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Abstract
This study presents a comprehensive literature review and gives an insight into the increasing research trends that are based on the
discipline of green technology (GTs) in the manufacturing industry. Prior research in this field indicates that there is a scarcity of
research on the topic. Therefore, this study seeks to draft a multi-perspective literature review that is based on GTs in the
manufacturing industry. Moreover, to make this analysis more detailed, the science-mapping technique and the quantitative
approach were also applied on 5734 bibliographic references that were extracted from the web of science. Ultimately, the focus of
the research is to understand the tendencies and trends in journals, institutions, and the main areas of research, along with the
integration style of these elements in the previous literature that has been written on the subject of GTs. This technique also helps
to fill in the research gap, address the limitations of existing literature, and shed light on the various possible directions this could
lead to for future research. The implications of this research offer wide directives for editors, researchers, research institutions,
policymakers, and practitioners.
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Introduction

Over the years, heavy industrial activities have resulted in the
damage to people’s health, cancer, rising health costs, smog,
metal pollution in the water, deforestation, higher levels of
pollution, depletion of natural resources, and a loss of ocean
biodiversity (Ali Razi et al. 2019; Arshad et al. 2020;
Fernández-Navarro et al. 2017; Pacala and Socolow 2004;
Ravindra and Mor 2019; Zeng and He 2019). Moreover,

health and environmental conditions have severally been af-
fected by industrial pollution, and cancer is now a rapidly
spreading disease, due to the rising air pollution discharge that
is primarily led by industrial action in the towns of Spain
(Fernández-Navarro et al. 2017). Moreover, smog (a mixture
of industrial smoke and fog) is also becoming a common
phenomenon in the winter season, due to the increasing indus-
trial pollution (Ali et al. 2019). In this regard, the adverse
effects of industrial pollution are equally contaminating
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groundwater, as found in a research conducted in the vicinity
of Chandigarh, a city in the Indian side of Punjab (Ravindra
and Mor 2019). In addition to this, industrial pollution is also
increasing the health costs (Zeng and He 2019) of the resi-
dents, due to the increase in the incidence of various diseases
that are caused by industrial pollution. Moreover, the scope of
this industrial pollution’s impact is quoted to be vast in nature
and is one of the leading causes of deforestation (Murshed
et al. 2020), natural resource depletion (Hussain et al. 2020),
elimination of ecology (Sejati et al. 2020), rising global tem-
peratures (Mahmood et al. 2020), melting glaciers (Kumar
et al. 2020), rising sea levels, floods (Yoo and Suh 2020),
frequent natural disasters (Chandio et al. 2020), crops destruc-
tion and rising food insecurities (Gupta et al. 2020), and rising
health issues due to Covid-19 as well (Coccia 2020). This is
mainly because of the weak immunity levels of people, as a
result of exposure to industrial pollution over a long period of
time (Barbasz et al. 2020).

The leading cause of industrial pollution is the use of tra-
ditional technologies, for the production processes (Martins
et al. 2018), which not only negatively affect the environment
but also put forth social and economic costs to society.
Moreover, there is also an enormous pressure on researchers
for conducting promising research on GT, in order to mitigate
the adverse effects of traditional technology on the environ-
ment (Wang et al. 2019). In this review article, the authors
mainly focus on GTs or environmental technologies, which
are believed to possess the potential to reduce the negative
impact on the environment. GTs are environmentally friendly
technologies that support sustainable production. For this pur-
pose, the terms environmental technology, clean technology,
and sustainable technology been used interchangeably in the
existing literature. However, this particular study has consid-
ered “green technologies” (GTs) as the central theme of the
study.

The role of green and sustainable technologies is beneficial
for protecting the environment, and recently, it has been
discussed intensively in the literature that has been developed
in this field of study (Chen et al. 2019). It is noteworthy that
environmental pressure is the chief driving force of GTs’
adoption around the globe (Kurnia et al. 2015). Moreover,
environmental pressure is also an efficient way to promote
environmentally friendly technologies and also adhere to sus-
tainable practices in different manufacturing firms (Vergragt
et al. 2014); and this goal is achievable through an effective
and impactful green campaign. However, there is a consider-
able challenge for practitioners to adopt GTs for sustainable
productions. Besides this, stakeholders are also hesitant due to
the possibility of failure in the process of commercialization of
the green idea. This is primarily because this technology is still
in the stages of infancy and will take a considerable amount of
time before it can effectively come into practice. In a study
conducted by Xia et al. (2019). Results revealed that

sustainable development-based training of firms’ employees
helps in the adoption of GTs. Furthermore, several effective
regulations have also been drafted to deal with emerging en-
vironmental issues that exist in firms (Elcock et al. 2000;
Rennings et al. 1999). Other than this, certain financial poli-
cies have also been developed for reducing the GHG emis-
sions and the energy efficiency issues that occur under the
ever changing economic conditions (Bosquet 2000; Netusil
and Braden 2001; Scholtens 2005). One such study also
discussed how additional investments in GTs enhance the
environmental performance of firms (Da Motta 2006; Shi
et al. 2017). Therefore, the aim of the researchers is to involve
stakeholders in the innovation processes, while considering
impending ways to motivate firms for the early adoption of
GT, in various departments (Xia et al. 2019).

