a co-occurrence
matrix with keywords, we conducted a centrality analysis (including degree, closeness, betweenness
centrality) and visualized the network matrix to display a cluster map. This study presents the
following findings: (1) the chronical trends of GT R&D, (2) focused fields of GT R&D, (3) the relations
between keywords and GTs, and (4) the characteristics and problems in GT R&D. The paper ends
with suggested policy implications to boost national GT R&D and to develop GTs in the future.

Keywords: social network analysis; degree centrality; closeness centrality; betweenness centrality;
policy implication; National Science and Technology Information Service

1. Introduction

Sustainable development (SD) was adopted by the United Nations General Assembly in
September 2015 as the next global development goal after the Millennium Development Goal. Since the
United Nations (UN) World Commission on Environment and Development published the report
of “Our Common Future” in 1987, the concept of SD has spread across the world. This report
defines SD as “development that meets the needs of the present without compromising the ability of
future generations to meet their own needs” [1–6]. Because of the vagueness of this definition of SD,
‘green growth’ and ‘green innovation’ have emerged worldwide in academia, policy, and industry as
a practical means to achieve SD.

In 2005, the 5th Ministerial Conference on Environmental and Development in Asia and Pacific
hosted by the UN Economic and Social Commission for Asia and Pacific (UN ESCAP) mentioned
‘green growth’ as the term based on SD to foster economic growth by preventing environmental
contamination and using natural resources sustainably [5]. Green innovation has been defined in
various ways [2,7–13], which can be summarized as “innovations to consist of new or modified
processes, techniques, systems, and products which benefit the environment and avoid or reduce
environmental harm” [9]. Green technology (GT) has emerged globally as an important component in
pursuing SD as well as in promoting green growth and innovation.
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In Korea, GT first appeared in the law when the Lee Myung-bak administration proposed the
“Low Carbon, Green Growth” strategy for the new national development paradigm in 2009 [5,14,15].
The Korean government regards GT as a means to respond to climate change, to overcome the energy
crisis, and to sustain SD [16]. Since then, the national research and development (R&D) investment in
GT increased from 2.2 trillion won in 2010 to 4.13 trillion won in 2013, but then decreased to 3.57 trillion
won in 2014 and to 1.93 trillion won in 2016. Although the significance of GT has increased in the world
to pursue SD and to promote low-carbon growth, in Korea, the national R&D investment in GT has
recently dropped and the national R&D plan of GT has not been designed and implemented in the long
run because GT tended to be considered as a means for economic growth in Korea [5,15]. Moreover,
academic study of GT has been rarely conducted in Korea. Thus, we attempted to fill this research
gap. The main purpose of this study is to examine how GT has evolved in the domain of national
R&D in Korea, especially focusing on the transition of keyword trends in GT R&D. This study also
aims to present the trend changes of GT in national R&D by applying a social network analysis that
considers the co-occurrence of keywords and degree, closeness, and betweenness centrality. Based on
the co-occurrence matrix of keywords, we visualized the network matrix to display a cluster map of
GT. From the results of network analysis, we identify the characteristics and problems in national GT
R&D and suggest some policies to boost GT R&D again in Korea.

This paper is organized as follows. Section 2 presents the definition of GT and a review of some
literature. Section 3 demonstrates research design, data collection, and cleansing, as well as a brief
overview of social network analysis. Section 4 presents the results of network analysis on national
R&D for GT. Section 5 presents discussion and policy suggestions. The final section concludes the
paper with a summary, recommendation for future study, and limitations of the paper.

2. Literature Review of Green Technology

The concept of GT originated in the 1960s and 1970s when the social ecological movement
arose in Western industrialized countries [17]. However, GT has been widely accepted since the
21st century, when it was introduced and developed to foster SD and to pursue green growth
by reducing the environmental effects of technologies [15–17]. GT is basically acknowledged as
a technology both to diminish negative effects on the environment and to improve the quality of
the environment [10,13]. GT has been also regarded as synonymous with environmental, ecological,
and clean technologies. According to Google Trend analysis, GT has drawn increasing interest in
search frequency compared to other similar terms that refer to clean and environmentally benign
technologies [16]. Consequently, “green technology” has become a dominant term in the context of
environmental, ecological, and clean technologies.

