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Abstract: It is widely accepted that carbon capture and utilization technologies are an effective way
of lowering the amount of greenhouse gases released into the atmosphere. A bibliometric analysis
is presented in this article to investigate the development of carbon capture and utilization. The
study was conducted to identify the trends in publishing, dominant contributing authors, institutions,
countries, potential publishing sources, and the most cited publications in this research area. A
total of 4204 articles published between 2007 and 2021 were analyzed, covering 13,272 authors,
727 journals, and 88 countries. The findings indicate that the most productive and influential authors
have British and American affiliations. The United States, the United Kingdom, and China have
conducted most studies on the aforementioned topic. Imperial College London, United Kingdom, has
the highest number of publications in this field of research. Furthermore, the collaborative analysis
was developed by creating links between the keywords, published information, authors, institutions,

check for and countries. In addition, the discussion highlights the tremendous development in the research
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area of carbon capture and utilization, especially with a focus on the exponential rise in the number
of yearly publications.

Keywords: bibliometric analysis; carbon capture; carbon utilization; industrial process; Web
of Science

6611. https://doi.org/10.3390/
en15186611

Academic Editor: Attilio Converti .
1. Introduction
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Carbon dioxide (CO,) is regarded as the most significant anthropogenic contributor to
global warming [1]. Its voluminous emissions to the atmosphere have raised the average
atmospheric temperature by nearly 1.0 °C [2] and the CO, concentration in the atmosphere
resides at nearly 421 ppm, a 50% increase since the advent of the modern industrial
revolution in the late eighteenth century [3].

The Paris Agreement of 2015 stipulates that the rise in global temperature must ideally
be kept below 1.5 °C, or at best up to 2 °C [4]. As a result, worldwide CO, emissions must
be mitigated, and methodologies should be developed to reduce new emissions and lower
atmospheric CO, levels. Despite efforts such as process change (e.g., renewables-based
electrification) and efficient energy use (such as process intensification), a significant portion
of CO; emissions come from fossil fuels and the process industry [5], which sometimes have
inherent CO, emissions, such as lime production and steel manufacture. These emissions
usually originate at stationary points and in large quantities [6].

Carbon capture and utilization is a promising technology concept to capture and use
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that work in tandem to reduce CO, emissions from significant point sources. Carbon
capture involves technologies that separate CO; from other gases, either pre-combustion
(such as sweetening of natural gas) or post-combustion (e.g., cleaning of flue gas). Carbon
utilization is a separate set of newly evolving technologies that convert the captured
CO, into valuable chemicals, value added products and/or its direct use as a process
commodity [7]. The use of carbon capture and utilization can be traced back to the 1920s.
Initially developed to improve natural gas quality and recovery from depleted oil reserves,
the process is now one of the frontline solutions for reducing CO, emissions from large
stationary sources [8]. In technical terms, carbon capture in carbon capture and utilization
methodology is more mature in technological terms than its counterpart [9].

Nevertheless, both technology concepts require rapid technological improvements and
face many economic and technical issues in commercialization and wide-scale implementa-
tion to achieve sustainable decarbonization [10]. The CO; storage in depleted reservoirs
and underground aquifers is an alternative to utilization technology. CO; injection is
considered a suitable solution for mitigating excess CO; emissions and partially shares its
application in the CO, utilization concept, as gas can be used to extract oil and gas from
unconventional and shale reservoirs and coal bed methane. Jia et al. provided a detailed
account of the use of carbon dioxide injection for storage and enhanced oil recovery [11].

Many research studies and pilot projects have been conducted to improve the scientific
understanding of carbon capture and utilization [12]. The research-cum-academic work
can be traced back to the study carried out by the Massachusetts Institute of Technology,
United States. Their carbon capture and sequestration technologies program started in
1989, studied the capture and use of CO; from large point sources, and spanned multiple
sectorial disciplines focusing on technical, economic, and socio-political facets. Several
research works have been presented and published since then, focusing on various factors
and technological parameters related to carbon capture and utilization, which form a part
of the motivation for this research work.

Carbon separation technologies are roughly divided into four sub-areas: absorption,
adsorption, membranes, and cryogenics [6,7]. Absorption is the most advanced form of
technology in the field. It uses physical and chemical solvents to absorb carbon dioxide
from a mixture of gases. Research in the field has focused on the reduction in energy con-
sumption, solvent loss, and degradation. However, many types of chemical solvents have
been studied and have found limited applications. Examples include inorganic solvents,
such as potassium carbonate and ammonia, and organic solvents, such as alkanolamines
and amino acids [8]. Some physical solvents, such as Selexol and Rectisol, have also been
used for the selective separation of acid gases [13]. Membranes are a substantially low-cost
carbon capture technology. Much research has been conducted, but a limited commercial
application for CO; capture has been registered in the last two decades [14,15]. Membrane
systems operate independently of solvents, offering ease of handling and development.
However, the membrane’s operational life and effectiveness over time still require more
research. Adsorption for CO; capture presents significant energy savings and relevant costs
compared to the aforementioned technology options. Adsorptive carbon capture uses ad-
vanced or functionalized zeolites and activated carbon materials [16]. Recent developments
have focused on capturing carbon dioxide from the air, and many alkali/alkaline-minerals
are being investigated [17].

