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Abstract: Scientific research plays an important role in the achievement of a sustainable society.
However, grasping the trends in sustainability research is difficult because studies are not devised
and conducted in a top-down manner with Sustainable Development Goals (SDGs). To understand
the bottom-up research activities, we analyzed over 300,000 publications concerned with sustainability
by using citation network analysis and natural language processing. The results suggest that
sustainability science’s diverse and dynamic changes have been occurring over the last few years;
several new topics, such as nanocellulose and global health, have begun to attract widespread
scientific attention. We further examined the relationship between sustainability research subjects and
SDGs and found significant correspondence between the two. Moreover, we extracted SDG topics
that were discussed following a convergent approach in academic studies, such as “inclusive society”
and “early childhood development”, by observing the convergence of terms in the citation network.
These results are valuable for government officials, private companies, and academic researchers,
empowering them to understand current academic progress along with research attention devoted
to SDGs.

Keywords: bibliometrics; network analysis; SDGs; natural language processing; information retrieval;
scientific foresight

1. Introduction

Scientific achievement in various fields is essential in ensuring a sustainable society. For example,
studies focusing on more efficient energy systems are valuable to prevent additional global warming.
According to a United Nations (UN) report [1], preventing global warming is technically achievable
but requires “unprecedented and urgent actions”, including political agreement. Changes to the
environment are foreseen to have a severe impact, especially on people in vulnerable countries [2].
Accordingly, diverse research fields would necessarily be required to engage collaboratively to achieve
a sustainable society. Currently, specific scientific contributions such as those that pertain to renewable
energy [3] for a sustainable society are receiving worldwide attention [4]; however, other topics have
not been recognized in the scientific community or highlighted in the daily news. Apart from this,
many research objectives and subjunctives are emerging, not only in materials science and urban
engineering but also in fields such as political science and biochemistry. Therefore, it has become
important to comprehend the complicated and dynamic sustainability research landscape to evaluate
current scientific progress and create a research plan that works toward a sustainable society.

Scientific research that is aimed at achieving sustainability is composed of diverse topics and
approaches. For instance, various kinds of studies such as material/bioscience [5,6], industrial
engineering [7], operation research [8], and economics [9,10] play important roles in improving
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energy efficiency. Moreover, economic, social science, and computer science research are focusing
on smart cities, sustainability education, and sustainable tourism. Environmental science is also an
important subject of sustainability. To understand such a diverse sustainability science, large-scale
reviews of sustainability science [11,12], and reviews of specific areas of sustainability, such as
energy storage [13,14], biodiesel [15], sustainability-oriented innovations [16], or cooperation [17]
are published. Multiple reports [18,19] concerning progress toward a sustainable society have been
published, and these papers have made a significant impact on governments and the decision-making
processes of companies. However, an expert top-down analysis of this nature cannot avoid heuristic
biases or incompleteness. Other studies [20–22] provided a comprehensive map of sustainability
research by analyzing large amounts of bibliographic information. However, considering the recent
rapid growth in sustainability research, these results are no longer current. In addition, the databases
used in these studies did not include conference proceedings, which are important in fields such as
computer science. The study that included the largest dataset in its analysis was that by Kajikawa [20],
who analyzed 107,277 papers listed on the Web of Science, which has the largest number of connected
components of a citation network. However, of the largest connected components, 312,584 papers
published prior to 2 January 2019 were found on Scopus. Therefore, it was necessary to create a more
recent and comprehensive map of sustainability science.

The 17 Sustainable Development Goals (SDGs) of the United Nations (UN) [23] consist of
comprehensive and carefully elaborated objectives for a sustainable society. The UN consolidates
the goals from several strands of international work; thus, the scope of the goals covers diverse
topics. Therefore, an investigation of the scientific focus on and contributions to each SDG is expected
to provide comprehensive information concerning the current progress in sustainability science.
The annual UN report on progress toward the SDGs [18] included a discussion concerning scientific
attention and contributions to the achievement of SDGs. In addition, progress in research toward the
SDGs is frequently reported in newspapers and corporate social responsibility reports [19]. However,
the link between sustainability science and SDGs is not comprehensively understood. Regardless
of this, each theme of the numerous studies on sustainability was decided in a top-down manner,
starting from the SDGs. Moreover, many journals and conferences devoted to sustainability exist,
and the fields covered by each are segmented and integrated. Therefore, the connection between
scientific research and SDGs is not easy to understand simply by reading several sets of papers or
by attending conferences. To enable a comparison to be made between the goals that were specified
by using a top-down approach and the academic research topics constructed in a bottom-up manner,
we investigated the correspondence between each SDG and the research area and extracted the topics
discussed convergently by following the approach for academic studies.

The purpose of this study was to create a comprehensive map of sustainability research and
evaluate the scientific attention paid to each SDG for understanding current sustainability science,
especially focusing on the topics related to energy. We collected sustainability-related papers from
Scopus through the “sustainab*” query, which was proposed by Kajikawa [20]. The query only retrieved
the sustainability-related papers that were explicitly described by the author(s) as such. Therefore, rather
than analyzing the entire set of sustainability-related activities, we examined the associated scientific
attention they attracted. First, we classified the 312,584 sustainability papers using a citation network
clustering method [24]. The analysis of the information from the clusters and the representative words
enabled us to identify the scientific regions currently receiving attention in sustainability and their dynamic
changes. Then, we evaluated the sustainability science from the point of view of its correspondence to the
SDGs. We determined whether a scientific field corresponded to an SDG and examined the converging
themes discussed in each field. Here, we defined a new metric, the convergently-discussed degree (CDD),
by considering the usage of a specific term in the citation network.

The results of the network clustering of over 300,000 publications on sustainability suggest
that sustainability research is diverse and dynamic changes have occurred in it within the last few
years. Several new small fields of study, such as “nanocellulose” and “oxygen evolution reactions”,
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have emerged. Our comparison of the SDGs to the academic clusters indicated that a significant
correspondence exists between selected areas of study and certain SDGs. This suggests that some
SDGs have corresponding research clusters. We also extracted those topics of the SDGs that are
discussed in a convergent manner in academic studies, such as “inclusive society” and “early childhood
development”, by observing the term convergence in the citation network. Some sub-topics of SDGs
were discussed in academic studies even when these sub-topics did not form an academic cluster in
the citation networks. Our results offer an at-a-glance overview of the dynamically changing research
field of sustainability, and the current research focus on SDGs.

2. Data

A widely accepted consensus concerning the definition of sustainability research does not yet
exist. By taking the potential practicality of research toward achieving a sustainable society and the
interrelatedness among scientific knowledge into account, many studies are related to sustainability
science. In practice, we could run a sustainability search query on a bibliometric database; however,
it appears to be challenging to reach a consensus concerning the nature of the query. Therefore, we
decided to examine papers that explicitly used the terms “sustainability” or “sustainable”. In other
words, we investigated the scientific attention paid to sustainability. In total, 514,480 papers were
retrieved from the Scopus database on 2 January 2020. Figure 1 shows that the number of publications
has dramatically increased each year. We analyzed 312,584 papers in the largest connected components
of the citation network to discard unrelated papers that simply used the term “sustainab*”.

