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Abstract—The high volume of research outputs related to
technologies and strategies for decarbonisation can make it chal-
lenging to understand the relevance of the presented proposals.
In this paper, a bibliometric-based analysis is proposed to un-
derstand better the domains and subdomains of decarbonisation
technologies that have given more attention by the scientific
community . The results show that carbon capture technologies,
renewable energy sources, electric mobility, green hydrogen, and
storage systems are the technology innovations that have received
the most attention in the period 2013 to 2021. These results
confirm the traditional supply-side orientation of research on
technology innovations.

Index Terms—Decarbonisation, bibliometric analysis, data
mining, energy system.

I. INTRODUCTION

Action against climate change must accelerate soon if a
major disruption is to be avoided [1]. The evolution in climate
change highlights the need to take measures for decarbonisa-
tion. In fact, climate change is one of the biggest challenges
that humanity has to face today. The main drivers of climate
change are generation, transmission, transformation, and en-
ergy use (essential to modern life). A significant part of the
energy consumed in the activities of modern societies comes
from fossil sources, resulting in a massive release of green-
house gases (such as methane, carbon dioxide, and nitrous
oxide), responsible for the phenomenon of global warming
and its consequences [2]. Furthermore, the rapid growth of
the worldwide population and the increase in their standard of
living resulted in a rapid rise in energy demand, intensifying
the use of fossil fuels over the last decades [2]. Besides the cli-
matic challenges, the intensive usage of fossil energy has other
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non desired consequences, namely concerning people’s health.
Therefore, modern society is at a critical crossroads, looking
for alternatives that allow decarbonisation while seeking to
minimise the impacts on the economies that may result from it.
In the last years, the scientific community has been developing
intensive research and evaluation of potential technologies
and strategies to mitigate the impact of the energy sector
on the global warming problem. Several approaches have
been proposed, namely, related to improving the efficiency of
conversion [3] and energy use [4], [5], the increasing use of
reduced or zero-emission technologies to generate energy [6],
or technologies for carbon capture [7]. Still, previous research
indicate that the direction of search often favours large-scale,
supply-side energy technologies, overlooking more granular
approaches namely for the energy demand [8], [9]. The high
volume of research related to decarbonisation technologies and
strategies can make it challenging to understand the relevance
of the proposals presented.

In this work, two readily available text mining software are
used to identify the technology innovations that may be the
most promising for the decarbonisation process. Concretely,
the European Commission’s TIM (“Tools for Innovation Mon-
itoring”) [10] and the VOSviewer from Leiden University
[11] are used to identify technological trends in literature,
projects, and patents. In the scientific literature, some works
look already for particular technology fields. For instance, in
[12], the literature about energy storage and its importance
in achieving decarbonisation is analysed. The authors use a
bibliometric analysis for this purpose. This analysis is also
used in [13] to assess the impact of the diffusion of energy
efficiency technologies on the decarbonisation of the European
housing stock. The authors of [14] present a bibliometric per-
spective on developing Carbon Capture Utilization and Storage
research in China. In [15], the authors aim to characterise
and map the body of knowledge on biomass and organic
waste potentials toward implementing circular bioeconomy



platforms. The existing literature focuses on the evaluation of
specific technologies or measures. Indeed, as far as the authors
know, a more comprehensive study of the most promising tech-
nologies for the decarbonisation process is still missing. The
main contribution of this article is to fill this gap. Moreover,
the existing literature usually presents bibliometric analysis
supported by just one tool. In this work, two text mining tools
are simultaneously used to include several research outputs
(papers, patents) and improve confidence in the results.

II. METHODOLOGY

Two bibliometric analysis software were used, namely the
TIM and the VOSviewer. The TIM software tracks established
and emerging technologies by retrieving bibliometric data
from various sources, namely the SCOPUS, CORDIS, and
PATSTAT databases [16]. The VOSviewer is a software that
allows performing different types of analysis according to a
set of data, which must be previously extracted from one of
the following databases: Web of Science, Scopus, PubMed,
RIS, or Crossref JSON. In both cases (TIM and VOSviewer),
the dataset extracted is defined using a boolean search string,
which must be designed to capture the desired information.
Therefore, the search string must be composed of a suitable
set of terms.

The methodology used in this work is outlined in Fig. 1.
The various steps are explained in the following subsections.

Extracting the WOS dataset Getting the dataset
T

M
Author keyword recovery Relevant keyword recovery

Export to Excel
Keyword filtering

»wo<

Fig. 1. Schematic of the methodology used

A. Search String Design

The search string was designed based on a previous
literature review about energy sector decarbonisation, which
allows defining a set of decarbonisation-related terms. We
chose to use a search string with two parts linked through a
logical AND, as can be seen in Algorithm 1.