Moreover, new materials, such as metal organic frameworks, are being studied [18].
Two more recent technological developments for carbon capture are calcium looping
and cryogenics. Calcium looping, also sometimes known as the regenerative calcium
cycle, is a further development of the carbonate looping concept. The technology uses
calcium oxide (CaO) that reacts directly with CO; capturing it from a gaseous mixture. The
formed product is then calcined in another plant section to retrieve the reacted CO;. Since
the process requires a high temperature (550-1150 °C), it can find suitable applications
in cement and blue hydrogen production [19]. Cryogenic separation of CO,, although
enticing for monetizing high CO, containing natural gas, finds limited application for



Energies 2022, 15, 6611

30f17

carbon capture due to high energy costs. Moreover, the presence of water and heavier
hydrocarbons poses greater issues, such as hydrate formation. However, developments
have focused on energy optimization and using a cheap (but strong) class of materials for
process design.

A careful analysis of the published literature shows that most research has been
conducted on the technical side of these technologies, such as the works of Chai et al., [20]
and Tcetkov et al., [21]. However, the research works also cover more than one aspect
(technology, environmental, economic, socio-political) of carbon capture and utilization.
They can be regarded as a multi-sectorial publication, for example, the contributions by
Jones et al., [22], Cuéllar-Franca and Azapagic [23], Thonemann [24], and Lamberts-Van
Assche and Compernolle [25]. The major motivation for this paper emerges from the
absence of a credible and consolidated bibliometric analysis for the said field, as more than
twenty thousand publications are available in the open literature.

The study’s main purpose is to investigate existing research on carbon capture and
utilization and to analyze current research trends. A bibliometric analysis was used because
it is a reliable way to count and evaluate scientific publications [26]. This paper presents
a bibliometric analysis of the available literature on carbon capture and utilization. In
bibliometric analysis, statistical techniques are employed to analyze books, papers, and
other publications. This analysis helps conceptualize current knowledge status, features,
evolution, and emerging trends, which can aid interested researchers in those areas in
gaining a comprehensive grasp [27]. Bibliometrics can aid a significant amount of aca-
demic research from the micro to the macro levels. In recent years, some researchers have
applied VOSviewer and other statistical methods to analyze data in various fields, such
as anaerobic digestion of methane research [28], data-driven methods for process sys-
tems [29], process safety and risk analysis [30], inherent assessment for sustainable process
design [31], enhanced oil recovery [32], biomass and bioenergy [33], hydrogen energy from
food waste [34]. A comprehensive and systematic analysis of capture and utilization using
the maps and tables generated by VOSviewer and other statistical methods is conducted
in this paper. This analysis is intended as a guideline for selecting carbon capture and
utilization procedures. As a result, those interested in developing carbon capture and
utilization methodologies for industrial processes can find this work extremely useful.

2. Methodology of Literature Investigation

Figure 1 describes the data investigation method for carbon capture and utilization
research. This three-step methodology includes data collection, screening, and bibliometric
analysis.

2.1. Data Collection

The selection of a suitable database for data collection is the first stage of the data
collection phase. Since the Web of Science (WoS) database is considered the most credible
source within the scientific community, the WoS database was chosen to retrieve the data
for this article. The second stage was to choose the search string, which consisted of
any publications with a title, abstract, or keywords that included “carbon capture and
utilization” or “carbon capture and storage.” These two primary keywords are sufficiently
representative of what must be done. In the first run, 12,481 documents related to carbon
capture and utilization were found in the WoS database, and the process was completed on
17 June 2022.

2.2. Data Screening

There was the possibility of duplicate publications because the search was carried
out separately with titles, abstracts, and keywords. Thus, duplicate publications were
eliminated from the data. Only English-language publications from 2007 to 2021 (15 years)
were included in the analysis. Only research and review articles published in journals
were considered for this study; all other documents, such as proceeding papers, editorial
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materials, books, and book chapters, were excluded. After that, the publications unrelated
to the topic were eliminated by giving the titles, keywords, and abstracts of the publications
careful consideration.

