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Abstract: This study aims to comprehensively depict a thematic evaluation within the context
of carbon-neutral buildings over this century at variable time phases (2000-2008, 2009-2016, and
2017-2023). The overarching objectives of this study are delineated into three (3) contexts. Firstly,
a bibliometric network encompassing influential research documents, authors, prominent journals,
organisations, and countries is erected in pertinent fields. Secondly, significant terms are extracted
from the scientific literature to exhibit co-occurrence patterns. Finally, an analysis of the evaluative
clusters across variable phases was conducted to ascertain their intricate interrelations. The software
tool VOSviewer Version 1.6.19 successfully achieves the initial objectives by visualising networks
based on co-authorship, citations, co-citations, and bibliographic coupling. The ultimate goal of this
research is fully realised through the application of the Science Mapping Analysis Tool (SciMAT),
Version 3, which facilitated the evaluation of diverse clusters, phases, and thematic domains. The
findings from the initial stages of research conducted on carbon-neutral buildings primarily revolve
around energy-savings measures, environmental impacts, and the pursuit of energy-efficient design.
As the research progressed into subsequent phases, the scope of inquiry broadened into specific
themes, such as (1) optimisation, (2) retrofitting, (3) transitioning, and exploring (4) phase change
materials (PCMs). Moreover, the areas of study continued to expand by developing diverse scenarios,
algorithms, and digital twin technologies. The graphical representations of the strategic diagrams,
evaluation areas, and cluster networks are a valuable resource for practitioners and policymakers,
offering valuable insight and understanding of the multifaceted landscape of thematic evaluation in
carbon-neutral buildings, thus facilitating further investigations and informed decision making.

Keywords: thematic evaluation; bibliometric network; science mapping analysis; strategic diagrams;
phase change materials

1. Introduction

Buildings are responsible for approximately 40-45% of both total carbon dioxide (CO5)
emissions and total energy consumption, significantly contributing to global warming.
Therefore, the building sector provides the best opportunity to reduce carbon emissions.
Zero-carbon buildings (ZCBs) are considered an essential strategy for reducing this sector’s
carbon footprint, and it is a policy that is being implemented worldwide [1]. The United
Kingdom (UK) first adopted this initiative in April 2007 to achieve a zero-carbon policy
for new residential dwellings and commercial buildings, respectively, by 2016 and 2019 [2].
A regulatory board was established by the European Union (EU) to ensure all newly
constructed buildings built after January 2021 are required to fulfill the terms and conditions
of nearly zero-energy buildings (ZEBs) [3]. Similarly, the Energy Independence and Security
Act (2007) in the United States (US) authorises initiatives of commercial building projects
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to secure net-zero energy goals by 2030—a specific target for achieving 50% zero-energy
buildings by 2040 and 100% by 2050 [4].

Despite these policy formulations, implementing carbon-neutral construction project
schemes is comparatively lower worldwide than expected. Several types of research have
been conducted to identify factors influencing ZCBs and similar strategies (e.g., ZEBs)
concerning definitions [5,6], policies [7,8], calculations [9], and construction [10]. Therefore,
a large number of review articles have been published merging these observations. Some
of these studies define standardised methods of calculating ZEBs [11-13]; some analyse the
performance of buildings across diverse climates [14,15]; policy formulations [16,17]; and
innovative heating, ventilation, and air conditioning (HVAC) systems [18,19]; and some
are reviews of energy simulation tools [20,21]. However, the rapid development of this
research has made it impossible to include multiple aspects of carbon-neutral buildings in
a systematic literature review. Moreover, the diverse dimensions of this research also make
it complicated due to the encompassing of a wide range of disciplines. Bibliometric and
scientific mapping analysis tools allow for the clustering of variable factors based on their
text mapping functionality [22,23]. The evolution of the carbon-free building concept has
gained significant attention by adopting different technologies at different research and
development phases. The development of digital twins that integrate building information
modelling (BIM) and computer vision (CV) has advanced knowledge, set a precedent,
sparked innovation in smart building research, and inspired the selection of sustainable
materials for the future built environment [24]. Implementing the Carbon Emission Trading
Pilot (CETP) improves cities” innovation capacity and boosts integrated economic and
environmental development [25]. Hence, creating a unified carbon emission trading policy
promotes low-carbon economic growth in a city and surrounding cities.

Hence, what are the major trends and leading research areas, as well as what is the
evolution of knowledge, in carbon-free buildings were identified as the research questions
of this study. Bibliometric and scientometric analyses enabled the assessment of met-
rics associated with the contributions of documents, authors, publications, organisations,
and countries, and the objectives were revealed through a thematic evaluation and by
identifying, measuring, and visually representing research domains.

Therefore, this study used text mapping functionality to analyse and explore the poten-
tial research themes covered by academic journals and scholarly articles. The VOSviewer
tool visualises language processing and leverages text mining to provide valuable insight
into research gaps. Its functionality extracts research keywords and principle themes from
documents to connect relevant terms in a particular study area. Hence, this study tracked
the change in research trends to identify new themes’ evolution, adaption, and emergence.
The systematic evaluation of these review articles was divided into three categories:

(1) First, this review assembled a co-occurrence network of influential research docu-
ments, prominent authors, leading journals, organisations, and countries in carbon-
neutral buildings.

(2) Second, this article focused on creating a bibliometric network of noteworthy terms
from the scholarly scientific literature that occurred frequently in conducting research.

(3) Third, this study analysed the evaluation of thematic clusters over this century in
different phases (2000-2008, 2009-2016, and 2017-2023) of research. Additionally,
the interconnection of these identified clusters is determined using scientific map-
ping analysis.

Hence, this article complements a systematic review approach to the existing literature
to explore specific aspects of carbon neutrality, which differs from other studies. So far,
to the authors” knowledge, this conjugate approach to science mapping analysis with a
bibliometric review has rarely been investigated concerning carbon-neutral structures.

An overview of green buildings within the last 20 years was analysed to visualise a
thematic evaluation of the ongoing research. At the beginning of this century (2000-2008),
green building research focused on reducing carbon footprints in the construction phase
by developing models and prioritising design [26,27]. Later (2009-2016), advancements in
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energy simulation tools and computer-aided design assisted designers and architects in
calculating building performance more precisely and accurately [28,29]. Energy-savings
technologies, like photovoltaic systems, building energy regulations, and phase change
materials, have been evaluated to develop standards and codes. The concept of zero-carbon
buildings, design resilience, energy rating assessments, and impact assessments gained
momentum in promoting sustainability during this phase.

Advancements in technology in recent years (2017-2023) cover variable aspects of
carbon-neutral buildings, emphasising interdisciplinary factors of sustainability. Retrofitting
building facades is a shift towards climate-responsive resilient design. The transition to
renewable energy sources and optimisation and application of phase change materials
have become more evident [30,31]. Various scenarios of zero-carbon building projects
are being analysed to determine best practices. Flexible indoor environments, effective
heating—cooling ventilation systems, and the formation of digital twins have become areas
of research interest. Emerging technologies are highly influencing the evolution of future
research, changing energy regulations, and leading to collaborations among engineers,
architects, scientists, and policymakers to combat climate change.

