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The continuous growth of enef#y consumption leads to the increase of greenhouse gas (GHG) emissions, par-
ticularly carbon dioxide (C0D,). Carbon capture, utilization and storage (CCUS), which consists of carbon capure
mﬂ storage (CCS) as well as carbon capture and utilization (CCU), is a technology that aims to capture CO,.
Therefore, this study evaluates and provides an overview of CCUS in the period 2072-2022, by using a biblio-
metric analysis to obtain a complete perspective and reference on CCUS. The data search was carried out an
Jaruary 20, 2022, by inputting the keyword “carbon capture utilization storage” into the Scopus database, and
294 documents were generated. Other software used included Open Refine, VOS viewer and Tableau to describe
publication and cila trends, co-authorshig, and ca-occurrence. CCUS research trend increased by 2,766.6%
from 2012 to 2022. The most orodu country in investigating CCUS was China, and Zhang X. was the most
prolific writer. The organizaticn that published the highest number amsearch on the topic was the Mational
Taiwan University. The publications and citations were dominated by tmemational Journal of Greenhouse
Gas Contral that was published by Elsevier Ltd., which alsc issues a number of significant publications and
eives the highest number af citations.

Keywords: bibliometric analysis, carbon 2mission, carbon capture, carbon capture utilzation, carbon capture
storage.
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Introducti

The increase of greenhouse gas (GHGI emissions has
become a global climate issue that profourdly rai-
ses the wnﬁ attzntion due to the impact of clima-
te change. The Intergovernmental Panel on Climate
Change (IPCC) launched & Special Report on Global
Warming of 1.50 °C, which contains various impacts
created on human health, food security and ecosys-
terrs. THgAimoact can b2 anticipated through the
attemnpt of limiting the temperature rise by 1.50 °C
ahove the average temperature prior to industrial era
Total GHG emissicns in 218 reached 55.3 gigatons
of CO, equivalent. Consequzntly, hydro-meteoro-
logical disasters may occur due to extreme weather
that changes the length of dry and rainy season and
increaszs the fre cy and duraticn of droughts.
Ancther impact of climate chi&#ge is a rise in tempe-
rature and sea level (Nerem et al, 2018; Zhao et al,
2020). Accerdirg tc Stene et al (2009), carbon dioxide
issinns have increased by 40% since the period of
the Industrial Revolution, and human activities might
have greatly contributed ta CO, release since that
time. Carbon dioxide iscapable of absorbing long-wa-
ve IR radiation thezt) being emitted by the earth wnich
can make the greenhouse effect stronger, hence any
increase in CO, emissions ullimaltely causes a rise in
the earth's temperature.

The largest CO, emissions are generated from agri-
cultural activities, energy production and energy use.
Furthermore, trade, transportation, and the growing
manufacturing industry add to CO, emissions as stated
by Adom (2012), which exacerbates the ecological
aspects of environment such as climate and climate
change. Mareaver, the tourisEfindustry elevates carbon
dioxide emissians; thereby it is important to raise the
awareness of global warming and climate change into
the pr@e of business as usual (Balogh and Jambor,
2017). In urF) W sbale lhe global warming, reducing
the levals of carbon dioxide (CC,) emissions from
exhaust gases produced by industrial activilies has
to be promptly undertaker since the levels of carbon
dioxide (CO,) emissions have continued to increase
from year to year (Rinanti et al., 20" 4). Global warming
has an impact on all living things and nature such as
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rising sea lavels, climate anomalies and natural di-
sasters (Fachrul et al,, 201%; Rinanti etal., 2013).

By 2100, the level of atmosphernc CU, emissions is
estimated to reach around 800 ppm and the earth's
surface temmperature 1endm rise by £ *C (Wang and
Oko, 2017). According to The Summary for Policy-
makers of the IPCC Working Group Ill repart, Climate
Change 2022: Mitigation of Climate Change, 195 coun-
Iri@Fin the world have agreed Lo Limil GHG emissions.
A cenference held in Paris fromff) November to 12
December 2015 propagated the Paris Agreement to
the United Naticns Framework Convention on Climate
Change. Furthermore, thggZaty aims to mitigate the
climate change towards a low-carbon, resilient and
sustainable future and ensures that global tempera-
iure elevatinns keen well below (Warg and Okan,
2017). Carbon capture, utilization and storage (CCUS)
comprises carbon capture and storage (CCS) as well
as carbon capture and utilization (CCU), both of which
aim to capture €O, that is being released into the air.
The difference oetween tha2se two technologies lies
mainly in the fact that, in CCS, CO, emissians are
capified and injectad into undergrourd storage are-
as, whilz in CCU, the CO, is converted into commer-
cial products. Based on Zaemi and Rchmana (2021),
CCUS's goal is to capture 85% of CO, that is relcased
from pewer plants and industries and the resulting
emissions are to be transported into 700 meters
depth below sea level through pipes.