It is commonly known that research about the adoption of
GTs is still in the initial stages, and there are multiple chal-
lenges that come in the way of successfully convincing firms
to adopt sustainable technologies. The truth of the matter is
that there is a lack of awareness among stakeholders about the
advantages of GTs over traditional technologies. By and large,
traditional technologies tend to make use of fossil fuel, which
severely pollutes the environment. Hence, replacing tradition-
al technology with GTs is expected to positively affect the
environment by reducing the amount of pollution and reduc-
ing the cost of production. Therefore, a consensus about the
adoption of GTs needs to be developed, which will ensure
economic and social growth, without negative implications
on the environment (Vergragt et al. 2014). However, in real-
ity, this is not as easy as it seems, as the adoption of new
technology is time-consuming and involves various barriers
when it comes to dealing with the adoption and implementa-
tion of GTs in business operations (Xia et al. 2019). Xia et al.
(2019) reveal that firms and managers often face critical issues
in implementing GTs in the manufacturing process.
Furthermore, the unnecessary focus of researchers on aligning
the firm’s goals with the green campaign tends to negatively
affect the interest of other stakeholders that might be involved
in the process. The incomplete transformation of GTs there-
fore pose the possibility of demoralizing suppliers, because
this would not have any potential commercial value.
Therefore, the financial performance of business operations,
along with this hurdle, may depress the stimulus for GTs in-
novation among the relevant stakeholders (S. Wang et al.
2018). Thus, for a better environment, and for the sustainable
financial performance of the firms, an insight into the elements
and circumstances of the successful implementation of GTs is
mandatory. In addition, this will also create harmony between
the operations of the firms and the expected technical solu-
tions during the transition of GTs. The adoption of GTs will
also open the doors for achieving green competitiveness for
firms while helping to foster sustainable development and
reduction in the emission of GHGs.
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The increasing interest of academia, industry, and social
scientists in sustainable issues is the main motivation of the
current study. The concept of GTs has gained a significant
attention over the last few decades, but on the contrary, little
research is available to compile the consolidated literature
pertaining to the incidence of GTs over the course of these
couple of decades. Additionally, due to a significant amount
of production and industrial activities in the manufacturing
sector, there is a greater need of GTs, which has motivated
the researchers to discuss green issues and the prevailing
trends these days. There are various studies (Bollinger
2015; Bressler et al. 2011; Cohen et al. 2015a; Cohen
et al. 2016; Cunha-E-Sa and Reis 2007; Darko et al. 2020;
Hottenrott et al. 2016; Isik 2004; Ong 2012; Wang et al.
2020; Xia et al. 2019; Yao et al. 2020; Zailani et al. 2014)
which have discussed the different aspects of GTs adoption.
Most of these studies, however, focus on the technical and
operational characteristics of implementing GTs in different
scenarios. Despite their meaningful contributions, these ex-
tant studies neither discuss nor visualize the successful and
smooth adoption of GTs into the manufacturing industry.
Therefore, it is necessary to have a view of more recent
trends and future research directions regarding the adoption
of GTs in the manufacturing industry. In order to pursue the
research of GTs objectively, there is a need to map out and
review the clusters of GTs adoption research.

Mapping and visualizing research that pertains to GTs, in
the manufacturing sector, could contribute in various ways:
(1) firstly, it would prove to be a valuable addition in the GTs
literature, as the current literature lacks a comprehensive and
scientometric review on GTs; (2) the extant literature also
lacks the presentation of mapping and visualizing trends and
themes that are connected to GTs, especially those that are
using computerized software. Instead, a rather systematic ap-
proach was common in the previous review that has been
written on the discipline of GTs; and (3) this research would
also be helpful for the scientists of engineering, management,
and social sciences, in order to understand the latest progress
in the research and development of GTs.

Keeping these intricacies in mind, the structure of the arti-
cle is as follows: after the introduction part, the second section
explains the methodology, which explains the methods of
visualization, and the results, along with the discussion part,
which explains the findings of scientometric review, and the
commentary on the core co-citation clusters. After this, the last
part explains the proposed direction future research, followed
by the conclusions of the study. In addition to this, it will also
add to the existing body of knowledge, by outlining the net-
work of leading researchers, subject categories, and institu-
tions while also discussing recent topics and trends and for-
mulating research clusters. Lastly, this study will also make
policy recommendations about the incorporation of GTs in
manufacturing industrey.

Methodology

Scientometrics is a phenomenon where scientific methodolo-
gy is based on quantitative data and primarily deals with the
science of communication (Hess 1997). This technique is
widely used to analyze the development of the research pro-
cesses (Konur 2012). In addition to this, it also organizes
scientific information, by recognizing the structure of knowl-
edge. Furthermore, the relevant research drivers have been
presented through calculated graphical visuals and mathemat-
ical formulae. In this regard, A software named “Cite Space”
has been used to conduct the scientometric analysis on green
technologies, on the basis of the teachings of Xia et al. (2019).
Moreover, different techniques of scientometric that have
been practiced in this research include (1) the co-author anal-
ysis, which comprises of the co-occurrence of authors, insti-
tutions, and countries; (2) the co-word analysis, which recog-
nizes the co-occurrence of subject category and keywords; (3)
the co-citation analysis, which comprises of the co-cited au-
thors, co-cited documents, and co-cited journals; and lastly,
(4) the analysis of the clusters conducted, based on the co-
cited documents. These techniques have already been used
in various studies and have provided significant insights for
on various other disciplines as well (Cobo et al. 2011;
Olawumi et al. 2017; Zhao 2017). In addition to this, the
analysis of the GTs focused areas required scientific and suit-
able databases as well. In the light of previous research find-
ings and validity, that have been used in this study as a main
database (He et al. 2018; Li et al. 2017; Lin et al. 2019;
Marsilio et al. 2011; Olawumi and Chan 2018; Pouris and
Pouris 2010; Song et al. 2016), the current databases used
for the purpose of this paper are known as the “web of
science.”

The current research utilizes a science-mapping tool to
show the trends that are being followed in the implementation
of GTs around the globe. Science mapping is “a generic pro-
cess of domain analysis and visualization,” which aims at the
detection of intellectual structure for the scientific domain.
Thus, this mapping method aids in visualizing important
trends and patterns, with the help of bibliographic data and a
significant volume of extant literature (Cobo et al. 2011). In
addition to this, it helps researchers to make discoveries in the
literature, a process for which other methods are not capable
(Su and Lee 2010). Furthermore, studies based on science
mapping typically use a scientometric analysis technique or
a bibliometric analysis technique (Hosseini et al. 2018b).
Bibliometric analysis addresses only the literature that has a
comparatively narrow approach toward an issue, as compared
to the bibliometric analysis, which comprises of bibliometric
data and tools which not only analyze literature but also ex-
amine the data output, in order to identify potential insights
and trends of the domain (Hood andWilson 2001). Therefore,
a broader scientometric analysis technique has been adopted
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in this particular research. The next few sections explain the
recommendations and the framework of the research, which
have been formed to complete the next steps. These include
the selection of the science mapping tool, the analysis after the
collection of data, visual presentation, interpretation, and dis-
cussion of the research findings.