Data relating to the 17 SDGs were retrieved from the UN description of each SDG [18] to ensure
the analysis was accurate. We used a document that described the progression of information from
2016 to 2019 and targeted the indicators of each SDG. In this way, we obtained a document that
contained approximately 300–800 words for the 17 SDGs.
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Figure 1. Number of papers relating to sustainability science in each year. (Not all papers published in
2019 have been included in Scopus yet).

3. Methods

3.1. Constructing the Landscape and Detecting the Edge Area

The process to construct the landscape of academic publications is as follows: (1) perform citation
network clustering; and (2) extract representative terms and fundamental data (e.g., keywords and the
average published year) from each cluster.

3.1.1. Citation Network Clustering

The nodes of the network were divided into clusters using the Leiden clustering method [24].
This method searches for the best cluster set, for which the modularity Q value [25] is maximized.
The modularity Q indicates the ratio of the density of edges between the same cluster nodes to that
when considering a random node assignment while maintaining the sizes of the clusters. The Leiden
method provides the necessary clustering accuracy and processing speed in real-time compared with
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the Louvain method [26], which is widely used in network analyses. After computing the clusters
of sustainability papers, the results showed that a few clusters contained a large number of papers.
To perform a detailed analysis, we used recursive calculation to identify the sub-clusters of papers in
each cluster that contained more than 1000 papers.

3.1.2. Extracting Representative Terms and Fundamental Data

We used natural language processing to extract representative terms for each cluster. N-gram
terms, which are contiguous sequences of n words that contain non-term sequences of words such
as “is a” may be extracted, and words such as “algorithm” and “algorithms” may be considered
different. Therefore, we lemmatized words using the NLTK WordNet Lemmatizer [27] and extracted
the terms that met the part-of-speech pattern [28] (<JJ>* <NN.*>+ <IN>)? <JJ>* <NN.*>+. This led us
to extract terms such as “high accuracy algorithm” and to exclude terms such as “is different”. Then,
we singularized the retrieved terms using Python inflection library.

Next, we calculated the representative terms for each cluster. First, we used the concatenated title
and the abstract of all the papers in the clusters as the “document” of each cluster. Then, we calculated
the extent to which each word was representative of each cluster document using TF–IDF [29], which
is the product of the term frequency (TF) and the inverse document frequency (IDF). This simple
term-scoring method is empirically useful for a wide range of datasets and has been proven to represent
“the amount of information of a term weighted by its occurrence probability” [30]. The equation for
TF–IDF is presented below.

tfidf(t, d) = tf(t, d) · idf(t), (1)

tf(t, d) = log (1 + ft,d), (2)

idf(t) = log
N

d ft
, (3)

where t and d represent the term and the document, respectively; t f (t, d) is the log value of the TF;
and id f (t) is the inverse ratio of the number of documents that include the term t(d ft). We analyzed
the contents of the clusters by investigating the high TF–IDF terms in each cluster.

3.2. Investigating Scientific Attention to SDGs

We investigated the scientific attention devoted to each SDG from two perspectives. First,
we examined whether an academic cluster existed that was closely related to each SDG. Since such
a relationship exists, we were able to infer a correlation between the academic cluster and the SDG. Then,
we retrieved the convergently-discussed terms related to each SDG. If none of the academic clusters were
closely related to the SDG, part of the content of the SDG might possibly be convergently discussed in
selected academic papers. The detailed methods for these two investigations are described below.

3.2.1. Linguistic Similarity between an SDG and a Cluster

We assessed the scientific attention of every SDG by comparing academic clusters with SDGs.
The comparison between the two was measured by examining the text resemblance. Specifically,
we calculated the cosine similarity of the TF–IDF vectors of the documents of each academic cluster
and SDG. The TF–IDF vectors were composed of the TF–IDF values of each term in the document,
whereas those of the SDGs are calculated in the same way using the SDG document. A high similarity
indicates that the cluster and the SDG share many representative terms; therefore, they are considered
to share common research purposes, topics, and methods.

3.2.2. Detecting the Scientifically Discussed Terms of an SDG

Even if none of the scientific fields correspond closely to an SDG, certain aspects of the SDG are
still likely to have received convergent research attention. We searched for terms that represented the
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convergently-discussed topics of an SDG. The basic principle is that papers that include a term that is
a convergently-discussed topic are likely to be connected via citations. For example, if the term “better
accuracy” is assumed to appear in an area of information science, then the TF–IDF values of this term
in the area would have a high score. However, the phrase is often simply used in this field of work
rather than being convergently discussed. The citation network between papers that contain the phrase
“better accuracy” is assumed to be sparse. Conversely, two papers that include the term “disaster risk
reduction” are likely to be connected. Thus, we consider the term as a convergently-discussed term.
We define the CDD metric via Equation (4).

CDDg,t = log(n(dlc
t )) ∗

n(elc
t )

n(dlc
t )

2
∗ t f id f (g, t) (4)

CDD is the product of the size of the core component of the term log(n(dlc
t )), the condenseness of

the term n(elc
t )

n(dlc
t )

2 , and the TFIDF of the term in the SDG documents t f id f (g, t). Furthermore, dt is the

group of documents that include the term t, dlc
t is the largest connected component of the citation

network of dt, and n(dl
tc) indicates the size of the largest connected paper on citations that include the

term t. n(elc
t )/(n(d

l
tc)

2) is the edge density of dlc
t , where n(elc

t ) indicates the number of edges in dlc
t .

This part indicates whether the term is convergently discussed. t f id f (g, t) represents the TFIDF of the
term t in the SDG document g. In this way, we obtained the terms with the highest CDD value for
each SDG document. We ignored the non-frequently appearing terms (i.e.,n(dlc

t ) < 10).

4. Results and Discussion

4.1. Research Clusters of Sustainability Science

The 312,584 academic papers were classified into 163 clusters, and we analyzed 23 clusters
containing more than 1000 papers. The papers in these clusters are visualized in Figure 2, in which
the different colors correspond to different clusters. The authors heuristically posteriorly labeled each
cluster (Table 1 lists detailed information for each cluster). These clusters are numbered in the order of
the number of their papers. The layout of each paper, which is calculated using LargeVis [31], indicates
the structure of the entire network. In short, the nodes (papers) are placed such that connecting
neighbors are located nearby. Therefore, the distance between nodes on the map indicates the closeness
of the relationship, but the position itself and the axes have no intrinsic meaning.

Sustainability studies are composed of diverse clusters. This result indicates that scientists in
various research fields have paid attention to sustainability. At first, we provide a quick look at these
fields, except for those closely related to energy (which we analyze in Section 4.2). The largest cluster
is Soil and agriculture (1). The related areas located near it in Figure 2 are Food (17), Forest (12), and
Ecosystem (3). The cluster of Water (7) is closely related to that of Ecosystem (3). The papers of these
clusters mainly discuss the current situation, change, and improvement technology regarding the
natural environment. The second-largest cluster is Corporate (2), which discusses a corporate activity,
such as supply chain management and sustainable manufacturing. The related areas are the Food
(17), CSR (15: Corporate Social Responsibility), and Urban (10: urban and human activities’ impact on
nature). The papers of the food cluster are located in two areas (the right of Soil/agriculture (1) and the
left of Corporate (2)). The former research area is farming, food security, and so on, whereas the latter
research area is green marketing, wine industry, and so on. The other large clusters are Building (5),
and Smart City (6), which are located near. The research topics of former clusters are building materials,
construction, and the use of a building. The latter cluster is about the city’s software: transportation,
shared economy, compact city, and so on.
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Figure 2. Map of sustainability science.