Based on IPCC (2022}, CCS is the most feasible/acces-
sible technology to reduce emissions from carbon-in-
tensive industries and power generation; however, the
mitigation costs tend to reach 138% without CCS tech-
nology. Thistechnologyis applied for the downstream
phase of CCS pathways, by capturing carbor emis-
sions to be stored anc utilized for otner production
processzs (Prayilno el al, 2021). Meanwhile, Reiner
(2016) has found that CCS technolegy is employed for
climate mitigation and 2xpected to decrease the GHG
emissions by 32% until 2050. This target can be jus-
tified by the res=arch done by Akbar et al. (2021) that
CCS technology captures 85-75% cf the CO, produced
by an industry. Besides of that CCS technology is also
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able to reduce carbon emissions with an accuracy le-
?0]‘ 95% when applied in a waste-tc-energy plant.
3

Paris Agreement to the United Nations Frame-
work Convention on Climate Change (UNFCC) has
summoned all countries in the world to commit to
imptempg actinns to keep average glohal tem-
perature below 2 °C and to continue with efforts for
suppressing the increase to 1.5 °C. Afterward, targets
for each country’s commitment were created, wnere
the Paris Agrzement set a target to reduce GHG
emissions, which is called the Nationally Detzrmined
Contribution (NDC). The achievenent of GHG emis-
sion reductions is verified to ensure that the calcu-
lation procass complies with the orinciples that have
been recognized as transparent, accurate, consistent,
comprehensive, and comparahle (TAZCC) at the na-
tional and international level. This mechanism works
through thz improvement of scritinizing and disclo-
sure for lowering the GHG emissions level to encour-
age the countries for acquiring the climate incertive.
The report of TACCC will be beneficial for stakekold-
ers to seta number of measureatle goals for climate
change mitigation that includes tne efforts for redu-
cing erission, resilience enhancement and for allo-
cating financial resources (Weikmans et al., 2019).

lHowever, the technology of CCUS has not been wide-
ly applied, althnugn data and references collection an
the technology is largely available. Moreover, the im-
plementation cost of CCUS varies greatly in the fields
of electricity and industry (Adisaputro and Saputra,
2017). &ccording to Zaemi and Rohmana (2021), the
chzllenges of developing CCUS are to determine the
location of infrastructure and the environment to be
used as CO, storage areas plus the high required
costs. Owing to the significant topic ot the IPCC Agen-
da 203D on grzenhouse gases, CCUS remains ta be
an interesting glokal issue to be investigzted as a cli-
mate change mitigation technology altrough many
studies of greenhouse gases have been extensively
corducted. In addition, a number of research warks
have |rvestmed the apglication of CCUS techrolo-
gy in some countries, such as the United States (Al-
phen et al, 2010), China (Jiang and Ashworth, 2020),
ASEAN countries (Kimura et al., 2020) and tha United
Kingdom (Gough et al., 2020). This review, therefore,
offers the trend of research development in the field
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of CCUS to show the acceleration of technology used
to apply the CCUS methods for industrialization in
some couniries within the year of 2012-2022.

The significant objective ot this research is to evalu-
ate the growing trend of investigation on CCUS from
2012-2022, as well as to determine the distribution
and productivity of research by authors, organiza-
tions, and countries, plus the distribution of research
work on subject areas and publishers tarough the
[ollowing research gueslions namely: (1) How do Lhe
CCUS techrologies provide a solution for raducing the
carbon zmission of industries around the world?: (2)
What are the CCUS technologies that most frequently
applied for the industry within 2012-20227; (3) Who
are the most prolific authors followed by the most
oroductive countries and organizations?; (4) What are
the patential areas of interest in the researcn deve-
lopment of CCUS techrologies? Therefore, the biblio-
metric analysis which ms to find the research gaps
for further exploration on the topic of carbon capture,
ulilization and slorage, was conducled by using Lhe
Scopus database. This article divides its systematics
of writing into the following parts. namely the intro-
duction, methods, results and discussion, conclusion
and references list.