Selecting tools for science mapping

There are a variety of tools of science mapping, which can be
utilized for visualizing and analyzing dynamic, temporal, and
structural trends and patterns that exist in the previous litera-
ture of scientific knowledge (Cobo et al. 2011). Every tool has
its own capabilities and strengths, based on the proposed type
of analysis. Therefore, the selection of the right tool for the
right analysis after a literature review is necessary. The soft-
ware used for scientific mapping of the current research in-
cludes the VOS viewer, Cite Space, and Gephi. The “VOS
viewer” is used for presentation, visualization, and exploration
of the bibliometric networks (NJ Van Eck and Waltman
2018), while Gephi is used for developing graphs, networks
and visualization, which makes it easy to get insight into pos-
sible retrievable information from a specific network or graph
(Bastian et al. 2009). Lastly, the Cite Space is a tool, which has
been developed to meet the needs that pertain to the visual
analytic tasks of science mapping (C. Chen 2017) and can
explore a significant domain of knowledge, e.g., identifying
major research areas, and their related links (C. Chen 2015).
References for detailed information about the Cite Space,
VOSviewer, and Gephi that can be accessed include C.
Chen (2015); Wieringa et al. (2019); and Nees Van Eck and
Waltman (2009), respectively. Later sections of this study
provide details on all these tools, along with the different types
of analysis.

Data acquisition

The bibliographic data extracted from the Web of Science
(WoS), instead of the different databases such as the
Google Scholar, Research Gate, and Scopus, was due to
its ability to scoop out data from a deeper and wider range
of information that this platform offers (Zhao et al. 2019).
In addition, the indexed publications in WoS tend to pro-
vide the most authenticated information, in comparison to
the same offered by the other databases (Meho and Rogers
2008). Moreover, the WoS is a platform that has been re-
ferred to largely by the authors of existing review papers,
according to their specific disciplines and areas of study
(Hosseini et al. 2018a; Hosseini et al. 2018b). Pursuing
the existing review papers (Ahmed and Varshney 2011;
Ahn 2016; Schiederig et al. 2012; Soares and Soares
2012), different key terms such as “green technology and
manufac tu r ing ,” “sus ta inab le t echno log ies and

manufacturing,” and “clean technologies and manufactur-
ing” were entered in the databases to retrieve the relevant
bibliographic data. It is noteworthy that the current re-
search attempts to discuss all the possible terms are related
to the domain in this research (Darko and Chan 2016).
Thus, for related future researches, researchers can poten-
tially make use of more related terms, such as environmen-
tal technology, clean technology, and sustainable technol-
ogy. For the purpose of the analysis, the data range entered
was “general.” That is to say that the range was entered like
“1995–2019,” and the type of document typed was specif-
ically set to “article.” The reason for choosing a duration of
time spanning from 1995 to 2019 is the extensive research
related to GTs in this specific era. The research based on
GTs gained momentum in the late 90s, and it was essential
to cover this era of time, in order to obtain information
about the major research trends of the research done on
the discipline of GTs. Moreover, the reason for mentioning
the type of document to “article” was that the articles of
journals written for the purpose of science mapping show
highly effective, popular, and certified researches (Santos
et al. 2017). Furthermore, in fact many existing research
reviews about the manufacturing industry have only made
use of these journal-based articles. Therefore, it can be
deduced that research articles are the preferred form of
data, in order to gain insight for the domain’s intellectual
structure (Santos et al. 2017). Likewise, while it might be
beneficial to add all papers or literature categories on the
research topic, it can also be “challenging and costly”
(Hosseini et al. 2018b). As a result, all kinds of papers were
not considered, because the literature in the database
journals might just suitably address the purpose of the
research.

On February 13, 2020, the documents were searched from
the WoS platform, which retrieved a total of 5736 articles,
making data set for this study, and used for literature analysis.

Scientometric techniques

As described by C. Chen (2017), the scientometric techniques
include the authors’ co-citation analysis, the keywords co-
occurrence analysis, and the document co-citation analysis.
In the current study, the science mapping has been done in
two levels. The first level comprises of creating networks,
according to the rules identified by the citation burst analysis,
the keywords co-occurrence analysis, the co-authorship anal-
ysis, and the outlets direct citation analysis, which will be
explained in the coming section. The next level comprises of
creating maps for the extraction of meaningful information
that is extracted through a nexus of networks. These networks
show the conceptual , intellectual, or social evolution in the
research field and discovers patterns, trends, seasonality, and
any other outliers (Cobo et al. 2011).

28851Environ Sci Pollut Res  (2021) 28:28848–28864



Results and analysis

Trends of GTs research and wace in scenario of
manufacturing industry

As presented in Fig. 1, the trend of green technology publica-
tions in the manufacturing industry is ranging from the period
between the years 1995 and 2019. As compared to the last
century (1995–2000), more publications on GTs have been
published in the current century (2001–2019). Therefore, it
can be deduced that there is an increasing trend in the publi-
cations written on GTs, which are also consistent with the
implementation of GTs (Darko and Chan 2016; Tseng et al.
2019). Moreover, it is also notable that the publications that
have been written on the topic of GTs were retrieved on
February 13, 2020. So, the publications, which may appear
in WoS, till the year 2019, have been considered for a
scientometric review. Moreover, the quantity of publications
on the topic (5736 documents) possibly might also rise in the
upcoming years, and the date of extracting literature from the
database is also consistent with the earlier studies that have
been written on this discipline (Hosseini et al. 2018b).
Additionally, it is acknowledged that the publications from
the period spanning from 1995 to 2000 are comparatively
lesser, and this period was considered because of the late
adoption of GTs in the manufacturing industry. The upcoming
review researches could possibly focus on retrieving addition-
al publications related to this period, which can be done by
changing the terms of literature, as mentioned earlier.