The clusters of Health care (11), Fishery (13), Tourism (14), Education (16), and Fiscal Sustainability
(21) do not have a closely related cluster. For example, maternal care, HIV, and patient intervention
are studied in Healthcare (11), and protection of the marine environment and species in marines is
the main theme of the Fishery (13). In Tourism (14), scholars are finding the appropriate balance
between the growing demand for tourism and the environmental impact of it [32]. The objective of
sustainability education [33] (16) is “to integrate the principles, values, and practices that make up
sustainable development into all aspects of education and learning” [34]. Education in early childhood,
university, and business school is studied in the cluster. Fiscal Sustainability (21) is “the ability of
government to maintain public finances at a credible and serviceable position over the long term” [35].
Financial policy such as debt is discussed in the cluster. Therefore, the topic of sustainability is diverse
and the researchers of various research fields conduct sustainability science.
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Table 1. Details of retrieved academic clusters.

# Name #Papers Average Year TFIDF

1 Soil, agriculture 30,809 2011.65 Soil, Organic, Agricultural, Farmer, Maize, Nutrient, Crop, Microbial, Tillage, Yield, Plant, Fertilizer, Rice,
Agriculture, Sustainable agriculture

2 Corporate 28,837 2013.69 Environmental, Green, Firm, Social, Company, Sustainable, Sustainability, Economic, Supply chain,
Corporate, Organizational, Product, Study, Eco, Strategic

3 Ecosystem 26,531 2012.61 Urban, Ecological, Ecosystem service, Coastal, Spatial, Social, Natural, Environmental, Sustainable, Human,
China, Local, Climate change, Rural, Land use

4 Catalyst/Electrochemical 21,980 2015.41 Catalyst, Catalytic, Cellulose, Green, Lignin, Synthesis, Sustainable, Electrochemical, Hydroxymethylfurfural,
Composite, High, American Chemical Society, Renewable, Chemistry, Ionic liquid

5 Building 20,413 2014.20 Concrete, Green, Building, Environmental impact, Compressive strength, Sustainable, Urban, Cement,
Thermal, Construction industry, Recycled, Geopolymer, Study, Material, Mechanical

6 Smart city 18,466 2013.31 Urban, City, Social, Sustainable urban, Smart city, Environmental, Public, Local, Economic, Green,
Sustainability, Transport, Policy, Political, Spatial

7 Water 17,745 2012.80 Groundwater resource, Water resource, Urban, Irrigation, Sustainable, Agricultural, Arid, Environmental,
Aquifer, Study, Result, Wastewater, Economic, Irrigated, Soil

8 Sustainable energy(others) 17,095 2013.88 Renewable energy, Solar, Energy consumption, Environmental, Geothermal, Sustainable, China, Economic,
Country, Electricity, Fossil, Grid, Thermal, Hydrogen, Nuclear

9 Bioenergy 16,820 2014.37 Biomass, Microalgae, Biofuel, Biodiesel production, Ethanol, Renewable, Bioenergy, Microbial, Fossil, Lipid,
Anaerobic, Sustainable, Environmental, Production, Fuel

10 Urban 14,252 2011.54 Ecological footprint, Urban, Emergy, Environmental, China, Economic growth, City, Sustainable
development, Social, Indicator, Natural, Sustainability, Country, Human, Regional

11 Healthcare 13,772 2012.99 Patient, Intervention, Child, Health, Community, Care, Clinical, CHW, Maternal, Country, Improve, Evidence,
Conclusion, Implementation, Sustainability

12 Forest 13,431 2010.63 Forest management, Tree, Species, Medicinal, Biodiversity, Conservation, Sustainable forest management,
Tropical, Ecological, Local, Timber, Natural, Silvicultural, Stand, Wild

13 Fishery 13,014 2011.86 Fish, Fishery, Marine, Coastal, Species, Aquaculture, Catch, Shrimp, Sustainable, Ecosystem, MSY, Ecological,
Population, Stock, Diet

14 Tourism 11,101 2012.07 Tourism development, Tourist, Sustainable tourism development, Cultural, Local community, Ecotourism,
Environmental, Social, Rural, Economic, Destination, Visitor, Study, Community, Natural

15 CSR 10,348 2011.30 Environmental, Social, CSR, Corporate social responsibility, Sustainable development, Company, Financial,
Economic, Sustainability reporting, Firm, Sustainability report, SEA, Public, Study, Country
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Table 1. Cont.

# Name #Papers Average Year TFIDF

16 Education 9928 2012.91 Student, Education, Sustainability, Environmental education, Sustainable development, University, ESD,
Social, Educational, Teacher, Course, Learning, Curriculum, Professional, Green

17 Food 9559 2013.94 Consumer, Food waste, Environmental impact, Sustainable consumption, Diet, Animal, Green, Organic,
Social, Urban, Local, Insect, Consumption, Study, Dietary

18 Green IcT 5494 2013.35 Green, Sustainable HCus, User, ICT, Environmental, Sustainability, Social, Mobile, Digital, Support,
Data center, Design, IEEE, Study, Provide

19 Waste management 2702 2012.82 Waste management, Municipal solid waste, MSW, Landfill, Solid waste management, Environmental,
Sustainable development, Economic, City, Social, Organic, Study, Country, Urban, MSWM

20 Biochar 2427 2013.62 Biochar application, Soil, Organic, Sustainable, Plant, Environmental, Brownfield, Mg, Nutrient, Heavy metal,
Remediation, Phytoremediation, Site, Metal, Cd

21 Fiscal sustainability 1622 2011.61
Fiscal sustainability, Public debt, Debt sustainability, Country, Financial, Current account deficit, Economic,
Fiscal policy, Sustainability, Long, Sustainable, Government debt, Primary surplus, Intertemporal budget
constraint, Macroeconomic

22 Nanogenerator 1234 2015.73 TENG, Triboelectric nanogenerator, Energy harvesting, Wearable, Wireless, Nanogenerator, IEEE, Self,
Sustainable, Piezoelectric, Solar, Mobile, EDo, Harvest, Device

23 Entrepreneurship 1231 2015.71 Economic, Financial, Sustainable development, Sustainability Center, Social, VsI Entrepreneurship,
Development, Country, Article, Russian, Region, Regional, Innovative, Enterprise, Environmental
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4.2. Detail of Energy-Related Subcluster

The clusters that are closely related to energy on the whole are Sustainable energy (others) (8)
and Bioenergy (9). The Sustainable Energy (others) cluster is mainly composed of papers about the
consumption, potential, and allocation of energy, including renewable energy. The central topic of
Bioenergy (9) is the production of bioenergy (mainly biofuel). The topics of these clusters are not very
similar because these two clusters are not located very close in Figure 2.

