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Abstract

With the global concern over climate change, many countries around the world have pledged to achieve carbon
peaking and carbon neutrality goals. Carbon footprint (CF) analysis, as an important research method to evaluate
carbon emissions, has gained significant traction in the academic community. This study aims to offer a
comprehensive overview of this research domain, addressing existing gaps by conducting a bibliometrics analysis.
Moreover, social network analysis (SNA) is conducted to uncover the relationships among different countries,
authors, and institutions. Co-occurrence analysis of keywords and citation analysis of publications and
corresponding references are also conducted to explore the core research topics in this field, including popular CF
accounting methods. Results show that there has been growing interest in CF-related research from 2007 to 2022,
with increasing amounts of publications, references, authors, and published countries. The most productive
journals, countries, authors, and institutions are identified, and the collaboration networks among different
academic groups are also analyzed. In addition, sustainability assessment, consumption-based CF accounting, and
emission mitigation potential assessment are identified as research hotspots. Specific research topics include CF
accounting at national and household scales, as well as for agricultural systems and universities. Life cycle
assessment (LCA), input-output analysis (IOA), and Intergovernmental Panel on Climate Change (IPCC)
accounting method are the most commonly applied methods in this field. Therefore, the advantages and
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disadvantages of these methods are specifically summarized and compared. In general, this study can provide
comprehensive information for stakeholders interested in the CF-related field.

Keywords: Carbon footprint, bibliometrics, social network analysis, bibexcel, gephi

INTRODUCTION

The rapid pace of industrialization has led to a heavy reliance on fossil fuels and material resources for
economic growth. Consequently, this dependence has resulted in substantial carbon emissions, increased
energy consumption, and ecological challenges. Of particular concern is the issue of global warming,
primarily driven by the release of carbon dioxide (CO,) and other greenhouse gases (GHGs). Since the
publication of the first Intergovernmental Panel on Climate Change (IPCC) assessment report in 1990,
reducing GHG emissions has become a global goal". The United Nations Framework Convention on
Climate Change, the Kyoto Protocol, the Copenhagen conference in 2009, and the goal of carbon emission
peaking and carbon neutrality demonstrate the international community's relentless efforts to address
global warming. How to accurately assess greenhouse gas emissions generated by human activities is a
prerequisite for carbon-reduction strategies. In this context, it is urgent to find appropriate research
methods to solve the relevant quantitative evaluation of carbon emissions, such as the sources, mechanism,
and quantity of the direct and indirect carbon emissions. The carbon footprint (CF) is an effective approach
widely recognized to deal with climate change and quantitatively evaluate carbon emissions intensity, which
deeply analyzes the sources, process, and mechanism of carbon emissions, and provides a scientific basis for
exploring reasonable and effective ways of carbon reduction®. The CF derives from the concept of the
ecological footprint, which refers to the biologically productive area of land that is required to sustain the
existence of a person, region, or nation or that can accommodate the waste emitted by humans®.. Despite its
name, the CF is usually expressed as a measure of weight, as in tons of CO, or CO, equivalent per year.
Although many scholars have defined the scope of the CF from different research perspectives, there is no
unified definition of CF". Hammond" defines CF as the weight of carbon released by individuals or
activities, so carbon footprint should be changed to "carbon weight" or other related words. The European
Union defines CF as the total amount of CO, and other greenhouse gases emitted during the whole life cycle
of a product or service'”. Hertwich and Peters” and Baldo et al. also defined CF as the total amount of CO,
and other GHGs emitted during the supply chain or life cycle of a product™. The definition of carbon
footprint proposed by Wiedmann and Minx" is comprehensive and accurate, but the CF only refers to CO,
emissions according to such definition. Therefore, based on the existing research, the concept of CF should
be further defined as the total amount of GHGs emitted during human production and consumption
activities, including the direct and indirect carbon emissions related to products or certain activities from
the perspective of a full life cycle®. Academically, extensive studies on CF have been undertaken with
various goals in the past decades, which mainly include the concept connotation, evaluation methods, and
specific applications and practices”'", and relatively speaking, the specific application and practice of CF is
the focus of current research">"”. The research scale includes countries, cities/regions, households, and so
on”"*" and with the deepening of research, evaluation methods and tools based on LCA and IOA have
received widespread attention from scholars, and the effective measurement of CF has been extensively
applied to products, enterprises/organizations, or industries>'**. Academically, studies on the calculation
of CF have been conducted at various scales such as national scale, regional/city scale, and household scale.
For example, Chen ef al. conducted a time-series analysis using IO tables for China’s construction industry
and showed that the great majority of emissions are indirect emissions. UNDP reported per capita CF for
nations from 1990 to 2004, but only includes GHG emissions from fuel combustion and cement
production®. The estimate showed India leaving the smallest footprint with 1.2 tons of CO, and the biggest
footprint by the United Arab Emirates (34.1 tons of CO,). Sovacool et al. compared the CFs of 12
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metropolitan areas, including Beijing, London, New York, Mexico, etc., by examining emissions related to
vehicles, energy used in buildings, industry, agriculture, and waste, and analyzing the impact of the four
major factors of per capita income, population density, transportation mode, and power supply on the CF
of different countries”. Druckman et al. calculated the CF of households in UK from embodied carbon in
products and services, direct energy use in households, private cars and aviation based on the quasi-multi-
regional input-output (QMRIO) model during the period of 1990-2004, which showed that embodied
carbon accounts for the largest proportion, followed by energy use, and finally private cars and aviation,
while the increase in living demand was one of the main reasons for the increase in carbon emissions™”.
Due to the extensive attention given to the externalities of environmental issues, the discussion on carbon
footprint has gradually risen to the level of national/ regional cooperation”*"”. In addition, some studies
combined LCA and IOA to obtain more accurate and comprehensive research results. The Stockholm
Environment Institute calculated the CF of UK schools by combining the method of process and input-
output analysis, which showed the total CF of all schools in the UK in 2001 was 920,000 tonnes of CO,,
accounting for 1.3% of the total carbon emissions of the UK, of which the direct emissions from heating are
only 26% and the other three-quarters are Indirect emissions"®.