GT is based on the concept of green innovation [2,7–10,13]. Thus, the literature that related
to green innovation is also the source of the definition of GT. Green innovation must develop new
technologies for energy saving, waste recycling, pollution-prevention, green product designs, and
corporate environmental management [9,18]. GT is defined as a product, service, or process to generate
economic, social, and ecological value by reducing use of resources and energy, and by minimizing
environmental contamination [19–21]. In developed countries, GT may function as an appropriate
technology because of its sustainability for the environment and economic development as well as
its promotion of the importance of human value [15], whereas an appropriate technology may meet
the needs of local people and places in developing countries [22]. For instance, in the U.S., renewable
energy as GT has been developed as an alternative to fossil or nuclear energy to fulfill local needs and
to protect the environment [23].

Numerous studies of GT have been performed in technological fields [17] such as renewable
energy [24–26], solar cells [27–29], fuel cells [30,31], and water management [32,33]. Similarly,
numerous studies have been conducted on GT and green innovation from an economic perspective;
examples include an analysis of green innovation factors in small and medium-sized enterprises in
Korea [34] and a study on how environmental taxes affect the adoption of GT [35]. According to Porter’s
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hypothesis [36] of green innovation, appropriate environmental regulations induce technological
innovation, which can offset the development and production costs incurred [34,36,37]. Nevertheless,
for private companies, investment in GT may raise costs and reduce profits [7,38–40]. Because green
investment is mostly capital-intensive, a government has a significant role in the R&D of GT. Therefore,
policy instruments have been developed to facilitate green innovation and to diffuse GT in Asian
countries [2]. Despite its importance, the study of GT has been insufficient in the field of national R&D.
To fill this research gap, the present paper quantitatively examines relationships among research topics
in national R&D and GT in Korea.

3. Research Method

The goal of this study is to investigate the evolution of GT in the national R&D domain of Korea.
This goal is accomplished by focusing on changes in the keyword trends in GT R&D. To conduct
research with reliable data, we used the national R&D database produced by the National Science
and Technology Information Service (NTIS) [41]. The NTIS is operated by the Korea Institute of
Science and Technology Information (KISTI) to provide all national R&D information such as projects,
human resources, facilities, and outcomes in real time.

The research process used in this study entails five steps (Figure 1). The first step was to select
GT-related projects in the national R&D database of NTIS. The second step was to extract keywords
from the GT R&D projects and then to cleanse the keywords for standardization. The third step was to
construct a co-occurrence matrix with the cleansed keywords. The next step was to conduct a social
network analysis (SNA) by calculating degree, closeness, and betweenness centrality, and then to
visualize the co-occurrence matrix to present cluster maps. In the last step, we provided results and
a discussion of the SNA and cluster maps.

Figure 1. Research framework.

3.1. Data

Data were collected from the R&D database of the NTIS. We gathered 53,896 GT R&D projects
during the recent six-year period from 2011 to 2016 by selecting the GT category in the NTIS database.
The GT category consists of 57 sub-classes of GT, including a wide spectrum of technologies such
as climate-change assessment and adaptation, renewable energy, highly-efficient technology, green
information technology (IT), green cities, CO2 capture, storage, and processing, and virtual reality.

The purpose of this study is to examine national R&D trends in GT by applying network analysis to
keywords of GT R&D projects. So, we extracted English keywords provided by each project. Before we
conducted the network analysis, we cleansed the data by eliminating projects that had none of the
keywords that were sought, or that included meaningless words or were conducted in non-technical
fields. Then the extracted keywords were standardized, for example by decapitalizing, and unifying
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singular or plural terms, and replacing abbreviations with their full names. This standardization
process was easily conducted by using MS Excel formulas. Before the analysis, we divided the six-year
dataset into three periods of two years, which corresponded to the regime changes from President
Lee Myung-bak (2011–2012) to President Park Geun-hye (2013–2016) and the policy change from the
“Creative Economy” (2013–2014) to the “Fourth Industrial Revolution” (2015–2016). The final dataset
considered <53,896 projects and <135,000 standardized keywords (Table 1).

