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Keywords: Limestone calcined clay cement (LC3) is a recently developed binder with huge potential to
Limestone calcined Cla}.’ cement (L(_:3) reduce the clinker factor in cement and the environmental impact. This study aimed to evaluate
Supplementary cementitious materials the evolution of the research on LC® by conducting a bibliometric analysis, evaluating key metrics
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Sustainable construction
Low-carbon cement

such as publications, authorships, sources, or countries, to provide greater knowledge and a
strategic vision of this technology. This work provides an important perspective of the field and
elucidates the research trends and path that the LC® technology followed from its beginning to
date. The analysis reveals a noticeable increase in technology readiness and researchers’ interest,
as indicated by a significant rise in publications’ number over time. Also, the authorship metrics
reveal an important cooperation between communities in the development of this technology.
The research on LC? is essential since the technology is a viable and reliable approach to
decreasing the cement industry’s carbon footprint.

1. Introduction

The growth of population and the development of society are causing a huge yearly demand for construction materials, mainly
concrete and Portland cement (PC), which is the most produced material in the world [1]. The environmental impact of concrete is
relatively low, but PC production is accountable for around 90-95 % of concrete greenhouse gas emissions [2]. The manufacture of
cement is an energy-intensive process since a step of raw materials (clays and limestone) calcination at around 1450 °C is needed to
obtain a highly reactive material (clinker) [3]. Around 60 % of CO; associated with PC production is directly emitted from CaCOs
decomposition to CaO and CO», while the remaining 40 % is mainly associated with the energy required during the calcination process
(fuel burning) [4]. Due to the large amount of cement consumed worldwide, the cement industry emerges as one of the foremost
contributors to environmental pollution, being accountable for roughly 5-8 % of anthropogenic global CO; emissions [5]. Thus, there
is an increasing need for research on approaches to reduce the carbon footprint in the construction sector. According to the Inter-
national Energy Agency (IEA), a 3 % yearly reduction of direct CO, intensity is needed to get on track with Net Zero Emissions by 2050
Scenario [6].

Despite its large carbon footprint, cement production is already very efficient; therefore, few improvements can currently be
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achieved in the clinker obtention [7]. The combustion of waste fuels can reduce CO, emissions, but the emissions from CaCO3
calcination to obtain CaO cannot be mitigated. Therefore, two main research topics rise to reduce the carbon footprint of the sector.
The first is to reduce the clinker-to-cement factor through the implementation of alternative cementitious materials (ACMs) and the use
of supplementary cementitious materials (SCMs) [8,9]. The second approach involves the implementation of innovative technologies
for carbon capture as well as the exploration of novel raw materials for clinker production [6]. ACMs comprise a wide variety of
materials such as alkali-activated cement, calcium aluminate cement, calcium sulfoaluminate cement, magnesium-based cement, and
belite cement, among others [10,11]. These binders are of particular interest due to their ability to significantly reduce CO, emissions
compared to PC. However, due to PC’s exceptional robustness and the lack of regulation to use ACMs, most of these cementitious
materials are not suitable for short-term applications. On the other hand, one notable advantage of SCMs is their ability to reduce the
clinker factor in cement without completely replacing it, hence presenting immediate applicability. Nowadays, most commercial
cement types contain small amounts of SCMs, typically slags, fly ash from power plants, clays, natural pozzolans and limestone [12].
Slags and fly ash are residues and therefore contribute to waste valorisation and circular economy. However, their availability is very
local and limited, and their composition is variable depending on external factors [13]. In contrast, limestone and clays are extensively
accessible worldwide and can easily meet the current demand of the cement industry [14].

Cement demand is directly related to the growth of the population. Since most of the population increase will be among low-income
countries, the cement demand will also be from developing economies [15]. Consequently, the reduction of CO5 must be achieved
without increasing the production cost and the preparation of concrete should be easy to low skilled workers. Limestone calcined clay
cement (LC?) is a newly developed cement with limestone and calcined clay as SCMs which fulfils all the requirements. LG can reduce
up to 40 % of PC emissions by substituting 50 wt % of clinker [16]. Moreover, its production does not involve the introduction of new
manufacturing technologies, which makes it easy to introduce to the construction and building sector [7]. Furthermore, the combi-
nation of limestone and calcined clay (LC?) substituting clinker in the formulation of cement has the potential to meet the large
amounts of material that the cement industry demands [14]. Clays with a wide range of kaolinite contents have been tested,
demonstrating that even with low kaolinite contents (more than 40 wt %), the properties of LC® are equivalent to PC or better [17]. LG
is a reliable cement with great performance even with high substitution of clinker. Therefore, it has become one of the main solutions
for mitigating the global warming potential associated with the cement industry.

The interest in LC has been reflected not only in the industry but also in the scientific community. The number of studies about LC3
has increased a lot in recent years. Moreover, the potential of substituting high percentages of clinker has been so promising that it has
influenced the modification of European standards in 2021. LC3 is now officially included in these standards with its intended use
being the preparation of mortar and concrete (cement type II/C-M in the EN 197-5:2021) [18].