Formation of an international body of green
technologies knowledge

Major research domains through keywords network analysis
and citation burst

It is a common practice that examining the foremost key-
words helps to discover the focal areas of research

(Shrivastava and Mahajan 2016). As mentioned in Ref. Su
and Lee (2010), “keywords represent the core research related
to an area.” In this regard, a comprehensive network of key-
words presents a thorough and impressionable image of the
knowledge domain, offering insight through the topics ad-
dressed, and how these topics are organized and intellectually
linked with each other (Shrivastava and Mahajan 2016). The
VOS viewer 1.6.8 software was used to create this network of
co-occurrence of keywords, by using the bibliographic data
extracted by the WoS. In addition, the authors’ keywords
have been referred to, for creating a readable and reproduc-
ible image of the keywords, instead of all the keywords
crammed together with a limited scope of relevance to the
area of study under consideration. Following the methodolo-
gy of fractional counting, a total of 21387 keywords were
retrieved from the available dataset, while for the “minimum
number of occurrence” needed to set the inclusion criteria for
including into major clusters of GTs research, it was essential
for a keyword to have appeared 50 times in the search.
According to this formula, a total of 70 keywords met this
criteria. Besides this, if an irrelevant term were to appear, it
was removed by the authors (i.e., “article,” “China”).
Therefore, the result of this network of keywords comprises
of 68 nodes and 1914 edges, ultimately denoting the core
areas of GTs, as shown in Fig. 2.

The magnitude of the relationship between two keywords
is calculated based on the quantity of the articles in which the
keywords appeared simultaneously, thus pointing toward their
related research areas (Van Eck and Waltman 2018). A stron-
ger link will ultimately show a more dense line in the visual-
ization network. Moreover, to identify the value of the link in
the network, the centrality and the mean of the nodes have also
been calculated (Prell 2012) , which shows the frequency of
the connections of one node with the other (Hosseini et al.
2018b). In addition to this, in order to understand the mutual
impact of these nodes, based on the frequency of the links
among the nodes, the value is measured through an equation
recommended by (Prell 2012)

24 33 32 21 31 31
74 66

125 113 95
116

151

189

152

256 275

353
329

381 381

545
577

673
711

0

100

200

300

400

500

600

700

800

900

N
u

m
b

e
r 

o
f 

a
rt

ic
le

s

Year

Fig. 1 Wave and trend of GTs
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Thus, this equation is given as under:

Di ¼ ∑n
i¼1X ij

Here, Di represents the degree of centrality’s value for a
nodei; Xijshows the accumulation of total links between node i
and nodej; and n indicates the total number of nodes in the
network. In addition to this, the VOSviewer (Fig. 2) and the
Gephi 0.9.2 have been used to calculate the nodes of central-
ity, as shown in Table 1. It is noteworthy that a higher degree
of centrality denotes that the research area is a critical one in
nature. However, if the degree of centrality of the two-
research area is the same, then the respective ranking is calcu-
lated, based on the weighted degree value.

This is (weighted degree) a changed version of the degree
of centrality, which is calculated while taking the average
mean of the value of connections between the given network
of nodes.

Other than this, the relationship of the ranking of the links
(Table 1), with the research areas (as shown in Fig. 2), shows
the main findings and the gap in the literature pertaining to
GTs.

& One critical information in this regard is that particular
areas of research do not necessarily carry a deeper level
of research and, hence, remain isolated. In the previous
literature, GTs, sustainable technologies, environmental
technologies, the negative consequences of traditional
manufacturing technologies, and green investments are

studies that have been topics of research studies, in rela-
tion to the firm performance. The research on the adoption
of GTs is gradually gaining momentum, as a probable
solution for a better environment. This is primarily be-
cause public knowledge about the quality of environment
has risen, and hence, the old culture of “treatment after
pollution” is no more in demand. In addition to this, en-
hancing the sustainability of manufacturing technologies
could also help to achieve sustainable development, which
a phenomenon that is not being experienced within the
existing manufacturing practices.

& It is possible that due to the concept of green washing
coming into play, the global adoption of GTs, by the
manufacturing industry, has not been able to become a
reality. Therefore, adopting sustainable techniques and
machines, especially which use GTs for total processes,
can attract green stakeholders to a large extant. These
studies primarily talk about the earliest adoption of GT
(Bollinger 2015; Bukchin and Kerret 2019; Cohen et al.
2015b; Gallagher and Muehlegger 2011; Hottenrott et al.
2016; Pouchepparadjou et al. 2005; Weng et al. 2019; Xia
et al. 2019; Zailani et al. 2014) and endorse GTs as an
effective solution to achieve sustainable development.
However, choosing the nature of the GT, in order to
achieve sustainable development, is up to the researchers
and the practitioners.

& Besides the environmental quality being the obvious
benefit of the adoption of GTs, the literature written on

Fig. 2 Major research domains of
GTs research in manufacturing
industry (keywords cooccurance
network)
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the adoption and advantages of GTs is lacking in terms
of the studies that are conducted and published, which
could address the following main aspects of GTs re-
search: (1) the actual contribution of GTs to boost firm
performance and (2) the way GTs should deliver the
desired results, in order to achieve sustainable
development.