Table 1. The number of green technology (GT) research and development (R&D) projects and
their keywords.

2011–2012 2013–2014 2015–2016

GT R&D projects 13,430 24,901 15,565
Standardized keywords 31,754 62,925 40,830

3.2. Social Network Analysis

Social network analysis (SNA) has been increasingly used in fields of social science such as
psychology, sociology, economics, and innovation studies. SNA applies network and graph theory to
investigate social relations between people or objects [19,20,42–45]. In the field of GT, several studies
have used SNA, for example to observe specialized GTs, emerging GT fields, and clusters in GT in
green-tech firms in San Francisco, New York City, and London [19]. Analysis of keywords to find
trending topics in international GT has been used to forecast the future development and change in
GT [46].

This study uses SNA that considers the co-occurrence of keywords [1,46] and centrality [43,45].
Co-occurrence analysis is used to generate a matrix of relationships between pairs of keywords for
further network analysis and visualization. Co-occurrence analysis identifies pairs of nodes (keywords
in this study) that co-occur in a defined group of a network [43,47]. We calculated the co-occurrence
frequency of pairs of keywords in the same R&D project. To observe the status and change of keywords,
we adopted three basic centrality indices: degree, closeness, and betweenness [45]. Centrality quantifies
the importance or influence of a specific object within a network [43,45,47,48].

Degree centrality counts the number of connections to other nodes in the network; the power and
importance of a node in the network increases with its degree centrality [43,45]. To easily compare
with other types of centrality, we standardized degree centrality by dividing it by the total number of
nodes, not including the node considered.

Closeness centrality measures the inverse of the sum of the shortest distances between each node
and every other node within the network [43]. A high value of closeness indicates that a node has close
access directly and indirectly to other nodes; thus, this node can influence or monitor information flow
between them [43,46].

Betweenness centrality represents the number of times that a node is on the shortest path that
links two other nodes. Hence, high betweenness indicates that a node has high power to control the
information flow through the network [43,45,46].

For the first step of SNA, to balance among the three periods and to easily conduct the network
analysis, we selected ~250 keywords that had >20 occurrences in 2011–2012 and 2015–2016 and
>33 occurrences in 2013–2014. Co-occurrence of keywords was calculated among all standardized
keywords during each time period. Thus, each time period presented a different value of co-occurrence.
In particular, the period of 2013 and 2014 included the largest number of keywords; so, we set
a higher cut-line of occurrences for selecting ~250 keywords in this period than the other two periods.
To generate a similarity matrix of keyword co-occurrence, we used KnowledgeMatrix (version 0.8)
(Daejeon, Korea) developed by KISTI. Based on the similarity matrix, we attained all the values
of degree, closeness, and betweenness centrality automatically calculated by Pajek (version 5.03)
(Ljubljana, Slovenia). To visualize the network matrix for each time period, we used VOSviewer
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(version 1.6.5) (Leiden, Netherlands). Clusters in the three network maps clearly represent which
technologies are dominant and how technologies are related each other. KnowledgeMatrix 0.8, Pajek 5.03,
and VOSviewer 1.6.5 are freeware. We conducted all analyses on a personal desktop computer.

4. Results and Policy Implications

4.1. Keyword Trends in GT R&D

During 2011 and 2012 (Table 2), “solar cell” and “fuel cell”, respectively, had the first and second
place in centrality. This result suggests that the Korean government invested heavily in R&D in
these technologies. “Biomass”, “renewable energy”, and “high efficiency” were in the top five of
degree, closeness, and betweenness centrality, respectively. Hence, Korean national R&D in energy was
actively conducted in renewable energy and efficiency. During this period, the three centrality indices
individually did not differ much, and betweenness centrality was relatively low; these results mean
that the high-rank fields of GT were closely related to each other and were conducted independently
in national R&D.

Table 2. Top 10 keywords with highest centrality of the network (2011–2012).