This approach forces each document in the retrieved dataset
to contain at least one of the terms of both string parts, min-
imising the retrieval of irrelevant data and avoiding exceeding
the limit of 10,000 documents that can be treated for the
TIM software. Moreover, the string was designed to capture
the most relevant domains of technologies being studied to
decarbonise the energy sector.

B. VOSviewer analysis

The search string was used to extract the dataset from the
Web of Science database to be subsequently analysed through

Algorithm 1 String design

(("Transformation pathways” OR “co2 emission” OR
“greenhouse gas emission” OR “technological innovations”
OR 72050” OR ”System transformation” OR 2030” OR
”global warming” OR “climate solution” OR “climate tar-
get” OR “climate policy” OR “displace fossil fuels” OR
”1.5°” OR “ghg emission” OR “green house gas” OR
“Paris Agreement” OR “transition in electricity” OR “en-
erg* transition” OR “clean energ*” OR “’sustainable energy”
OR “new energ*” OR “carbon emission” OR “climate
change” OR “mitigation” OR ”technology” OR ”disrup-
tive”) AND (“decarbonization” OR ”carbon reduction” OR
”low carbon” OR “emission reduction” OR “zero carbon”
OR "decarbonised”))

VOSviewer software, as shown in Fig. 2. The dataset was
extracted in the “Tab Delimited File” format and with the
content “Full Record and Cited References” required for using
the dataset in the VOSviewer software. The use of the Topic
option imposes that the search is carried out in the title,
abstract, and keywords of the documents included on the Web
of Science database.

xeo |

Export Records to Tab Delimited File
O(  RecordOptions

O Allrecords on page
O ©reostom | o 0

Record

Full Record and Cited References

Cancel

D2 Research on the Promotion Mechanism of Clean Energy Technology in In
Fig. 2. Dataset extraction from the Web Of Science database

The dataset is then used as VOSviewer’s input to obtain the
desired information, the ”author keywords” of the documents,
and their occurrence. So the “co-occurrence” option was
adopted, as shown in Fig. 3.

X

Create Map Create Map X

8%, Choose type of analysis and counting method 88, Verify selected keywords

CIE R R EEECIE N EEIENCY

[<Back | [Next> ] [ Finish | [ Cancel ]

Fig. 3. Co-occurrence analysis in VOSviewer




C. TIM analysis

In the TIM platform, the procedure differs slightly,
given that this software does not impose a previous dataset
extraction. TIM automatically retrieves the dataset that
respects the condition defined by the search string. As
shown in Fig. 4, the search string was preceded by the term
ti_abs_key, which imposes that the search is carried out in
the title, abstract, and keywords of the documents included
on the source databases.

Fig. 4. TIM Dataset definition

After obtaining the dataset, TIM may be used to classify
the keywords according to different algorithms. In this
work, the “Relevant Keywords” algorithm was used. This
algorithm ranks the keywords by a relevance value defined
by a modified version of the classic term Frequency-Inverse
Document Frequency (TF-IDF). TF-IDF assigns different
weights to keywords according to where they appear in
the document, namely 1 when the keywords are in the
document’s title, 0.5 when in the abstract, and 2 when in the
keyword field [17]. Therefore, TIM’s meaning of “relevance”
should not be directly compared to the “occurrence” obtained
through VOSviewer.

~
{ Relevance

338
325
203
156
151

60

Fig. 5. TIM’s ranked list of Relevant Keywords list

D. Keyword treatment

Once the keywords related to the defined search string are
obtained, it is necessary to process them. Indeed, the list of
keywords found in both TIM and VOSviewer includes many
concepts/words irrelevant to the intended study (for instance,
in Fig. 5, the term emission reduction is not a decarbonisation
technology domain). Thus, the obtained keywords need to be

filtered to eliminate the undesired terms/words. A custom se-
mantic dictionary was created to do the filtering process. This
dictionary aggregates various versions of the same meaning
(e.g. PV system, photovoltaic, solar PV, etc.) and allows not
to consider terms and words irrelevant to the desired analysis
(e.g. low carbon, carbon emissions, etc.). The dictionary’s
construction implied successive iterations to maximise the
aggregation of terms/words assumed as synonymous. Fig.
6 shows an extract of the created dictionary used with an
algorithm implemented in an Excel VBA program to filter
the keywords list obtained through TIM and VOSviewer.
A B C D

renewable energy source renewable energy variable renewables
renewable electricity renewable electricity (re)

renewable source
renewable power

solar energy solar panel solar power solar energy (se)

photo voltaic (pv) photovoltaic solar photovoltaic solar pv

solar termal solar thermal (st) concentrated solar thermal

wind power wind energy wind plant wind power (wp)

onshore wind

©o NN AW N o

horizontal axis wind turbine (hawt)

offshore wind offshore wind (ow) floating offshore wind turbi offshore renewable

Fig. 6. Extract of the semantic dictionary

Fig. 8 evidences the procedure that is performed by the
implemented algorithm. In practice, the algorithm reads the
keywords from the list returned by TIM or VOSviewer,
previously exported to Excel format (as shown in Fig. 7), and
checks whether or not there is a match in the dictionary. When
a correspondence exists, the value of relevance/occurrence
of the keyword is added to the already existent value. The
unmatched keywords are stored to a specific Excel sheet.
Therefore, the developed algorithm group the keywords with
similar meanings, thus obtaining a clearer and more realistic
view of each keyword’s occurrence/relevance.