In addition to the research of these clusters, we need to examine the papers related to energy whose
belonging clusters do not discuss the energy on the whole, which should be discovered. For example,
energy consumption in the urban area is discussed in the Urban (10) cluster. Thus, we investigate
all sub-clusters and pick up the energy-related sub-cluster. Specifically, the clusters whose top 15
TFIDF words include “energy” are considered the energy-related clusters. In addition, we manually
discriminate the many sub-clusters of Catalyst/electrochemical (4), which discusses energy-related
technologies, because the word “energy” is not used explicitly in the paper of the cluster. These
energy-related clusters are listed in Table 2, along with subclusters of Renewable energy (others) (8)
and Bioenergy (9).

In Table 2, the left number of the leftmost column indicates cluster number and subcluster
number, and the subclusters are listed in the order of average publication year. The newest subcluster
(8-7) of Sustainable energy (others) (8) is composed of the papers which discuss causality and the
economic growth and energy consumption [36], and economic aspects of regulation and measures
for dissemination. Other topics of the Sustainable energy (others) (8) are Renewable energy source
and energy allocation (8-4), Microgrid (8-5), Desterilize of solar energy (8-8), Selection of renewable
energy using the analytic hierarchy process (8-3), Building-integrated photovoltaics (BIPV) (8-9), and
Renewable energy in a rural area (8-1). These papers discuss consumption, potential, and allocation of
energy, and do not discuss the production of efficient or low environment load energy. For instance,
although the title/abstract of 2300 papers on Sustainable energy (others) (8) includes the term “wind”,
these papers are distributed in each sub-cluster.

Bioenergy (9) research mainly focuses on its production. The cluster is divided into subclusters
according to the variant of bioenergy. The recent topics of bioenergy are Biosurfactant (9-9) and
Microalgae (9-1). A biosurfactant, which is a surfactant that can be digested by microorganisms,
is expected to become a new pollution-free food additive and oil processing/recovery approach [37,38].
Microalgae are expected to produce various organic compounds, such as enzymes and proteins,
and accumulate waste in the water. Many microalgae exist in nature, and various applications are
expected [39]. The other research topics are Lignocellulosic biomass (9-7), Biofuel from xylose (9-4),
Microbial fuel cells (MFCs) (9-5), and so on.

Energy is an essential element in other research areas of sustainability science. We showed the
energy-related subclusters in the bottom part of Table 2. The studies of Catalyst/electrochemical
(4) mainly study the materials/catalysts for energy storage or sources. For instance, focusing
on the cluster hydrogen evolution reaction (4-2), a highly efficient hydrogen/oxygen evolution
reaction contributes to high-efficient energy production and storage [40,41]. Other energy-related
subclusters are Supercapacitor (4-7), which is expected as a new structure of future energy storage, and
Hydroxymethylfurfural biomass (4-3), which is an organic material of biofuel derived from plant-based
sugars. In Building (5) cluster, energy is an essential factor of Life Cycle Assessment (5-4) and building
refurbishment (5-4). In Smart city (5), energy-related clusters are comprised of Electric vehicles (6-9)
and Energy transition (6-3), which is a pathway to zero-carbon energy society. Water–energy nexus
(7-7), Urban metabolism (10-7), Ecological footprint (10-3), Green-ICT (18-2), and Waste Management
(19-4) are also related to energy.



Energies 2020, 13, 975 10 of 21

Table 2. List of energy-related subclusters: subclusters of energy-related clusters (8 and 9) and subclusters that are related to energy of other clusters.

# Parent_cluster Nodes Year TFIDF

8_7 Sustainable energy (others) 855 2015.75
Ekc hypothesis, Financial development, Economic growth, Renewable energy consumption, Environmental kuznet,
Co2 emission, Renewable, Trade openness, Energy consumption, Ardl, Gdp, Fdi, Emission, Cointegration,
Unidirectional causality

8_4 Sustainable energy (others) 1189 2015.00 Renewable energy source, District heating, Sdewe, Energy system, Environment systems sdewe, Solar, Electric
vehicle, Heat, International centre, Dh, Electricity, Sustainable, Energy plan, Environment system, Smart

8_5 Sustainable energy (others) 979 2014.79 Microgrid, Smart grid, Ev, Electric vehicle, Grid, Renewable, Ieee, Phev, Pev, Micro grid, V2g, Dg, Solar,
Power system, Pv

8_8 Sustainable energy (others) 743 2014.52 Solar potential, Urban scale, Pv, Seap, Renewable, Bipv, City, Building, Photovoltaic, Rooftop, Energy, Smart,
Covenant, Sustainable, Nebka

8_3 Sustainable energy (others) 1473 2014.14 Renewable energy source, Environmental, Fuzzy, Economic, Sustainable development, Ahp, Social, Criterium, Solar,
Mcdm, Energy system, Method, Nuclear, Alternative, Mcda

8_6 Sustainable energy (others) 964 2013.89 China, Renewable energy development, ln, Pakistan, Solar, Wind power industry, Energy, Sustainable development,
Environmental, Economic, Nuclear, Taiwan, Coal, Ltd, Geothermal

8_2 Sustainable energy (others) 1583 2013.31
Exergy efficiency, Hydrogen production, Exergetic efficiency, Waste exergy ratio, Exergetic sustainability index, Solar,
Exergy analysis, Environmental effect factor, Renewable, Hydrogen energy publication, Exergy destruction,
Exergoeconomic, Thermodynamic, Thermochemical, Enviroeconomic

8_1 Sustainable energy (others) 1646 2013.01 Renewable energy, Rural electrification, Solar, Grid extension, Electricity access, Solar home system, Mini grid,
Microgrid, Energy access, Electrification, Pv, Bangladesh, Sustainable, Diesel generator, Country

9_9 Bioenergy 820 2015.52 Pha production, Rhamnolipid, Biosurfactant production, Phb, Polyhydroxyalkanoate, Sophorolipid, Olive, Scg,
Succinic acid, Omw, Whey, Spent coffee ground, Hydroxybutyrate co, Product, Lactic acid

9_1 Bioenergy 2352 2015.36
Microalgae cultivation, Microalgal biomass, Lipid productivity, Algal biofuel, Algae, Biodiesel production,
Scenedesmu, Lipid production, Biofuel production, Chlamydomona, Mixotrophic, Lipid content, Lipid
accumulation, Photobioreactor, Nannochloropsis sp.

9_7 Bioenergy 1237 2015.08 Biorefinery, Biomass, Integrated biorefinery, Bioethanol, Environmental, Biofuel, Ethanol, Economic, Shale ga,
Lignocellulosic, Process synthesis, Lcsoft, Optimal, Sustainable, Bioenergy

9_4 Bioenergy 1497 2015.02 Xylose, Butanol production, Metabolic engineering, Ethanol, Lignocellulosic biomass, Heterologous, Bioethanol,
Lignocellulose, Cyanobacterium, Glucose, Biobutanol, Biofuel, Microbial, Enzyme, Titer

9_5 Bioenergy 1428 2014.78 Mfc technology, Microbial fuel cell, Anammox, Bioelectrochemical system, Microbial electrochemical, Smfc, Pmfc,
Cathode, Anode, Biocathode, Maximum power density, Bioelectricity generation, Nitrite, Be, Electrode

9_8 Bioenergy 1052 2014.43 Biodiesel production, Jatropha curca, Curca, Diesel engine, Btdc, Transesterification reaction, Wco, Engine
performance, Vegetable oil, Biofuel, Methanol, Ulsd, Fame, Diesel fuel, Bsfc

9_6 Bioenergy 1384 2014.29 Anaerobic digestion, Digestate, Bioga, Biogas production, Uasb, Co digestion, Sludge, Biomethane, Sewage sludge,
Methane yield, Biogas plant, Ad, Vinasse, Organic, Mesophilic

9_10 Bioenergy 806 2013.86 Biomass, Ash, Gasification, Coal, Combustion, Biomass ash, Torrefaction, Fuel, Torrefied, Pyrolysis, Synga, Char,
Hydrochar, Renewable, Water hyacinth
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Table 2. Cont.