Although many CF-related studies have been conducted, there is a lack of systematic and comprehensive
CF research review articles. This can be reflected in the following three aspects: Firstly, despite a significant
increase in the amount of CF-related publications in recent years, there are relatively few review studies on
CF research. Secondly, the existing review studies focus on elucidating the methodologies and applications
of CF. In this context, it is critical to provide a holistic picture of its theoretical research progress based on
bibliometrics. Bibliometric analysis can quantitatively analyze the primary performance of existing literature
and exploit the research hotspots so that valuable information can be provided to get current research
progress and future research directions. This not only makes the CF-related theoretical framework and
knowledge system visualized, but also provides a reference for CF-related research. Based on the research
motivation, this paper attempts to answer the following questions: (1) What is the knowledge base of the
existing CF-related research? (2) What are the collaboration networks of CF-related literature? (3) What are
the main research hotspots and main topics in this field? (4) What are the scopes of application of major
methods of CF accounting and their advantages and disadvantages? With the aim of answering the above
questions, this paper analyzes the performance of CF-related literature published from 2007 to 2022. The
remainder of this study is organized as follows. After the introduction section, detailed methods and data
sources are elaborated in Section 2. Section 3 presents the primary performance of CF-related publications,
including journals, disciplines, countries/territories, authors, institutions, and keywords. Meanwhile, social
network analysis (SNA) is conducted to analyze the collaboration relationships among different countries/
territories, authors, and institutions, and the co-occurrence of keywords. Section 4 conducts citation
analysis to uncover the main research topics in this field. Section 5 discusses major methods of CF
accounting and their advantages and disadvantages. Finally, we draw our conclusion and limitations in
Section 6.

METHODS AND DATA SOURCE
Methods
Bibliometric analysis has been widely used to measure the development progress of various research fields

29-31

since it enables the systematic analysis of massive scientific publications”*". Through such analysis, the
influential journals, active countries/authors/institutions, popular keywords, and citation information can
be quantitatively analyzed by applying mathematics and statistical methods"”>*”. Therefore, the bibliometric
analysis is applied in this study to give a comprehensive insight into the development features and patterns
of CF-related research. Detailed data collection, processing, and analysis procedures are shown in Figure 1.

Data cleaning is first conducted manually to unify the names of authors, countries, and institutions, to
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Figure 1. The flowchart of bibliometric analysis in this study. As shown by the arrows in this Figure, the research hotspots and core
research topics in the CF-related field were identified through the co-occurrence analysis of keywords and citation analysis in this
study, the latter of which considered both citation counts and co-citation of references.

standardize the citation forms of references, and to merge keywords with similar meanings. Then, Bibexcel
is used to extract basic statistical information of selected publications. SNA is an effective tool for
discovering the relations of various sectors and identifying central actors. In this study, SNA is employed to
uncover the academic collaboration among different countries/territories, authors, and institutions. The co-
occurrence analysis of the keywords and that of the references of publications are also conducted through
SNA. Gephi is used as the visualization tool for SNA. Meanwhile, three indicators, i.e., the journal impact
factor (JIF), cite score (CS), and h-index, are adopted. In order to assess the influence of journals, the JIF
taken from the Journal Citation Reports 2022 and the CiteScore 2022 calculated by Scopus are used. The JIF
is defined as the average number of citations received in a specific year by documents published in the
journal in the two preceding years!. The CS is calculated as the ratio of the number of received citations
over four years to the publication amounts of five types of documents (articles, reviews, conference papers,
data papers, and book chapters) in these same four years by a journal®. The h-index is another indicator
that has attracted wide attention from researchers since it was proposed in 2005"**". The h-index enables
the consideration of both quality and quantity by integrating the number of published articles and the
citations for individual articles®¥. The h-index means that an individual or group has published at least h
papers, which are cited at least & times. In this study, the h-indices of countries/territories, authors, and
institutions are calculated by Bibexcel and are employed to evaluate the influences of these research groups
in the CF-related field.

Data sources

The Web of Science Core Collection (WoSCC), widely used in academia, was selected to search CF-related
literature in this study. The WoSCC enables access to multiple databases and provides standardized
exporting records”™. A large number of influential publications in various disciplines are included, although
gray literature (e.g., reports and conference proceedings) are not covered. “Carbon footprint” or “carbon
footprints” were selected as keywords under the “title” option so that the most relevant publications can be
obtained. The time range was set from 2007 to 2022. Further analysis was conducted on the basis of the
dataset searched on July 16th, 2023. The initial search found 2,916 papers in total. Among them, articles
(2,147 publications) are the major contributions to CF-related research, accounting for approximately
73.63% of the total published papers, followed by proceeding papers (13.72%). Other publications are
conference abstracts (3.64%), editorial materials (3.02%), reviews (2.67%), and others (e.g., letters and news
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items). Since research articles usually provide more original research findings and have relatively complete
information on authors and their affiliations, only journal articles published in English were considered for
further analysis. After this filtering process, 2,113 papers focusing on CF were exported into plain text
format for bibliometric analysis.