A broader perspective on carbon neutrality is contextualised in this review article by
prioritising the distinct challenges and achievements. Implementing future policy will be
fruitful by highlighting these newly emerging themes. Moreover, the interested scientific
community can open a new horizon for further exploration using the outcomes of this
research review.

2. Methodology

A comprehensive review was performed to identify influential themes and trends in
the research that has been conducted. The conceptual approach assisted in the identification
of the expanding research themes and the exploration of feasible solutions to emerging
problems. The methodological framework was developed in this study comprising three
complementary steps: (1) database formation, (2) data visualisation using VOSviewer, and
(3) thematic evaluation using SciMAT software, as shown in Figure 1. More details on these
steps are provided in the following sections.

Achieving carbon-neutral buildings involves the multidimensional aspects of effective
design, energy savings, suitable materials, policy implementations, and innovative tech-
nology, among others. The rationale for integrating the applications of VOSviewer and
SciMAT is that they enhance their complementary strengths and capabilities for the analy-
sis. VOSviewer provides a bibliometric overview of the research landscape by visualising
influential publications, authors, and keywords, while SciMAT evaluates research themes
over time using thematic analysis.

In this study, the bibliometric analysis tool VOSviewer was used with the fuzzy
analytical approaches of term mapping, term clustering, visualisation, filtering, and analy-
sis. However, the controlled vocabularies or existing ontologies were applied to create a
co-occurrence network [32]. Ontology-based visualisation is more meaningful at a stan-
dardised level and interprets the results within a specific subfield covering a broader
research domain.

VOSviewer and SciMAT are effective visualisation and science mapping tools. Partic-
ularly with the accelerated rate of publications outpacing the ability to organise a detailed
systematic review, these tools are crucial to keep pace with research trends, emerging topics,
and their evolution. Progress in machine learning and text mapping functionality enables
accessing the full text of a published article, including the title and abstract. However,
in-depth analysis of selected papers is not feasible using these tools. Hence, supplementary
details have been included in this systematic review.
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Figure 1. Core steps interpreted in the context of this research review.

2.1. Database Formation

Forming a database is a prior activity conducted to specify the objectives of a scientific
review because of its effect on the findings. Google Scholar, Scopus, Science Direct, Medline,
and Web of Science (WoS) are the available sources for a bibliometric analysis [33,34].
According to a comparative review of the scores of the content and searching ability, WoS
performs better in each category concerning coverage, citation counts, search refinement,
ease of use, results analysis, and collection activity [35,36]. Therefore, the current study
selected WoS as the primary database source to extract published documents from a
multidisciplinary database covering the abstract, citation, and index. An extensive range
of research articles was searched to design a text mapping functionality regarding carbon-
neutral buildings. A search syntax was designed with specific terms and the operator OR
to optimise the retrieval of relevant information from the WoS databases. For example,
energy efficiency and climate responsiveness are important strategies for reducing carbon
emissions and enhancing the practices of sustainable green buildings. Hence, carbon
neutrality goes beyond reducing emissions to achieve zero-carbon buildings connecting
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all of these relevant components. Therefore, a search syntax was developed using the
following key terms: “Carbon-neutral” OR “Sustainability” OR “Zero-carbon” OR “Zero-
energy” OR “Zero emission” OR “Energy efficient” OR “Climate Responsive”. These
terms were merged with “Building” OR “House” OR “Home” using the Boolean operator
“AND”. Using the search engine WoS, approximately 3964 documents were generated on
7 May 2023.

The search algorithm was designed to encapsulate these documents’ relevant key-
words, titles, and abstracts. This search directory indexed journals, conference proceedings,
review articles, data papers, editorials, book chapters, summaries, meeting notes, correc-
tions, and letters [37]. The documents were sorted for analysis, excluding publications not
relevant to the study’s objective. The sorting was performed in three steps: (1) journals,
conference proceedings, and book chapters were considered for analysis because of the
peer-reviewed process and implications. (2) Research documents published in English
were selected as another criterion. (3) Finally, sources belonging to agriculture production
and medical science sources were eliminated from the bibliometric thematic analysis. After
sorting the 1416 documents remaining in the database, we proceeded with the further
analysis. The complete records and cited references of these selected documents were
exported in a tab-delimited /RIS file format for the bibliometric analysis using VOSviewer
and as a thematic evaluation diagram using SciMAT.

2.2. Data Visualisation Using VOSviewer

Several software programs have been used to establish networks for scientific mapping
and literature reviews over the last two decades. These tools have been developed despite
their variations in establishing dynamic and active relationships among authors, journals,
disciplines, organisations, and countries. Going into a detailed discussion of these tools
and components is beyond the objective of this study.

VOSviewer is a widely used analytical tool for the bibliometric review of published
articles across variable subjects, such as solar photovoltaic waste management [38], urban
sustainability assessment [39], construction waste [40], building energy [41], and others.
The graphical interface of this user-friendly tool assists in visualising and constructing a
bibliographic network. Co-authorship, co-citations, citations, and co-occurrence-based net-
works are developed from data downloaded from WoS [42]. The application programming
interface (API) interactively cross-references the obtained data using available sources. This
study used the text mapping functionality to analyse and explore the potential research
themes covered by the academic journals and scholarly articles. The VOSviewer tool vi-
sualises language processing and leverages text mining to provide valuable insight into
research gaps. The functionality extracts research keywords and principle themes from
documents to connect relevant terms in a particular study area. Hence, this study tracked
the change in research trends to identify new themes’ evolution, adaption, and emergence.

The analytical accuracy of VOSviewer is improved by introducing a lexicon file that
sorts data by merging variant terms, such as author names [43]. A lexicon file of keywords
merges similar words into a single one; for example, zero-carbon building and ZCB are
considered identical. Moreover, the bibliographic coupling of the co-occurrence analysis
determines which leading countries are ahead in relevant fields of research using a density
visualisation. In addition, the co-citation analysis identifies the leading journals and
eminent publications in this area by clustering their interactivity.

2.3. Thematic Evaluation Using SciMAT

SciMAT is an open-access tool that was used in this study to differentiate the thematic
and theoretical evaluations of carbon-neutral buildings during this century in different
phases. This tool enables scientific mapping over a longitudinal timeframe. Subsequent
developments in the carbon-neutral building research cycle are required to be recognised
at preferred phases of evaluation. Although the concept of sustainability developed over
the past two decades, the necessary research initiatives for low-carbon or energy-efficient
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buildings date back prior to the 1940s [44]. This literature review has provided a critical
overview of the implications of reducing carbon footprints. Therefore, the thematic re-
view considered for this field was from 2000 to 2023. It was further divided into three
phases (2000-2008, 2009-2016, and 2017-2023) in light of the evaluation and expansion of
this sector.