This work aims to study the advances and impact of LC in the construction field through bibliometric study. Through bibliometric
analyses, the efforts of authors, journals, and countries on a specific research topic are highlighted. In addition to monitoring the
information and the knowledge on a subject, bibliometric analyses have become a very useful tool to identify the evolution of a field of
interest. Bibliometrics can provide a thorough scientific background on the main trends of a specific area [19]. These studies can help
to target issues to address in a research field, perform strategic decision-making, and select the relevant directions to follow in future
research [20]. Bibliometric analyses have been used in several research areas: econometrics, management, statistics, ecology, waste
management, production management, renewable energies, and thermal energy storage technologies, among others [21]. The interest
in bibliometric analyses has also reached the construction and building research field. Canas-Guerrero et al. published in 2014 a
generic bibliometric analysis in the international context of Construction and Building Technology [22]. Since then, more studies
targeted at specific construction materials have been published: Det Udomsap and Hallinger studied the research of sustainable
construction [23], Chang et al. focused on the mapping of asphalt and pavement publications [24], Afgan and Bing performed a
scientometric review on the use of PCMs in buildings applications [25], and Yang et al. presented the recent publications of geo-
polymer composites [26], among some others.

The main goal of this research is to highlight the importance of the new low-carbon cement LC3, by providing an overview of the
research and development of this topic. To achieve this objective, a bibliometric analysis considering the existing research on the
subject is conducted. Moreover, this work intends to highlight the relevance of the material to the construction industry. By doing so, it
aims to contribute to the understanding and targeting of new research lines, while also promoting international collaborations between
different research groups in the subject matter.
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Fig. 1. Methodology for the development of bibliometric studies, adapted from Ref. [27].
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2. Methodology

The methodology employed in this bibliometric study follows the methodology developed by Calderén et al. [27], which has been
widely employed in various bibliometric studies [20,21]. Such methodology consists of several steps, detailed in Fig. 1.

As mentioned before, the chosen research field for this study is LC® low-carbon cement. For defining the correct terms for searching
the publications in this research field, several keyword words and phrases were identified. The main keywords were: “LC>”, “Lime-
stone”, “*Kaolin”, “Calcined Clay”, “LC%”, and “Cement”. Moreover, the “Geopolymer*” keyword was stated as an exclusion keyword
in order to refine the database obtained. The asterisk symbol (*) represents any combination of letters attached to the keyword itself.
For example, *kaolin keyword will include both kaolin and metakaolin.

Once the keywords were defined, the following step involved selecting the most suitable data source. Web of Science (WoS) from
Clarivate Analytics and Scopus from Elsevier were the data sources selected. These data sources were considered due to the reliable and
accessible metadata of the publications [28]. Furthermore, only scientific papers and conference proceedings were considered when
filtering the results from both data sources.

Four different query strings were stated for each database (Table 1). To select a valid publication, all the keywords under the same
row must be found in the document title, author keywords or abstract. In addition, exception keywords were used to avoid selecting
publications outside the research field limits. Therefore, if a publication meets all the keywords required but also includes any
exception keyword then the record is discarded from the search results.

When the bibliometric database was obtained, it was processed using Python coding and MS Excel to process the data of the
different metrics, calculate the H-indexes, performance ratios, and prepare the data for visualisation. OriginLab Pro, VOS Viewer, and
Complexity Lab Barcelona (CLabB) were used to represent the obtained data to perform the systematic analysis and obtain the metrics.
The metrics selected were the number of publications and citations, most cited publications, most relevant sources/journals and their
evolution, country and regional influence on the research area, most relevant authors and author communities’ interaction, and author
keywords evolution.

Results from both Scopus and WoS sources were compared to merge both datasets into a single database. However, it was found
that almost all the publications found in WoS were also included in Scopus results. Therefore, only Scopus results were analysed using
the different metrics. Because of this, the number of publication citations and the journal quartiles were determined by Scopus and
SCImago Journal Rank (SJR). SJR rank is also provided by Scopus.

A total of 672 publications were obtained in March 2023 from Scopus. These publications were manually cribbed based on a
thorough examination of the title, authors’ keywords and abstract. As a result, 284 publications were excluded from the analysis as
they did not align with the primary scope of this study. Hence, a total of 388 publications were considered for obtaining the selected
metrics. The number of publications examined is adequate to obtain a valid outcome [29].

3. Results and discussion
3.1. Publications and sources evolution

Fig. 2 presents the evolution of publications and citations related to the use of limestone and calcined clay for cement-based
materials. The total number of publications comprises research articles and proceedings (or papers derived from conferences) con-
tributions. The number of publications per year presents an increasing trend from 2016, indicating a growing interest over time. The
citations also tend to increase with time, reaching two maximums (2012 and 2018) which align with the publication years of the two
most cited papers in the field. The number of citations in recent years is lower since they have still not reached their full citation
potential. As more time elapses, it is expected that the citation count will continue to increase. The results of the bibliometric analysis
confirm that the technology of LC? is very new. Although the first paper that used a combination of calcined clay and limestone was in
2009 by A. Skaropoulou et al. [30], it is important to note that this paper is not specifically focused on LC>. Instead, it discusses the
inclusion of 10 wt % metakaolin, among other SCMs, as an admixture in Portland limestone cement mortars to mitigate thaumasite
formation.