& When analyzing the previous trends, there have been no
studies that exist in the literature, specifically addressing the
GTs in the manufacturing industry. In the existing studies,
terms like sintering, environmental impact, ceramic material,
technology , recycling, industry, design, sustainable
manufacturing, unclassified drug, chemistry, carbon dioxide,
priority journal, life cycle assessment, procedure,

Table 1 Main GTs research areas
and their relative influence Research focus Degree centrality Weighted degree centrality Relative impact

Sustainable development 77 808 1

Manufacture 77 725 2

Environmental impact 76 281 3

Manufacturing 76 335 4

Recycling 76 154 5

Sustainability 76 339 6

Technology 76 184 7

Decision-making 74 132 8

Environmental technology 74 193 9

Life cycle 73 246 10

Sustainable manufacturing 73 198 11

Carbon 72 95 12

Energy efficiency 72 178 13

Environmental protection 72 162 14

Manufacturing process 72 148 15

Costs 71 117 16

Economics 71 102 17

Environmental management 71 131 18

Energy conservation 70 83 19

Energy utilization 70 159 20

Industry 70 94 21

Innovation 70 137 22

Investments 70 86 23

Carbon dioxide 69 145 24

Commerce 69 89 25

Life cycle assessment (LCA) 69 125 26

Optimization 69 79 27

Industrial research 68 170 28

Life cycle assessment 68 118 29

Pollution control 68 78 30

Climate change 67 67 31

Supply chains 67 97 32

Energy consumption 66 50 33

Environmental sustainability 66 91 34

Product design 66 106 35

Competition 65 93 36

Global warming 65 81 37

Greenhouse gases 65 86 38

Life cycle analysis 65 83 39

Manufacturing industries 65 78 40
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metabolism, environmental technology, climate change, de-
cision-making, 3D printer, manufacturing, and green econo-
my have collectively established a major proportion of the
literature that is related to GTs , as shown in Fig. 2.

& Besides this, it has been observed that in the extant literature,
the social and economic aspects of the GTs adoption are
ignored thus far, but the aspects pertaining to the discipline
of sustainable environment have become a popular in the
context of GTs adoption, which is shown in Fig. 3.
Moreover, this is also evident from the analysis of the citation
burst, extracted with Cite Space 5.3.R3. In addition to this,
when observing the frequently used keywords in the given
time period, the literature that focuses on the specific domain
is shown by the citation bursts, especially in terms of an
emerging subject, or a subject that is linked with the citation
surges (C. Chen 2015).This also means that the citation
bursts provide access into the geographical areas, which have
become popular among researchers. So, the total keywords,
which meet the citation threshold are a total of 70, and a
number of almost 23words from the citation burst are shown
in Fig. 3. The top five words, with the maximum strength of
the citation bursts, include technology (10.4633, 2007–
2013), industry (9.499, 2010–2014), sintering (8.808,
1995–2007), environmental technology (8.5934, 2016–
2019), and the environmental impact (6.487, 1995–2007).
This establishes that in the current years, these are the most
important topics to be taken into consideration. The emerg-
ing topics in the present years include green innovation,
clean, environmental, or green technology, sustainable solu-
tions, and sustainable firm performance.

Analysis of outlet direct citation to represent major research
outlets

In all kinds of researches, the analysis of academic journals is
considered to be a valuable aspect, in which some of the top
journals regarding an area of study are analyzed (Serenko
2010). The analysis of journals provide readers with useful
and relevant information, help the authors select a suitable
journal to publish their work in, help journal editors to meet
goals of their journals, and support libraries and institutions in
the optimal allocation of resources that are invested in these
journals (Hosseini et al. 2018a). In this review research, the
direct citation analysis of the journals has been undertaken in
order to highlight the importance of academic journals, which
have published studies related to the advent of GTs in the
manufacturing industry. For this purpose, the VOSviewer
was used, while the unit of analysis was taken to be the
“sources,” and the kind of analysis was the relevant “cita-
tions.” Other than this, the “minimum number of articles pub-
lished by a journal or source” and the “minimum amount of
citations of a journal or source”were fixed at a total number of
10. Among the 1439 extracted sources, 33 sources met the
criteria of this paper, which appeared in the output network,
which comprises of 26 links, between 33 outlets. In addition to
this, the visualization of the journals network was done with
Gephi. Moreover, for the current research, the weighted de-
gree values were utilized for the size adjustments and the
coloring nodes internally (Fig. 4), and the bigger weighted
degree values are represented with the thinner and wider node.
Also, Table 2 shows the most effective outlets in Fig. 4, which

Fig. 3 Represnetation of strongest citation burst for the top 25 keywords
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are the 15 top ranked journals of green technology adoption
that have been placed in order, according to their weighted
degree.

Finally, from the findings it is clear that the most signifi-
cantly relevant and suitable journal for the literature developed
on green technology adoption is the Journal of Cleaner
Production, with the highest weighted degree value of 116.
It is noteworthy that there are several significant citations that
have been extracted from this journal that are specifically di-
rected toward an effective GTs policy. These include journals

such as the International Journal of Advanced Manufacturing
Technology, Sustainability (Switzerland), and the Journal of
Industrial Ecology (as shown in Fig. 4), which are the second
layer impact journals in the field (Table 2). Also, the above-
mentioned five journals might finally be considered as the
main reference sources for GTs. Other than this, the Journal
of Cleaner Production, which is the most significant journal in
the area, may also be supported by the existing research liter-
ature. This is because it is mainly aimed toward the environ-
mental aspects pertaining to the adoption of GTs, which prove

Table 2 Main 15 outlets for GTs
research Sources Weighted degree value Rankinga

Journal of cleaner production 116 1

Energy policy 28 2

International journal of advanced manufacturing technology 35 3

Sustainability (Switzerland) 38 4

Journal of industrial ecology 18 5

Journal of manufacturing technology management 16 6

Cirp annals - manufacturing technology 14 7

Rapid prototyping journal 25 8

Technological forecasting and social change 19 9

Environmental science and technology 9 10

International journal of production research 25 11

Journal of engineering manufacture 10 12

Applied energy 8 13

International journal of computer integrated manufacturing 5 14

International journal of production economics 14 15

aOutlets were ranked based on the weighted degree value

Fig. 4. Main outlets network of GTs literature
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to be the best fit with the “aim and scope” of the Journal of
Cleaner Production. This is primarily because being “fit” is
the core factor to be considered, while selecting a journal
(Knight and Steinbach 2008).