The first phase (2000-2008) corresponds to the timeframe when the carbon-neutral
concept gradually gained worldwide momentum. Numerous countries set targets for trans-
forming construction during this period, especially building sectors, to zero carbon by stim-
ulating the ZCB concept. The concept accelerated through advances in decision-support
mechanism and assessment tools, as well as by paying attention to a multidisciplinary
approach. Recognition of the global sustainability issue was addressed using tools devel-
oped by different countries, such as LEED (US), BREEAM (UK), CASBEE (Japan), Green
Star (Australia), and others [45,46]. This timeframe is marked by international efforts to
simplify the implementation of ZCB. For instance, the Intergovernmental Panel on Climate
Change (IPCC) reports the necessity of the adaption of these policies for climate change,
vulnerability, and adaptation in its fourth assessment [47].

The second phase (2009-2016) shows the progress in assessing building performance
with the holistic approaches of the initiated tools [48]. However, this ZCB is interchange-
able with relevant variable terms within different countries. A conducted survey study in
2008 defined seventeen (17) terms to express carbon-neutral buildings across European
countries [49]. A follow-up action report in 2011 further modified the Energy Perfor-
mance in Building Directive (EPBD) document, representing 23 variable terms for higher-
performance buildings [50]. The complexity of carbon-free buildings was reduced by
creating an argumentative profile in 2014 along two dimensions [1], as shown in Table 1.
One dimension is to achieve holistic sustainability, and the other is to generalise the specific
objective as a context. The Paris Agreement, adopted in 2015, set a goal of maintaining
the rise in global temperatures to below 2 °C to mitigate the effects of climate change [51].
Hence, mitigation efforts have been promoted by adopting carbon-free policies in the
building sector to reduce emissions and energy consumption.

Table 1. Defined dimensions of carbon-neutral building-related terminology.

Carbon or Energy Perspective Sustainability Perspective
Group 01
Carbon neutral, emission, and energy Group 03
at the operational phase: Energy rating system:
Specific context Zero-carbon building (ZCB) BREEAM
Nearly zero-carbon building (NZCB) LEAD
Zero-emission building CASBEE
Zero-energy building (ZEB) Green Star
Nearly zero-energy building (NZEB)
Group 02 Group 04
General context Life cycle assessment (LCA) at the Green building
operational and embodied phase: Sustainable building

ZCB, NZCB, ZEB, NZEB, and others Ecobuilding

This assessment’s final phase (2017-2023) is when energy-efficient building research
obtained a new impetus following the Paris Agreement and the adoption of the Sustainable
Development Goals (SDGs) [52,53]. The built environment is recognised globally as a
significant contributor to greenhouse gas emissions (GHGs) and global energy demand. The
transition towards a sustainable and carbon-neutral environment was emphasised in this
phase by adopting the 2030 Agenda and associated SDGs [54]. The foremost advancements
in research during this phase were compiled to categorise the interacting factors between
buildings and the SDGs. This approach can determine evaluations of such improvements



Sustainability 2023, 15, 14861

7 of 31

to develop comprehensive scientific assessments of such improvements in specific sectors
in the future.

The Science Mapping Analysis Tool (SciMAT) was used in this study to algorithmically
explain continually appearing keywords [23]. The co-occurrence analysis featured the
keywords and their relationships. Misspelled terms and synonyms were clarified using
data collected from a manual of word clusters before conducting the analysis. The tool
acknowledges the authors” keywords and essential words in the publication using indexing
methods. The equivalence index normalised the frequency of keyword occurrences using
a clustering algorithm. An efficient algorithm performed the scientific mapping of the
bibliographic analysis, quantifying the significance by clustering groups into an h-index,
total citations, and average citations. The operating principles of this software are described
in the following sections.

2.4. SciMAT Analysis Principles

This software is a science mapping tool that integrates statistics, methods, and al-
gorithms from processing to the visualisation of the results [55]. Different bibliometric
networks are analysed based on the similarity and normalisation to separate the database as
per requirements. Four representations of the visualisation module—(1) strategy diagram,
(2) thematic network, (3) evolution map, and (4) overlay graph—were combined to better
understand the results, as shown in Figure 2.

Density
A

Highly developed isolated themes
(Quadrant 2)
High density and low centrality
Specialized themes and peripheral in character

Motor themes
(Quadrant 1)
High density and centrality
Related to applicable concepts and
conceptually closely related

r -

» Centrality

Emerging or declining themes Basic and transversal themes
(Quadrant 3) (Quadrant 4)
Low density and centrality values High centrality and low density
Weakly developed and marginal themes Enormous potential for development
v
(a)

Figure 2. Cont.
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Figure 2. Thematic visualisation principles of SciMAT, including the steps: (a) strategy diagram;
(b) thematic network; (c) evolution map; (d) overlay graph [55].

2.4.1. Strategy Diagram

A two-dimensional strategy diagram is presented to express the advancements in the
research on carbon-neutral buildings, as shown in Figure 2a. The nodes are representative
of the formed clusters, and the larger size is an indication of a theme’s expansion. The
associative strength of the different themes in a domain is known as centrality, which
is aligned with the horizontal axis. Centrality is expressed with the following equation:
C =10 x Y eyy, where u and v represent the themes of the two clusters separately [56]. A
higher centrality value indicates a more robust connectivity to other groups and is a critical
factor in a domain’s evolution.

In contrast, interrelationships within a specific theme are determined using density,
which aligns with the vertical axis, and it is expressed as d = }_ %, where i and j are
associated keywords within one theme, and w belongs to keywords with another theme. A
higher density value indicates strong internal ties and more exercise in this field. Variable
suggestions are drawn from the theme’s position in the strategy diagram [39].

2.4.2. Thematic Network

The thematic network is the connectivity with the other themes in the strategy diagram.
It is the complementary mapping of the strategy diagram by constructing a cluster network,
as shown in Figure 2b. It is the proportion of the network’s nodes that are associated with
the frequency of the keywords of specific documents. The width of the connecting links

between two nodes corresponds to the strength as an equivalence index. The equivalence
2

c4
index is expressed as ¢;; = -L-, where c;; represents the occurrence of these two keywords in
i

the number of articles [55]. The equivalence index value becomes one with the appearance
of these two words; in the case of no appearance, it becomes zero.
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The clustering algorithm was developed for the SciMAT analysis based on the related
key terms and their occurrence patterns in the relevant research. This advanced science
mapping tool counts hierarchical, k-means, and non-negative matrix factorisation to rep-
resent the cluster networking and interrelations [57]. The interrelationships among the
identified clusters were considered here using network analysis metrics. The network
centrality matrices calculate the centrality, density, and core document citation ranges to
explore and analyse the relationships among the clusters [58].

2.4.3. Evolution Map

The thematic evaluation was clearly able to identify different evolutionary phases of the
research. The area with a greater number of nodes represents a higher number of documents
associated with a theme [23]. The thickness of the connecting nodes represents keywords
between two themes that are identical in successive periods, as shown in Figure 2c. The
inclusion index is proportional to these connective links. The solid line implies that
two related topics are shared identically in two consecutive phases and are reciprocal. In
opposition to the solid line, the dotted line indicates shared keywords; however, the
successive topics are different from the previous phase. For example, a change in the
theme’s relevance occurred in phase 2; for A2, it progressed from Al. Similarly, B2 and C2
developed from theme B1 over consecutive study phases. The theme D1 seems to have
ceased advancing in the first phase, whereas D2 evolved as an emerging theme later.