The first article where the ternary blend of limestone, calcined clay and PC was proposed was “cement substitution by a combi-
nation of metakaolin and limestone” by M. Antoni et al. [31] in 2012. In the publication, which can be considered the scientific origin
of LG, different substitutions of PC by limestone and metakaolin (separated and mixed) were made and compared with the same

Table 1
Query strings used for WoS and Scopus data sources.
Source Query
WoS TS=(“limestone™ AND “calcined clay” AND “cement”)

TS=(“limestone”” AND "*kaolin” AND “cement” NOT “geopolymer*”)
TS=(*1c3” AND “cement”)
TS=(*1c2” AND “cement”)

Scopus TITLE-ABS-KEY (“limestone” AND “calcined” AND “clay” AND “cement”)
TITLE-ABS-KEY (“limestone” AND “*kaolin” AND “cement” AND NOT “geopolymer*”)
TITLE-ABS-KEY (“lc3” AND “cement”)
TITLE-ABS-KEY (“lc2” AND “cement”)
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Fig. 2. Publications (articles and proceedings/conference papers) and citations evolution.

substitutions with quartz as a reference. In the paper, the researchers from Switzerland (M. Antoni, J. Rossen and K. Scrivener) together
with F. Martirena (Cuba) confirmed that the substitution of PC by a mixture of calcined clay and limestone caused a synergic reaction
between the two SCMs and with cement phases, resulting in improved performance compared to using PC alone. Given the good results
presented in the publication, there was a notable increase in interest regarding the utilization of this blended cement. LC® demonstrate
that high clinker substitutions can be achieved without a decline in cement properties. This achievement aligns with one of the main
goals in the construction sector, which is to pursue the Net Zero Scenario by reducing the carbon footprint associated with cement
production [6].

It is also interesting to note that there are two years, 2015 and 2018, where the number of publications does not follow the
increasing trend (highlighted with a *) because the number of proceedings is much higher. This discrepancy is attributed to the higher
number of proceedings published in the International Conferences on Calcined Clays for Sustainable Concrete. This is especially interesting
since a whole conference has been created to disseminate results mainly focused on LC3, which highlights the importance that this
material has acquired in a short period of time. The proceedings are published in RILEM (International Union of Laboratories and
Experts in Construction Materials, Systems and Structures) bookseries and are one of the main ways of diffusion of the research on the
topic. The 1st conference proceedings book was published in 2015 and the conference was held in the Ecole Polytechnique Fédérale de
Lausanne (EPFL, Switzerland), promoted by Prof. K. Scrivener and her research group. The 2nd edition took place in La Habana (Cuba)

Table 2
Most cited publications.
Title Authors Year Journal Citations  Reference
Cement substitution by a combination of metakaolin and limestone M. Antoni et al. 2012  Cement and Concrete 673 [31]
Research
Calcined clay limestone cements (LC®) K. Scrivener et al. 2018  Cement and Concrete 443 [14]
Research
Development of a new rapid, relevant and reliable (R®) test method to F. Avet et al. 2016 Cement and Concrete 247 [32]
evaluate the pozzolanic reactivity of calcined kaolinitic clays Research
Investigation of the calcined kaolinite content on the hydration of Limestone  F. Avet and K. 2018  Cement and Concrete 235 [34]
Calcined Clay Cement (LG®) Scrivener Research
Options for the future of cement K. Scrivener 2014 Indian Concrete 232 [33]
Journal
Hydration and strength development in ternary portland cement blends K. Vance et al. 2013  Cement and Concrete 202 [35]
containing limestone and fly ash or metakaolin Composites
Mechanical properties and durability performance of concretes with Y. Dhandapani 2018  Cement and Concrete 201 [371
Limestone Calcined Clay Cement (LC%) etal. Research
Changes in microstructure characteristics of cement paste on carbonation V. Shah et al. 2018 Cement and Concrete 193 [38]
Research
The rheological properties of ternary binders containing Portland cement, K. Vance et al. 2013  Cement and Concrete 172 [36]
limestone, and metakaolin or fly ash Research
Role of calcium on chloride binding in hydrated Portland cement-metakaolin- Z. Shi et al. 2017 Cement and Concrete 163 [39]
limestone blends Research
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and the proceedings book was published in 2018, and the 3rd was held in New Delhi (India) in 2019 and the proceedings book was
published in 2020. However, the proceedings for the 3rd edition are still not available in Scopus to date. The 4th edition is scheduled to
be held in Nanjing (China) in 2024.