Methods

ALLuldirlnghen el al. (2015), Singh and Borlhgkur
(2018), a bibliomnetric analysis is an effective meth-
od of analyzing research progress and guantitative
trends in publications on a particclar topic, by provi-
ding an overview of literature contribution both natio-
nally and interraticnally (Zhang et al., 2020; Zyoud et
al., 2022). Sweileh (2022) explains that any bibliomet-
ric study uses a statistic approach to identify growth
oatterns and development of publications as wel as
collaborative patterns among authors, institutions,
and countries. Moreover, bibliometrics identify the
research gaps through analyzing the research niche
offered by the publication database, which is useful
to provide the oasis fcr conductirg further research
(Singh and Borthakur, 2018; Zhang et al.,, 2020). The
method is divided into three phases, namely data
mining, extraclion and analysis, as presenled in Fig. 7.
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Fig. 1. Siudy method dicgram
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PHASE 1.
SCARCH CRITCRIAAND
SOURCE IDENTIFICATION

PPHASE 2.
SOFTWARE AND DATA EXTRACTION

DATA AMALYSIS AND NTERPRETATION

Bibiometric data source:

Scopus

Search keywords:

Carbon capture utilization storage

pen refine

vos viswer
Exclusion criteria;

Author Name, Subject Area, Keywords
Affiliatior, Funding Sponsor,
Country/Territory, Open Access

Tableau

METODOLOGICAL PROCESS

Inclusion Criteria: Countries
Publication Year, Document Type,
Publication Stage, Lo guags, Suvice

Type

Author Keywords
ndex Keywords

Co = Occurrence - All Keywords

<eywords, Fublication, Subject Area,
2ublisher, Authors, Organizaton,

Search criteria and source identification

In phase |, data search was carried out on January
20, 2022, by inputting the keyword "carbon capture
utilization storage’ into Scopus datanase. Owing to
the nature of Scopus as the world's leading literature
database published by Elsevizr and known to have
the highest number of citations (Hzrawatiet al,, 2022,
Borthakur and Govind, 2017), the Scopus database
fits into the expected outcomes of this study. Then,
filtering was done with the year of publication, doc-
ument type, publication stage, language, and source
type to obtain more significant results. The data were
mired from 20" 2 to 2022 by limitirg the type cf article
document, final publication stage, journal source type
and the Erglish language used. After filtering, 296
generated and the scarch
results were exported in the CSV format with citation
information, bibliographical informaticn, abstract, ana
keywords. Files exporied from the Scopus database
were ted into the Open Retine sottware to reduce in-
consistent and repetitive keywords in the mined data.

available documents

Software and data extraction

The data obtained from the Scopus dazabase was fur-
ther extracted and prccessed by usirg Open Refine,
Vos Viewer and TableaL Public software. Tre data were
fed into Open Refire tc reduce several keywords with
different spellirgs hut same meaning and to establish
the keywords in an exact writing format for idance
of repetition. Open Refine is able to clean the data from

one format to anotner, overcomes inconsistencies in
data sets ard divides data into more detailzd parts, in
an automatic or manual attzmpt (NIH, 2022).

Fig. 2 shows repeated keywords, namely "Carbon
Capture Utilization and Storage (CCUS)", "CCUS car-
boncapture, utilization and storage”, “Carbon capture,
utilization and storage (CCUS)", “CCUS Carbon Cap-
ture Utilization and Storage”, “CCUS Carbon Capture
Utilization and Storage”, “Carbon Capture Utilization
and Storage (CCUS]", "Carbon capture, utilization and
Storage (CCUS)" and "carbon capture, utilization, and
starage (CCUS)". Some of these have the same mean-
ing but different spellings, hence they are reduced to
one format of the keyword, i.e,, "Carbon Capture Uti-
lization and Stecrage (CCUS)". The reduced keywords

generated through Open Refine were then fed into the
YOS Viewer software, which presents and visualizes
specificinformation about bibliometric chart maps for
easizr analysis of the relationships or networks about
a research topic (Athar et al., 2019). Ooen Refine en-
ables the author to select the preferred data set, thus
the results contained a list of useful dﬂhat remaves
redundant keyworos. It mzans that carban capture
utilization and storage (CCUS) has been tested as the
natural result of removing data with redundant key-
words. In addition, CCUS is the representative value of
other related values (BzrgamfEfii, 2019), to generate
amaore extensive stbject field such as Carhon Capture
and Carbon Storage, Carbon Capture Strategies and
Carbon Storage Sustairable.
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Fig. 2. Extroct date using Open Refine

Cluster & Edit column "Author Keywords™
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Ths feature helps you find groups of different cell values that might te alteative representaiions of the same thing. For example, the two sirings "New York™ and “new
york" are very likely o refer to the sams concept and jus! have capitslization differences, and"Gadel" and "Gocel” probably refer to the same persen. Find out mere. .