# Parent_cluster Nodes Year TFIDF

9_2 Bioenergy 1860 2013.10 Switchgras, Miscanthu, Bioenergy crop, Ethanol, Energy crop, Biofuel, Panicum virgatum, Willow, Biomass,
Lignocellulosic, Straw, Cellulosic, Srwc, Poplar, Sweet sorghum

9_3 Bioenergy 1793 2012.95 Bioenergy system, Biofuel production, Sugarcane production, Ethanol production, Biodiesel production, Biomass,
Jatropha, Environmental, Renewable, Iluc, Ej, Fossil, Ghg, Feedstock, Agricultural

4_2 Catalyst/Electrochemical 2128 2016.64
Oer, Hydrogen evolution reaction, Electrocatalyst, Photocatalytic, Oxygen evolution reaction, Overpotential, Overall
water splitting, Electrocatalytic, Photoelectrochemical, Low overpotential, Water splitting, Visible light,
Photocatalyst, Mv dec, Tafel slope

4_7 Catalyst/Electrochemical 1649 2016.63
Orr, Porous carbon, Oxygen reduction reaction, Supercapacitor, Porous, Carbon material, Graphene, Hierarchical
porous, Hydrochar, High performance supercapacitor, Mah, Koh, Mesoporous, Electrochemical,
Hydrothermal carbonization

4_3 Catalyst/Electrochemical 2102 2015.30 Hydroxymethylfurfural, Hmf yield, Gvl, Furfural, Levulinic acid, Cellulose, Lignin, Valerolactone, Lignocellulosic
biomass, Catalytic, Acrolein, Fructose, Glycerol, Ionic liquid, Fdca

5_2 Building 2173 2014.47
Bim, Lca, Building material, Embodied energy, Information modeling, Environmental impact, Construction industry,
Life cycle assessment, Tall building, Green, Material, Energy, Information modelling, Residential building,
Sustainable building

5_4 Building 1473 2014.21
Adaptive reuse, Heritage building, Historic building, Building stock, Urban renewal, Refurbishment, Retrofit,
Sustainable refurbishment, Historical building, Urban regeneration, Energy performance, Social, Cultural,
Environmental, Residential

6_9 Smart city 925 2014.57 Ev, Electric vehicle, Bev, Hybrid electric vehicle, Prosumer, Energy justice, Phev, Smart grid, Eco driving, Electric bus,
Vehicle, Plug, Renewable, V2g, Environmental

6_3 Smart city 2639 2014.41
Sustainability transition, Ull, Transition management, Grassroots innovation, Socio technical transition, Multi level
perspective, Energy transition, Transition study, Technological innovation system, Urban, Strategic niche
management, Renewable, Snm, Sociotechnical, Innovation system

7_7 Water 986 2015.32 Nexus, Water energy food nexus, Water security, Wef nexus, Iwrm, Energy water nexus, Energy, Nexus approach,
Water resource, Food, Urban, China, Sustainable, Transboundary, Potassium ferrate

10_7 Urban 1074 2013.28 Urban metabolism, City, Ecological network analysis, Ascendency, Urban metabolic, Environmental, China, Ena,
Ecological, Emission, Sustainable urban, Energy, Economic, Eoli, Mfa

10_3 Urban 1427 2011.34
Hm2 cap, Ecological footprint model, Ecological deficit, Ef, Gha, Wackernagel, Ecological capacity, Biocapacity,
Ecological carrying capacity, Capita ecological footprint, Emergy ecological, Ecological footprint analysis,
Footprint family, Ecological surplus, Energy ecological footprint

18_2 Green IcT 801 2013.64
Green ict, Green information system, Green information technology, Information system, Environmental
sustainability, Git, Ict, Organization, Data center, Sustainable, Energy informatic, Adoption, Information technology,
Sustainability, Organizational

19_4 Waste management 306 2014.85 Msw, Municipal solid waste management, Incineration, Wte plant, Waste, Landfill mining, Lca, Environmental
impact, Energy recovery, Anaerobic digestion, Life cycle assessment, Solid, Gasification, Lfe, Aif
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4.3. Emerging Areas of Sustainability Science

Soil agriculture (1), Urban (10), Forest (12), and CSR (15) are mostly composed of papers that
were not published recently. On the other hand, Catalyst/electrochemical (4), Building (5), Bioenergy
(9), Nanogenerator (22), and Entrepreneurship (23) are relatively new fields. Additionally, Ecosystem
(3), Education (16), Food (17), and so on are relatively intermediate areas. Most of the new fields
intend to develop chemical/nanotechnology applications for sustainability. However, the finding that
the topics of relatively old clusters do not attract recent scientific attention is not a fair conclusion.
Two reasons for the freshness of clusters are considered: research areas either emerged recently or
researchers working in these areas recently associated their work with sustainability. In addition,
the “freshness” of a cluster is affected by the publication speed of the field. This publication speed
is higher in nanotechnology and chemistry than in politics and finance. Although it is difficult to
distinguish the reasons for freshness from a retrieved dataset, the freshness of the average publication
year indicates the level of recent scientific attention.

To retrieve the trend within each cluster, we investigated the sub-clusters of each. Figure 3
illustrates the sizes of the subclusters and their corresponding average year of publication. In this
figure, the data of the subclusters is aligned vertically with the corresponding parent clusters. We added
the names of the newest/oldest subcluster, which were heuristically named afterward by the authors,
to the plotted data for each cluster. The results in the figure show that a relatively old/new sub-cluster
exists in each cluster. For example, arbuscular mycorrhizal fungi (soil microorganisms expected to
be used for agriculture as microbial fertilizers) [42] is a new topic in the soil/agriculture cluster (1).
In the materials/bioscience clusters, Oxygen evolution reaction (4), Geopolymer (5), Renewable energy
consumption (8), and Polyhydroxyalkanoates/biosurfactants (9) are emerging research topics. Each
subcluster is detailed in the Supplementary Materials (S1).

1_Soil,
agriculture

2_Corporate 3_Ecosystem 4_Catalyst/
electrochemical

5_Building 6_Smart
city

7_Water 8_Renewable
energy

2006

2008

2010

2012

2014

2016

arbuscular mycorrhizal fungi

sustainable agriculture

remanufactured product

competitive advantage

geodiversity/human

biosphere

oxygen evolution reaction

green chemistry

geopolymer

sustainable housing

bicycle/car sharing

eco city

water energy food nexus

water resource management

renewable energy consumption

clean development mechanism

9_Bioenergy 10_Urban 11_Health
care

12_Forest 13_Fishery 14_Tourism 15_Csr 16_Education

2006

2008

2010

2012

2014

2016 Polyhydroxyalkanoates / biosurfactants

biodiesel / biofuels

dea environmental assessment

genuine saving / economic welfare

universal health coverage(maternal/child)

health promotion

sustainable palm oil

sustainable forest management

aquaculture / seafood

harvest wildlife

geotourism,geoheritage

ecotourism

sustainability reporting

environment / development

Education for Sustainable Development

sustainability science

Figure 3. Subclusters of each cluster of sustainability science. The vertical axis represents the average
publishing year of papers belonging to each subcluster.