Collaborative network associated with GTs research:
Co-authorship analysis

To enhance the productivity for a specific research area and to
increase the scientific collaboration, availability of incentives and
expertise is a necessary measure (Ding 2011; Hosseini et al.
2018b). Extracting such knowledge is the most critical, in order
to enhance the academic communication and collaboration, as
described by different studies in the past (Glänzel and Schubert
2004). Besides this, “every aspect of scientific collaboration can
be reliably tracked by analyzing co-authorship networks.”Huang
and Chang (2011) added that co-authorship is an important indi-
cator when it comes to the representation of scientific collabora-
tion. If the level of scientific collaboration is low, it shows that
there is less interest of the researchers in this area and, therefore,
also lower research productivity. The next few sections describe
the network of co-authorship, in terms of the GTs literature that
has been developed in different contexts.

Institutions

In institutions, the presence of network collaboration, with a
higher degree of interest and intentions for the effective adop-
tion of GTs in the manufacturing industry, provides support in
policymaking, partnership, and network creation itself. In ad-
dition to this, taking the concept of “organization” as a unit,
the VOSviewer has been used for the “co-authorship” analy-
sis, with the help of the “fractional counting” method. In this
analysis, the “minimum number of documents of an organi-
zation” have been fixed to 20, and the “minimum number of
citations of an organization” have been fixed to 50. In conclu-
sion, the total discovered number of organizations is 5606, out
of which 143 institutes matched the set criteria, and were
therefore, included in the network output. In addition to this,
the Gephi software has also been referred to for the visualiza-
tion. In the Gephi, the hyperlink-induced topic search (HITS),
which are generally considered to be the authorities and hubs,

is an algorithm presented, whose function is to allocate effec-
tive nodes (Khokhar 2015).The HITS algorithm creates two
different nodes for each node in the network: a hub score and
an authority score. These scores serve different meanings. The
bub score usually points out the effectiveness of a node, in a
way that it works as a core source of reference. The authority
score brings insight into the amount of beneficial information
that is saved in the node (Hosseini et al. 2018a). If a node is
more influential, then it shows that it has a higher authority
score with regard to the source of useful information (Cherven
2015). Detailed information about both the scores can be
found in a study that was undertaken by Kleinberg (1999).
Before using the HITS method, the hub score in the network
for organizations was employed in order to recolor and resize
the node of the network of countries and collaborative re-
search. Hence, if the shade is light, and the node is large, it
will tend to show higher hub scores.

For instance, institutes from Singapore, China, Australia,
Ghana, and Hong Kong have been involved in developing
research material regarding GTs in the manufacturing sector,
whereas institutes from other countries like Canada, the UK,
and the USA show limited cross-linkage institutions (Fig. 5,
Table 3). This may show that less attention has been given to
the cross-fertilization of GTs ideas among different institu-
tions. Moreover, in order to be more productive in the field
of research pertaining to GTs, effective and efficient research
collaborations are required across the GTs network as well.

Countries

The network of scientific collaboration in different countries
acknowledge those countries that are active in the research
domain related to the chief discipline under consideration
(C. Chen 2015). In the VOSviewer, a network has been
created in order to distinguish the most collaborative and
influential countries. For analysis, the unit has been taken
to be the “countries,” the type of analysis is taken to be
the “co-authorship,” and “fractional counting” is consid-
ered to be the method for counting. The minimum number
of citations of a country has been set to 50, and the “min-
imum number of documents of a country” have been fixed
up to 20. Out of the 212 countries under consideration, a

Fig. 5 GTs literature and collaboration network of different international institutions
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total of 33 countries met the study criteria and have been
added in the network. These have been then visualized by
using Gephi, as shown in Fig. 6.

In order to represent the top effective countries in the im-
plementation of GTs in the network, weighted degree values
have been used in the network. Then, based on the weighted

Table 3 Collaborative network of different global institutions in global GTs research

Universities with their corresponding departments Weight degree
value

Ranking

Department of management and engineering, Linkoping university,
Linkoping, Sweden

86 1

Key laboratory of contemporary design and integrated manufacturing technology, Ministry of education, Northwestern
polytechnical university, Shaanxi 710072, China

86 2

Research & development institute in Shenzhen, Northwestern polytechnical university, China 70 3

Department of production, university of Vaasa, pl 700, Vaasa, 65101, Finland 59 4

Institute for a secure and sustainable environment, university of Tennessee, Knoxville, United States 54 5

Key laboratory of contemporary design and integrated manufacturing technology, Ministry of education, Northwestern
polytechnical university, Xi'an, 710072, China

35 6

Department of industrial and manufacturing systems engineering, The university of Hong Kong, Hong Kong 17 7

Department of production engineering, Kth royal institute of technology, Stockholm, Sweden 13 8

Department of manufacturing, Cranfield university, Cranfield, Bedfordshire, United Kingdom 8 9

Department of mechanical and aerospace engineering, Syracuse university, Syracuse, Ny, United States 8 10

Department of industrial engineering, university of Salerno, Fisciano, (SA) 84084, Italy 7 11

Politecnico di milano, department of management, economics and industrial engineering, piazza leonardo da vinci 32,
Milan, 20133, Italy

7 12

School of automation science and electrical engineering, Beihang university, Beijing, 100191, China 7 13

Civil and environmental engineering, Michigan technological university, Houghton, MI, United States 5 14

Department of computer science, George mason university, 4400 Fairfax, VA 22030-4444, United States 5 15