Step 1- Data Collection
Databaese selection: Web of Science
Keyword searching: "carbon capture and utilization" or "carbon capture and
storage"”
Data extraction and storage: 12481 documents

\ 4

Step 2- Data Screening
Timespan: 2007-2021
Document type: Articles
Language limitation: English only
Removal of unrrelated doccuments: Titles, abstracts and keywords analysis
Documents for analysis: 4204 publications

Step 3- Bibliometric analysis
Description of literature
Yearly quanitative distribution of literature
Productive and influential authors, institutions and countries
Potential publishing sources and prominent publications

Keyword co-occurrence analysis
Co-authorship analysis of authors, institutions and countries

Figure 1. Description of the literature investigation step involving methodology.

2.3. Bibliometric Analysis

After screening retrieved data to eliminate duplicates and other irrelevant documents,
a total of 4204 articles were identified for bibliometric analysis. VOSviewer software and
Microsoft Excel were used to construct and visualize the bibliometric network and to
produce a descriptive analysis of the retrieved data.

3. Descriptive Analysis

Carbon capture and utilization articles published between 2007 and 2021 are included
in the analysis. Only journal articles are included in this research; all other non-journal
publications, including review papers, conference papers, editorials, and other documents,
are excluded for a more thorough analysis. In the end, 4204 articles were retrieved for the
study. The articles were cited 105,152 times, an average of 2926 times a year and 25.01 times

per paper.
3.1. Keyword Analysis

An analysis of the authors’ keywords used for indexing purposes might help identify
the most important topics and trends in any field of study. The co-occurrence keywords
in the retrieved data were analyzed using VOSviewer. The authors configured a total of
8821 keywords, 120 of which appeared more than fifteen times. Figure 2 shows a visual
network map of keyword co-occurrence. Nodes in different colors represented different
types of clusters, node size represented the occurrence of keywords, and a thick connection
line showed a close relationship between the two items. All three clusters seem to be related
to climate change. For example, researchers have used “carbon capture and storage” as
the most common keyword. It links with other keywords, including ccs, climate change,
carbon dioxide, CO; capture and bioenergy.
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Figure 2. Map of clusters based on keyword analysis using VOSviewer.

Climate change was identified as a hot topic from the keyword analysis. Keywords
related to climate change include carbon capture and storage, ccs, carbon capture, CO,
capture, carbon dioxide, carbon capture and utilization, and carbon sequestration. Recently,
bioenergy with carbon capture and storage technologies has been actively used to capture
and store carbon.

3.2. Publication Trends

Figure 3 shows the trend in publishing, the average number of citations received
by each publication, and the h-index. As seen in Figure 3a, the amount of work done in
carbon capture and utilization research has steadily increased over the years. There was not
much research in the first five years, from 2007 to 2011, and only 319 (7.59%) articles were
published. From 2012 to 2016, 1402 (33.35%) articles were published, increasing almost
five times. Over the last five years, there has been a discernible acceleration in the rise of
published works, with 2483 (59.06%) articles. The number continued to rise until 2021,
before seeing a slight decline in 2018, and 2021 was the most prolific year, with 656 articles
being produced.

Over time, there has been a rise in the aggregate number of citations. Because of this,
there is projected to be a reduced number of citations for the most recent publications,
affecting the average number of citations obtained by each publication in the most recent
years. According to Figure 3b, the publications that were published in 2007 had the highest
average number of citations for each publication (C/P = 109.29).

If an article has a high h-indeX, this suggests that it has a strong cumulative influence
when measured by both the amount and quality of citations it has received. As can be seen
in Figure 3c, the year 2013 had the highest h-index with a value of 54, followed by 2015
with a value of 51, and then 2014 with a value of 50.
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Figure 3. Publication growth over the year, (a) total publications and cumulative sum, (b) total
publications and citations by year, (c) total publications and h-index.

3.3. Productive and Influential Authors

The field of carbon capture and utilization is expanding rapidly, and as a result, it has
continually piqued the attention of researchers. Through an investigation of a total of 4204
publications, it was found that 13,272 different authors had made contributions to this area.
322 of these authors have five publications or more, and 43 of these authors have at least
ten articles each. The top ten prolific authors in this field were analyzed based on the total
number of articles, citations, and citations per year. The top ten productive authors based
on the total number of articles are shown in Table 1. Niall Mac Dowell (from Imperial
College London, UK) was top ranked with 36 articles, followed by Cormos, Calin-Cristian
(from Babes-Bolyai University, Cluj-Napoca, Romania), and Andre Faaij (University of
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Groningen, Groningen, The Netherlands) with 34 and 31 articles, respectively. The h-index
for these top authors was also higher than the others and more than 20. Mac Dowell, Niall
(from Imperial College London, London, UK), published more than 90% of the articles in
the last five years (from 2017 to 2021).

Table 1. Top ten most productive authors based on published articles.