Method  key collisior [:] Keying Function  fingerorint
Cluster  Row

Sze  Count

Values in Cluster

8 15 = Carbon caplure wilization anc storage (CCUS)

# CCUS carbon capture, utilizafon and storage
= Carbon caplure, utilization and storage (CCUS)

» CCUS Carbon Capture Utilization and Stcrage
= CCUS carbon capture utilization and storage

» Carbon Capture Utilizaton and Storage (CCUS)
» Carbon caplure, utilization, ard storage (CCUS)
» carbon caplure, utilization, and storage (CCUS)

» Carbon caplure wilization anc storage
« Carben caplure, wtiization, ard storage

» Carben caplure, utilization and storage

» Carbon Capture Utilizaton and Storage

= Carbon Capture, Utilization, and Storage

» Carbon caplure, utilization, ard storage

» carbon caplure utiization and storage

 Enhanced cil recovery a
» enhanced ol recovery
= Enhanced Oil Recovery

The software provides data vistalization based on
co-authorship, co-occurrence, citation, biblomatric
coupling, and co-citation. In this study, co-occurrence
of all keywords (author and index keywords) as well
as co-authorsnip (authors) based on network and
overlay visualization were used particularly. In co-oc-
currence analysis, all keywords were chosen as the
selected unit with a full counting method. Based on
the 295 documents from Scopus, 3,293 keywords
were ootained. Once the minimum number cf occur-
rences was setat eight, 78 threshclds were generated,
indicating tnat 78 keywords were repeated eight times
in the 3,298 keywords.

Even trough the keywords were tidied up in Open Re-
fine, some redundant keywords still appearedthathad
the same meaning as CO, and carbon dioxide. These
were employed as a writing format using Thesaurus
note, which were then imported into VOS5 Viewer. In
co-authorship analysis, tre aoplied Lnit analysis re-
ferred to authors with the full counting method. The
total number of authors inthe 294 Scopus-generated

Merge? New Cell Value

a 4 clusters found

# Choices in Cluster

Carbon capturs utilization and ¢
2—8
# Rows in Cluster
Carbon capture utilization and ¢
4—48
Length Varianee of Choices
[
Erhanced oil recovery 0—15

documents was 1,011, After setting the minimum
qumber of an aithor's documents at three, the
threshold obtaned was 76 authors. Tableau soft-
warz was Lsed to simplify complex data in the form
of interactive grapric visualizations, for easy analysis
and understanding (Akhtar et al., 2020). Akhtar et al.
(2017) and Murray (2013) stated that Takleau is the
mosl powerlul and [lexible analylical platform for
orovidirg data information and managing their rows
inta various visualization types.

Data analysis and interpretation

296 research publications were processed by using
Open Rzfinz, VOS Viewer and Tableau software re-
garding publication and citation trends; co-authorship
and co-occurrence were analyzed and interpreted,
then comparative analysis was conducted within the
aforementioned research publications.

The method should consist of research design, sub-
nzl characteristics, data collection process and data
analysis. If necessary, it should raisc cthical issues




Ervirormenial Researsh, Engineering and Management

particularly when dealing with human participants.
Appropriate statistical methods should be used, al-
though the biological mechanism should be empha-
sized. The statistical model, classes, olocks, and ex-
perimental units must be designated. Consultation
with a statistician is reccnmended to prevent any
incorrect or inadequate statistical methods.

Results and Discussion

Global distribution of publication and citation
trend (2012-2022)

One of the objectives mentioned in tris article is the
determination of global research distribution in 2012-
2072. The trends of publications and citations in those
years are presented in [1g. 5. The total number of
publications obtained from Scopus regarding "Carbon
Capture Utilization and Storage” was 296. This figure
increaszs significantly fr3 publications in 2012 to
83 publications in 2021. Tne number of publicati@)
andcilaliors in 2021 are inversely relaled. In 2022, the
total number of published documents and citations
seemed to decrease because the data were collected
in _anuary, hence they did not represent 2022 as z
whole. From 2012 to 2015, the increase of published
documents and citations was directly proportional,
but in 2014, the number of citations increased. The
highest citatiors nccurred in 2014; however, the num-
ber decreasesm 72% after 2016.

Research cn carbon capture, utilization and storage
(CCUS) has been issued from several journals anc

Fig. 3. Awnua! pubiicaticn and citation soread (2012-2022)
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publishers including Elsevier Ltd., MDPI AG, Frontiers
Media SA., Italian Asscciation of Chemical Engineer-
ing - AIDIC, and Blackw Publisher Ltd, which are
he Lop 5. Elsevier Lld. has lhe highesl number of
publications and 1,322 citations of 97 documen

well as journals reaching 28. Furthermorz, its top 5
journals with tha number of publications and citations
respectively are Journal of 1) Greenhouse Gas Con-
frol (36.76%; 24.93%), Z) Clzaner Production (77.65%;
7.01%0), 3) Applied Energy (17.65%: 38.40%), 4) Erer-
gy (16.18%; 13.28%), and 5) CO, Utilizaticn (" 1.76%;
16.38%). Based on the results, 138 journals published
articles on caroon capture, utilization and storage
with up to 3947 received citations.