RESULTS

Primary performance of selected publications

The numbers of annual publications (AP), the average numbers of references per paper (ARP), the average
numbers of authors per paper (AUP), and the published countries (PC) are shown in Figure 2. Based on the
growth rate of annual publication amounts, the development of CF-related research can be divided into
three stages: slow growth stage, moderate growth stage, and rapid growth stage. In the slow growth stage
(2007-2010), the annual publication amount is less than 50, with a total of only 78 papers. In the moderate
growth stage (2011-2019), the annual publication amount increased from 58 in 2011 to 192 in 2019, with an
annual growth rate ranging from -8.6% to 45.0%. In the rapid growth stage (2020-2022), the annual
publication amount increased from 240 in 2020 to 424 in 2022, with an annual growth rate ranging from
25.0% to 32.9%. Meanwhile, the ARP increased from 9.8 in 2007 to 54.6 in 2022, indicating that this research
field has become more mature. In addition, the AUP increased from 2.5 in 2007 to 4.7 in 2022, and the PC
increased from 3 in 2007 to 67 in 2022, the latter of which were analyzed according to the addresses of
authors. Such results show that global interest in CF has increased significantly and the academic
collaboration among scholars and countries has been enhanced.

Distribution of academic disciplines and journals

According to Web of Science, the selected 2113 publications involved 156 academic disciplines. Table 1 lists
the top 10 academic disciplines. Most publications cover 1-3 categories while a few publications cover 4-6
categories, accounting for 96.6% and 3.4% of the total, respectively. This is the reason why the total
proportion of publications by categories in Table 1 exceeds 100%. The majority of publications fall within
the realms of environmental sciences, green sustainable science technology, and environmental engineering,
accounting for 48.9%, 29.8%, and 24.2% of the total, respectively. Of the remaining categories, only
environmental studies and energy fuels account for more than 10% of the total. In addition, it is worth
noting that 79 papers are involved in the category “economics”, highlighting the emergence of
interdisciplinary research.

The selected 2113 publications were published in 664 journals. Table 2 presents the primary performance of
the top 10 productive journals, while the publications by each of the other journals account for less than 1%
of the total. These productive journals all encourage interdisciplinary environmental research papers,
providing valuable information for sustainable development in environmental, economic, and social
aspects. Additionally, Energies and Applied Energy are specialized in the field of energy. Journal of Cleaner
Production is the most productive journal, with 321 CF-related papers, whose JIF (11.1) and CS (18.5) are
both higher than the average values among these 10 journals. Despite its low JIF (3.9) and CS (5.8),
Sustainability is the second most productive journal in the CF-related field, contributing to 121 papers.
Other important journals include Science of the Total Environment, International Journal of Life Cycle
Assessment, and Environmental Science and Pollution Research, ranking 3rd, 4th, and 5th by their CF-
related papers, respectively. In addition, although much fewer related papers were published by Resources
Conservation and Recycling and Applied Energy, these two journals rank as the top 2 in terms of JIF and
CS. Therefore, the contribution of them in this field should also be confirmed. Due to the interdisciplinary
features of CF-related research, it is difficult to determine the most important journal. Nevertheless, these
results indeed indicate that several journals including Journal of Cleaner Production, Sustainability, and
Science of the Total Environment have made a major contribution to this field.
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Table 1. The top 10 academic disciplines

# Academic disciplines TP PCT (%)
1 Environmental Sciences 1034 48.9%
2 Green Sustainable Science Technology 629 29.8%
3 Environmental Engineering 512 242%
4 Environmental Studies 277 13.1%
5 Energy Fuels 221 10.5%
6 Chemical Engineering 12 5.3%
7 Economics 79 3.7%
8 Civil Engineering 57 2.7%
9 Water Resources 54 2.6%
10 Food Science Technology 53 2.5%

TP represents the total publications belonging to one discipline during 2007-2022; PCT (%) represents the percentage of publications belonging
to a discipline.

Table 2. The primary performance of the top 10 most productive journals

#  Journal TP PCT (%) JIF cs
1 Journal of Cleaner Production 321 15.19 i 18.5
2 Sustainability 121 573 3.9 5.8
3 Science of the Total Environment 60 2.84 9.8 16.8
4 International Journal of Life Cycle Assessment 45 213 4.8 9.4
5 Environmental Science and Pollution Research 39 1.85 58 7.9
6 Energies 33 156 3.2 55
7 Resources Conservation and Recycling 31 1.47 13.2 20.3
8 Applied Energy 28 133 1.2 211
9 Journal of Environmental Management 27 1.28 8.7 13.4
10 Journal of Industrial Ecology 25 118 5.9 13.0

TP represents the total publications of one journal during 2007-2022; PCT (%) represents the percentage of publications by a journal. JIF
represents the impact factor of one journal. CS represents the cite score of one journal.
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Figure 2. Primary performance of selected publications from 2007 to 2022. ARP represents the average number of references per
paper. AUP represents the average number of authors per paper. PC represents the published countries. AP represents the number of
annual publications.

Country/territory, author and institution influences
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Academic influences from country/territory, author, and institution perspectives are analyzed so that the
characteristics of research groups at three levels can be investigated. Academic performance and cooperative
relationships of these research groups are both considered. The information about countries and
institutions was derived from the addresses of the authors. Since the author addresses of four publications
are unavailable, only 2,109 publications are used in this section.

As described in the method section, SNA is conducted to analyze the cooperative relationships at the
country/territory level, author level, and institution level. The size of one node represents the amounts of
collaborative partners of one country/territory, author, or institution, while the width of one connecting line
between two nodes reflects the collaborative frequency.

Countries/territories

A total of 89 countries were represented in publications in the CF-related field, indicating a global concern
on this research topic. Among these countries, 18.4% contributed more than 50 papers, 33.7% contributed
10-50 papers, 31.5% contributed 2-8 papers, and the remaining 16.9% contributed only one paper.
Additionally, 613 of these papers were completed through international cooperation. Table 3 presents the
primary performance of the top 16 most productive countries/territories, the publications of which are
more than 50. China is the most productive country (515 papers), followed by USA (327 papers), which are
far ahead of other productive countries such as Spain (186 papers), UK (175 papers), and Italy (130 papers).
In addition, USA (57), China (51), UK (43), Australia (39), and Italy (33) are the top five countries with
highest h-indices. It is clear that all of the above-mentioned productive and influential countries except
China are developed countries since more research institutions are located in these countries.