156,1575
151,1592

1 Keyword

low carbon (LC)
carbon emissions (CE)
emission reduction (ER)
o2 emission (CE)

de carbonization

HEEE

14 | carbon capture storage (CCS)
15 green house gas (GHG)

16 | carbon tax (CT)

17 carbon price (CP)

18 energy transmitter (ET)

19 china's

60,75693
58,03194
55,41615
50,64754
50,38329
48,45521

26 |renewable energy (RE)
27 |carbon footprint (CF)

42,57052
42,3035

Fig. 7. Exported keywords list

Keywords Dictionary result found not found
Keyword | 320 Keyword3 | Keyword93 | Keyword43 | | Keyword 3 25 Keyword 7 Keyword |
Keyword 2 200 Keyword7 | Keyword § Keyword 7 200 Keyword § Keyword 2
Keyword 3 245 Keyword10 Keyword10 7 Keyword 10 | | Keyword 4
Keyword 4 179 Keyword 20 Keyword 20 Keyword 5
Keyword 5 153 Keyword 6
Keyword 6 122 Keyword 9
Keyword 7 104 104+ 96 321" ?r:

Keyword 9 81 ::Y;l];";;
Keyword10 7 IR,

If € to the dictionary

If € to the dictionary

Fig. 8. Schematic of how the algorithm works



TABLE I
TIM RESULTS

TIM 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | Total
carbon capture storage 290 287 180 167 343 252 276 205 2000
renewable energy source 84 102 114 128 135 142 180 147 1031
photo voltaic 35 60 56 65 93 67 98 72 547
electric vehicle 48 37 47 60 64 68 88 75 488
energy transmitter 19 20 26 39 50 74 85 66 379
net zero energy building 24 38 34 39 42 45 51 80 353
green hydrogen 15 12 28 27 36 42 67 71 298
wind power 34 31 36 36 46 33 43 30 287
solar energy 26 37 38 33 37 44 39 33 285
battery 12 22 20 22 45 39 55 42 256
nuclear power 43 29 30 39 28 25 33 23 251
storage 16 20 21 25 32 39 38 33 224
energy efficiency 38 24 29 29 30 28 27 19 223
bio fuel 26 28 25 21 31 34 23 23 210
energy mix 18 13 22 18 26 31 42 41 209
wind and solar 14 20 19 22 28 28 36 30 196
heat pump 18 18 21 21 31 28 35 21 193
biomass 20 23 23 21 17 30 34 22 191
distributed generation 18 24 15 28 28 25 24 25 186
combined heat power 26 20 28 25 27 26 21 11 184
TABLE II
VOS RESULTS
VOS 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | Total
renewable energy source 33 55 64 78 111 115 181 245 882
carbon capture storage 42 62 50 39 64 55 61 69 442
energy efficiency 22 29 33 39 38 60 59 56 336
electric vehicle 9 10 19 14 25 26 32 48 183
wind power 13 10 12 17 15 28 28 34 157
photo voltaic 8 15 12 14 23 16 27 36 151
green hydrogen 9 7 5 9 10 16 29 50 135
biomass 11 13 13 13 18 19 19 27 133
solar energy 7 7 9 9 20 13 20 31 116
storage 5 6 5 6 18 14 20 39 113
bio energy 3 7 12 14 12 20 10 22 100
bio fuel 5 4 7 13 10 10 11 13 73
net zero energy building 4 15 7 9 11 9 5 13 73
smart grid 6 9 9 8 13 5 9 9 68
nuclear power 7 9 5 6 15 6 5 9 62
battery 6 2 5 4 9 5 14 13 58
heat pump 4 4 8 6 10 7 10 8 57
distributed generation 4 4 5 3 10 9 10 11 56
circular economy 4 1 1 1 6 5 19 18 55
demand response 2 0 8 5 10 10 10 6 51
I1I. APPLICATION o
6000
The methodology described in section II was used to explore g 5000 ——

relevant databases of publications, patents and projects to 5 o

identify domains of technologies pointed out by the scientific .

community as the more suitable for the decarbonisation of the 1000

energy sector. Fig. 9 shows, for the 2013 to 2020 period, the T T

evolution of the number of references retrieved by TIM and vears

VOSviewer software. As expected, the number of references TN vOSviewer = TIM + VOSviewer

increased, except for 2020, probably due to the beginning of

the Covid-19 pandemic. This increasing number of references Fig. 9. Number of documents retrieved by the TIM and VOS

evidences the scientific community’s interest in the topic of
decarbonisation. It is importat to mention, for the case of TIM software,



the retrieved references are not just scientific papers but also
research projects and patents registration, as shown in Figure
10.