For detecting the current attractive scientific research field, we listed the top 15 newest subclusters
in Table 3. In this table, the number in the leftmost column indicates cluster number and subcluster
number, and the subclusters are listed in the order of average publication year. These subclusters
are numbered in the order of the number of their papers in each cluster. These subclusters provide
an overview of the entire recent trend of scientific attention to sustainability. The five subclusters of
Cluster 4 (i.e., Hydrogen/Oxygen evolution reaction (4-2), Porous carbon (4-7), Lithium-ion battery
(4-11), Nanocellulose (4-6), Bisphenol (4-4), and Hydroxymethylfurfural yield (4-3)) were extracted
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as the top new subclusters. We explain these research fields in detail in the context of sustainability.
A highly efficient hydrogen/oxygen evolution reaction is an essential technology for the production of
solar cells and metal–air batteries [40,41]. Porous carbon is a suitable material for CO2 sorbents and
carbon capture [43]. Lithium-ion batteries, which form an indispensable technology in modern society,
should be sustainably produced and recycled [44]. Nanocelluose is an emerging material for various
advanced applications, such as water purification [45]. Hydroxymethylfurfural (HMF) is an organic
compound derived from plant-based sugars that is a material of biofuels [46].

We also focus on other topics: Maternal/Newborn healthcare (11-1), Bike-sharing (6-7), Smart
city (IoT/Big data) (6-5), and Edible insects (17-8), all of which have been discussed recently. The
Supplementary Materials (S1) show that research in Cluster 6 (Smart city) is mainly composed of
transportation engineering, economics (6-6, 6-8), and social science (6-4, we 6-2). Thus, Cluster 6 also
contains the accumulation of research in diverse scientific fields. In other clusters, such as Ecosystem
(3) and Building (5), we observed the attention from diverse research fields. These results indicate that
academic research topics, methods, and objectives in many areas have complementary relationships.
Although some of these topics may be familiar to experts in each field, we consider the investigation of
recent trends in sustainability science to be useful for scientists and decision-makers in companies or
in the government.
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Table 3. Top 15 newest subclusters.

# Parent_cluster Nodes Year TFIDF

4_2 Catalyst/Electrochemical 2128 2016.64 Oer, Hydrogen evolution reaction, Electrocatalyst, Photocatalytic, Oxygen evolution reaction, Overpotential, Overall water
splitting, Electrocatalytic, Photoelectrochemical, Low overpotential, Water splitting, Visible light, Photocatalyst, Mv dec, Tafel slope

4_7 Catalyst/Electrochemical 1649 2016.63 Orr, Porous carbon, Oxygen reduction reaction, Supercapacitor, Porous, Carbon material, Graphene, Hierarchical porous,
Hydrochar, High performance supercapacitor, Mah, Koh, Mesoporous, Electrochemical, Hydrothermal carbonization

4_6 Catalyst/Electrochemical 1706 2016.15 Nanocellulose, Cellulose nanocrystal, Cnc, Cnf, Lignin, Cellulose nanofibril, Cellulose nanomaterial, Ggm, Nanocomposite, Nfc,
Cellulose nanofiber, Chitosan, Hydrogel, Aerogel, Nanofibril

11_1 Healthcare 1260 2016.07 Maternal mortality, Uhc, Neonatal mortality, Ncd, Newborn, Universal health coverage, U5mr, Livebirth, Sdg, Stillbirth, Health
system, Child health, Fap sba, Sustainable development goal, Global health

4_11 Catalyst/Electrochemical 914 2016.01 Mah, Sodium ion battery, Lib, Rechargeable battery, Electrochemical performance, Li, Organic electrode material, Lithium, Cathode
material, Electrode material, Capacity retention, Ion battery, Lithium ion battery, Electrolyte, Na ion battery

6_7 Smart city 1097 2015.87 Bike sharing, Bicycle, Cyclist, Cycling infrastructure, Bs, Electric bicycle, Public bicycle, Car sharing, Pedestrian, Ride, Airbnb,
Urban, Carsharing, City, Collaborative consumption

6_5 Smart city 1332 2015.81 Smart city concept, Smart sustainable city, City, Urban, Iot, Ict, Smart mobility, Citizen, Sustainable city, Smartness, Big data
analytic, Smart city project, Smart city service, Big datum, Social

8_7 Sustainable energy (others) 855 2015.75 Ekc hypothesis, Financial development, Economic growth, Renewable energy consumption, Environmental kuznet, Co2 emission,
Renewable, Trade opennes, Energy consumption, Ardl, Gdp, Fdi, Emission, Cointegration, Unidirectional causality

5_1 Building 2426 2015.56 Geopolymer concrete, Uhpc, Compressive strength, Cement, Concrete, Pofa, Pozzolanic, Opc, Fly ash, Cementitious, Mortar,
Portland cement, Rha, Silica fume, Flexural

9_9 Bioenergy 820 2015.52 Pha production, Rhamnolipid, Biosurfactant production, Phb, Polyhydroxyalkanoate, Sophorolipid, Olive, Scg, Succinic acid, Omw,
Whey, Spent coffee ground, Hydroxybutyrate co, Product, Lactic acid

17_8 Food 448 2015.5 Edible insect, Entomophagy, Insect meal, Black soldier fly, Hermetia illucen, Cricket, Fly larvae, Mealworm, Larvae, Hermetium,
Diet, Bsf larvae, Cultured meat, Protein, Animal

9_1 Bioenergy 2352 2015.36
Microalgae cultivation, Microalgal biomass, Lipid productivity, Algal biofuel, Algae, Biodiesel production, Scenedesmu, Lipid
production, Biofuel production, Chlamydomona, Mixotrophic, Lipid content, Lipid accumulation, Photobioreactor,
Nannochloropsis sp.

4_4 Catalyst/ Electrochemical 1922 2015.36 Pla, Isosorbide, Polymer, Epoxy, Poly, Monomer, Lactide, Benzoxazine, Cardanol, Thermoset, Polyol, Polymerization, Polyester,
Anticorrosive, Bisphenol

7_7 Water 986 2015.32 Nexus, Water energy food nexus, Water security, Wef nexus, Iwrm, Energy water nexus, Energy, Nexus approach, Water resource,
Food, Urban, China, Sustainable, Transboundary, Potassium ferrate

4_3 Catalyst/ Electrochemical 2102 2015.30 Hydroxymethylfurfural, Hmf yield, Gvl, Furfural, Levulinic acid, Cellulose, Lignin, Valerolactone, Lignocellulosic biomass,
Catalytic, Acrolein, Fructose, Glycerol, Ionic liquid, Fdca
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4.4. Scientific Attention to SDGs

In the previous section, we discuss the diverse focus areas of research attention and the dynamic
changes this attention underwent. Next, we discuss the research attention to sustainability from the
viewpoint of the SDGs. Figure 4 shows the linguistic similarity between each SDG and the academic
clusters. We found certain research clusters to correspond to specific SDGs. For example, the Good
Health and Well-being (3) SDG is convergently researched in the Healthcare (11) cluster. Similarly,
the Life Below Water (14) SDG and the Fishery (13) cluster, the Zero Hunger (2) SDG and the Soil
Agriculture (1) cluster, and the Clean Water and Sanitation (6) SDG and the Water Resource (7) cluster
are corresponding pairs. These SDGs, therefore, have corresponding academic clusters that discuss the
means to achieve them.
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Figure 4. Heat map between SDGs and scientific clusters.