The top 55 countries with 5 or more publications were selected for collaboration network analysis. These
countries were grouped into four clusters, as shown in Figure 3A. Overall, board international cooperation
has been carried out in this field. For instance, American countries (e.g., USA and Mexico), Asian countries
(e.g., China and Japan), European countries (e.g., UK and Germany), and African countries (e.g., Kenya and
Ethiopia) are all grouped into the largest cluster in purple. China, USA, and UK are the three most active
countries in international collaboration in the CF-related field. These three countries have collaborated with
39, 40, and 36 of the other 54 countries, respectively. Particularly, the China-USA collaboration (55 papers)
contributed the most collaborative publications, followed by the China-Australia collaboration (32 papers)
and the China-UK collaboration (23 papers). Such results show that Chinese scholars prefer to collaborate
with several specific countries compared to USA, which has a similar number of collaborative publications.

Authors

7,425 authors were acknowledged for contributing to this research field, although only 946 authors
participated in more than one paper. Table 4 presents the primary performance of the top 16 most
productive authors, whose publications range from 8 to 11. Among these authors, 11 authors are from
European countries, although 4 of them belong to 2 or 3 countries according to the address of their
institutions. For instance, Jukka Heinonen and Edgar Hertwich, the most productive authors, are from
Iceland and Norway, respectively, indicating that authors from less productive countries also have excellent
performance. From the h-index perspective, the h-indices of seven authors are equal to their publication
amounts, while the h-indices of nine authors are lower than their publication amounts, indicating the
differences in their academic quality.

The top 69 authors with 5 or more publications were selected for collaboration network analysis. As shown
in Figure 3B, three significant academic groups were identified, consisting of 10, 8, and 5 authors,



Page 8 of 21 Dong et al. Carbon Footprints 2024;3:3 | https://dx.doi.org/10.20517/cf.2023.45

Table 3. The primary performance of the top 16 most productive countries/territories

# Country TP h-index # Country TP h-index
1 China 515 51 9 Netherlands 87 28
2 USA 327 57 10 Canada 75 25
3 Spain 186 32 n Sweden 65 28
4 UK 175 43 12 Brazil 59 19
5 Italy 130 33 13 France 57 20
6 Germany 123 33 14 Denmark 54 28
7 Australia 16 39 15 Finland 53 20
8 India 98 24 16 Norway 51 27

TP represents the total publications of one country during 2007-2022.

Table 4. The primary performance of the top 16 most productive authors

# Author TP TC h-index #  Author TP TC h-index
1 Heinonen, Jukka 1 261 8 9 Ottelin, Juudit 9 182 6
2 Hertwich, Edgar n 1830 n 10 Wiedmann, Thomas 9 914 9
3 Cederberg, Christel 10 773 10 11 Geng, Yong 8 468 5
4 Long, Yin 10 156 7 12 Hubacek, Klaus 8 509 6
5  Wood, Richard 10 1051 10 13 Knudsen, Marie Trydeman 8 376 8
6 Alvarez, Sergio 9 150 6 14 Lenzen, Manfred 8 1465 7
7  Cimini, Alessio 9 95 5 15 Lin, Jianyi 8 395 8
8  Moresi, Mauro 9 95 5 16 Vazquez-Rowe, lan 8 263 8

TP represents the total publications of one author during 2007-2022; TC represents the total citations received by one author.

respectively. Centered on the largest cluster in purple, Thomas Widemann from the University of New
South Wales is the most collaborative author. He has contributed significantly to CF accounting
methodology. In particular, a scientific definition of CF was proposed by him for the first time in 2008, and
thus a consensus on the system boundary definition and approach application in such a research field was
facilitated”. Through collaboration with six other authors in the same group, such as Wiedmann et al., Xu
et al. and Wiedmann et al. play a leading role in national and city-level CF accounting research by
employing the input-output model**’. The second largest cluster in green is centered by Richard Wood
from the Norwegian University of Science and Technology, whose research focus is CF and other
environmental pressures (e.g., material, water, and land use) embodied in trade*”. Additionally, such a
cluster is linked with the largest one through Richard Wood and Meng Jing. By comparison, the third
cluster in orange is relatively independent, which belongs to authors mostly from Spain with a focus on CF
of food production systems by applying life cycle assessment (LCA)"**.

Institutions

Table 5 presents the primary performance of the top 10 most productive institutions, with publications
ranging from 20 to 70. Among these institutions, 6 institutions belong to China while the remaining 4
belong to different Western countries. Chinese Academy of Sciences is the most productive institution with
the largest publication amounts (70 papers) and highest h-index (24), followed by the University of Chinese
Academy of Sciences (35 papers) and the Norwegian University of Science and Technology (34 papers).
Such results again indicate that great efforts have been made by Chinese scholars in the CF-related field.
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Table 5. The primary performance of the top 15 most productive institutions

# Institution TP TC h-index Country
1 Chinese Academy of Sciences 70 2370 24 China

2 University of Chinese Academy of Sciences 35 864 16 China

3 Norwegian University of Science and Technology 34 2977 23 Norway
4 China Agricultural University 33 863 17 China

5 Beijing Normal University 26 847 19 China

6 Aarhus University 26 n74 17 Denmark
7 University of Sydney 25 2323 19 Australia
8 Wageningen University & Research 23 548 12 Netherlands
9 Tsinghua University 20 725 13 China

10  Chinese Academy of Agricultural Sciences 20 373 1 China

TP represents the total publications of one institution during 2007-2022; TC represents the total citations received by one institution.
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Figure 3. The collaboration networks of the most productive countries/territories (A); authors (B); institutions (C); and the co-
occurrence network of the most frequently adopted keywords (D).