Fig. 6 GTs literature and
countries based collaborative
network
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degree values, the nodes have been resized and recolored. The
nodes with the lighter shades show low values of the weighted
degree, while the bigger nodes show a high value of the
weighted degree. In Table 4, the 15 main countries with a
higher research incidence of focusing on the discipline of
GTs, in the manufacturing industry, were ranked, based on
the weighted degree values. The top two countries, the USA
and China, are implicitly the highest contributors to the re-
search pertaining to the discipline of GTs. But, the top rank
belonging to the USA is not aligned with the findings of
Darko and Chan (2016). This is primarily because the USA
and China are also large contributors to the world’s total car-
bon dioxide emission (J. Chen et al. 2019). Practitioners and
research scholars from these countries believe that incorporat-
ing GTs is the only way to attain the ultimate degree of sus-
tainability. The third biggest country in the research related to
GTs is the UK. However though, the UK does not enjoy a
strong association with China and the USA. The strength of
the association among the most influential countries is re-
quired in order to design a global policy that is based on
nurturing mutual collaborations and sharing knowledge in
the study area of GTs adoption. On the other hand, there are
highly strong links between China-Australia, China-Hong
Kong, China-Japan, USA-Taiwan, and USA-China.
However, when running a comparison among 212 countries,
just few strong associations have been established. The reason
may be that there tends to be a lesser number of comparative
cross-country studies in the previous research, which focus
specifically on the advent of GTs in the manufacturing indus-
try, with valid theories and findings in various scenarios.
Moreover, several countries in the network like Romania,
Austria, South Africa, Belgium, Greece, Poland, Portugal,

Russian federation, and Czech Republic show weaker links,
especially when one considers the major stream of GTs (key
nodes), and the members of the network. Therefore, the
above-mentioned countries should ideally incorporate the
adoption of GTs in their related policies, mainly because they
have a weak collaboration in the network of GTs.

None of developing countries have been included in the
network. This could primarily be due to different issues that
have been faced by the developing countries, such as the lack
of awareness and knowledge about green technologies (GTs).
Therefore, the gap in availability of the knowledge pertaining
to GTs is a hurdle, when it comes to the adoption of GTs in
developing countries.

Discussion and recommendations

Research on green technologies (GTs) started in the 1970s,
but in recent times, it has gained attention due to the increasing
awareness of environmental issues. In addition to this, the
number of research papers published in this area of study
has shown an increasing trend in the more recent era, thus
verifying the rising concern over sustainable GTs. Therefore,
in order to meet this increasing demand, some of the recent
global literature pertaining to the discipline of GTs shows a
gap in the research, which is clear from the comprehensive
analysis of the literature, as shown in Table 1. Moreover, the
main focus of the GTs research revolved only around partic-
ular themes, while being biased toward the other areas of
research that needed as much attention for the greater good
of the world. In this context, the focus was primarily on the
aspect of environmental sustainability of GTs, while the eco-
nomic and social aspect of sustainability was neglected. In
addition to this, there has also been minimal research on the
significant construct that is related to GTs, such as the green or
environmental technology anxiety (apprehension of the stake-
holders about use and commercialization of the idea, which is
still in its stages of infancy) and the adoption of sustainable
technologies. Therefore, it is obvious that the previous re-
search only partially covers the literature that is related to the
adoption of GTs. The “triple bottom line” in the context of
GTs is the sustainable incorporation of economic, environ-
mental, and social aspects that exist in manufacturing firms
(Elkington and Rowlands 1999) . In order to gain the optimum
benefit from GTs, focusing only on the environmental aspect
is not sufficient. There are several critical activities that are
required to address the economic and social sustainability as-
pects of GTs. Moreover, it is also an agreed upon belief that
incentives and rewards could potentially expedite the earliest
adoption GTs, which can also be helpful for effective green
project management. However, the adoption of GTs faces
various challenges, and these may include concepts such as
new technology adoption anxiety, commercialization of ideas,

Table 4 Top 15 nations collaborating in GTs research

Countries Weighted degree value Ranking

USA 444 1

China 360 2

UK 234 3

Italy 216 4

Sweden 176 5

India 165 6

Finland 153 7

Germany 117 8

Brazil 81 9

Japan 80 10

the Netherlands 73 11

France 72 12

South Korea 72 13

Hong Kong 65 14

Denmark 64 15
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expensive installation, and a small market share (Bollinger
2015; Cohen et al. 2015b; Gollin et al. 2005; Hottenrott
et al. 2016).

There are many sustainable enablers that can be considered
to overcome issues that are related to the effective adoption of
GTs in manufacturing firms

& Firstly, there is a need to integrate sustainability in the total
manufacturing framework, and not just confine the re-
search approach toward a sustainable environment. For
instance, the life cycle assessment, which includes the
TBL features of a product, should be verified, at every
phase of the product life cycle.

& Secondly, green project management tends to have mini-
mal literature written to its name, as compared to the con-
cepts related to conventional projects. Therefore, in the
researches that are being undertaken, there is a need to
investigate issues that are related to green technologies-
based project academia and industry. Moreover, the crea-
tion of joint research clusters can also help to achieve a
concept of purpose, which particularly focuses on the is-
sues that pertain to green project management (including
optimization, success, and productivity of green projects).
These are some of the proposed initiatives in the light of
the current scholarship and studies that have been ob-
served (Hwang et al. 2015; Watson et al. 2011; Zhou
et al. 2015) for the upcoming researches.

& Thirdly, future researches can also focus on other related
or unrelated industries, such as construction, beverages,
and the wood industry. In addition to this, technical re-
search is also required in order to design green machinery,
which are capable of using green energy. Other than this,
besides the requirements that have been mentioned above,
the use of GTs is also required due to the factors of sus-
tainability and local climatic conditions (Koebel et al.
2015; Zuo and Zhao 2014). In addition to this, further
research is required for the formulation of strategies and
the framework, which can remove any potential obstacles
and help in the vast application of GTs (Darko et al. 2019).

Implications and recommendations
of the study

Climate change has become a reality that stretches beyond
theory. And this theory is now confirmed and is obvious from
the severe fluctuations in weather conditions and frequent cli-
matic incidents including tsunamis, floods, storms, wildfires,
and the melting of glaciers to name a few. Therefore, in order
to address the severity of the issue, there is a dire need to

design a policy framework to find sustainable solutions to
slow down and perhaps even reverse the process of climate
change. The policy implications for firms that are willing to or
are in the process of transition of the effective and successful
adoption of GTs, practitioners, and the country’s policy for-
mulators, regarding planning, executing, and implementation
of GTs in the manufacturing industry, need to be addressed as
well. Some of these have been discussed below:

& The first implication for firms and policy formulators is
that the developing countries lack the capability of
adopting GTs, as compared to the more developed nations
(F. Wang et al. 2017). For successful adoption, transfor-
mation, and sustainable development and implementation
of the GTs, developing countries are required to strength-
en the application of environment-related regulations.