2.4.4. Overlay Graph

The superimposed graph allows us to investigate the level of constancy between two
successive periods, as shown in Figure 2d. The circle’s written number specifies the key-
words counted in the topic during the indicated phase of the study. The horizontal arrows
express shared terms between the consecutive steps, and the number define interpolations
known as the stability index. The exiting arrow from the first node indicates the research
terms used in the first phase but not further investigated in the second phase. On the
contrary, the entering pointer in the node shows the emerging words that belong to the
second phase.

3. Results and Recommendations

This section provides an inclusive bibliometric and scientific mapping analysis of
1416 published articles. The publication tracked over this century (2000-2023) were identi-
fied for relative terms in the number of publications. Keyword co-occurrence, co-authorship,
citations, co-citations, and bibliographic couplings were analysed to identify influential
themes, authors, publications, organisations, and countries in this sector. The results
are presented using a bibliometric review in the VOSviewer software. Subsequently, the
results of the thematic evaluation are presented over time intervals using the mapping
tool SciMAT.

3.1. Bibliometric Review of Published Articles
3.1.1. Record of Publications Track

A general trend in published research articles per year concerning carbon-neutral
buildings is illustrated in Figure 3. As indicated, in the first phase, only a few articles, 49,
were published. In the subsequent phase, there was a sharp increase in the number of
publications, with a sum of 321, an average of 40.125. More research was conducted in the
later stage between 2017 and 2023, emphasising the importance of energy security. In the
following phase, 1046 documents were published, an increase of 225.86% over the previous
period, with an average of 149.42. The steady rise in published articles over this century
reflects the necessity of reducing carbon emissions in this sector. The carbon footprint
reduction of buildings” energy usage is expected to climb continuously, aligned with the
global commitment.
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Figure 3. Publications trend of carbon-neutral buildings per year. Note that the number of published
articles in 2023 was lower due to the search beginning in 2023. An ascending trend is anticipated for
2023 and beyond.

3.1.2. Network Visualisation in the Co-Occurrence Analysis

The selection of keywords is essential in a bibliometric analysis to identify influential
documents and databases by the authors [41]. A comprehensive understanding of research
progress is feasible through the network’s development connecting keywords in the re-
search arena. A computational modelling is performed on the simultaneous frequency of
appeared keywords and the strength between these words in published articles. Software
VOSviewer was applied in this study to erect bibliographic networks of occurring key-
words. VOSviewer creates co-authorship, co-occurrence, and citation-based networks from
the downloaded data of WoS. A network visualisation was conducted based on the selected
threshold of essential keywords and five (5) clusters, as shown in Figure 4. The node sizes
represent the frequency of occurring keywords in the existing literature worldwide. The
connectivity and association of these prime words are recognised by the proximity and
connectivity of the linking nodes.
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Figure 4. Network visualisation of significant keywords in the co-occurrence analysis.

Thirty (30) influential keywords were perceived to have significant occurrences in
the research arena, as shown in Table 2. The link strength indicates that these areas were
prioritised and highly linked to other terms. Carbon-neutral, sustainable building relevant
terms were used in the Web of Science database to obtain the relative keywords in this
research sector. An analysis of the keyword co-occurrence identified five (5) significant
clusters, as shown in Figure 4.

Table 2. Thirty (30) influential keywords with the highest link strength and occurrences.

S1. No Keywords Occurrences Total Link Strength
1 Performance 224 1442
2 Design 161 833
3 Buildings 152 962
4 Energy efficiency 148 833
5 Optimisation 127 688
6 Residential buildings 103 523
7 Life cycle assessment 99 643
8 Embodied energy 93 625
9 Renewable energy 91 569
10 Emissions 88 585
11 Construction 88 650
12 Strategies 85 493
13 Simulation 74 620
14 Sustainability 70 346
15 Storage 69 465
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Table 2. Cont.

SI. No Keywords Occurrences Total Link Strength
16 Cost 64 390
17 Management 64 536
18 Thermal comfort 62 367
19 Retrofit 60 461
20 NZEB 59 463
21 Zero-energy buildings 58 389
22 Greenhouse gas emissions 55 353
23 Climate change 53 315
24 Innovation 50 278
25 Multiobjective optimisation 45 341
26 Zero carbon 44 248
27 Heat 44 326
28 PV (photovoltaics) 44 228
29 Energy consumption 42 315
30 Environmental impacts 42 280

A cluster analysis defined the unique features of the individual clusters and their broader
application in sustainable carbon-neutral construction. This bibliometric analysis collaborated
across the themes to develop the research gap for further exploration. Cluster 1 covers the
broader aspects of building performance, aiming for effective design and operational effi-
ciency. Cluster 2 contributes to developing energy-efficient standards, government policies,
and frameworks addressing challenges in reducing energy consumption. Cluster 3 in-
volves the methodology for conducting life cycle assessment, calculating embodied energy,
and evaluating sustainability measures for construction projects. Cluster 4 encompasses
indoor environmental quality, occupants” thermal comfort, and residents’ behavioural
interventions for energy conservation. Cluster 5 emphasises refurbishing and renovating
the building facade, focusing on multiobjective optimisation and passive design strategies.

3.1.3. Keywords Focused on Zero-Carbon Buildings

This section is intended to provide information on the current track records of research
terms in carbon-neutral buildings based on the keyword co-occurrence analysis. Under-
standing the formation of research trends creates an origin for future innovation in relevant
fields. Five (5) major clusters were identified in the co-occurrence analysis to emphasise
variable sectors of sustainable carbon-free buildings, as shown in Figure 4.

Building Performance and Energy Efficiency

Cluster 1 is the largest group, shown in red, consisting of 35 keywords, and is mainly
assigned to building performance. Performance (224), design (161), and optimisation (127) are
three prime keywords that identified with significant co-occurrence and link strength. Links
to energy efficiency, strategies, policy, and demand highlight the significance of developing
standards in the built environment [59]. Cluster 2, in green, has 28 keywords that mainly
refer to energy-efficiency-related strategies, policies, innovation, and barriers, e.g., buildings
(152), energy efficiency (148), strategies (85), zero carbon (44), and others. Zero carbon also
appears in this co-occurrence analysis, maintaining a strong correlation with other terms.
A unified definition of zero-carbon building has been reflected from the perspective of a
carbon-neutral environment [60]. The operational phase essentially limits the theoretical
model of conceptualising a zero-carbon building. Growing awareness of conducting life cycle
assessments assists in elaborating boundaries related to policy implementation, geographical
conditions, climatic diversity, sectoral density, and others [61-63]. These interactive bound-
aries conclude that zero-carbon is a diversified complex techno-social system without any
specific system boundary.
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Life Cycle Assessment and Carbon Footprint

Cluster 3, in yellow, has 27 keywords strongly linking the carbon footprint of buildings
integrating both the operational and embodied phase. The occurrence of keywords is also
widespread, combining the concept of zero-carbon, such as life cycle assessment (99), em-
bodied energy (93), emissions (88), construction (88), and others. The integration of life cycle
assessment (LCA) facilitates the achievement of zero-carbon building targets, embodying the
disposal stage of a complete life cycle, acknowledged as cradle to grave [64—66]. LCA is a
supportive tool for policymaking regarding building facade renovations and underlines
the importance of conducting life cycle analysis at every stage. Several case studies have
been presented to compare emissions in different stages of a building’s life cycle: extraction,
manufacturing, transportation, construction, operation, maintenance, and disposal [67-69].
Relevant emissions of various life cycle phases are direct or indirect emissions from ac-
tivities. Calculations of carbon emissions include inventory, databases, regulations, and
modelling standards. Methodical patterns of identifying impacts provide guidelines for
selecting sustainable green materials and permit the cut-off of additional materials with
higher consequences.