The top 56 institutions with 10 or more publications were selected for collaboration network analysis.
Chinese Academy of Sciences, University of Chinese Academy of Sciences, and Norwegian University of
Science and Technology, which are the top 3 most productive institutions, are also the most collaborative
ones [Figure 3C]. They have collaborated with 26, 17, and 16 of the other 55 institutions, respectively. In
addition, it is clear that the Chinese Academy of Sciences and the University of Chinese Academy of
Sciences are the most active cooperation partners with 33 collaborative publications, followed by other
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partnerships with collaborative publications ranging from 1 to 7, most of which are located in developed
countries. It is suggested that more efforts should be made to enhance collaboration between research
institutions in developed countries and those in developing countries so that valuable localized insights can
be provided by the local institutions*.

Analysis of keywords

Since keywords can identify the research focus of one paper, keywords of CF-related publications were
analyzed. Among the selected 2,113 publications, 1909 publications have keywords. Some keywords have
similar meanings, such as “carbon footprint” and “carbon footprinting”, “life cycle assessment” and “life
cycle analysis”, “greenhouse gas emissions” and “greenhouse gas”, and so on. These similar keywords were
merged and the singular and plural forms of keywords were unified. After such a treatment, 4810 keywords
were finally extracted from 1909 publications for further analysis. 80.8% of these keywords were adopted
only once, while keywords that appeared more than three times accounted for 6.0% of the total. The top 16
most frequently adopted keywords are listed in Table 6. The network of the most focused keywords with a
frequency of more than 10 is shown in Figure 3D. The size of each node represents the number of co-
occurred keywords of each keyword, while the width of each connecting line reflects the co-occurrence
frequency between two keywords. These keywords can be categorized into three groups: research purposes,
research objects, and research methods.

Based on the indicators of global warming potentials, CF represents the total quantities of all GHG
emissions that have a global warming impact. Therefore, it is not surprising that “carbon footprint” (1135
times), “greenhouse gas emissions” (378 times), “carbon emissions” (154 times), “climate change” (148
times) and “global warming potential” (45 times) rank 1st, 3rd, 4th, 5th and 8th by their frequencies,
respectively.

In terms of research purposes, it is clear that CF has been used as an indicator to assess the environmental
sustainability of a system. For instance, Clarke et al. evaluated the sustainability of the UK waste
management system by calculating the CF of different management options”. In particular, it has been
suggested that CF and other footprints, such as water, ecological, and energy footprint, should be integrated
into an overall evaluation framework*”. Such a framework can help provide a comprehensive view of the
environmental impacts associated with natural resource use and waste discharge. Such research hotspots
can also be derived from the co-occurrence results shown in Figure 3D. For instance, the co-occurrence
frequency of “carbon footprint” and “water footprint” is 20. For case studies, CF has been widely used as a
quantitative tool to assess the emission mitigation potential of diverse strategies, such as material efficiency
strategies'”, energy efficiency strategies™”, biogas energy systems'™, efc. In addition, a few studies evaluated
the performance of circular economy promotion by investigating CF"”.

In terms of research objects, product CF has been the mainstream issue compared to other micro entities,
such as enterprises and individuals. For specific products, energy products (e.g., biofuel)* and agricultural
products (e.g., crops and livestock)**** have attracted much attention, the latter of which should place
greater emphasis on GHG emissions mitigation by soil carbon sequestration. While the research of product
CF is becoming systematic and mature, more efforts should be made to fill research gaps regarding
corporate CF, especially inconsistent public disclosure and commonly overlooked scope 3 emissions, i.e.,
the indirect emissions induced by up- and downstream activities along the value chain®*””. For macro

58,59

entities, CF analysis has been carried out at national, regional, city, and household scales®**. It is worth
noting that the frequency of “China” is much higher than those of other countries. The main reason is that

as the world’s largest carbon emitter, China has adopted many policies and measures to tackle climate
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Table 6. The top 16 most frequently adopted keywords

# Keyword Frequency # Keyword Frequency
1 Carbon footprint 135 9 Energy consumption 41
2 Life cycle assessment 424 10  Environmental impact 40
3 Greenhouse gas emissions 378 n Global warming 39
4 Carbon emissions 154 12 China 36
5  Climate change 148 13 Carbon sequestration 32
6  Sustainability 83 14 Energy 29
7  Input-output analysis 58 15 Product carbon footprint 26
8  Global warming potential 45 16 MRIO analysis 26

change. Under such contexts, adequate research funds have been provided to support relevant studies,
among which CF is a key research field.

In terms of research methods, LCA has become the preferred tool of CF accounting because it can provide
valuable insights to different stakeholders involved in each life cycle stage of a product. Time series analysis
shows that the frequency of “life cycle assessment” increased from 2 in 2009 to 79 in 2022, resulting in its
frequency ranking 2nd after “carbon footprint”. Input-output analysis is another popular accounting
method. Co-occurrence analysis shows that multi-regional input-output (MRIO) models have been widely
applied for consumption-based accounting, which can help uncover carbon emission transfer through
interregional or international trade'®..

CITATION ANALYSIS

Two kinds of information, i.e., citation counts and references, are both considered for citation analysis to
provide a comprehensive analysis'®. Citation counts refer to the number of citations a publication has
received so that those influential ones can be identified. References of the selected 2113 publications were
retrieved to conduct a co-citation analysis. Since the frequent co-cited references have similar subjects, the
core research topics in the CF-related field can be identified'*”.