& Secondly, nationwide policy and incentives are required
for the manufacturing industry, at the government level,
for the adoption of the GTs. This is because the negative
effects of climate change are now affecting the GDP
growth of the country. Therefore, the fight against climate
change requires rapid action, so as to mitigate the negative
effect of climate change.

& Lastly, policymakers must address any hurdles in the way
of the commercialization of the idea of GTs to become
sustainable. Because if the idea is not effectively formu-
lated and worked upon in concrete terms, then the stake-
holders would hesitate to participate and invest in the pro-
cess of GTs adoption.

This research is a step toward an initial attempt to provide
understanding of the literature pertaining to GTs, in the
manufacturing industry, over the last 25 years. The results of
the study indicate that there is a lack of collaboration among
the players (institutions and countries), and this proves to be
the main hurdle toward the adoption of GTs, on a global level.
Therefore, institutions and countries should collaborate to take
an active part in the adoption of GTs. As evidence in the
literature suggests, the collaboration among these players
was not present or was so weak, due to certain aspects that
were weaker in nature. Therefore, a collaborative stance
among stakeholders may provide significant benefits in this
regard (Scherer 2005). The following recommendations can
help to find the answer for the above-mentioned issues:

& The organizations and sponsors, working for the adoption
of GTs, must fully endorse research collaboration across
different nations, institutions, and departments.

& There is a need to change the way green performance is
measured among the relevant stakeholders, and this
change must pave way for the endorsement of further
research collaboration and green projects.
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& The governments should develop comprehensive national
policies, which should include the establishment of green
infrastructure, awareness campaigns, and the effective
provision of low margin loans for the installation of GTs.

& Moreover, there is need to build a certain level of trust
among green stakeholders. This is primarily because this
green idea has not been fully commercialized yet; there-
fore, green business can successfully flourish and meet the
demand and supply ends of the green market.

The findings of this study have helped to gather a clearer
picture of the body of GTs knowledge. In addition to this, a
further understating of two gaps, found in the literature, has
been gained. In this regard, as suggested in the findings, the
total clusters of GTs were 68 in number, which cover certain
issues, followed by the recommendation required to address
these issues. Moreover, this research also helps to identify the
networks of research. Furthermore, the concerned bodies,
which are interested in the GTs research, may better under-
stand the subject due to the manner in which they are
interlinked. For practitioners and researchers, this review
study aimed to enhance the insights and converge a variety
of knowledge, which is required to integrate the state of the art
level of GTs.

Conclusion

This research revolves around the scientometric review of the
GTs literature, specifically from the perspective of the
manufacturing industry that is typically involved in extreme
polluting activities. Conventional technology, which most of-
ten leads to financial growth, is not viable for a sustainable
planet. Besides, economic growth is a mandatory phenome-
non for the massively increasing human needs and issues in-
cluding climate change (deteriorating environment, rising
temperature), increasing poverty, food insecurity, and a lack
of access to health facilities, as recently witnessed by the
world in the form of a pandemic that killed more than one
million people recently, and resulting in a death toll that is
still on the rise. As mentioned above, there is a critical need
to find a way to meet the needs of the planet, but this is only
possible by firstly finding the solutions for the disadvantages
of conventional technology that is recently being used in the
operations of the manufacturing industry, and extensively
powered by the burning of fossil fuels. The one, practical
solution for the two conflicting goals is the adoption of GTs,
specifically in the operations of the manufacturing industry.
This is a win-win situation for the fulfillment of human needs,
without damaging the environment of the planet. However,
for the optimum, smooth, and effective adoption of GTs, there
is a lack of awareness among the relevant stakeholders regard-
ing the environmental, social, and economic benefits of GTs

adoption. Therefore, the initiation of this endeavor is required
at the state level, in order to make efforts to increase the ac-
ceptability and early adoption of GTs. Though initially, the
high cost of adopting GTs has been high due to the emerging
research trends and the diffusion of technology, the measures
taken to mitigate pollution are now becoming obstinately eco-
nomical. The planning, transformation, and implementation
level policies should be extensively focused upon; otherwise
the benefits of adopting GTs will be compromised. Moreover,
this is also a viable measure for sustainable investment, be-
cause over time different countries are taking measures to
replace conventional technology with GTs, primarily for the
achievement of sustainable economic, social, and environ-
mental goals.

Limitations and future research

As with all studies, there are certain limitations of the re-
search as well. First, the whole analysis is based on the
databases that have been retrieved throughWoS, which pos-
sesses a few intrinsic drawbacks related to the coverage of
the publications. Secondly, relying on a few keywords and
article journals is not considered to be sufficient to make
conclusions that are completely representative of the empir-
ical situation. Due to the mentioned reasons, the conclu-
sions of this scholarship possibly do not mirror the maxi-
mum accessible literature on the GTs. The upcoming re-
searches can most definitely exploit the findings of this
study while using different settings for the industries and
countries that have been taken into consideration. Thirdly,
this research incorporates the principles of social network
analysis, featuring citation networks. This can prove to be
an easy target for critics to raise objections, due to it being a
major indicator of connections, quality, and impact. In ad-
dition to this, the limitations of the study, while explaining
the findings of the research, must be considered. The future
research could add multiple data resources, types, and indi-
cators for evaluating the effect, associations, and quality
within the literature, in order to address the limitations of
this study. For practitioners and researchers, this review
study aims to enhance the insights and converge the variety
of knowledge, which is required to integrate the state-of-
the-art level of GTs. Because of these clearly identified
study gaps that point toward the different possible research
directions, there might be an interest of researchers and
practitioners to work for the next level of research
pertaining to the discipline of GTs across the globe.
Therefore, possible future research efforts should revolve
around green policy formulation and infrastructure devel-
opment in green industries (i.e., the technical aspect of GTs
whose demand is on the rise).
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