Distribution of Articles

R Author University Country NoA h
2007-11 2012-16 2017-21
1 Mac Dowell, Niall Imperial College London United Kingdom 36 20 0 3 33
2 Cormos, Calin-Cristian Babes-Bolyai University Romania 34 22 7 12 15
3 Faaij, Andre University of Groningen Netherlands 31 22 8 12 10
4 Tan, Raymond R. De La Salle University Philippines 28 19 3 17 8
5 Van Vuuren, Detlef P. Utrecht University Netherlands 26 18 2 13 11
6 Pourkashanian, Mohamed University of Sheffield United Kingdom 24 15 2 9 13
7 Zhang, Xian Ministry of Science and Technology China 22 12 2 5 17
Foo, Dominic C. Y. University of Nottingham Malaysia Malaysia 21 15 3 13 5
8 Manovic, Vasilije Cranfield University United Kingdom 21 14 0 5 16
Rubin, Edward S. Carnegie Mellon University United States 21 18 6 9 6
9 Haszeldine, R. Stuart University of Edinburgh United Kingdom 20 12 0 7 13
10 Shah, Nilay Imperial College London United Kingdom 18 14 1 6 11
Note: R; Rank, NoA; Number of articles, h: h-index.
The most prolific authors based on total citations are shown in Table 2. Edward S. Ru-
bin (Carnegie Mellon University, Pittsburgh, PA, USA) was ranked first with
2273 citations, followed by Andre Faaij (University of Groningen, The Netherlands) and
Detlef P. Van Vuuren (Utrecht University, Utrecht, The Netherlands) with 1692 and
1648 citations, respectively. Edward S. Rubin (Carnegie Mellon University, USA) was
also the most productive author, as his eight articles had more than one hundred citations.
Table 2. Top ten most productive authors based on total citations.
X . Lo Distribution of Citations
R Author University/Institution Country TC
Zero  1-20 21-50 51-100 100+
1 Rubin, Edward S. Carnegie Mellon University United States 2273 0 3 5 4 8
2 Faaij, Andre University of Groningen Netherlands 1692 0 9 10 7 5
3 Van Vuuren, Detlef P. Utrecht University Netherlands 1557 0 8 8 5 5
4 Mac Dowell, Niall Imperial College London United Kingdom 1539 0 16 13 4 3
5  Cormos, Calin-Cristian Babes-Bolyai University Romania 1365 2 8 12 10 2
6 Luderer, Gunnar Potsdalrn Institute for Climate Germany 1092 0 2 1 2 5
mpact Research
7 Shah, Nilay Imperial College London United Kingdom 1077 0 5 6 6 1
8 Van Den Broek, Machteld Utrecht University Netherlands 974 0 5 3 4 3
9 Chalmers, Hannah The Umversblty of Edinburgh, United Kingdom 967 0 6 2 1 2
Edinburgh
10 Tan, Raymond R. De La Salle University Philippines 915 0 9 14 5 0

Note: R; Rank, TC; Total citations.

The top ten most prolific authors based on citations per article are shown in Table 3.
Hani M. El-Kaderi (Virginia Commonwealth University, Richmond, VA, USA), was at the
top spot, with 143.20 citations per article. He was followed by Gunnar Luderer (Potsdam
Institute for Climate Impact Research, Potsdam, Germany) and Elmar Kriegler (Potsdam
Institute for Climate Impact Research, Germany), with 120.00 and 114.17 citations per
article. Both authors were from the same institution.

Overall, only one author, Edward S. Rubin (Carnegie Mellon University, USA) was
present in all three categories. He was ranked 8th based on the total number of articles, 1st
based on total citations, and 4th based on citations per article. Three authors, Dominic C. Y.
Foo (University of Nottingham Malaysia, Semenyih, Malaysia), Vasilije Manovic (Cranfield
University, Bedford, UK), and Edward S. Rubin (Carnegie Mellon University, USA), had
the same number of articles. They were ranked 8th based on the total number of articles. In
the category of ten authors based on citations per article, only two authors had more than
ten articles.
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Table 3. Top ten most productive authors based on citations per article.