Co-authorship analysis

This co-authorship analysis indicates the relation-
ship between authors, countries and organizations,
reprasented in a network diagram containing nodes
and lines classified in different clusters. The clusters
of nn and lines are being distirguished by colors,
whilz the size of nodes shows the weight and reoetition
of keywords. In addition, the distance from one node to
another illustrates the strength of their relationsnip.
and farther link between nodes means both keywcrds
have less research (Khosrozabadi et al., 2021).

Authors

The authors who conducted research on CC
62, while their productivity i5 depicted in Fig. 5 with the
highest number of publications and tinns. Zhang X
is the most prolific writer in terms of the number of

were
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Fig. 4. Distribution of publications and citations by joumal: () publicaton and {b) citation

v

Fig. 5. Authur produdtivity i texis of publications anucitatons.

Authors =

publications issued during 2012-2022, namely 12 do-
curens that received 225 citations. These were lesser
corpared to Zhang S who reached 230 citations with a
total of 8 documents published. The authors’ relation-
ship to one another is presented in Fig. 4, and in total,
they are divided into 9 clusters distinguished by the

B Joumal of Gresnhouss Gas Contral
" applied Enargy
B Joumnd of Gleaner Production
L Enargy
. Joumal of CO; Utiizaton
Chemi:al Engnearing Transaction

[T——

cas il Tehnoogy
Frontiers in Erergy Research

Energies
Fusl

W Joums of Greanhouss Gas Gontrol
B Applied Enecy
B ferosd and Ar Qualiy Research
" Energy
®  Energy Policy
Engineering
Accousts of Cremical Researeh
Fuel
ACS Sustainable Chemistry ind Engineering

Journal of Cleaner Productior

225

Citations

nodes’ color. Zhang X has the highest total link strength
of 33 and several relationships with 14 authors from
other clusters through an average oublication in 201%.
Thehigh citations obtained from authors are influerced
oy their number of links, meaning that there is a high
chance of receiving citations with a high link.
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During 2012-2015, Zhang X weighed the research
devzlopment of CCUS technology in China including
enhancad ail recovery and onshore saline aquifer as
the most dominant options for thErgF—sralP CO,uti-
lization and storage techniques for the dzvelopment
of a roadmap of CCUS technology in China, followed
by estimating the potentiel of methanol through hy-
drogenalion (CTM) and sleel slag mineral carbon-
ation and utilization (w to optimize the efficiency
of emission reduction, as well as the ootential of CO,
enhancad cil recovery (EOR) and CO, enhanced water
recovery (EWR) for direct emission reduction.

Throughout the period of 2015-2018, Zhang X high-
lighted the scooe of his research among the topic of
the bencefit of a vertical integration model that fits for
considering the revenue of CCUS technology applied
for national prajects in China, 2specially to determine

the economic benzfits from enhancz recovery oil
(EOR) and the benefits of CO, EOR technology to ease
the high investment cost by subsidizing the application
of EOR to accelerate the CCUS development in China.

Countries

Fig. 7 shows the top 10 publications and citations
based on treir geographical location. The results of
this study indicated Chine as the most productive
country in conducting investigation on CCUS topics
in 2012-2022, where tke highest number of citations
received was 43.39% and the publications reached
41.08% of the total citations amongst other 9 oth-
er countries. However, a similar study cf CCUS by
(Omoregbe =t al., 2018) shcwed a contrary result, that
USA generated more publications (4,416) thar China,
which generated only 1876 publicatiors.
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Fig. 7. Top 10 countries with the highest number of citations and
publicaticns: (o) citation and (b) publication

|
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%6 65 0 8
n
(ul ) :

The second rank was occupied by the United States
with piblications and citations of 24.26% and 33630,
resoectively. As presented in Fig. 8, 32 countries were
cornected and divided into 10 clusters. Tne total link
strength is the accumulatad strength of the relation-
ship belween dillerent ilerns (Jigng and Ashworlh,
2021). Based on countries analysis, the highast total
link strength was achieved by China and the United
States, namely 45 and 38. Meanwhile, the United
Kingdom, Germany, South Kerea, and Canada under-
took a collaboration on research with China and the
United States.

Fig. 8. Co-authorship network of countrics
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After the meeting of G8 in 2005, these abova-men-
tioned courtries were included into a pledge in Hok-
xaido for strengthening the climate change mitiga-
lion (Cusbey, 2009). Recenlly, Germany and Uniled
Kingdom reached the relative high rank for their
international policmor climate change mitigation
among other G20 countries, followed by the United
States and China for their intarnational level of cli-
mate negotiations performance. Meanwhile, the Re-
oublic cf Korea (Scuth Korea) and China received an
appreciation amongst athar 620 countries for their
national climate policy. However, Canada showed the
least willingness o improve their climate change
mitigation performance due to pclitical interest
[Cosbey, 2009).