However, many SDGs have multiple corresponding clusters. For example, the No Poverty (1)
SDG is linguistically similar to the Ecosystem (3), Healthcare (11), and Soil Agriculture (1) clusters.
This result is the same in other SDGs (e.g., SDGs 8, 10, 11, 16, and 17). As above, Figure 4 indicates the
relationships between scientific attention and SDGs. A few SDGs, such as Reducing Inequality (10),
have neither a single nor multiple corresponding clusters. It does not mean that academic researchers
do not consider these SDGs. Selected components of the SDG might be researched in the scientific
publications in diverse clusters. To verify this, we retrieved the terms that were convergently discussed
in the scientific publications and the SDG documentation.

Table 4 lists the convergently-discussed terms (CDD) in each SDG document and the
representative cluster (the cluster in which the term was most often used) for each SDG. We also
plotted the words with the 10 highest TFIDF values of each SDG in the columns on the right. The
TF–IDF values indicate the representative contents of the SDGs. The words with high CDD values
indicate scientific attention to SDGs that are likely to be practical issues/solutions. For example,
retirement age, microfinance, disaster risk reduction, and social protection are among the highest CDD
values in SDG 1 No Poverty. The main description of this goal is interpreted by the top TFIDF words:
“Extreme poverty, disaster risk, and social protection system”. The top words of TFIDF and CDD are
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interpreted as follows: The top words of TFIDF indicate the main focus of the SDG, and the CDD
indicates the scientific attention/progress related to it.

A comparison between Figure 4 and Table 4 indicates the structure of the attention that the SDGs
have received from academic research. The first pattern shows that the convergently-discussed terms
converge to a single cluster or to specific clusters. SDGs 3 and 14 fall within this type of classification.
In this case, we obtain the particulars of the scientific attention that the SDG received from the cluster.
However, the representative clusters of the convergently-discussed words for SDG 1 are diverse.
For example, the most frequent research field of Microfinance is cluster Financial sustainability (21),
and disaster risk results are in cluster Environment (3).

First, we focus on SDGs 16 (Peace, Justice, and Strong Institutions) and 17 (Partnership
for the goals) because these goals do not have a corresponding cluster, and the clusters with
convergently-discussed terms are diverse. Studies concerning SDG 16 and 17 appear to be challenging
for researchers in the hard sciences to imagine. In fact, these SDGs do not have corresponding clusters
(in Figure 4). Using the CDD, we found some essential terms that have received research attention.
For instance, prisoners, crime, bribery, and judiciary listed in SDG 16 are important terms in academic
research. We also retrieved the terms “inclusive society” and “substantial advance”. The former
phrase is highly important for a sustainable society and is frequently used in official government
documents and corporate marketing. “Substantial advance” is an important keyword for evaluating
persons, organizations, or governments for their contribution to a sustainable society. Considering the
result for SDG 17, many terms such as “policy coordination” and “multi-stakeholder partnership” are
convergently discussed. Although these terms might be highly familiar to an expert in these areas,
they seem to be informative for people who need to understand the research attention paid to SDGs.

Next, we discuss the scientific attention received by Affordable and Clean Energy (SDG 7).
This goal mainly mentions renewable energy in relation to the top TF–IDF terms (renewable energy,
electricity sector, and clean fuel). The scientific attention this goal has attracted is diverse: Stove (cluster
12), Renewable Energy Consumption (8), Charcoal (12), Geothermal (8), Marine source (8), Energy
Intensity (10), and so on. Therefore, the scientific attention to the SDG mainly originates from scientific
fields that focus on energy, in particular, Sustainable Energy (others) (8). However, detail topics shown
in the previous section, such as biosurfactant and microalgae, are not detected in this method because
these words are not specifically mentioned in the collected document of SDGs.

Finally, we focus on the Catalyst/Electrochemical (4) cluster. The terms relating to the cluster are
not prominent in the SDG. The main topic discussed in this cluster is the performance improvement
of applications by enhancing or developing new catalysts and materials. Typical applications are
oxygen evolution reactions, supercapacitors, fabricated batteries, and so on. Despite the progress
in these topics being highlighted in newspapers and scientific journals, these activities are not
detailed in the document describing the SDGs, which are a comprehensive assembly of goals from
many viewpoints for sustainable societies. Thus, activities that improve energy efficiency are not
focused on the SGD, even though their impact is very high. From a practical viewpoint, research
in the catalyst/electrochemical (4) cluster contributes to each of the SDGs indirectly; for example,
the reduction of CO2 and highly efficient oxygen/hydrogen generation contributes to the Climate
action, Life below water, and Life on land clusters. This analysis indicates the need for new documents,
besides SDGs, that evaluate recent progress of studies that straightforwardly contributes to the energy
and environment system.
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Table 4. The top 10 CDD terms and TFIDF terms for each SDG.

#SDG Description Top 10 CDD Terms Top 10 TFIDF Terms

1 No Poverty
Retirement age 21, Disaster risk reduction 3, Social protection 3, Microfinance 25,
Pension 21, Cash transfer 11, Heatwave 11, Healthcare facility 7, Pro poor 14,
Extreme poverty 25

Extreme poverty 25, Disaster 3, Extreme 11, Social protection system , Poverty 3,
Social protection 3, Poor 1, Retirement age 21, Pension 21, Economic loss 10

2 Zero Hunger
Resilient agricultural 3, Stunting 11, Animal genetic resource 17, Healthy diet 17,
Pastoralist 3, Child malnutrition 11, Family farmer 9, Overweight 11, Obesity
epidemic 17, Local breed 1

Hunger 1, Agriculture 1, Malnutrition 1, Overweight 11, Height 12, Nutrition 1,
Small scale food producer , Agricultural productivity 1, Undernourished 1,
Child 11

3 Good Health
and Well-being

Neglected tropical disease 11, Maternal death 11, Maternal mortality ratio 11,
Communicable 11, Malaria 11, Child survival 11, Non communicable disease 11,
Neonatal 11, Tropical disease 11, Neonatal mortality rate 11

Live birth 11, Maternal 11, Live 13, Death 11, Communicable 11, Mortality rate
11, Malaria 11, Reproductive 13, Neonatal 11, Infectious 3

4 Quality Education
Early childhood development 11, Childhood education 16, Early childhood
education 16, Upper secondary 16, Adjusted net 10, Pre service 16, Secondary
education 16, Primary education 11, Completion rate 11, School 11

Secondary 16, Reading 8, Mathematic 16, School 11, Proficient 11, Secondary
education 16, Child 11, Minimum 1, Read 8, Primary education 11