Most cited publications

The total citation is an effective indicator to measure the academic value of a paper. Our results show that
the total citations of the top 100 most cited publications range from 94 to 1,051, totaling 19,440. Among
these publications, the papers published in 2014 and earlier contributed 71.5% of the total number of
citations. It makes sense that the papers published in the last few years received fewer citations than those
published in the early years, since the former have not received much attention within a relatively shorter
time. However, the total citations of some valuable newly published papers will continue to increase.
Therefore, the top 11 most cited publications were identified based on their average citation per year (TC/
Y), rather than their total citations. As shown in Table 7, there is an obvious gap between the TC/Y and total
citations of publications. For instance, the paper published by Hertwich and Peters” in Environmental
Science & Technology in 2009 has the highest total citation. This paper has received wide attention since it
is the first one to quantify and compare the CF of different countries. However, this paper is not as
frequently cited as the more recently published papers by Liao ef al®, Lenzen et al.*’, and Zheng and
Suh!®l. These three papers rank 1st, 2nd, and 3rd by their TC/Y, respectively.

More specifically, titled “A sustainable wood biorefinery for low-carbon footprint chemicals production”,
the paper with the highest TC/Y (108.8) was published in Science in 2020. This paper developed a
sustainable biorefinery that converted wood into useful chemicals such as phenol and propylene by
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Table 7. The characteristics of the top 11 most frequently cited publications

# Author Year Journal TC/Y TC Reference
1 Liaoetal 2020 Science 108.8 435 [63]
2 Lenzenetal. 2018  Nature Climate Change 104.2 625 [64]
3 Zhengand Suh 2019  Nature Climate Change 83.4 417 [65]
4 Hertwich and Peters 2009 Environmental Science & Technology 70.1 1051 [7]
5 Benjaafaretal. 2013 IEEE Transactions on Automation Science and Engineering 67.5 743  [66]
6 Tennison etal. 2021  The Lancet Planetary Health 47.7 143 [67]
7 Belloetal 2018  Journal of Environmental Management 425 255  [68]
8 Wiedenhofer et al. 2017  Nature Climate Change 39 273 [69]
9 Huaetal 20M International Journal of Production Economics 36.8 478  [70]
10 Malik et al. 2018  The Lancet Planetary Health 34 204  [71]
1 Pichler et al. 2019  Environmental Research Letters 34 170 [72]

TC/Y represents the average citation per year received by one paper; TC represents the total citations received by one paper.

considering both cost and environmental competitiveness. The results of techno-economic analysis and life
cycle assessment show that the proposed production process is not only profitable, but also has a lower CF
than that of fossil-based production. Titled “The carbon footprint of global tourism”, the paper with the
second highest TC/Y (104.2) was published in Nature Climate Change in 2018. This paper quantified
embodied carbon flows between different countries driven by global tourism from both residence-based
accounting and destination-based accounting perspectives. The carbon burden faced by tourist destination
countries and the growing importance of global tourism-related emissions were highlighted in this paper.
Titled “Strategies to reduce the global carbon footprint of plastics”, the paper with the third highest TC/Y
(83.4) was published in Nature Climate Change in 2019. This paper assessed the global life-cycle GHG
emissions of plastics under various mitigation strategies. The results show that four strategies, namely bio-
based plastics, renewable energy, recycling, and demand management, need to be combined for global GHG
emissions mitigation from plastics. The research topics of these three papers reflect that sustainability
assessment, consumption-based CF accounting, and assessment of GHG emission mitigation potential are
hotspots in CF-related studies. In addition, other most cited papers reflect the focus on service sectors (e.g.,

67,71,72

the healthcare sectors'*”””) and the impact of corporate management strategies on CF (e.g., supply chain

management'® and inventory management™).

Co-citation and topical analysis

1,156 references with total citations greater than 5 were used for co-citation analysis. Due to the large
amount of references, only the references that were co-cited more than 10 times were finally visualized for
network analysis so that all the significant connections can be presented, as shown in Figure 4. The size of
each node represents the number of co-cited papers for each paper, while the width of each connecting line
reflects the co-cited frequency between two papers. It is clear that 4 major clusters were identified,
representing different research topics. Table 8 lists the top 5 most-cited references in each cluster.

Cluster 1 is the largest one, with 35 papers. The research topic of this cluster is mainly focused on
consumption-based CF at national and household scales. MRIO models were commonly applied by such
studies so that the global supply chain can be linked to local consumption activities. Relevant studies
quantified carbon leakage due to international trade, thus providing valuable insight into the equitable
allocation of carbon emission responsibility between producers and consumers. In addition, household-
scale studies in cluster 1 uncovered the impact of income level and consumption structure on household
CF. In this regard, cluster 3 has a similar research topic, so its connection with cluster 1 is relatively close.
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Table 8. The top 5 key references in each cluster

# Cluster1 Cluster 2 Cluster 3 Cluster 4

1 Hertwich and Peters"”’ (2009) Lal”* 2004) Minx et al.”* (2013) Larsen et al.*™ (2013)

2 Wiedmann and Minx"®! (2008) Cheng et al™ o) Wiedenhofer et al.'*”’ (2017) Ozawa-Meida et al.*¥ (2013)

3 Weber and Matthews™™ (2008) Hillier et al.”® (2009)  Baiocchi et al.”®™ (2010) Alvarez et al.”™ (2014)

4 Minxet al””’ (2009) Yan et al”” (2015) Jones and Kammen'®" (2014) Thurston and Eckelman®® (2011)
5 Druckman and Jackson™ (2009) Gan et al"® (2014) lvanova et al.®? (2016) Robinson et al.”®” (2018)
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Figure 4. The topical clusters of most commonly co-cited references.

Cluster 3 consists of 17 papers, focusing on the impact of consumer behavior and socio-economic factors
(e.g., income, household size, and car ownership) on the household CF. By investigating the CF of
households with different socioeconomic and demographic characteristics, relevant studies can provide
policy implications for local governments to establish carbon management strategies for different
populations. Cluster 2 has the second most papers (30 papers), with its research topic focusing on the CF of
agricultural systems. Direct and indirect emissions are both considered in such studies, of which the former
is attributed to fertilizer application and mechanical operations (e.g., tillage and irrigation), while the latter
is attributed to agrochemical manufacture (e.g., fertilizers and pesticides). Therefore, these studies can help
identify key options for reducing agricultural GHG emissions, thus promoting sustainable management of
agricultural systems. Cluster 4 has the fewest papers (10 papers), indicating that its research area has
received less attention. Its research topic is the CF of universities, covering various university activities,
including building energy use, travel, and procurement of goods and services. Relevant studies can help
identify the opportunities for GHG mitigation in universities so that proper decisions regarding sustainable
development can be made by campus administrators.