Rank
Degree Centrality Closeness Centrality Betweenness Centrality

Keyword Value Keyword Value Keyword Value

1 solar cell 0.323 solar cell 0.564 fuel cell 0.100
2 fuel cell 0.311 fuel cell 0.560 solar cell 0.094
3 biomass 0.226 renewable energy 0.536 biomass 0.081
4 renewable energy 0.226 biomass 0.522 renewable energy 0.069
5 high efficiency 0.220 high efficiency 0.519 high efficiency 0.062
6 catalyst 0.189 catalyst 0.511 polymer 0.051
7 LED 0.165 nanoparticle 0.498 LED 0.049
8 polymer 0.165 polymer 0.492 catalyst 0.041
9 nanoparticle 0.152 optimization 0.487 nanoparticle 0.030

10 thin film 0.152 thin film 0.485 climate change 0.028

From 2013 to 2014 (Table 3), “light emitting diodes (LEDs)” had the highest centrality rank.
This result suggests that interest and investment in national R&D on LEDs were sharply higher during
2011 and 2012. “Solar cell” and “fuel cell” had high degree and closeness centrality, so they were still
important themes of national R&D. Other terms such as “monitoring”, “energy”, and “hybrid” newly
appeared at high rank in betweenness centrality, although the values were lower than those of LEDs.
This result means that the words “monitoring”, “energy”, “renewable energy”, and “hybrid” formed
relatively crucial links among GT R&D; i.e., R&D in GT focused on renewable energy, efficient energy
systems, and hybrid materials and systems at this time. Another remarkable point in 2013 and 2014
was the increase in the degree centrality of graphene; this trend occurred because graphene is widely
used in developing solar cells, fuel cells, and second batteries.

Table 3. Top 10 keywords with highest centrality of the network (2013–2014).

Rank
Degree Centrality Closeness Centrality Betweenness Centrality

Keyword Value Keyword Value Keyword Value

1 LED 0.344 LED 0.580 LED 0.049
2 solar cell 0.336 solar cell 0.575 monitoring 0.042
3 hybrid 0.308 energy 0.566 energy 0.038
4 fuel cell 0.280 hybrid 0.561 solar cell 0.035
5 energy 0.272 monitoring 0.559 hybrid 0.032
6 graphene 0.264 fuel cell 0.552 climate change 0.029
7 high efficiency 0.260 high efficiency 0.549 renewable energy 0.027
8 monitoring 0.260 renewable energy 0.542 sensor 0.026
9 renewable energy 0.240 catalyst 0.534 high efficiency 0.026

10 sensor 0.224 sensor 0.534 fuel cell 0.026
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From 2015 to 2016 (Table 4), “solar cell”, “fuel cell”, and “LEDs” continued to take the highest place
in degree and closeness centrality. However, “climate change” appeared as the most powerful word
that connected other keywords in the network; this trend implies that climate change became a directly
and indirectly important factor for R&D in an increasing number of R&D projects. The “Internet
of Things (IoT)” appeared in the three centrality indexes. This result occurred because the Korean
government has actively promoted projects related to the Fourth Industrial Revolution since 2015,
and because IoT is regarded as one of the important technologies to foster this revolution. Specifically,
IoT is necessary in energy-managing systems, climate change and environmental disaster forecasts for
events such as floods, LED lighting systems, and battery systems.

Table 4. Top 10 keywords with highest centrality of the network (2015–2016).

Rank
Degree Centrality Closeness Centrality Betweenness Centrality

Keyword Value Keyword Value Keyword Value

1 solar cell 0.272 solar cell 0.537 climate change 0.061
2 LED 0.264 fuel cell 0.534 monitoring 0.058
3 fuel cell 0.259 LED 0.533 LED 0.046
4 renewable energy 0.243 renewable energy 0.531 IoT 0.042
5 graphene 0.226 monitoring 0.530 eco-friendly 0.042
6 IoT 0.226 module 0.527 renewable energy 0.040
7 high efficiency 0.222 eco-friendly 0.520 fuel cell 0.038
8 eco-friendly 0.218 energy 0.520 module 0.028
9 monitoring 0.213 IoT 0.519 energy 0.026

10 catalyst 0.201 high efficiency 0.511 solar cell 0.026

Overall, national R&D in Korea has been skewed toward solar cells and fuel cells (Table 5), despite
an increasing necessity to diversify alternative energy sources and to identify new sources of renewable
energy. Nevertheless, the main fields of GT R&D experienced changes from solar cells and fuel cells
(2011–2012) to LEDs (2013–2014) and the IoT (2015–2016) depending on the national changes to science
and technology R&D policies and plans. Throughout all time periods, betweenness centrality values
were generally quite low (Tables 2–4); this result means that dominant fields of GT are not strongly
related to each other, and that most R&D projects in GT are conducted independently.