Table 2 presents the 10 most relevant (most cited) publications within the field. Remarkably, eight of the ten publications are
published in Cement and Concrete Research, meaning that it is probably the leading journal for LC3-related publications. The most cited
publication is not a review, which is noteworthy since review papers are usually the most cited type of publication. This is because, as
previously described, the publication of M. Antoni et al. [31] contains the roots of LC> development and therefore is highly referenced.
In contrast, the second most cited article is not an experimental research paper [14]. This paper introduces LC® as a promising material
for mitigating the carbon footprint associated with cement production. The paper provides a comprehensive description of the
technological, environmental, and economic aspects of LC3, and highlights future research priorities and suggestions. This paper is a
collaboration between the three main developers of LC3: Switzerland, Cuba and India, explaining the most relevant characteristics of
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Fig. 3. Most relevant sources for LC® publications.
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LGS and its production. Until 2021, this was the only review-like paper. The later advances in the topic led to the publication of the
paper “Limestone calcined clay cement and concrete: A state-of-the-art review” by M. Sharma et al. which reviews the literature
focusing on the new type of LG3 cement [7]. The article of F. Avet et al. is also remarkable since it is the response to the necessity of
accurately evaluating the reactivity of calcined clays for Lc® production [32]. A new test method, R® (rapid, relevant and reliable), was
developed to assess the suitability of kaolinitic clays as SCMs. This test is based on the development of pastes with calcined clay and
limestone, while adjusting the sulfate and alkali levels, to reproduce the reaction environment of the hydration in LG or other blended
cements. The reactivity of the pastes is then determined by measuring the heat release of the reaction via isothermal calorimetry or by
bound water determination by controlled heating within the range of 110 °C to 400 °C. The next most cited paper entitled “Options for
the future of cement” by K. Scrivener (2014) serves as a comprehensive review that provides an analysis of potential options for future
cement [33]. It states the concerns of cement production and explores various possibilities to improve the industry. Thereafter, it
focuses on the introduction of LC® as a very promising alternative. This paper is the first to use the nomenclature LG to describe
blended cements using limestone and calcined clay.

The other most cited papers are aimed at researching the fundamental properties of LC. F. Avet and K. Scrivener [34] focused their
work on the effect of the kaolinite content on the hydration and characteristics of LG, which is critical since most commonly available
clays do not have a high kaolinite content, and those which do, are usually more expensive and often used in other industries such as in
the paper treatment industry [14]. The work of K. Vance et al. [35] is also focused on the hydration and strength development of
blended cement, in this case of PC-limestone-calcined clay/fly ash blends, using also fly ash as an alumina source. In this case, the
substitutions were at lower percentages of SCMs than LC3-50 (50 wt % of clinker replacement), replacing up to 10 % (in volume) of
cement with metakaolin or fly ash, while limestone was added to up to 40 % of cement. The researchers also concluded that the ternary
blended cement incorporating metakaolin and limestone is promising, exhibiting better properties than the corresponding binary
blends. This finding reinforces the notion of a synergy effect between metakaolin and limestone which improves the performance of the
cementitious system. On the other hand, the next most cited work by K. Vance et al. in the LC? research [36], also published in 2013,
was centred on the rheological properties of the binary and ternary blended pastes, using the same substitutions of limestone, fly ash
and metakaolin as in the previously mentioned study. The paper of Y. Dhandapani et al. [37] discusses the mechanical properties and
durability of concretes formulated using LC. The production of concrete based on LGS is a step forward for the technology since
concrete is the most used material in construction. Therefore, the results are very interesting for LC® applicability. The work
demonstrated the good performance of LC3 compared with other binders to produce durable concrete. Also focusing on LC> durability,
V. Shah et al. [38] studied the carbonation of Lc® compared to PC and PC with fly ash under natural and accelerated conditions, while
Z. Shi et al. [39] centred the work on the chloride binding in binders with limestone and metakaolin by exposing the pastes to CaCly
and NaCl.

Fig. 3 presents the most relevant sources of limestone calcined clay cement research dissemination. All the journals with more than
ten publications on the topic are presented and sorted based on their performance ratio (PR), which is defined as the total number of
citations divided by the number of publications. Cement and Concrete Research is the most relevant and influential source. This journal
presents the highest PR, the highest total number of citations, and the second highest number of papers, and as previously seen, most of
the top publications on the topic are published in this journal. Since the publication of M. Antoni et al., which established the origins of
LC% in 2012, Cement and Concrete Research has consistently been publishing research on the topic every year, demonstrating the trust
and recognition of the journal in the increasing interest of the subject. Cement and Concrete Composites journal presents the second-
highest PR despite having only 18 publications. This noteworthy achievement highlights the exceptional impact and relevance of
the publications featured in this journal. The documents about LC> were published discontinuously until 2020 when the number of
publications increased.

The presence of the Indian Concrete Journal in the third position in terms of PR is very remarkable since it is a Q3 journal. The high
PR is mainly due to two key aspects. Firstly, the presence of a highly cited publication by K. Scrivener in 2014 [33] significantly
contributes to the journal’s PR as well as the inclusion of two publications regarding pilot plants of LG production in India, one in 2014
and another in 2016. These publications are very relevant to the research area and demonstrate an interest in increasing the technology
readiness level (TRL) of this technology [40,41]. The second noteworthy aspect is the importance that is gaining Lc® production in
India, evidenced by the large number of LC? publications authored by Indian researchers. The emergence of Journal of Cleaner Pro-
duction among the most publishing journals means that the topic is relevant not only to construction materials journals but also to
journals that englobe a wide variety of topics mainly based on environmental sciences and more sustainable technologies. This is
mainly due to the huge potential of LG to reduce CO- emissions in the construction industry. As a major global issue, the environ-
mental impact of construction and the need for sustainable alternatives have gained widespread attention [42].