These ramarkable achievements of respectiva coun-
tries were delineated from their Nationally Deter-
mined Cantribution (NDC) far shart-term that affects
long-term goals, such as 55% of decarbonization
goal belonging to Germary, 40% national reduction
target of greerhouse gas emission in United King-
dom, and 25-28% reduction ingreenhouse gas emis-
sior for the United States (Falduto and Rocha, 2020).
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Organizations

In this study, the 294 publicatinns were distributed
across 687 organizations. This shows that this
research was carried out from a diverse number of
organizations including companies ﬂmoszly from
universilies. The lop 10 organizalions wilh the highesl
number of citations are shown able 1. Tre num-
ber of citations obtaired from top 10 organizations
with the highest citations was 1,553, belonging to the
Uniced States (47.39%), Taiwan (30.25%), and China
(22.34%). However, the organizaticns with the highest
citations were Mational Taiwan University and Taipei
Medical University with citations of 235 each, while
the lowest citations came from Amaren Corp Urited
State (206).

Table 1. Top 0 organizations with the nighest citations

Urganzation Total Citation
(%)
Graduate Institute of Environmental
Engineering, National Taiwan University, 15.13%
Taipai, Taiwan
73

Depar tirenlt ol Bioche nisty, Taipei Medical 15.13%
University, Taipel, Taiwan :
Indiana Geological Survey, Indiana University, 1114%
Blocmingten. United State .
Exxonmobil Upstream Company, Houston, 1145
Unitzd State e
Department of Geological Sciences, Indiana 11148
qjersw Blomington, United State
Laboratery of Low CarbonEnergy, Tsinghua

K . 7 60%
#\wcrsw, Beijing, China

ey Laboratory for Thermal Science anc

Power Engineering of Ministry of Education, 760%
Department of thermzl Engineering, Tsinghua

iversity, Beijing, China
Key Laboratory for Green Chemical
Technolegy of Miristry of Education,
Collaborative Innovation Center of Chemical 7 1%
Science and Engineering, School of Chemical
Engineering and Technology, Tianjin
University, China
Department of Chemistry, Jniversity of North 715%
Carolina at Chape. Hill United State

2023/70/1

National Taiwan Uriversity secured its most produc-
five position in CCUS publication due to the efforts for
welghing the importance of earth scierce, lite science
and social science which transformed inte multi-dis-
ciplinary programs oroviding selutions particularly for
climate change issues implementzd in a number of
climate change researcn and carbon capture practices
as well as sustainable development related case
studies and seminars (NTJ, 2018). Mearwhile, Tai-
pei Medical University put its remarkable efforts for
CCUS related rzsearch topics such as carbonation.
slags and steel making that plays a significant role
into caroon capture, assigned under Departmen: of
Bio-chemistry.

Co-occurrence analysis

In this research, the keywards collected frem 294
documents were 3,298, After seting the minimum
nurrber of occurrences at eight, 78 trresholds were
generatad. This shows that 78 keywords ware re-
pealed eight limes in the 3,298 keywords. The cou-oc-
currence visualization for all keyworas is presented
in Fig. %, which is divided into four clusters marked
with different colors: the first is red, second is green,
third is blue, and fourth is yellow. Each cluster has
one keyword with the highest total link strength. Ac-
cording to Table 2, cluster 1 is “carbon capture”, 2 is
‘carbon sequestration”, 3 is "CCUS" and 4 is ‘carbon
dioxide”.

The sphere shaped icons are called rodes and they
have relaticnships with one another which indicate
ihe relationships of different keywords. The node size
shows the weight and repetition of a keywerd, hence a
larger size means that the keyword is more frequently
used than the keyword of smaller rod he distance
from one node to anotner illustrates the strength of
their relationship, and the farther link between nodes
meaens that both keywords have less researck (Jiang
and Ashworth, 2021). The keyword “carbon dioxide”
contained in cluster 4 had the highest accurrence of
212, total link strength of 135 and up to 77 linkages
compared to other keywords. Meanwhile, "slags” had
the lowest cccurrence whs 8, total strengtn of 46,
and 19 linkages between keywords. The positions of
the top 10 keywords with eccurrences and citation
scores are depictedin Fig. i0.
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Fig. 9. Netwark of co-occurrence (all keywords)
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Table 2. Network visuaiizaticn keywords in each cluster

Cluster Visualization

In cluster 1, “carbon capture” is the keyword
t1at has the la-gest node size of 76 links with
other keyworcs, and the total lin< strangta

of 875. This technology aims to reduce
carhen emissinns prodiced from power
plants and industries driven by fossil fuels,
tereay promoting clean energy transition
(Orov et al, 2022). A renart of clean

energy transition through the apolication

of CCJS has mentionec Norway as one

of the European countries exparding the
prject of CO, capture facilities executed by
Norcem (cement factory) ard Fortum Oslo
Varme (waste-to-enercy plant) as well as
alarce facilities of CO, storage in the North
Sea established by a group of oil and gas
comganies. This project, which is known as
Longship CCS project, aims to accelerate the
capacity of CO, transport and storage at the
maximum of § Mt/year (IEA, 2020).