Thermal Comfort and Multiobjective Optimisation

Eventually, Cluster 4 (blue) and Cluster 5 (purple), respectively, consist of 17 and
15 keywords. Cost (64), management (64), thermal comfort (62), retrofit (60), and mul-
tiobjective optimisation (45) are the terms that frequently appear within these clusters.
Designing buildings according to energy rating specifications may not lead to sustainable
solutions regarding initial investment cost, thermal comfort, and energy use [70,71]. The
combined multiobjective optimisation approach with the energy simulation tool assists in
optimising design irrespective of geographical location. Relative uncertainties of design pa-
rameters need to be optimised for trade-offs between energy consumption and associative
cost [72,73]. Retrofitting of building facade at a favourable combination improves indoor
thermal comfort, which can be dynamically assessed by an energy simulation tool [74,75].

3.1.4. Leading Journals

Co-citation analysis is applied in this study to identify relevant journals with a sub-
stantial contribution to the fields of carbon neutrality and energy reduction. Co-citation
analysis quantifies the intensity of association by including two key terms in a similar
article. The calculation is performed on the number of published documents, citations,
and link strength between the nodes. The variable size of each node is proportional to
the citation number of associated journal articles. The greater circle of nodes indicates the
document published by the journal with higher citations. Energy and Buildings, Renewable &
Sustainable Energy Reviews (RSER), Applied Energy, Building and Environment, Energy, Journal
of Cleaner Production (JCLP), Building Research and Information (BRI), Sustainable Cities and
Society (SCS), and Journal of Building Engineering (JBE) are prominent journals in this sector,
as shown in Table 3.

Table 3. Co-citation analysis of leading journals regarding documents, co-citations, and link strength.

S1. No Contributing Journals Documents Co-Citations Link Strength
1 Energy and Buildings 122 3780 345
2 Renewable & Sustainable Energy Reviews 28 2423 144
3 Applied Energy 54 1762 143
4 Building and Environment 48 1315 189
5 Energy 38 1141 92
6 Journal of Cleaner Production 34 954 102
7 Building Research and Information 20 824 94
8 Sustainable Cities and Society 31 750 109
9 Journal of Building Engineering 28 681 92
10 Energies 73 495 93
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Table 3. Cont.
SI. No Contributing Journals Documents Co-Citations Link Strength
11 Energy Conversion and Management 19 465 48
12 Sustainability 62 306 116
13 Renewable Energy 13 222 17
14 Buildings 42 218 103
15 Solar Energy 12 171 13
In addition, consistency is observed between the co-occurrence and co-citation analysis
by linking five (5) clusters with published articles, as shown in Figure 5. Energy and Buildings,
Building and Environment, and Energy cover building performance optimisation and relevant
issues. Applied Energy, RSER, JCLP, |BE, and Sustainability published articles related to
possible strategies, efficiency, and challenges, whereas the production and storage of energy
sources were the focus of the Solar Energy, Renewable Energy, and Energies journals. Energy
consumption-related policy implications are covered in Energy Policy, Sustainable Cities and
Society, and Sustainable Built Environment. Management and conversion for sustainable
decision-making processes have been prioritised in these published documents.
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Figure 5. Co-citation analysis of contributing journals.

3.1.5. Eminent Authors

A co-citation analysis of the cited references was performed in this study to obtain the
most prominent publications in the zero-carbon domain, as shown in Figure 6. The journals
with higher citations were included in this research. These influential journals were divided
into two clusters based on this characterisation. One group, in red, comprises twelve studies,
and the other, in green, consists of thirteen. The red group emphasises conceptualising,
implications, and methodological framework development [6,9]. The green-framed group
generally evaluates energy efficiency, strategies, environmental impacts, and life cycle
costing approaches [76,77]. However, both of the clusters lead to a path of achieving zero-
carbon buildings. The objectives and findings of the highly cited journals are presented
in Table 4.
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Figure 6. Eminent authors in the carbon-neutral building domain.

Table 4. Influential publications and their focus of study.

Reference Citations Co-Citations Total Link Strength Objectives of the Study
Consistent and clear definition, energy
Marszal et al. 2011 [9] 1447 92 382 calculation, defined metrics, period, energy
balance, and renewable energy source
Sartori et al. 2012 [5] 1079 77 301 Framework, definition, options, onsite
electricity generations, political comments
Hernandez and Kenny, Operational energy, construction energy, life
667 64 445 .
2010 [6] cycle, and net energy ratio
Sartori and Hestnes, Design criteria, operation energy, total
2007 [76] 1629 56 406 energy, and solar house
Ramesh et al. 2010 [77] 1614 53 307 Life cycle energy demand, and active and
passive design strategy
Osmani and O'Reilly, 299 43 95 Zero-carbon homes, legislative, financial,
2009 [78] technical, and cultural
Chastas et al. 2016 [79] 354 37 234 Life cycle energy analysis, passive building,

and embodied energy

3.1.6. Influential Organisations

The unit cited authors of co-citation analysis applied in this study to perceive the
highest contributing research organisation and influential authors in this domain. The as-
sessment is initiated considering the minimum citation of fifty (50) per author. International
Energy Agency (IEA), European Commission, International Organisation for Standardisa-
tion (ISO), Intergovernmental Panel on Climate Change (IPCC), United Nations (UN), and
United Nations Environment Programme (UNEP) are the top five organisations leading in
this research field, as shown in Table 5. The IEA develops necessary roadmaps towards a
carbon-neutral environment to achieve the 2050 target [80]. The IPCC initiated relevant
policies to mitigate climate impacts for vulnerable sectors and on adaption methods [81].
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The UNEP has emphasised decarbonisation to encourage energy transition to renewable
sources [82]. The contributions of these influential authors and organisations were clas-
sified into several sectors based on their performance, implications, efficiency measures,
environmental impacts, and policymaking.

Table 5. Influential organisations in the zero-carbon building domain.