Construction and Building Materials is the most publishing journal and the second with the highest total citations. This means that the
journal is very important to the topic’s dissemination. The not-so-high PR is due to the large number of publications in recent years (17
in 2021, 16 in 2022, and 8 in early 2023), which have not reached their full potential of citations. The first publication by A. Skar-
opoulou et al. (2009) [30], where a mixture of limestone and calcined clay was introduced in mortars, was published in this journal.
The presence of Case Studies in Construction Materials is particularly intriguing, considering it is a recently indexed open-access journal.
This indicates that the journal demonstrates confidence in the potential growth and development of the topic. The last source in Fig. 3
is Calcined Clays for Sustainable Concrete, a proceedings book, which is not a journal, but its impact is also notable. The 68 publications
(in this case proceedings) have also increased the knowledge of the research area, and it’s a major source for sharing new results and
advances in this technology.



Table 3

Most publishing authors.

Author Publications Citations H-index Affiliation Country First publication
K. Scrivener 59 3401 22 Ecole Polytechnique Fédérale de Lausanne Switzerland 2012
S. Bishnoi 35 1220 14 Indian Institute of Technology Delhi India 2014
F. Martirena 30 1617 9 Universidad Central “Marta Abreu” de Las Villas Cuba 2012
M. Santhanam 18 616 9 Indian Institute of Technology Madras India 2015
F. Avet 17 994 11 Ecole Polytechnique Fédérale de Lausanne/VICAT Switzerland/France 2015
S. Maity 17 651 5 Technology and Action for Rural Advancement, New Delhi, India India 2014
F. Zunino 16 324 7 Ecole Polytechnique Fédérale de Lausanne Switzerland 2018
S. Krishnan 12 364 7 Indian Institute of Technology Delhi/Ecole Polytechnique Fédérale de Lausanne India/Switzerland 2014
Y. Dhandapani 12 531 6 Indian Institute of Technology Madras/University of Leeds India/United Kingdom 2015
0. Copuroglu 11 358 7 Delft University of Technology Netherlands 2019
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3.2. Authors and countries evolution

The ten most publishing authors in terms of their publication output are displayed in Table 3. The H-index is calculated only with
the publications and citations related to the topic of study, LC3 in this work. K. Scrivener is by far the most published author. This is due
to her implication in the development of LC3 technology. Given the large number of publications and citations, she is widely recog-
nized as the most influential researcher in the field. K. Scrivener is the director of the LC® project and the laboratory of construction
materials at the Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland, and the main developer and promotor of LC3
together with F. Martirena (Cuba). Therefore, she is co-author of the first paper on the research topic of LC® in 2012 [31]. S. Bishnoi is
the second most publishing author. India has made an important effort to contribute to LC technology to reduce the CO; footprint to
meet their objectives of climate change mitigation [43]. He is also one of the leading researchers in the LC project (team leader in
Delhi) and has a valuable experience in the industrial side of LC® production, regarding the two pilot plants in India [40,41]. F.
Martirena is the second most cited author and third most publishing author. He is, together with K. Scrivener, one of the main re-
searchers and developers of LCZ, with their first publication in 2012, and the regional leader of the LC® project in Cuba. He also has
collaborated with the industry to develop new clay calcination plants to produce LC> or blended cement.

M. Santhanam and S. Maity are the team leader in Madras (India) and the regional leader in India of the LC3 project, respectively.
Their knowledge of the topic has resulted in 18 and 17 publications, respectively, ranking them among the top 5 most published
authors. Remarkably, F. Avet presents the third-highest H-index with 17 publications, highlighting the importance of his research on
the topic. The presence of F. Zunino and O. Gopuroglu in the top 10 publishing authors is also noteworthy, given that they published
their first work on the topic less than five years ago, in 2018 and 2019, respectively.

Since the main funding source for LC® research so far has been the LC3 project, a majority of the most publishing authors are
affiliated with institutions associated with this project. The LC3-Project-Low Carbon Cement is a coordinated international project,
with funding from the Swiss Agency for Development and Cooperation (SDC) through its Global Programme in Climate Change, with
research groups in Switzerland, Cuba and India as main partners [44]. The researchers involved in this project are the main ones
responsible for the development of LC2 technology as well as its fast progress and spread.

One of the keys to rapidly increasing the knowledge of new technologies to get them to the market is the collaboration between
researchers. Fig. 4 depicts the interconnected communities of authors who actively collaborate in the field of LC® research. The circles
represent the authors, and their size, the number of publications. The lines between authors are related to common publications of the
linked authors, but not a collaboration strong enough to be considered a community. The communities were obtained with CLabB, and
the leaders are assigned based on the number of publications within the clusters. The purple cluster is composed of Swiss and Cuban
authors, mostly from the EPFL and the Universidad Central “Marta Abreu” de Las Villas. The community is directed by K. Scrivener and
F. Martirena, one from each university, respectively. It is interesting to remark that the affiliation of some authors has changed
recently, and five of them are now at ETH Ziirich. This shift highlights the growing trust and recognition of ETH Ziirich in the potential
of LC® technology. The light blue cluster is composed of Indian researchers, all of them from IIT Delhi and S. Maity from TARA. Here,
the leading researchers are S. Bishnoi and S. Maity. The green cluster is composed of authors with various affiliations and countries,
although most of them are from IIT Madras, and the community leader is M. Santhanam. These three clusters correspond mainly to the
three principal countries involved in the LC® project, Switzerland, Cuba and India, and the community leaders are also the main re-
searchers of the project (projector director, regional leaders, and team leaders). As could be expected, researchers within the same
project exhibit collaboration, which is evidenced by the lines connecting the clusters in the figure. Such collaborations enhance
knowledge sharing, promote interdisciplinary approaches, and foster a synergistic environment that accelerates progress in the field.