436
3328

31171

Articles m Patents = EU Projects

Fig. 10. Documents retrieved by the TIM

Table I and table II show extracts of the research results
in TIM and VOSviewer, namely the first 25 terms obtained
after applying the previously described filtering process. It is
essential to clarify that there may be some overlap in the
values of relevance/occurrence obtained for several of the
terms in table I and table II. In other words, documents
that refer to a specific term may also quote another term
present in the same table. For example, the results for the
“Renewable Energie Source” term may include contributions
from documents that also are accounted for in terms such
as “solar energy”, “wind power”, “photovoltaic”, etc. (and
vice-versa). Moreover, the terms in the tables tend to not
coincide with specific technologies but rather with domains
of technologies suitable for decarbonisation, which is the
objective of this article. For example, the Renewable Energy
domain may include multiple specific technologies (such as
Floating Offshore Wind or Perovskite Solar Cell), which may
not be present in table I and table II.

Table III was built based on the information presented in ta-
ble I and table II by ranking the terms based on the sum of the
respective values of the number of occurrences (VOSviewer)
with the relevance (TIM). Observing the ordered list obtained,
we can define a set of domains (highlighted in blue) and
subdomains (highlighted in yellow) of technologies associated
with decarbonisation that have been deserving greater attention
from the scientific community in recent years. Therefore,
the bibliometric analysis software allows us to overview the
technologies that the scientific community considers to pro-
mote decarbonisation. For instance, it is possible to perceive
that carbon capture and storage, renewable energy generation,
electric mobility, and efficiency in energy use are the domains
with significant preponderance in the scientific community’s
work. Fig. 11 shows a glimpse of an hypothetical future energy
system if the relevant domains identified emerge and become
prevalent.

TABLE III
RESULTS

Keywords

|
|

|
|

|

\ \ \ \

\ |
smart grid 119 68 187
district heating 144 38 182
fuel cell 106 32 138

hydropower

133

microgrids | 68 | 3 | 100 |

|
eothermal cnergy
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Fig. 11. Relevant domains of technologies

IV. CONCLUSION

The evolution in climate change highlights the need to
decarbonise the economy in general and, in particular, the
energy sector. The scientific community have been making
significant efforts to develop technologies and strategies that



allow decarbonisation. As a result of these efforts, many
documents have been published, research projects developed,
and patents registered. The high volume of research makes
it challenging to understand the relevance of the presented
proposals. Therefore, a methodology based on the use of two
text mining tools is proposed in this paper to perceive the
domains of technologies that may be more promising for
decarbonisation. The application of the proposed methodology
for the period 2013-2020 revealed an increasing number of
documents related to decarbonisation technologies. The ex-
ception is 2020 (probably due to the onset of the pandemic).
Therefore, we may conclude that the scientific community has
a growing interest in decarbonisation.

Moreover, the results evidence a comprehensive set of
promising technologies for the decarbonisation process. The
carbon capture technologies, the renewable energy sources,
the electric mobility, the green hydrogen, and the storage
systems are the domains of technologies that have received
the most attention from the scientific community in the period
2013-2020. It is also important to highlight that the promising
domains of technologies may be framed into three fundamental
groups: the energy generation side (e.g. electricity and hydro-
gen generation), the energy demand side (e.g. electric mobility,
demand response), and the infrastructure side (e.g. smartgrids,
microgrids). The results point to an excessive emphasis on
large technologies on the supply side and that more distributed
approaches, namely on the demand side with great potential
for decarbonisation [9], maybe being overlooked by research.
The reliance on literature, projects and patents can explain
this potential analysis bias. Therefore we will proceed with
additional research to identify potentially disruptive tech-
nologies for decarbonisation. The subsequent step includes
characterising technologies across dimensions such as their
technological readiness, associated costs, modularity, and the
potential impact on the decarbonisation process. Despite all
care taken in defining the search string in the bibliometric
analysis, there are always limitations in the proposed method-
ology, as there may be a potential influence on the results of
the chosen string. Similarly, the results may also be influenced
by the databases used. Nevertheless, this limitation is mitigated
by using two different bibliometric analysis tools, which use
different databases.
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