Organisation Co-Citations Link Strength
International Energy Agency (IEA) 246 2723
European Commission 245 2035
International Organisation for Standardisation (ISO) 152 1843
Intergovernmental Panel on Climate Change (IPCC) 92 884

United Nations (UN) 51 465

United Nations Environment Programme (UNEP) 50 572

3.1.7. Dominant Countries

The countries that contributed most to developing the research arena on carbon-neutral
buildings were identified using a bibliographic coupling analysis. The analysis consists
of connections between countries citing the same document. The node sizes verify the
number of published articles per country. China (273), England (271), USA (194), Italy (100),
and Australia (83) are the five leading countries conducting research in carbon-neutral
energy-efficient buildings. The leading 25 countries” names with relevant documents,
citations, and links are presented in Table 6 to show the expansion of research and their
interconnectivity. Significant contributions in this sector arise mainly from developed
countries. However, a considerable lack is observed for African and South American
countries [83,84]. The unprecedented nature of urbanisation, population projections, and
regional differences are the prime factors behind this. A sustainable, carbon free world
is not feasible without the valuable cooperation and collaboration of these countries. On
the contrary, the geographical location of European countries enhances the partnership to
encourage sustainable development.

Table 6. Dominant countries in the carbon-neutral domain regarding co-cited documents and

link strength.

S1. No Country Documents Co-Citations Link Strength
1 China 273 6041 58,271
2 England 271 4180 84,309
3 USA 194 4165 38,681
4 Italy 100 2155 34,977
5 Australia 83 2104 27,816
6 Germany 64 1014 17,404
7 Norway 53 1089 23,429
8 Japan 52 1267 8072
9 South Korea 51 1737 12,372
10 Scotland 50 482 20,377
11 Spain 50 966 13,890
12 Canada 45 374 29,351
13 India 39 438 9162
14 Finland 37 411 7543
15 Belgium 35 527 32,730
16 France 34 712 16,538

17 Denmark 32 698 18,847
18 Greece 32 925 20,913
19 Netherlands 30 556 32,337
20 Sweden 29 573 12,814
21 Turkey 29 316 5923
22 Wales 27 570 6646
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Table 6. Cont.
SI1. No Country Documents Co-Citations Link Strength
23 Portugal 25 625 6015
24 Ireland 23 311 8847
25 Iran 21 1173 4203

3.2. Thematic Evaluation of Research Development

A thematic evaluation of the conducted research over the century at regular intervals
was performed using the Science Mapping Analysis Tool (SciMAT). A theoretical forma-
tion of carbon-neutral buildings was the priority for organising this review article to be
perceived and realised.

3.2.1. Strategic Structure

The disclosure of the theoretical formation in relevant fields was facilitated using
SciMAT software within a defined phase of research. The thematic research areas were
(1) driving motor themes, (2) specialised isolated, (3) marginally declining or emerging, and
(4) finally, potential themes for further exploration. The strategy diagram provides details
of these specified four quadrants in different phases. A critical analysis of the identified
phases is presented in this section. The node size corresponds to the published documents
at each stage of this research.

First Phase (2000-2008)

Energy is the prime consideration and driving theme for consolidating the other clus-
ters in the study’s first phase. Figure 7 shows two interrelated co-themes—buildings and
carbon footprint—which boost the primary theme of energy. The analysis of this phase em-
phasizes implementing a successful strategy that integrates renewable energy to reduce the
carbon footprint from energy consumption [85,86]. In addition, renewable energy sources,
such as waste, biomass, and traditional fossil fuels, allude to those burned in local boilers to
meet the electricity demands and heating—cooling (H/C) requirements [87]. Construction
and design are other sources that focus on higher energy efficiency. Lightweight design and
increased energy savings measures are suggested to respond to carbon neutrality [88]. Both
traditional onsite construction and offsite prefabrication were verified in this investigation.
Several studies prepared decision-making models over the building lifespan to quantify
building energy consumption following certain indexes [89-91]. Hence, energy was the
driving theme in this phase to reduce the carbon footprint of buildings, adopting efficiency
measures. However, the development of carbon-neutral buildings needed initiatives be-
cause there were no external links with other clusters. The subthemes were not internally
connected for the integrated formation of the carbon-free buildings concept. The focus
of the carbon neutrality theme was feasible for the establishment of the development of
robust external links with other themes.

Second Phase (2009-2016)

Energy savings were enhanced as a dominant peripheral theme, which was com-
posed of building energy regulators, photovoltaic systems, and others, as shown in
Figure 8. During this phase, sustainable tools were developed to assess the energy sav-
ings measures adopted by local planners and decision-makers to reduce greenhouse gas
emissions (Figure 8d). Two environmental assessment tools, BREEM and LEED, emerged
as widespread building performance applications. Comparative analyses of the different
tools clarified the features of these emerging tools [92-95]. Zero-carbon building and impact
were two of the prime areas of the motor themes in the strategy diagram of this period, as
shown in Figure 8b,c. The impact covers the environmental impact of residential buildings,
cost, technological change, construction [96-98], and defined application of the energy
simulation tools, emission models, and developing algorithms [99-101].
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Figure 7. Network diagram of the connecting theme and subthemes in the first phase (2000-2008).
(a) Strategy diagram. (b) Energy.

During this period, energy with connected links to building information modelling
(BIM), smart buildings, life cycle assessment (LCA), fuel cells, and energy transition occurrs
as an emerging research arena [102-104], as shown in Figure 8e. A comprehensive LCA
calculates the relevant emissions of materials manufacturing, extraction, transportation, op-
eration, and disposal at the end [105,106]. Fuel cell arises as a promising technology at this
time to generate electricity through an electrochemical reaction [107,108]. The zero-carbon
building theme gains momentum, aiming to address the challenges of sustainable buildings,
energy retrofitting, energy balance, and urban energy systems [109,110] (Figure 8c). The
integrated technique of efficient equipment, thermal insulation, and microgeneration is a
prioritised path toward restoring carbon-free buildings.
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Figure 8. Network diagram of the connecting themes and subthemes in the second phase (2009-2016).
(a) Strategy diagram. (b) Impact network. (c) Zero-carbon building network. (d) Energy savings
network. (e) Energy network. (f) Design network.

The design is acknowledged as a potential theme for further exploration of future
research. Essential factors in designing energy-efficient houses are linked with climate-
responsive, passive design strategies, photovoltaic systems integration, renewable energy
source, heat-pump systems, comparative analysis of design scenarios, and others, as shown
in Figure 8f. Passive design is a climate-responsive approach to ensure the thermal comfort
of inhabitants using orientation, shading, lighting, ventilation, thermal insulation, thermal
mass, and the glazing-to-wall ratio [111,112]. The conjugate application of photovoltaic
solar energy, water heating, and the passive gain of sunlight has the potential to achieve
zero-energy buildings and beyond [113,114]. This phase of the study identified improve-
ments in building performance, technological change as driving forces, energy regulations
as a specialised theme, building information modelling (BIM) and life cycle assessment
(LCA) as emerging implications of passive design, and houses with renewable sources
of energy as potential themes to expand upon. However, the widespread adoption of
this approach progressed by developing standards in technological evaluations to meet
inconsistencies later.
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Third Phase (2017-2023)

The strategy diagram in Figure 9a visualises how these themes evolved and interlinked
over time, highlighting the complex and interconnected nature of efforts to reduce carbon
footprints. This comprehensive approach acknowledges that addressing carbon emissions
requires a multifaceted strategy that spans multiple fields and domains, from sustainable
building practices to adopting renewable energy sources, technological innovations, and
supportive policy measures. The strategy diagram symbolises the diversified themes in
four relevant fields of reducing carbon footprint, as follows:

(1) Residential buildings, optimisation, and retrofit of building fagade are highlighted as
the driving or motor themes in the research arena.