R Author University/Institution Country NoA TC C/A
1 El-Kaderi, Hani M. Virginia Commonwealth University United States 5 716 143.20
2 Luderer, Gunnar Potsdam Institute for Climate Impact Research Germany 9 1080 120.00
3 Kriegler, Elmar Potsdam Institute for Climate Impact Research Germany 6 685 114.17
4 Rubin, Edward S. Carnegie Mellon University United States 21 2273 108.24
5 Tzimas, Evangelos Institute for Energy and Transport Netherlands 6 598 99.67
6 Riahi, Keywan International Institute for Applied Systems Analysis Austria 8 723 90.37
7 Krey, Volker International Institute for Applied Systems Analysis Austria 8 734 91.75
8 Chalmers, Hannah The University of Edinburgh, Edinburgh United Kingdom 11 967 87.91
9 Mokaya, Robert University of Nottingham United Kingdom 5 416 83.21
10 Johnson, Nils Electric Power Research Institute United States 5 395 79.00
Note—R: Rank, NoA: Number of articles, TC: Total citations, C/A: Citations per article.
3.4. Most Productive and Influential Institutions
There are 3020 different organizations involved in carbon capture and utilization
research. Only around 14% of organizations are involved in more than five publications.
Table 4 shows the top ten organizations in terms of the total number of articles, the total
number of citations, the average number of citations per article, and the h-index. Impe-
rial College London (UK) came in the first spot in the total published articles 121, first
place in terms of total citations of 4300, second place in terms of citations per article of
35.54 and first place in terms of h-index. The Chinese Academy of Sciences (Beijing, China)
and the University of Edinburgh (Edinburgh, UK) came in 2nd and 3rd place, respectively,
considering the total number of publications published by each institution. Despite Utrecht
University (Utrecht, The Netherlands) being placed fourth based on the total number of
articles, it was ranked 1st based on the citations per article, with 48.92 and 2nd based on
the h-index.
Table 4. Top ten most influential institutions in carbon capture and utilization research.
R University/Institution Country NoA NCA TC C/A  C/CA h
1 Imperial College London United Kingdom 121 117 4300 3554  36.75 36
2 Chinese Academy of Sciences China 115 112 2514  21.86 2245 29
3 University of Edinburgh United Kingdom 82 82 2061 2513  25.13 23
4 Utrecht University Netherlands 78 78 3816 48.92  48.92 32
5 Norwegian University of Science & Technology Norway 68 67 1881 27.66  28.07 21
6 Tsinghua University China 59 59 1636 2773  27.73 25
7 University of Nottingham United Kingdom 57 56 1837 3223  32.80 24
8 University of Sheffield United Kingdom 56 55 1083 19.34  19.69 17
9 University College London United Kingdom 55 53 1816 33.02 34.26 23
10 Chalmers University of Technology Sweden 53 52 1635  30.85  31.44 25

Notes: R: Rank, NoA: Number of articles, NCA: number of cited articles, TC: total citations, C/A: citations per
article, C/CA: citations per cited article, h: h-index.

3.5. Most Productive and Influential Countries

There were 88 countries involved in carbon capture and utilization research between
2007-2021. Figure 3 illustrates the geographical distribution of countries according to the
number of articles in each country. There was 36.36% (32 countries) involved in fewer
than five publications, which shows not a significant amount of study carried out in these
countries regarding this topic. In addition, 40.91% (36 countries) were involved in 6 to
50 publications, while 22.23% (20 countries) were involved in more than 50 publications.

The publications related to this research field originate from 6 geographical regions
and 88 countries and is shown in Figure 4. Asian and European countries prevailed in this
research area. The combined contribution of these origins was 71.59%, with 32 (36.36%)
Asian countries and 31 (35.23%) European countries involved in the research. However,
the involvement of other regions is somewhat limited in this field, both in quantity and
influence. This research field included participation from 10 (11.36%) countries in Africa,
8 (9.09%) countries in South America, 4 (4.55%) countries in North America, and 3 (3.41%)
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Figure 4. Geographical distribution of published articles on carbon capture and utilization
(2007—-2021).

The United States, the United Kingdom, and China were the countries that contributed
the most articles, with 888, 797, and 776, respectively. According to the findings of the
study, Europe and Asia were the continents that have contributed the most to the carbon
capture and utilization research field. On the list of the top 10 countries listed in Table 5,
there were two countries from North America, two countries from Asia, one country from
Oceania, and five countries from Europe. The level of quality and production in these
countries indicates that the Netherlands, Australia, and the United States were found to
be the top three most productive countries, each with more than 30 citations per article.
South Korea (C/A =13.36) and China (C/A = 22.20) were at the bottom of the list according
to the citations per article calculation. These results are based on the world’s top ten
most productive countries. The h-index is another method that may be used to measure
productivity. This method puts the United States, the United Kingdom, and China in the
top three spots, with an h-index of 82, 69, and 59, respectively.

3.6. Most Cited Articles in Carbon Capture and Utilization Research

There have been many significant studies published on carbon capture and utilization
that have been published in a variety of journals. The number of citations indicates how
influential, popular, and attention-grabbing something is within the scientific community.
In this part of the article, the published works were evaluated using two different methods.
The first method considers the total number of citations obtained, and Table 6 contains
a ranking of the 10 publications with the highest number of citations. “Perspective of
microporous metal-organic frameworks for CO, capture and separation” was the top-cited
article, with 605 citations. In this article, the authors promote the concepts of CO, capture
and separation technologies. “Eco-efficient cements: Potential economically viable solutions
for a low-CO; cement-based materials industry” and “Cost and performance of fossil fuel
power plants with CO; capture and storage” were the other most cited articles, with
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530 and 516 citations, respectively. According to Table 6, the four most cited articles crossed
the limit of 500 citations. The second method analyzed the articles based on citations per
year, and the top ten articles are listed in Table 7. In this list, the most influential article was
authored by Sarkodie and Strezov (2019) and had the highest number of citations per year.
In this list, only two articles crossed the 100 citations per year.