The authors from the pink community, with J. Skibsted as a leader, are exclusively affiliated with institutions in Denmark. They
also present collaborations with the authors from the previous communities, meaning that are probably linked to the LC® project.
Remarkably, two of the authors (D. Herfort and S. Ferreiro) are affiliated with Cementir Holding N.V., a multinational group
recognized as a leader in the production of white cement, aggregates, concrete and value-added products. This means that scientific
research is also being performed in collaboration with cement companies, revealing the interest in the material.

Finally, some communities do not present strong enough collaborations with the previously mentioned communities. The green-
blue cluster is composed of Chinese authors, led by F. Xing, and mainly affiliated with Shenzhen University. The light purple is
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Fig. 4. Authors communities (top 50 most published authors).
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composed of authors from the United States (US) and the dark purple community is composed of Dutch authors. Furthermore, some
authors are not included in communities, probably because their partners have a lower number of publications and therefore are not
included in the top 50 of most publishing authors.

Fig. 5 presents a world map with the publishing countries coloured with increasing intensity with the number of publications. The
most publishing countries align mainly with the communities discussed in Fig. 4. The most publishing countries are India and China.
The importance of India must be highlighted since it is probably one of the countries more invested in the production of LC®. This is due
to the vast expansion of the Indian construction industry, and to less restrictive standards, which makes easier the implementation of
new technologies such as LC3. However, although this growth is very important to the development of the Indian economy, researchers
have concerns regarding the economic and environmental impact [45]. Therefore, a lot of Indian researchers, have been working on
advancing the technological aspects of LC> for some years at laboratory and industrial scale, obtaining excellent results and perfor-
mances in the industry. The institutions where the most signs of progress are made in India are the Indian Institute of Technology Delhi
(IIT Delhi), the Indian Institute of Technology Madras (IIT Madras), and the Technology and Action for Rural Advancement (TARA).
Another country with a high number of publications on the topic is Switzerland. The high number of publications by authors affiliated
with Switzerland is particularly noteworthy considering the country’s population size. This is mainly due to their important role in the
development of the material and later the founding of the LC3 project. Swiss researchers, particularly those associated with the EPFL,
have played a pivotal role in the impact and success of LC3. Remarkably, a total of 56 countries have contributed with at least one
publication on the topic, especially in Europe, America and Asia.

Table 4 provides a comprehensive breakdown of the top 10 publishing countries in LG research. As previously mentioned, India
emerges as the leading publishing country, with especially a large number of proceedings. Despite China being the second most
publishing country, it exhibits a low PR. This could be because their publications have been mainly in the last three years, where the
citations are still low; 18, 30 and 11 publications from 2021, 2022 and 2023 (until March), respectively. This means that their interest
in LG is more recent and could justify why their main community (Fig. 4) does not have many interactions with other communities. On
the other hand, Switzerland is the most cited country, with a high PR (48.9) and 70 publications (third most publishing country). Cuba
has the highest PR, meaning that their publications are very relevant to the field.

Likewise, Cuba is the third most cited country despite having a relatively smaller number of publications (32) compared to the top
two most cited countries with 70 and 91 publications, respectively. This indicates that the work of Cuban researchers exhibits a high
level of quality and impact. Cuba must increase its cement production to achieve technological and economic development while
reducing the carbon footprint of cement [46]. Since Cuba is an island, the use of locally available materials is critical to mitigate CO3
emissions. Geological surveys conducted in Cuba demonstrated that the Cuban clay deposits had the potential to be used for LC?
production. Therefore, the first industrial trial for calcined clay production was held in Cuba [47,48]. The use of LC® in Cuba would be
cost efficient and the greenhouse gas emissions would be significantly reduced [46,49]. The research in Cuba is mainly conducted at
CIDEM (Centro de Investigacion y Desarrollo de Estructuras y Materiales), which is a research centre affiliated with the University
Universidad Central “Marta Abreu” de Las Villas. The early work of Switzerland and Cuba to introduce LG is also significant, being the
two promotors of LC2, as observed in the year of the first publication (2012). Denmark’s notable PR (41.0), despite having only 11
publications in the LC? research area, highlights the exceptional impact and influence of their research contributions.

As developing countries need more construction materials, their interest in LC® is notable. The distribution of resources, such as
calcined clay and limestone, significantly influences LC® applications in construction. The use of calcined clay would be a solution as it

Publications
91

Fig. 5. World map with coloured publishing countries.
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Table 4

Ten most publishing countries.
Country Publications Citations PR First publication
India 91 2006 22.0 2014
China 83 797 9.6 2014
Switzerland 70 3488 49.8 2012
United States 41 1052 25.7 2013
Cuba 32 1868 58.4 2012
Brazil 17 88 5.2 2017
Germany 14 429 30.6 2015
Australia 14 185 13.2 2017
Denmark 11 451 41.0 2015
France 11 244 22.2 2013

is a widely abundant resource and, in countries such as Cuba and India, which have shown much interest in LC3, clay minerals are
widely available [50]. Furthermore, calcite is also an easily available resource in most developing countries [51]. India has abundant
resources and rapid urbanization, furthermore, the Indian government’s emphasis on sustainable building materials aligns with LC>
implementation. Similarly, China is one of the world’s largest consumers of construction materials, therefore the use of widely
abundant raw materials could make an impact on the country’s construction industry.