Table 5. Trend changes of keywords based on the total value of the three centralities.

Rank 2011–2012 2013–2014 2015–2016

1 solar cell LED LED
2 fuel cell solar cell solar cell
3 renewable energy hybrid fuel cell
4 biomass energy renewable energy
5 high efficiency monitoring IoT

4.2. Technical Cluster Trends in GT R&D

We drew network maps of each period by using the same network matrix that was used in the
keyword analysis. We kept the same conditions when creating the network maps on VOSviewer:
resolution of 1.0, minimum cluster size of 5, and label size variation of 0.6. The network maps
show keywords clusters, where are emphasized by assigning distinct colors. VOSviewer does this
automatically. In the network map, we detected fields of GT that were not found in the keyword
analysis. We also discovered rich information across GT R&D.

During 2011 and 2012, the network map (Figure 2) consists of eight clusters. From largest to
smallest, these were: energy efficiency, solar cell, fuel cell, agricultural adaptation, LED, recycling,
bioenergy, and soil improvement. Energy efficiency became the biggest cluster by including subsets
such as green IT, energy monitoring system, and cloud computing. Similar to the keyword analysis,
solar cell and fuel cell appeared as dominant technical fields in GT R&D. In contrast to keyword
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analysis, agricultural adaptation and soil improvement were major areas of national R&D in GT;
neither of these fields was detected in keyword analysis. The network map shows two interesting
clusters: technology to recycle waste and wastewater, and bioenergy including biodiesel, bioethanol,
biofuel, and biomass.

Figure 2. Network map of GT R&D presenting technology clusters in different colors (2011–2012).

During 2013 and 2014, the network map (Figure 3) consisted of seven clusters. From largest to
smallest, these were: smart energy system, solar and fuel cells, CO2 reduction, bioenergy, agricultural
adaptation, fruit protection, and disease prevention. The ‘smart energy system’ cluster is related to
energy efficiency, LED for lighting efficiency, and various information technologies such as big data,
mobile sensor, and the IoT. During this period, solar and fuel cells are included in the same cluster as
secondary batteries and graphene. Carbon dioxide (CO2) reduction emerged as newly important field
due to the development of carbon-lowering and CO2-absorbing technologies.

Figure 3. Network map of GT R&D presenting technology clusters in different colors (2013–2014).
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During 2015 and 2016, the network map (Figure 4) consisted of eight clusters. From the largest
to smallest, these were: smart lighting system, solar and fuel cells, CO2 reduction, agricultural
adaptation, bioenergy, biogas, energy management system, and breeding. Smart lighting systems were
clustered mainly with LED and LED-related efficient managing technologies. The IoT appeared as
the most influential keyword in this period; this term may be related to the development of smart
lighting systems. Most clusters seemed to be constructed as in the earlier two periods, but the energy
management system and breeding clusters were new. An energy management system is a technical
cluster that includes components such as smart grids, energy storage systems, and battery management
systems. Breeding was composed of technologies to promote the growth of crops and fruits, as well as
to protect them from climate change.

Figure 4. Network map of GT R&D presenting technology clusters in different colors (2015–2016).

The cluster analysis gave similar results to the keyword analysis for the main fields of national
R&D in GT such as solar cells, fuel cells, and LEDs. However, the cluster maps present other various
fields of GT that were not found by the keyword analysis, including bioenergy, CO2 reduction,
breeding crops, agriculture adaptation, and soil improvement (Figures 2–4). Interestingly, the cluster
maps revealed relations between technologies and keywords intuitively. For example, solar cells and
fuel cells were linked to specific technological terms: solar cells to graphene, thin films, perovskite;
and fuel cells to electrodes, catalysts, and solid oxides (Figures 2–4). During the entire period,
national R&D projects in climate change were strongly related to technologies in breeding crops
and fruits, ecosystem, and CO2 reduction or capture. Renewable energy appears to be connected
to biomass, bioenergy, and bioethanol, as well as to smart grids, solar cells, fuel cells, and energy
storage. Thus, renewable energy is a component of various GTs. LEDs were linked to revolutionizing
technologies such as smart farming, smart factories, and the IoT.