The first method preferred the older article, as they had more time to receive citations.
Only 3 articles out of 10 were published in the last five years. On the other hand, there is a
chance of a relatively new article in the second method, and 8 out of 10 were published in
the last five years. Second, only two articles were present in both categories.

Table 5. The top ten most productive and influential countries.

R Country Region NoA NCA TC C/A C/CA h
1 United States North America 888 859 29,839 33.60 34.74 82
2 United Kingdom Europe 797 770 22,914 28.75 29.76 69
3 China Asia 776 742 17,229 22.20 23.22 59
4 Germany Europe 341 328 9679 28.38 29.51 48
5 South Korea Asia 244 229 3261 13.36 14.24 27
6 Australia Oceania 228 222 7734 33.92 34.84 44
7 Netherlands Europe 206 198 7827 37.99 39.53 47
8 Spain Europe 203 190 4472 22.03 23.54 36
9 Norway Europe 201 192 4279 21.29 22.29 33
10 Canada North America 189 180 4459 23.59 24.77 35
Notes: R: Rank, NoA: Number of articles, NCA: number of cited articles, TC: total citations, C/A: citations per
article, C/CA: citations per cited article, h: h-index.
Table 6. Top ten most cited articles in carbon capture and utilization (based on total citations).
R PY Authors Title of the Article Journal Name TC
1 2014 Zhang et al. [35] Perspective of microporous metal-organic frameworks for Energy & environmental science 605
CO; capture and separation
5 2018 Scrivener et al. [36] Eco-efficient cements: Potential ecqnorr}ically viable solutions Cement and concrete research 530
for a low-CO, cement-based materials industry
3 2007 Rubin et al. [37] Cost and performance of fossil fuel power plants with CO, Energy policy 516
capture and storage
4 2008 Gibbins and Chalmers [38] Carbon capture and storage Energy policy 514
5 2015 Rubin et al. [39] The cost of CO; capture and storage International journal of 419
greenhouse gas control
6 2016 Shaner et al. [40] }[? comparative technoecgnomic analysis of renewable Energy & environmental science 418
ydrogen production using solar energy
Effect of foreign direct investments, economic development
7 2019 Sarkodie and Strezov [41] and energy consumption on greenhouse gas emissions in Science of the total environment 410
developing countries
3 2007 Weisser [42] A guide to life-cycle greex"thouse gas (GHG) emissions from Energy 408
electric supply technologies
9 2017 Mac Dowell et al. [43] Z}?:;goele of CO; capture and utilization in mitigating climate Nature climate change 389
Carbon Dioxide Postcombustion Capture: A Novel Screening Envi tal sci &
10 2009 Puxty et al. [44] Study of the Carbon Dioxide Absorption Performance of 76 nyronmentat science 389

Amines technology

Note: R: Rank, PY: Publication year, RC: Total citations.

3.7. Potential Sources Publishing Research on Carbon Capture and Utilization

The use of VOSviewer resulted in the creation of a visualization map that provides an
overlay depiction of journal publications on carbon capture and utilization research. The
size of the circles represents the number of publications that a journal has, and the level of
activity that the journal has had throughout time is reflected by the color of the nodes, as
can be seen in Figure 5.
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Table 7. Top ten most cited articles in carbon capture and utilization (based on citations per year).

R PY Authors Title of the Article Journal Name crY
Sarkodie and Effect of foreign direct investments, 'economic Science of the total
1 2019 development and energy consumption on . 136.67
Strezov [41] .. . . . environment
greenhouse gas emissions in developing countries
Eco-efficient cements: Potential economically viable Cement and concrete
2 2018 Scrivener et al. [36]  solutions for a low-CO, cement-based materials research 132.50
industry
3 2017 Mac Dowell et al. The role of CO; capture and utilization in mitigating Nature climate change 77,80
[43] climate change
4 2014 Zhang et al. [35] Perspective of microporous metal—organi.c Er}ergy & environmental 75 63
frameworks for CO, capture and separation science
Is a 100% renewable European power system .
201 Z t al. [45 . Applied 74.67
5 019 appa et al. [45] feasible by 20507 pplied energy 6
6 2021 Wilberforce et al. Progress in carbon capture technologies Sc1e'n ce of the total 74.00
[46] environment
- 2016 Shaner et al. [40] A comparative technoeconon.ﬁc ana}ysis of Er}ergy & environmental 69.67
renewable hydrogen production using solar energy  science
. ssions f .
8§ 2019  Tongetal. [47] Committed emissions from existing energy Nature 67.67
infrastructure jeopardize 1.5 degrees C climate target
9 2019 Fasihi et al. [48] Techno-economic assessment of CO, direct air Journal 'of cleaner 66.67
capture plants production
Vi t al. Alt ti th tothe1.5d t t .
10 2018 van Vuuren et a ernative pathways to the 5 degrees C targe . Nature climate change 64.75
[49] reduce the need for negative emission technologies
Note: R: Rank, PY: Publication year, C/Y: Citations per year, Reference year: 2022.
process saf. environ. protect.
int. j. hydieg. energy
energy conv. manag.
j. clean prod. energy
ind. eng. chem. res.
fuel
appl. energy enggies
j- co2util energy policy  energy econ
o aianaus
e int. j. greenh. gas control
8nergy fuelsienciy. sustsenerg. rev s ah glob. environ. changeshuman policy dimens.
chem, eng. j
greenh, gases
acs sustainichem. eng
mitig. adapt. strateg. glob. chang.
energy environ. sci d 25 s clim. policy
environ. sci. technol cim-Shange
‘ﬂ VOSviewer R 5 P A [ _ |