In cluster 2, “carbon sequestration” has

tie lergest node size, 74 links with other
keywords and the total link strength

of 560. This serves as an effcient and
environmantally friendly approach by

incor por aling carbon divxide emissions that
have been captured into the soilin ar organic
matter form (Orlov et a., 2022). Even though
soil carbon sequestration has been widely
applied. analyzing a suitable managemert
system and method to 2nhence ts storage
effectis stillan i ant matter to ke
deepened (Hinge et al., 2020). Senchez et
al. (2018) weighed the potertial of geologic
sequestrztionfor perpetual storage of CU,
in saline zquifers, benefited by two com-
based ethanol companies in USA. Tha

frst company included the CCUS project
established in Decatur, JSA to capture 1
MtCO,/year which then sequestratedin

t1e Mt. Simonsandstone, USA. Another
comgany named Red Trail Enercy had a
plan to sequester 180,000 t CO,/yearin the
Broom Cr=ek Formation, North Dakcta.
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Cluster

Visualization

In cluster 3, "CCUS" has the largest node size,
61 links with other keywords, and the total
? strength of 318. CCUS is a technolegy that
plays an infsbrtant rcle in reducing carbon
emsssions in the energy sector so that net-zero
em ssions can be achieved by eliminating axd
balancing carbor emssions that are difficult to
redJce or avoid. The role ofaUS is proven to
be able to el minate carbcn emissians from the
energy sectar fall to 7ero ay 2070 worldwide
in the IEA Sustainable developmert scenario
(IEA, 2020). It has a huge potential as a solution
to cenerate ow carbon heat and E}er,
decarbonize industry and reduce CO, emissions
in the atmosphere (Ragufe et al., 2021). CO,
enhanced oi. recovery (CG,- EOR) method
as the technologcal basis to develop CCUS
relizs on the CO, injection and sequestration

le captured in geo.ogic formation. China,
the United States anc Canada were the
pioneers in the developmant cf CO,- EOR as
this technology Fas the ability to mitigate CO,
emsssion as well as prolifarate the production
of comestic crude oil which then fallowed
by some countri h as Brazil, Norway,
Trinidad, Turkey, Saudi Arabiaand the United
Arab Emiratas (Hill et al., 202C).

undergrofd sterage

In cluster 4, ‘carton dioxice” has the largest
e size, 77 links with otaer keywords, anc
atctal link strength of 1325. This is one of
the most critical anthropogenic greenhouse
gases dJe tc being abundant and persistent
in the atmosphere for a long time (Ali et
al., 2020). Recently, tre demand of energy
has been soaring up; howaver, the 2nergy
supplies are dominated by fossil fuzl power
plants that generate CO,emission. In order
to cenerate a netzero CU,emission path
as aform of sustainanle energy, CCUS
technology has to create a synergywith the
technology cf renewable energy, hydrogen, and
electrification. Notably, CCUS tachnology has
been commenced since the era of processed
natural gas, which are now challenged by the
need to develop amodern global !B\ology
of CCUS that consist of 3 methods namely
pre-combustion, post-combustion and oxy-
combustion (Hillet al, 2020).
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Caroon dioxide had the highest occurrence at 27.53%
ETongst the tcp 10 value of co-occurrence, &lthough
the number of citations for the publications with
keyword of “climate change” was higher than the
number of zitations for the publicationqith the key-
word “carbon dioxide". This result was in line with the
research conducted by A\msi et al. (2019}, waich
generated 38 publications related to the keyword of
“carbon dioxide”".

According o Awolesi el al. (2019), the highest publi-
cation appcinted to the low carbor emission research
occurred in 2012, within the 2011-2018 period. Mean-
while, Bergamschi (2019) mentioned that the publi-
cations of research on caroon capture technology in-
creased gradually from 1998 to 2018 to reach 1,020
documents. Up to 3,800 citations were obtained in
the research from 1998 ta 2018, and they centirued

Fig. 11. Overlay visualization co-occurrence (all keywords)
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to increase along with the publications even though
there were fluctuations. i indicates that the re-
search topics regarding carbon capture, utilization
and storage are in annual dermand. The Internaticnal
Journal of Greenhause Gas Control has the nighest
number of publications, namely 27 documents and
480 citations (Khosroabadi et al,, 2021). Fig. 4 is an
overview of the top 10 journals based on the nighest
lications and citations.
The number of publications and citations on Lhe Lopic
of carbon capture technologies reached 4,532 and 166
with an average citation per publication cf 553. This
study showad the number of 17.78 as the average
citation per publication. Fig. 11 shows the visualiza-
tion of all keywords based on the publication year of
2018-2021. The difference of node color indicates the
vear of publication; herce, a lighter color implies the
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latest publication. The keyword “carbon dioxide” was
widely investigated around 2018. “Carbon utilization’
appearzad eround 2021 with 37 occurrances, total link
strength of 259 and 62 linkages between keywords.
This explains that the research related to carbon utili-
zation was notlargely conducied before 2021.