(2) Digital twin and algorithm development are perceived as a specialised and isolated
themes in technological development.

(3) Indoor environments and comparable variable scenarios from different aspects are
the merging sectors in this field.

(4) Phase change materials and possible transition to carbon-neutral buildings are poten-
tial themes for further exploration.

The driving themes are acceptable applicable concepts with an intense number of
scholarly publications and citations. Interpreting the themes in carbon-free buildings at
this phase clarifies the design as a subpart of the major residential building theme, which
was a leading theme in an earlier stage (Figure 9b). Likewise, the transition and retrofit
of themes received a lot of attention and became popular due to their contribution to
reducing carbon emissions, as shown in Figure 9d,e [115,116]. A digital twin is an isolated
specialised theme that integrates advanced technology in sustainable building construction.
Connecting links to this theme, building information modelling, and building information
management were implemented in several studies to formulate energy-efficient carbon-
neutral buildings [117,118] (Figure %h). The design of residential buildings as zero-energy,
carbon emissions-free buildings, and the optimisation of energy, models, and environmental
impacts were prominent research themes in this phase [119-123]. These themes were steady
and uniform with the findings of the co-occurrence analysis of the earlier section. The
operational performance and cost optimisation of renovated buildings were considered
in several studies to obtain an optimised configuration [15,124]. Hydrogen vehicles as a
transportation medium to reduce global warming potential were plausible options instead
of diesel, gasoline, and petrol [125] (Figure 9c).
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Figure 9. Network diagram of connecting themes and subthemes in the third phase (2017-2023).
(a) Strategy diagram. (b) Residential buildings network. (c) Optimisation network. (d) Transition
network. (e) Retrofit network. (f) Phase change materials network. (g) Scenarios network. (h) Digital
twin network. (i) Algorithm network. (j) Indoor environment network.

The relative uncertainties of the transition at operational and embodied levels were re-
duced by conducting Monte Carlo simulations and developing numerical models [20,126]. The
significance of applying phase change materials in building facade maintained an ambient
temperature in buildings because of their thermophysical properties [127]. The potential
themes of transition and phase change materials enhanced connectivity among thermal
performance, energy efficiency, carbon reduction, cost-effectiveness, and overall sustainable
construction (Figure 9d,f). During this period, more attention was paid to optimising the
design for retrofitting, modelling, energy performance, impact assessment, etc. Several
themes became a crucial part of expanding future research, such as urban energy systems,
changes in behaviour, and the indoor environment (Figure 9g). Hence, the zero-carbon
building concept was still advancing because of the volatility of this dynamic sector. A
new hypothesis materialised to foster the perception of carbon-neutral buildings in a broad
context, such as communities, neighbourhoods, and districts, rather than a specified objec-
tive (Figure 9i). This review indicates the potential to reduce carbon emissions for entire
facilities of a neighbourhood area and not just each separate building [128,129].

The concepts of net-zero, nearly zero-carbon, and sustainable buildings are integral
to developing carbon-neutral smart cities and transitioning to cleaner energy sources.
By leveraging technologies like digital twins and advancements in building design and
operation, these concepts contribute to reducing carbon emissions while keeping costs
manageable and promoting the use of renewable energy (Figure 9h,i).

3.3. Shared Keywords between Time Phases

An overlay graph is a graphical representation of shared keywords between two con-
secutive periods. The numerical value inscribed in the circle indicates the number of
keywords used in the mentioned time phase. The number on the top of the arrow and
within the bracket expresses the shared keywords and the stability index between these
two consecutive phases. Outbound arrows represent the number of keywords that dis-
appeared from the research domain, while inbound arrows represent new additions in
each time phase. Thematic research topics increased significantly between the first and last
phases, a growth of 76 from 8 dominant issues over this century, as shown in Figure 10.
This is an indicator of expanding sustainable carbon-neutral building themes over time,
incorporating several new topics. This expansion is reflected in this subject’s thematic
evolution and underpinning of the methodological framework. The analyses performed
in the previous sections showed that topics related to optimisation, transition, and retrofit
have gained popularity in recent years.
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Figure 10. Overlay graph of the shared keywords among variable phases.

In addition, several components are required to ensure the erection of carbon-free
buildings, such as life cycle assessment (LCA), passive house design strategy, energy
simulation, energy retrofit, smart buildings, digital twins, hydrogen vehicles, zero-emission
neighbourhoods, and others. Moreover, the retained keywords over these three study
phases increased significantly from 8 to 63, implying that the domain has reached a greater
consolidation of emerging topics. A certain degree of stability was observed in this field
over these three periods. The number of keywords that disappeared from this relative field
was very low and occurred only because of inconsistent themes. On the other hand, many
keywords were unified in the search domain every period, indicating the highly volatile
nature of these domains and that this will continue to expand in the future.

Thematic evolution over variable phases of development indicates the diversity of the
zero-carbon building domain, as shown in Figure 11. The dynamic evolutionary process is
differentiated based on the intellectual breakup of the mapping functionality. However,
energy, zero-carbon building, impact, optimisation, and retrofit sectors are recognised
as the driving current themes or indicators of reducing carbon footprint. These research
areas largely corresponded to the key terms presented in the network visualisation of the
co-occurrence analysis. These dynamic themes were not equally exclusive, and there were
some overlaps. Overall, fifteen (15) potential research themes arose in the evolutionary
process across these phases. In addition, other emerging subthemes, such as eutectic mate-
rials, building information modelling (BIM), fuel cells, and smart buildings, appeared as
technological advances of central themes. Energy and design appeared as the main themes
in the second phase but also as substantial subcomponents of residential buildings and
optimisation in the third one. In this stage, residential building policies, measures, and
planning are influenced by adopting suitable designs and vice versa. Similarly, optimis-
ing energy-efficiency measures and environmental impacts were highly emphasised in
this phase.

Energy savings measures and environmental impacts are relevant in this phase, consid-
ering design, construction, and operation stages to reduce carbon footprints. Energy-saving
measures include strategies, technologies, and ideal practices at variable stages to minimise
high-carbon fossil fuel sources. The carbon neutrality system integrated advanced construc-
tion materials, insulation levels, LED lighting, high-efficiency HVAC systems, and smart
building automation systems. The effective measures to offset the environmental impact
include greenhouse gas emissions, resource depletion, and ecosystem damage through raw
materials extraction, transportation, operation, and maintenance.