2010 2015 2020

Figure 5. Visualization map of sources publishing research on carbon capture and utilization.

Most of the publications were published before or around 2015 in the journals Energy
Policy, Environmental Science and Technology, International Journal of Hydrogen Energy,
and Energy. Most of the publications created between 2015 and 2020 were published in
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the International Journal of Greenhouse Gas Control and Applied Energy, which is the
most active publishing source. Emerging publishing sources, such as the journal of cleaner
production, journal of energies, and journal of CO, use were involved in creating the bulk
of the publication around 2020.

There were 727 journals with at least one article related to carbon capture and uti-
lization. Of these, 52.96% (385 journals) have published only one article, which indicates
that they were not specialized journals on the topic. Another 14.86% of the journals have
published two papers, 8.39% have published three, 4.68% four, and 19.20% of the journals
(139 journals) have published five or more articles. The top ten journals, based on the
number of articles, number of citations, and average article citations, are shown in Table 8.
The International Journal of Greenhouse Gas Control was the most active source with
491 articles, followed by Applied Energy and the Journal of Cleaner Production with 213
and 136 articles, respectively. Based on the number of citations, the International Journal of
Greenhouse Gas Control, Applied Energy and Energy Policy was ranked first, second, and
third, with 11661, 8524, and 5916 citations, respectively. Based on the average citations per
article, Environmental Science & Technology had the highest score (C/A = 46.94), followed
by Energy Policy (C/A = 44.48) and Applied Energy (C/A = 40.02).

Table 8. Top ten sources publishing research on carbon capture and utilization (based on number of
total articles).

R Publishing Source NoA TC C/A Publisher LE S(éi)tfe Research Area/Category
Engineering, Chemical; Energy &
1 International Journal of 491 11,661 23.75 Elsevier 4.400 72 Fuels; Engineering, Environmental;
Greenhouse Gas Control ! : . ’ Green & Sustainable Science &
Technology
5 Apoli - Energy & Fuels; Engineering,
pplied Energy 213 8524 40.02 Elsevier 11.446 20.4 Chemical
Green & Sustainable Science &
3  Joumalof Cleaner 136 3198 23.51 Elsevier 11.072 158 Technology; Engineering,
Production Environmental; Environmental
Sciences
4 Energy 134 3880 28.96 Elsevier 8.857 13.4 Thermodynamics; Energy & Fuels
Environmental Studies;
5 Energy Policy 133 5916 44.48 Elsevier 7.576 124 Environmental Sciences; Economics;
Energy & Fuels
Environmental Science & Environmental Sciences; Engineering,
6 Technology 91 4244 46.64 ACS 11.357 14.8 Environmental
7 Energies 79 621 7.86 MDPIT 3.252 5.0 Energy & Fuels
Industrial & Engineering . . .
8 Chemistry Research 77 1668 21.66 ACS 4.326 6.6 Engineering, Chemical
9 Journal of CO, Utilization 68 1201 17.66 Elsevier 8.321 13 Engineering, Chemical; Chemistry,
Multidisciplinary
10  Energy Conversionand 65 1991 30.63 Elsevier 11.533 18.0 Energy & Fuels; Mechanics;
Management Thermodynamics

Note: R: Rank, NoA: Number of articles, TC: Total citations, C/A: Citations per article, LE.: Impact factor.

The majority of the articles were published in Elsevier’s journals. Specifically, seven out
of ten source titles were Elsevier’s journals; two journals were published by the American
Chemical Society (ACS) and one by MDPI.