According to Ampah et al. (2021), the bibliomet-
ric research snould be executed in a way that can
strengthen the targeted discipline field through some
approaches, namely (1) providing a comprehensive
knowledge of the research area: (2} identifying re-
search gags: (3) highlighting the results of study for
future studies. A number of journals identified through
Vos Viewer have reccgnized the existence of CCUS
wmlve policies and regulations applied for some
countries suchk as China (Zhang et al.,, 2013}, United
Kingdom (I eanzio et al., 2020), Hong Kang (7hang et
al,, 2021) and United Arab Emirates (Al-Saleh et al,,

Fig. 12. Density visualization co-cccurrence (index keywords)
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2012). However, there is a lack of studies addressing
the oolicies and regulations relzased by ISO standards
and international regulation boards tc inform on the
oroperty rights of the selected sites and accountability
for stored CO,with respect to the period of ownership
and financial matters.

In addition, the density visualization of index keywords
(Fig. 12} showed scme keywords in the areas of hazy
colcrs (2.g., green-olue color) thatinterpreted the re-
search gaps in the literalurz that need Lo bz identified,
such as: “environmental impacts”, which can be corre-
lated to the analysis of environmental impacts for CO,
leakage duringarsponanon; “cost reduction’, which
relates to the knowledge of the reduced cost of cap-
ture, transport and storage capacity orocesses; and
‘carbonation” to be related to the need for optimizing
the method of carbonation fer CCUS technalagy in
a more viable and feasible approach for the future,
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since the existing conventional method of carbona-
tion still requires labor force and are cost-intensive
(Simonson et al., 2020). Furthermore, the advancec
carbonation rmethed will contribute to the econcrnic
viability of carbon utilization, which can be achieved
through the use of synthesized rare earth elements
at the stage of the treatment process of mineral car-
bonation for accelerating the economic value of steel
slags (Baciocchi ard Costa, 2021).

CCUS Lechnology is relerrzd o as suslainable il Lhe
econamic performance of the preferred method can
be achieved without generating additioral environ-
mental negative impacts. Thus, CCUS, as onz of the
climate change mitigation technologies that may
achieve the carbor emission reduction target, needs
to provide economic, social, and environmental ben-
efits as shown in Fig. 13 (Assche and Comprennlle,
2022). In addition, the technology of CCU offers the
area of social and environmental benefits to be in-
vestigated beyond its current initial stage and limited
scope ol research (Cosbey, 2009). Miligalion and ad-
aptafmnm important in redLcing carbon emissions
and are an integrated approach to climate action and
devzlopment. The integrated approach includes as-
sessment, goal setting, identfication, firancing anc
imglementation as well as monitaring, evaluation anc
learning (Jeffrey and Anika, 2022).

2023/70/1

Conclusio

CCUS is proven as one cf the ultimate technologies for
mitigating climate change by capturing carbon emis-
sions produced by industries, which are then being
storad at 700 m below the sea level. Bibliometric ana-
lysis was used to examine the research trends such
as CCUS by identifying keyword networ authors,
orgznizations, countries, growth trends in terms of
the number of publications and citaticns by publish-
ers and source titles in the period 2012-2022. There

sults of this study, derived from 296 documents of the
Scopus database, showed tne increase of publications
concerning CCUS related keywaords by 2,766.6% with-
in the period of 2012-2022. Based on this study, the
most productive country in conducting investigations
on CCUS was China, empowered ny Zharg X as the
most prolific writer affiliated with Chira University of
Petroleum. However, the organization that published
ihe highest number of research on CCUS was Nation-
al Taiwan Universily. On lbe basis of the publication
and citation. this study found International Journal of
Greenhouse Gas Control as the most productive jcur-
nal that was puolished by Elsevier Ltd, that is widely
known as a competent publisher of the highest num-
ber of publications and citations for research publica-
tions. Based or the co-occurrence analysis cf index

Fig. 13. Theinclusion of environrentoy suaul ond econorine inpacts inte o sivnplification of the CCUS process w illusirule u sustainuble
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keywords, the research gaps are identified in the lite-
rature, sucn as the analysis of envirormenjl impacts
tor CO, leakage during transportation. the knowledge
of the reduced cost of capture, transport and storage
capacity processes as well as the need for optimizing
the method of caroonation for CCUS technology in a
more viable and feasible aoproact for the futLre since
the existing conventional method of carbonation still
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