MAJOR METHODS OF CARBON FOOTPRINT CALCULATION

The methodological frameworks of CF calculation have been developed over a long period of time®. There
are various ways to calculate the CF, and the commonly used methods for CF calculation are life-cycle
assessment (LCA), input-output analysis (IOA), and Intergovernmental Panel on Climate Change (IPCC)
accounting method, especially LCA and IOA methods for calculating CF are more applied.
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Life cycle analysis

CF calculation methods are mainly derived from the principle of life cycle assessment, for example, the CF
of a product is a necessary byproduct of any life-cycle assessment™’, which is the most widely used method
so far. LCA is a method to calculate the potential effects of all inputs and outputs on the environment of
specific products, services, processes, or activities throughout their life cycle, which is based on the whole
process analysis from cradle to tomb. ISO has formulated the ISO 14040 standard, which divides the LCA
implementation steps into four parts: goal and scope definition, inventory analysis, impact assessment, and
result interpretation. The International Organization for Standardization (ISO) produced a series of LCA
Standards””*” focusing on the technical and organizational aspects of an LCA project, and some countries
have developed their own GHG accounting guidelines. The LCA calculation process provides sufficient
guidance for product development and optimization, strategic planning, public policy formulation, market
development, and so on.

At present, a large amount of literature analyzes the CF of micro entities and processes such as industrial
processes, transportation, buildings, water supply systems, medical and health care, etc. based on LCA"*".
For example, Li et al. investigated precast concrete pile products and their CF from three sources at the
construction stage based on the LCA method, which are material transportation, construction equipment,
and office area, and the carbon emissions of construction machinery reached 73% of the total carbon
emissions””. Raeanne Clabeaux presented a streamlined LCA approach to assess the CF of a university
campus, and GHG sources presented in this CF include steam generation, refrigerants, electricity
generation, electricity life cycle, various forms of transportation, wastewater treatment, and paper usage.
Scope 1 emissions accounted for about 19% of the CF, while Scope 2 and 3 emissions each contributed
nearly 41% to the CF*. Gamage(2008) compared the CF of two different types of office seats based on the
LCA method, and found that the seat containing aluminum in the raw material had a higher greenhouse
effect coefficient"™.Quanwei Chen investigated CF and carbon reduction potential using a cradle-to-cradle
LCA approach on lithium-ion batteries for electric vehicles in China, and reached the conclusion that
battery recycling is a short-term carbon reduction measure, and the long-term carbon reduction measure is

101]

the greening of electricity"*'l.

LCA for CF measurement is a down-top method; the emission sources are broken down into different
categories for convenient quantification. It is suitable for the calculation of CF at the micro level, which
mainly focuses on specific products and services so far, and the calculation process is detailed and accurate,
but it becomes too complex for large firms that cover more than second-order emissions, thus

9,102

underestimating the actual footprint®'®”. It is very useful for improving the identification of areas of
process. However, the collection of data will seriously affect the calculation results, especially since the
collection of original data is not always convenient, efficient, and timely. The use of secondary data in the
case of unavailability of original data will affect the credibility of calculation results. Moreover, the
determination of life cycle stages and the determination of boundaries are complex and difficult. System
integrity is often poor due to boundary restrictions. For the analysis of raw materials, product supply chain
and retail are not in-depth, such as the carbon emissions of retail cannot be obtained directly, which can

only use the sample mean instead.

Input-output analysis

Although the process-based life cycle analysis has been widely concerned so far, it requires different
assessment methods for other applied studies of CE. With its focus on direct and indirect carbon emissions
of specific economic activities, CF can be clearly and intuitively displayed for input-output (I0)
practitioners”'*”. The methodological framework for IOA was formulated in 1936"° and enriched in the
1970s""”. Based on the calculation outcomes of input-output tables, IOA reflects the relationships among
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initial inputs, intermediate inputs, total inputs, intermediate products, final products, and total outputs by
balance equations, which make the source and destination of each flow clear, and show the interdependence
of various production activities and economic agents"**'””. The input-output analysis of CF in the literature
began in the late 1980s and has grown rapidly in the past 14 years"*. The economic Input-output-life cycle
assessment model (EIO-LCA) was put forward by Matthews in 2008, which can be used to evaluate the CF
of industrial sectors, enterprises, households, government organizations, and so on"..

At present, many scholars have applied I-O method to calculate carbon footprint. According to the different
trade types between the research object and the surrounding areas, the I-O method can be divided into
unilateral I-O model (single-region I-O,SRIO), bilateral I-O model (two-region I-O,TRIO) and multilateral
I-O model (multi-region I-O,MRIO)"*"**'* For example, Hertwich ef al. calculated the CF of 73 countries
and 13 regions at the national scale based on the MRIO model, and found that the CF of each country
differed significantly. Globally, 72% of the CF was due to household consumption, while investment and
government consumption were 18% and 10%, respectively. The CF of developed countries focused more on
transportation and product production, while the carbon footprint of developing countries was more
inclined to food and service”. Herrmann calculated the CF of trade between developed countries and newly
industrialized economies based on IOA, and showed that production transfer from developed countries to
newly industrialized countries was a win-win situation"'.