It is important to remark that the production of LC? has already been implemented in some countries such as Cuba and India due to
more flexible standards, with pilot plants of calcined clay and LC® production [40,41,52]. Furthermore, the first worldwide production
of LC® was developed by the Indian cement company JK Lakshmi Cement Ltd., where LC® and LC? are expected to be viably
commercialized [53]. This accomplishment was made possible through the implementation of new standards covering LC®. This in-
fluences the research in these countries and thus can be observed in the number of publications and their impact. Nonetheless, the
recent modification of the European standard EN 197-5:2021 also contemplates the use of blended cements in Europe, namely CEM VI
and CEM II/C-M, which allow for the incorporation of blended cements with high clinker replacement [18]. LC%, with its ability to
replace a significant portion of clinker, falls within this latest category. Although this standard modification does not mean that LC3 can
be used for concrete production, which is the main construction material, this is an important step forward in terms of incentivisation
of the LC® technology and its implementation in the global market.

3.3. Keywords

Fig. 6 presents a map of keywords co-occurrences defined by the authors in the publications. The size of the circle indicates the
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gb VOSviewer
2016 2018 2020 2022

Fig. 6. Keywords co-occurrence map.
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number of articles where the keyword has been used, and the lines connecting the circles indicate that the connected keywords have
been used together. The thickness of the line is proportional to the number of documents that have used both keywords. For better
clarity, keywords abbreviations have been merged with their full forms. The four most used keywords are LC? raw materials meta-
kaolin, calcined clay and limestone, and the material (limestone calcined clay cement), which is common in publications about the
investigation of SCMs or admixtures in construction materials. The fifth, sixth, seventh, and ninth most used keywords are compressive
strength, durability, microstructure, and hydration, respectively, which are common properties studied in construction materials.
Supplementary cementitious materials (eighth) and fly ash (tenth) complete the top 10 of most used keywords. The most used pair of
keywords is calcined clay and limestone, which could be expected since the study is based on publications that evaluate the combi-
nation of metakaolin and limestone to substitute cement.

The prominence of durability-related keywords among the most frequently used keywords indicates the importance of this property
on construction materials. One of the main concerns when new materials are proposed is the loss of long-term properties, which can
lead to structure damage or collapse. Some keywords detected were durability, carbonation, sulfate attack, chloride, chloride binding,
chloride diffusion, corrosion, and permeability. The inclusion of these keywords highlights the recognition and emphasis placed on
ensuring long-lasting, resilient, and sustainable materials in the field of LC® research.

The keywords are also coloured based on the year when they have been more used. As previously mentioned, some of the oldest
publications using limestone and calcined clay in construction materials production (including the oldest in 2012) were based on the
improvement of some properties of concrete, mainly self-compacting concrete. This can also be corroborated by studying the oldest
keywords (coloured in purple or blue), such as mineral admixtures, Portland cement, Portland limestone cement, limestone filler, silica
fume and self-compacting concrete. Most of them are not linked to LC-related keywords. In contrast, since the interest in LC? is very
recent, the keywords limestone calcined clay and limestone calcined clay cement present a yellowish-green colour. Here, the recent
trend to use the keyword calcined clay (green) instead of metakaolin (blue) can be observed. This is mainly due to the possibility of
using calcined clays with poor kaolinite content and even non-kaolinitic clays.

The presence of other SCMs in the map (fly ash and slag) is explained by two reasons. Firstly, the comparison of LC® with cements
containing other SCMs is very common in scientific publications. This comparative analysis helps evaluate the performance, prop-
erties, and environmental benefits of LC® compared to cement with other SCMs. Secondly, the study of quaternary cements using other
SCMs has also gained interest. Keywords in yellow such as 3D printing and engineered cementitious composites indicate that LC3
research is in a more mature state since they are very specific applications of cement.

Since one of the main benefits of LC3 in front of conventional Portland cement is the reduction of CO; emissions in its production,
the presence of environmental-related keywords is also significant. This emphasis on environmental considerations reflects the
growing global concern for sustainable practices in the construction industry. By incorporating sustainability as a prominent keyword,
researchers demonstrate their commitment to developing and promoting environmentally friendly cementitious materials like LC>. It
indicates the ongoing efforts to address climate change and reduce the carbon footprint associated with cement production, making
LC? a promising solution towards achieving more sustainable construction practices. Furthermore, the presence of the keyword life
cycle assessment in some of the latest publications means that there is an increasing interest in determining the actual environmental
impact that could be avoided by using LC3.

The keywords study together with the bibliography studied confirms that, despite its novelty, LC> technology has already reached
an advanced level of technological readiness (TRL). The development of pilot plants, the validation of the material in industrial trials in
India and Cuba, and recently the first commercialization of LC® in Colombia (Cemento Verde from Argos), suggest that the TRL could
be in the final stages, around 7-9. In addition to global efforts, companies in Africa, specifically in Ivory Coast and Cameroon, are
actively involved in the commercialization of LC3. This development is driven by the significant need for urbanization in several
African countries, where the demand for sustainable construction materials is high. In addition, India and Europe are also investing in
the use of calcined clay in cement production. This fast evolution of LC® could not be possible without the efforts of international
researchers’ communities to increase the knowledge of the technology. Furthermore, the collaboration of academia with companies,
research centres, and institutions to implement the technology and adopt new standards has been essential.