5. Discussion

Despite the globally-increasing importance and interest in GT, the capacity of Korean national
R&D in GT has tended to be limited to a few technologies related to solar cells, fuel cells, LEDs,
and secondary batteries. This limitation occurred because the Korean government established and
implemented the national R&D policy in GT as a means to expand the economy and to create
jobs [5,15,49]. R&D investment in GT has dropped from 4.13 trillion won in 2013 to 1.93 trillion
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won in 2016 due to the regime change in 2013. Accordingly, GT R&D tended to be influenced greatly
by the government’s intention through a top-down manner.

The evolutionary trends of GT R&D provide useful insights for policymakers in R&D management
and the national development plan. GT can contribute to fostering SD and to finding a new
technological niche; hence, we suggest five tactics in this section to reinforce GT in Korea.

First, the Korean government should raise R&D investment in GT to maintain its continuity and
to invigorate the development of GT [49]. An increase in the amount of R&D investment in GT will
lead to the qualitative development of GT and to advances in the domestic status of GT.

Second, a bottom-up approach should be applied to R&D management systems in the GT field
to reflect the needs for specific GTs in a market or local society [5,49,50]. R&D policy and support
in a GT field have tended to be planned and implemented by a top-down approach. In particular,
during the former President Lee Myung-bak’s regime, the central government strategically designed
and developed GT to promote low-carbon green growth.

Third, the systematic and consistent study of international trends in green, climate, and renewable
technologies should be conducted to guide the expansion of the scope of GT beyond its current focus
on a few technologies such as solar cells, fuel cells, and LEDs. This expansion will help Korea to meet
the trend of the world market, and to expand sales and applications of domestic GTs.

Fourth, to increase the national investment and interest in GT, it should be followed by the
promotion of the practical use of GT in domestic and world markets. Therefore, the Korean government
should strengthen industry-university-institute collaboration and support the commercialization of
developed GT [49].

Fifth, to continue the development of national GT R&D in the long term, the negative effects
of GT should be considered during the R&D process. Therefore, policymakers should devote the
R&D capacity to predict negative effects of GT and to establish a standard for defining and measuring
them [15,51].

6. Conclusions

This study used a social network analysis and visualization of network maps to present the
evolution of national R&D in Korea. This study searched for keywords of national R&D projects that
were related to green technologies from 2011 to 2016, divided into three periods of two years.

We identified the following important phenomena in the GT R&D trend. During the entire
period, the Korean government tended to focus its GT R&D on solar cells, fuel cells, renewable energy,
and LEDs. The network analysis of keywords detected that the special domain of GT moved from
solar cells and fuel cells (2011–2012) to LEDs (2013–2014) and then to the IoT and climate change
(2015–2016).

Network visualization detected some fields of GT that were not found in the SNA: examples
include bioenergy, agricultural adaptation, green IT, and CO2 reduction. This visualization also
revealed technical cluster construction in the GT R&D field, as well as connections between key
technologies. The most dominant technologies such as solar cells, fuel cells, and LEDs presented
relations with their specific sub-technologies or components. Distinctive findings include the fact that
climate change appeared to be linked to technologies for breeding crops and fruits, and to ecosystems,
and that technologies for CO2 reduction or capture and LEDs were connected to the representative
technologies of Fourth Industrialization Revolution such as smart farming, smart factories, and the IoT.

The present study has some limitations. Because it used only national R&D data of green
technology, this research could not show all national R&D trends in GT, such as those conducted at
the business level. Moreover, the study was limited to technologies that are included in the national
classification code of GT; these data may exclude other technologies that are regarded as green in other
countries or time periods. Although keyword analysis gives a general understanding of the technical
trend changes of GT, this study cannot identify factors that affect planning and conducting national
R&D in GT, such as R&D budget, project performers, and outcomes. Thus, we recommend that future
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studies should include information about GT R&D in the private sector, and should expand the range
of GTs considered.
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