As a top-down calculation method, IOA mainly measures carbon emissions of certain sectors or industries
at meso and macro scales. Using the information provided by the input-output tables, IOA calculates the
direct and indirect impact on the environment caused by economic changes, which can transform the
complex economic relationship between production sectors or regions into the physical relationship of
GHG emissions. With the advantages of clear principles and process, IOA can reflect the exchange process
of emissions, thus making the direct and indirect emission relationship clear"”>"*"""”, and the influence of
different factors on carbon emissions can be calculated"*”. Another advantage is that the calculation process
lacks detailed details; once the model is established, it makes less effort to calculate, and most of the data are
required to be secondary data, which effectively reduces the workload.

The IOA accounting also has two disadvantages: one is that the evaluation data mainly use the average
carbon emissions data, while the values of the life cycle CF of the economic subjects are not completely the
same, so it is easy to make errors when using average method to process data; the other one is that the
boundary of the system is inseparable, and the data obtained are only industrial data, which can only be
used to evaluate the CF of a certain department or industry, so it is impossible to conduct effective micro
research on the CF of different links and products.

IPCC calculation method

The IPCC calculation method refers to 2006 IPCC guidelines for National Greenhouse Gas inventories
prepared by the United Nations Committee on Climate Change, which provides a detailed method for
calculating GHG emissions and has become an internationally recognized carbon emissions assessment
method. The 2006 IPCC guidelines classified all anthropogenic sources of GHG emissions into four sectors-
energy, industrial process and product use, agriculture, forestry and other land use, and waste. According to
IPCC, the calculation method of CF is not identical for different departments, but the easiest and most
commonly used method is that carbon emissions is equal to the activity data times the activity factor. Due to
the difference in the production process, regional distribution, and the technical level, the activity factor is
often different in different regions. IPCC gives various default emission factors for different production
processes and different countries, and the default emission factors provided by IPCC can be directly
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adopted in the absence of relevant data"'*""".

The advantage of the IPCC calculation method is that it considers almost all GHG emissions of Scope 1 and
Scope 2 in detail and comprehensively, and provides specific emission principles and calculation methods.
However, its disadvantage is that it is only applicable to the study of the CF of the closed island system, and
the direct carbon footprint in the study area is calculated from the perspective of production, but the
embodied carbon emissions cannot be calculated from the perspective of consumption**,

CONCLUSIONS

With the growing international consensus on carbon peaking and carbon neutrality targets, CF-related
research has attracted wide attention all over the world. Based on the life cycle theory, the CF can be applied
as a quantitative tool to assess the GHG emissions of the entire process on the macro, meso, and micro
scales, in which the spatial and temporal perspectives can be both considered. Lots of studies on CF
evaluation have been conducted, so it is critical to provide an overview of the research progress. Based on
the bibliometrics and knowledge graph, we conduct a systematic literature review to uncover the primary
performance of CF-related publications, identify the research focus, and provide useful information to
researchers. In order to summarize the existing research outcomes and visually categorize the development
trend of future research, this paper reviews 2113 CF-related articles published from 2007 to 2022 using
Bibexcel and Gephi softwares. This paper reaches the following conclusions:

By using the Web of Science Core Collection database, 2113 articles were collected for analysis. Overall, the
number of annual publications, the average number of references and authors per paper, and the published
countries all increased during 2007-2022, reflecting a growing interest in this field. For specific academic
disciplines, most of these papers focus on the fields of environmental sciences, green sustainable science
technology, and environmental engineering. Additionally, Journal of Cleaner Production, Sustainability,
and Science of the Total Environment are the most productive journals in the CF-related field.
Furthermore, the academic performance of three academic groups, i.e., countries/territories, authors, and
institutions, was assessed. Results show that China and USA are the most influential countries with the
largest number of publications and highest h-indices. These two countries are also the most active ones in
international collaboration in this field. However, from the perspective of authors, the majority of the most
productive authors are from European countries such as Iceland and Norway, indicating that authors from
less productive countries also have made a significant contribution in this field. From the perspective of
institutions, the Chinese Academy of Sciences is the most productive and collaborative institution, followed
by the University of Chinese Academy of Sciences and the Norwegian University of Science and
Technology.

In order to identify research hotspots, keyword analysis and citation analysis were conducted, the latter
considering both citation counts and co-citations of references. Relevant results show that sustainability
assessment, consumption-based CF accounting, and emission mitigation potential assessment are research
hotspots in this field. In addition, according to the four main clusters identified by co-citation analysis,
specific research topics that have received the most attention include consumption-based CF accounting at
national and household scales, as well as for agricultural systems and universities.

In terms of research methods, LCA, input-output analysis and IPCC accounting method are the most
commonly applied methods. LCA is a process-based life cycle analysis mainly focused on specific products
and services so far, which is a down-top method and suitable for the calculation of CF at the micro scale.
IOA is a top-down calculation method, which mainly measures GHG emissions of certain sectors or
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industries at meso and macro scales. IOA can reflect the exchange process of emissions, thus making the
direct and indirect emission relationship clear. The IPCC calculation method considers almost all GHG
emissions of Scope 1 and Scope 2 in detail and comprehensively, which is suitable for the CF calculation of
closed island systems from the perspective of production.

In general, this study provides a holistic view of CF-related studies, covering the development trend of
research, active research groups, research hotspots, application of research methods, etc. Therefore, the
results of this study can help researchers in this field to identify future research directions and find suitable
scholars or institutions for collaboration. Furthermore, valuable information can be provided for decision
makers to increase investment in research & development activities to address practical challenges (e.g.,
incomprehensive corporate CF accounting standards) and popularize promising emission mitigation
projects (e.g., biorefineries). However, some limitations still exist. Firstly, although the most relevant
publications with titles including “carbon footprint(s)” were selected for bibliometric analysis in this study,
some relevant publications that only include this term in their abstracts or keywords could not be captured
under such query option of “title”. Some excellent publications that are not in English or are not articles
were not considered for analysis as well. Secondly, detailed information on the development trend of
research hotspots cannot be provided because the time series analysis of keywords and research topics was
not conducted in this study. These limitations should be addressed by future studies.
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