4. Research priorities and trends

The rapid acceptance of LC° is easily justified due to compelling reasons. The main factor is that LC® offers comparable or even
better properties than PC, while simultaneously reducing CO2 emissions by up to 40 %. This reduction is achieved by significantly
decreasing the clinker-to-cement ratio by up to 50 % [54]. Furthermore, as industrial processes transition towards decarbonization, the
availability of waste materials such as fly ash from coal power plants or blast furnace slags is expected to decrease due to the
replacement of these technologies by green energies and electric arc furnace slag, respectively [6,55,56]. These waste materials, which
are commonly used as SCMs in cement production, may become less accessible due to the shift towards cleaner energy sources and
processes. While other by-products such as steelmaking slag from electric arc furnace will still be generated since steel is needed in
society, their availability will also be limited compared to the needs of the construction industry. Hence, widely available natural
resources such as clay and limestone will probably become the main solution to produce blended cements [57]. Another benefit is that
calcined clay and limestone do not require high purity to achieve good properties in cement [17,58].

PC technologies have been well-established, robust, and reliable over the years. LCZ, with its incorporation of calcined clay and
limestone, offers a more sustainable alternative without requiring a drastic modification of existing PC technologies. This continuity
and compatibility with PC technologies make LC® an attractive option for industry adoption, as it can be integrated into existing
cement production processes while providing substantial environmental benefits [7]. Moreover, the chemistry of the material is very
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similar to PC’s. The same hydrates and phases are obtained, meaning that little research is needed in this matter. However, there is still
the necessity to improve the knowledge through research and testing.

The higher water demand of LC® caused mainly by the addition of calcined clay should be further researched. Since water is a scant
natural resource, the increase in the consumption of mix water should be addressed in order to make the cement more sustainable.
Furthermore, since the properties of cement are maximized with a low water/cement ratio, the increase in water demand is an
important issue [59]. The use of superplasticizers in blended cements is a viable solution, but optimization and knowledge of their
effect on hydration and final properties are still needed [60]. Moreover, LC® cements usually need an overdose of superplasticizers,
which also substantially contribute to the carbon footprint of the cement. Therefore, the need to find specific superplasticizers targeted
to improve the workability of LC? is mandatory.

Durability has been one of the strengths of LC3, being key to its rapid success. However, more studies based on different deteri-
oration mechanisms should be performed, as well as on very extreme conditions (high temperature and fire resistance). This can be
studied at a laboratory scale but should also be studied during the service life of concrete produced with LC3. The evaluation of
quaternary blends through the addition of locally available wastes and by-products could also be beneficial to increase the sustain-
ability of the material.

Focusing on the implementation of LC3, an important challenge is the need to modify the actual standards to get to use LC> in
concrete. One widely supported solution could be the implementation of performance-based standards [61]. This would allow flex-
ibility in concrete production without reducing its properties, facilitating the implementation of new technologies and materials. The
support of regional and international institutions through research funding is needed to move forward a more environmentally friendly
construction industry [62]. To meet climate change goals, new low-carbon policies are needed [63]. Furthermore, a socially focused
campaign should be done to bring knowledge and technology to companies and researchers, as well as to raise awareness between
construction workers and the world population.

5. Conclusions

This work presents a bibliometric analysis of the current evolution of LC® technology. Using Scopus as the database, 672 articles
and proceedings were considered and then refined to 388, which were selected as related to the topic. The metrics number of pub-
lications and citations, most cited publications, most relevant sources/journals, country and regional influence on the research area,
most relevant authors and author communities’ interaction were studied. Moreover, an analysis of the authors’ keywords co-
occurrences was also performed.

The results showed that the number of publications has grown especially in the last 5-6 years due to the increasing interest in the
subject, demonstrating the importance of LG in the field of construction and building materials. This is the response to the need to
reduce CO, emissions in the construction sector to meet climate change objectives. Since LC® composition is very similar to Portland
cement with comparable or even better properties, the confidence in the material is greater than in other ACMs.

Until recently, most of the published work has been developed inside the LC project by Swiss, Cuban and Indian researchers. The
research groups from these countries are the main promoters of the technology, therefore, the most publishing countries are India,
Switzerland, and Cuba. China and the United States have also been publishing on the use of calcined clay and limestone, although until
recently, it was less focused on LCZ. The more relevant work has been published in Cement and Concrete Research, making the journal a
pillar in the LC® investigation.

Finally, the study of the evolution of the keywords reflects the importance and the recent maturity of the technology as more
keywords related to specific applications or studies were detected. The wide range of keywords proves that the study of LC? is being
conducted in different areas; a large variety of properties, characteristics and applications of LC? are being investigated.

This study demonstrates that international collaboration between research groups and with companies and institutions is
mandatory to implement new technologies and get them to the market in order to achieve the objectives of CO; emissions reduction in
the construction industry.
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