Certain themes, such as digital twin technology, urban energy systems, energy transi-
tion, and phase change materials, gained prominence in the evolution of carbon-neutral
building research. Digital twin became a central concept, enabling real-time monitoring
and building energy management systems, optimising thermal comfort, indoor air quality,
and energy consumption. Urban energy systems led to the development of microgrids,
smart grids, and technologies to define energy resources, optimise energy production, and
reduce carbon emissions. The widespread adoption of renewable technologies, such as
solar panels, heat pumps, and wind turbines, accelerated energy transitions away from
fossil fuels. The integration of phase change materials (PCMs) in building facade led to



Sustainability 2023, 15, 14861 24 of 31

the development of standard energy ratings, improved thermal efficiency, and reduced
heating—cooling loads.

RESIDENTIAL-BUILDINGS

MOPTIMIZATION

O PHASE-CHANGE-MATERIALS

AR
\\OINDOOR-ENVIRONMENT

1st phase (2000-2008) 2nd phase (2009-2016) 3rd phase (2017-2023)
Figure 11. Thematic evolution diagram of three consecutive phases.

A SciMAT analysis was performed in this study to obtain the relative h-index, average
citations, and sum of citations, as shown in Table 7. The higher h-index for the residential
buildings (25) shows that a significant amount of attention and influence was gained in
the context of carbon neutrality. The higher average citation for the themes energy savings
(307.5) and zero-carbon buildings (122.5) during the phase 2009-2016 suggests that these
sectors were widely acknowledged and influential among the researchers. A lower sum
of the citations according to the research themes, such as digital twin (35) and phase
change materials (58), indicates further room for research, exploration, and opportunities
for further investigation.

Table 7. The h-index, average citations, and sum of citations of the research themes regarding
carbon-neutral strategies.

Research Theme h-Index Average Citations Sum of Citations
Residential buildings 25 16.32 1910
Optimisation 23 16.16 1568

Transition 11 12.92 336

Retrofit 16 14.53 857

Phase change materials 3 8.29 58

Scenarios 3 6.75 27

Digital twin 2 5 35

Algorithms 1 7 14
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Table 7. Cont.
Research Theme h-Index Average Citations Sum of Citations
Indoor environment 2 8.5 27
Impact 11 50.57 708
Zero-carbon building 9 122.5 1225
Design 15 47.5 1140
Energy 9 136.2 1362
Energy savings 2 307.5 615
Energy 3 23 92

4. Conclusions

This study provides a comprehensive overview of three phases (2000-2008, 20092016,
and 2017-2023) of research development in the carbon-neutral building sector, visualising
scientometric techniques. Five groups of research clusters were identified using a co-
occurrence analysis with the bibliometric software VOSviewer. The five clusters emphasised
building performance and design, energy efficiency and policy, life cycle assessment and
embodied energy, thermal comfort and passive design, renovation and multiobjective
optimisation, and energy-related strategies and retrofit.

A thematic evolution of three phases of carbon-free buildings was observed in this
study to track this area’s relevant progress and expansion. The findings of the overlay
and evolutionary map characterised the multifaceted nature of the zero-carbon building
domain, albeit with fragmented weighting factors of the research topics classifying the
evolutionary process. The thematic research was explored further after the second phase,
gaining significant momentum in the last continuing phase. The diversified nature of this
domain is expected to grow more, incorporating more themes in the future. From this
perspective, recommendations are drawn for conducting future research as follows:

Carbon-neutral building definition: The definition of a carbon-neutral building
needs refinement to encompass all stages of the life cycle, including extraction, manufac-
turing, transportation, operation, and end-of-life demolition. Climate-responsive passive
design, environmental impacts, and cost-effective design are three contributing factors that
are driving residential building subcomponents. In general, retrofit and renovation of a
building’s facade emerged as a motor theme in the third phase. Renewable energy systems,
post-occupancy evaluation, and energy rating tools are current subthemes to focus on as
driving forces. Storage fuel cells, hydrogen-driven vehicles, and heat pump systems are
integrated as applicable concepts to optimise carbon-neutral buildings. Evolution at this
phase emphasises the necessity of incorporating all life cycle phases as the components of
the regulation board to facilitate the zero-carbon building objectives.

Virtual model development: This study recommends integrating virtual models into
sustainable policymaking as an essential component. Digital twins represent virtual models
generated from real-time data, and they can effectively optimise design systems using
energy simulations, artificial intelligence, machine learning, and life cycle assessment even
before construction begins. The widespread adoption of this innovative technology leads
to significant reductions in emissions and energy consumption, both during the embodied
and operation phases. Installation of renewable systems and retrofitting building fagade
are two prime concerns to be catalysed by this scientific approach to gain an accurate
perception of emissions, cost, and thermal comfortability.

Urban energy system: A comprehensive understanding of the urban energy system
requires the perspective of developed frameworks and sustainability assessment tools.
Strengths, weaknesses, opportunities, and threats are the concerns of assessing sustainabil-
ity in urban energy systems. Developing smart cities is essential to urban energy systems.
Its effectiveness is improved by developing key performance indexes, system boundaries,
sustainable assessment tools, and green transport systems.

Energy transition: Reducing carbon dioxide emissions associated with the energy
sector transition is necessary to restrain global warming and climate change effects. This
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sector is acknowledged as an enormous potential theme for development by adopting
suitable technologies and appropriate policies. Secondary energy generators, end users, and
sectoral improvement are the primary barriers to implementing the energy transition [130].
Decarbonisation, photovoltaic systems, technological change, and energy retrofits are
subcomponents of this area for further advancement. However, progress in this arena is
challenging due to inconsistent policies, high initial investment, contests among energy
producers for decarbonisation, and overall acceptance of the public regarding changes in
energy consumption.

Phase change materials: The underlying principles of phase change materials (PCMs)
are potential sectors for further explorations. Excessive energy is stored at a higher tem-
perature and released at a specified temperature for phase-change materials. The relative
potential of increasing thermal mass within a limited temperature range creates a broader
opportunity for utilising it as a sustainable material [127]. The subcomponent of this theme
is the eutectic mixture, which is still in progress for building applications and encapsu-
lation. Only a few of these PCM materials are categorised as positive transitions around
comfortable temperatures, and the existing ones have a reasonable minimal heat of fusion.
However, the widespread applications of PCMs are still in progress because of identifying
the optimal performance of available PCMs.

The science mapping analysis identified three interconnected sectors to reduce car-
bon footprints effectively: building information modelling (BIM), building information
management, and renewable energy. Digital twin application is vital for achieving carbon
neutrality, as these connecting sectors play a pivotal role in optimising building and energy
systems, thus contributing to reducing carbon emissions and overall sustainability.

5. Recommendations for Future Studies

This reviewed article offers a more profound understanding of evaluating sustainable,
carbon-neutral buildings. Nevertheless, it is imperative to delineate and tackle the barriers
associated with applying framework and assessment tools into practice in forthcoming
research. Specifically, areas like “zero-emission neighbourhoods” and the developing theme
of “urban energy systems”, which have been somewhat isolated, should be given prece-
dence. The aim is to investigate whether integrating these elements into the overarching
goal of achieving a zero-carbon built environment can enhance operational efficiency.
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