4. Collaboration Analysis
4.1. Co-Authorship Network

Figure 6 displays the results of an analysis performed using VOSviewer on the co-
authorship pattern involving a number of different authors. A total of 13,272 authors
contributed to this field of study. However, the overlay visualization map includes only
authors, with a minimum of five publications each. This map does not include authors
who were not associated with other authors. The width of the arc connecting the authors
illustrates the extent to which they worked together on the publication, while the size of the
circle represents the total number of publications. Individual colors employ the evolution
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Figure 6. Network visualization map of international researcher’s collaboration on carbon capture
and utilization with a minimum of 5 publications.

4.2. Collaboration of Institutions

The collaboration network of the most active institutions involved in carbon capture
and utilization research was created using VOSviewer, as shown in Figure 7. There was
a total of 3,020 institutions involved in this research field, but Figure 7 only represents
institutions with a minimum of 20 publications. The size of the circles represents the relative
strength of publications, the color implies their evolution stage with respect to time, and the
thickness of the arc shows the collaboration strength of the institutions. For example, it can
be seen that Imperial College London, the Chinese Academy of Sciences, the University of
Utrecht, the University of Edinburgh, the Norwegian University of Science and Technology,
and the University of Sheffield were more active in this research field. The collaboration
strength among these institutions was meager. The authors from the Chinese Academy of
Sciences and the University Chinese Academy of Science collaborate strongly with each
other. The authors from Imperial College London strongly collaborate with those from
University College London, the University of Cambridge, and the Swiss Federal Institute
of Technology. The authors from the University of Utrecht also have a strong collaboration
with the authors of the University of Groningen, whereas there was a collaboration network
between the authors of the University of Edinburgh and the University of Strathclyde.
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Figure 7. Network visualization map of research collaboration among institutions on carbon capture
and utilization, with a minimum of 20 publications.

4.3. Collaboration of Countries

The collaboration network of all countries involved in carbon capture and utilization
research was created using VOSviewer and is shown in Figure 8. There was a total of
88 countries involved in this research field, but Figure 8 only represents countries with
a minimum of 5 publications. The size of the circles represents the relative strength of
publications, the color implies their evolution stage with respect to time, and the thickness
of the arc shows the collaboration strength of the countries. It can be seen that China,
the United States, and the United Kingdom were the most active countries working in
this field after 2015. The authors from institutions in these countries collaborated with
those from institutions in other countries, including Australia, Germany, Netherlands,
Spain, and France. Authors from South Korean-based institutions have highly collaborated
with authors from United States-based institutions. Authors from institutions in Germany
and the Netherlands have also been strongly collaborating with each other. Although
authors from other country-based institutions have collaborated with the authors of the
most dominant countries, their collaboration strength is relatively low.
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Figure 8. Network visualization map of research collaboration among countries/territories on carbon

capture and utilization with a minimum of 5 publications.

5. Conclusions

This study presents a bibliometric analysis of carbon capture and utilization research
published from 2007-2021 (15 years). It was found that substantial work in this domain
is being carried out globally, including in developed and developing countries. Carbon
capture and utilization research has received uneven attention worldwide, although several
countries have published articles on the topic. The United States is the most active country,
with 888 publications, followed by the United Kingdom (797 publications) and China
(776 publications). Even though the United States has the most publications, no American
institutions were on the top ten list. Imperial College London is among five British insti-
tutions on the top 10 list, taking first place with 121 publications. The 10 most influential
authors were listed based on the number of publications, total citations, and citations per
year. Niall Mac Dowell (Imperial College London, UK), Edward S. Rubin (Carnegie Mel-
lon University, USA), and Hani M. El-Kaderi (Virginia Commonwealth University, USA)
grabbed the top places in all these categories. International Journal of Greenhouse Gas
Control, Applied Energy, Journal of Cleaner Production, Energy and Energy Policy were the
top publishing sources with more than 100 publications. Finally, the collaboration network
of authors, institutions, and countries was presented, and it was found that the authors in
the top ten list have a significant co-authorship network with other authors and with each
other. Collaboration networks for different institutions and countries were also involved
in carbon capture and utilization research. Finally, it can be concluded that research on
carbon capture and utilization is a growing area of research. The results obtained in this
article allow researchers to use the references and trends identified to guide relevant future
research in this field.

6. Limitations of the Study

There are some limitations to this study. First, even though the WoS database is one
of the most reputable, some important articles available in other databases but not in the
WoS database, may be overlooked. Second, there was a possibility that the source data
contained errors. Some authors may have more than one name, use different initials, or have
different names in different publications. This limitation may cause misunderstandings
about the productivity of various authors, institutions, and countries and discrepancies
in the bibliographic analysis. Third, data cleaning was conducted, including eliminating
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duplicates and incorrectly classifying documents. Even though this reduces inaccuracies,
the study may still be affected by errors in the database. Future researchers can circumvent
these issues by including other databases in their research.
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