5 Gender Equality
Early childhood education 16, Contraceptive 11, Reproductive health 11,
Maternal death 11, Compounded 2, Long term care 21, Young child 16,
Gender gap 16, Woman 3, Unpaid 3

Woman 3, Girl 3, Sexual 11, Unpaid 3, Gender equality 14, Child marriage 11,
Unpaid domestic , Reproductive 13, Violence 11, Marriage 11

6 Clean Water and
Sanitation

Open defecation 7, IWRM 7, Integrated water resources management 7,
Sanitation system 7, Future water scarcity 7, Affordable drinking water 7,
Total renewable 8, Severe water scarcity 7, Desalination 7, Desalinated water 7

Sanitation 7, Water stress 7, Water sector 7, Integrated water resources
management 7, Integrated 3, Open defecation 7, Water 7, Basic 3, Operational 2,
Practise 14

7 Affordable and
Clean Energy

Stove 12, Renewable energy consumption 8, Solid biomass 9, Charcoal 12,
Geothermal 8, Energy access 8, Marine source 13, Energy intensity 10,
Final energy use 17, Global rate 12

Renewable 8, Electricity 8, Renewable energy 8, Clean 8, Energy efficiency 5,
Solar 8, Energy intensity 10, Modern renewable , Modern 8, Wind 8

8 Decent Work and
Economic Growth

Material footprint 10, Domestic material consumption 10, Real GDP 8,
Decent work 14, Child labour 2, Labour right 12, Labour productivity 8,
Formative stage 15, Sustainable consumption 17, Sustainable tourism 14

Labour productivity 8, Labour 1, Informal employment , Real GDP 8,
Unemployment rate 21, Adult 12, Youth 16, Global unemployment rate , Child
labour 2, Annual growth rate

9 Industry, Innovation,
and Infrastructure

Air travel 14, MVA 9, Emissions intensity 1, Air transport 14, Small scale
industry 1, Entire global 15, Mobile network 6, Carbon intensity 10,
Intensity level 3, New job opportunity 2

Manufacturing 2, Small scale industry 1, Medium high , Mobile cellular 22,
Value 2, Research 2, Total MVA , Join 17, Innovate 2, Credit 5

10 Reducing Inequality
SID 3, Total resource 7, Remittance 14, Clothing 17, Subcategory 2, Inclusivity 19,
International human rights law 11, Financial flow 10, Global financial market 15,
Religion 6

Inequality 10, Bottom 2, Labour 1, Export 7, Wage 12, Duty free treatment ,
Origin 13, Labour share , Income growth 10, National average 10

11 Sustainable Cities
and Communities

Sendai Framework 3, Slum dweller 10, Household air pollution 12, Disaster Risk
Reduction 3, Sustainable urbanization 10, Adequate housing 5, Global urban 3,
Human settlements inclusive 10, City 6, Public transport 6

City 6, Urban 6, Slum 10, Public transport 6, Solid waste 19, Urban resident 3,
Open public space , Urban population 3, Air pollution 10, Unplanned urban 10
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Table 4. Cont.

#SDG Description Top 10 CDD Terms

12
Responsible
Consumption and
Production

Material footprint 10, Domestic material consumption 10, International Trade 12,
Sustainable consumption 17, DMC 4, SCP 2, Relative decoupling 10, Fossil fuel
subsidy 8, Decoupling 10, International supply chain 2

Metric ton 9, Metric 2, Material footprint 10, Domestic material consumption 10,
Material 4, Production 9, Sustainable consumption 17, Capitum 10, Hazardous
waste 10, Tonne 9

13 Climate Action
Sendai Framework 3, Green Climate Fund 6, Adaptive capacity 3, Disaster Risk
Reduction 3, Disaster risk reduction 3, Paris Agreement 9, NDC 3, Planetary 3,
Adaptation planning 3, Industrial system 2

United Nations Framework Convention 6, Climate Change 3, Climate 3, Paris
Agreement 9, NAP , Determined 3, Determined contribution , Green Climate
Fund 6, Party 8, April 13

14 Life Below Water
National jurisdiction 13, Fisheries subsidy 13, Unreported 13, Small scale fishery
13, Ocean acidification 13, Large marine ecosystem 13, Nautical 14, UNCLO 13,
Fish stock 13, Fisherfolk 13

Coastal 3, Ocean 13, Marine 13, Unreported 13, Fish 13, Fish stock 13, Ocean
acidification 13, Sustainable level 6, Illegal 13, Coastal eutrophication 3

15 Life On Land
Freshwater biodiversity 3, International Treaty 3, Seychelles 14, Landscape
restoration 3, Plant Genetic Resource 1, Fiji 14, Coral 13, Nagoya Protocol 12,
Intergovernmental Science Policy Platform 3, Mammal 12

Terrestrial 9, Forest 12, Biodiversity 1, Species 12, Protected 14, Total land area 9,
Los 1, Sustainable use 12, Genetic 1, Biodiversity los 3

16 Peace, Justice, and
Strong Institutions

Prisoner 3, Crime 6, Bribery 15, World Bank Group 7, Judiciary 16, Justice 6,
Inclusive society 15, Substantial advance 17, Different flow 8, Journalist 15

Victim 5, Justice 6, Journalist 15, Violence 11, Public official 7, Compliant 2,
Sexual 11, Detected 3, Psychological aggression , Sexual exploitation

17 Partnerships for
the Goals

Multi stakeholder partnership 12, Policy coordination 10, Remittance 14,
Revitalized 12, Broadband 18, National planning 10, External financing 2,
Sustainable development indicator 10, Revenue collection 7, SDG target 11

National statistical , Online 18, National statistical plan , Statistical 8, Statistic 10,
World merchandise export , Gross national 11, Remittance 14, Housing census ,
Science 3
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5. Conclusions

Using network-based classification and text analyses, we investigated the nature and amount of
scientific attention devoted to sustainability. In addition, we detected dynamic changes in sustainability
science and identified emerging fields (e.g., those involving nanocellulose and oxygen evolution
reactions). Scientific clusters (e.g., bio/renewable energy and smart cities) are composed of diverse
research fields (e.g., materials science, social science, and economics.). We also observed the relationship
between the SDGs and scientific research and succeeded in retrieving the important terms that
are convergently discussed in academic papers such as “inclusive society” and “early childhood
development”. These results should be useful for analyzing the scientific attention received by SDGs,
which is essential to enable government officials, companies, and research organizations to make
decisions concerning the funding of and investments in scientific research. These implications may
be useful for scientists (including those from the hard sciences) who are planning new research
topics. We also discussed the limitations associated with analyzing scientific progress using the SDG
documents. For example, certain activities involving a straightforward improvement such as energy
efficiency are not referred to in SDG documents. Although we did not discuss all the scientific clusters
and retrieved terms, further details are published in the Supplementary Materials and may affect the
interpretation of the findings we report in this paper.

Our study did not include academic papers that did not contain the terms “sustainability” or
“sustainable.” In the future, we need to analyze the whole area related to sustainability research, such
as wind/solar energy. We also need to develop a model that considers the differences in word usage
between the SDGs and academic publications to enable more accurate analysis. Finally, it is important
to note that the results of this paper will be out of date in merely a few years, at which time we need to
analyze the scientific attention to the SDGs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/4/975/
s1.
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