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Abstract

Buildings contribute approximately 40% of global greenhouse gas emissions, necessitating urgent action toward net-
zero construction through Nature-based Solutions (NbS). While NbS have been studied individually, a systematic
synthesis of how they integrate with sustainable materials for decarbonisation remains limited. This bibliometric
review synthesises emerging trends in NbS and sustainable materials for net-zero construction, addressing a critical
knowledge gap in the field. Using structured database analysis, 30 peer-reviewed studies were systematically retrieved
and analysed through cluster analysis to identify thematic patterns and research trajectories. Five key research themes
emerged: (1) Innovative Strategies for Decarbonisation and Circular Economy, (2) Sustainable Building Materials
and Carbon Management, (3) Energy Efficiency and Decision-Making in Sustainable Architectural Design, (4) Zero-
Carbon Strategies in Construction and Housing, and (5) Embodied Carbon and Sustainability in Construction Supply
Chains. The analysis reveals that NbS significantly reduce carbon emissions, optimises supply chains, and enhances
energy efficiency in building systems. However, critical gaps persist in integrating life-cycle analysis with nature-
based materials and in addressing regional adoption disparities. This bibliometric approach provides a quantitative
foundation for identifying research priorities and policy implications in sustainable construction, offering insights to
researchers, practitioners, and policymakers working toward environmentally conscious building practices.

Keywords: Energy-Efficient Buildings, Nature-based Solutions (NbS), Net-Zero Construction, Sustainable
Construction, Zero-carbon materials.

1. Introduction has driven researchers and practitioners to explore

innovative pathways toward achieving net-zero

The current trend of rapid population growth is
driving an alarming rise in energy demand. The
construction industry significantly contributes to global
greenhouse gas emissions, accounting for nearly 40%
of energy-related emissions worldwide (Mathur,
Farouq & Labaran 2021). As the most prevalent
greenhouse gas (GHG), carbon dioxide (CO2)
emissions have become a growing concern for
governments worldwide. In recent years, major carbon-
emitting nations have formulated strategies and
roadmaps to reduce their CO2 emissions, aiming to
achieve a carbon-neutral future (Xiao et al., 2023). The
construction industry also recognises the need to shift
from a traditional linear economy to a circular
economy, which offers a more sustainable and
restorative approach (Otasowie et al. 2024). This reality
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construction (Frota De Albuquerque Landi et al. 2023;
Matthews 2024; Paitalo et al. 2024). Central to this
effort is the integration of nature-based solutions (NbS)
and sustainable materials, which promise to
revolutionise building practices by reducing carbon
footprints and promoting circular economies(Saint et
al. 2023; Labaran et al. 2024). This study employs a
bibliometric analysis to investigate the emerging role of
nature-based  solutions in advancing net-zero
construction, using Elsevier's Scopus database as the
primary source. It identifies research themes and trends
and synthesises knowledge. VOS viewer text-mining
software (version 16) was employed to identify and
classify the emerging themes from sequencing cluster
analysis in  research, including innovative
decarbonisation strategies, sustainable material use,
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energy efficiency, zero-carbon construction methods,
and the role of embodied carbon in supply chains. The
contribution of this study, which sets it apart, is its
bibliometric approach to wuncovering gaps and
opportunities within the current body of knowledge.
While prior studies have explored aspects of
sustainable construction and net-zero targets (Archila et
al. 2023; Labaran et al. 2024), this work uniquely
highlights the interplay between nature-based solutions
and net-zero buildings. The originality of this study lies
in its focus on synthesising diverse themes into a
coherent framework that wunderpins net-zero
construction efforts and informs evidence-based policy
and practice in South Africa. This study further
contributes to the growing discourse on sustainable
construction practices, underscoring the critical
importance of aligning innovative, nature-based
solutions with global decarbonisation goals, offering
actionable insights for stakeholders globally aiming to
transform the built environment into a more sustainable
and resilient industry. This can be achieved through the
following objectives:

1. To conduct a systematic bibliometric review of
peer-reviewed literature on NbS and sustainable
materials in net-zero construction, using
structured database analysis and cluster
mapping techniques.

2. To quantify research contributions by
geographic region, influential publications, and
authors, identifying geographic concentrations
and gaps in knowledge production.

3. To identify and map emerging research themes,
thematic clusters, and knowledge gaps in the
intersection of NbS, sustainable materials,
embodied carbon reduction, and net-zero
construction.

4. To provide future direction and insights for
researchers, practitioners, policymakers, and
industry  stakeholders = working  toward
environmentally conscious and resilient
construction practices in South Africa and
similar Global South contexts.

2. Literature Review

Nature-based solutions (NbS) are sustainable design
strategies that leverage natural processes to address
environmental, social, and economic challenges,
including climate change mitigation and adaptation
(Cohen-Shacham et al. 2016). In the context of net-zero
carbon  buildings, NbS incorporates  green
infrastructure, passive design strategies, biophilic
architecture, and ecosystem-based approaches to
enhance energy efficiency, carbon sequestration, and
climate resilience (Raymond et al. 2017; Seddon et al.

2020). Nature-based Solutions (NbS) have gained
recognition in  environmental sciences and
construction, offering sustainable strategies to achieve
net-zero emission goals. By leveraging natural
processes and ecosystems, NbS promotes sustainable
infrastructure  development, enhancing energy
efficiency, reducing resource consumption, and
mitigating climate impacts. (Chen, Yin, & Lyu, 2024).
Net-zero energy buildings offer a promising approach
to decarbonisation by reducing energy consumption
and enhancing the integration of renewable energy
(Hadba et al. 2024; Matthews 2024). As net-zero
targets become more stringent, NbS offers a cost-
effective, regenerative pathway to achieving
sustainability goals in the construction industry
(Seddon et al. 2020). Examples include green roofs, fog
harvesting, and renewable materials such as clay,
timber, and cypress, which not only improve air quality
and reduce urban heat but also support the integration
of renewable energy (Perera et al. 2022; Saint et al.
2023; Hadba et al. 2024; Matthews 2024). Net-zero
energy buildings, defined as structures with zero net
energy or carbon consumption, exemplify how NbS can
transform the construction industry by reducing
environmental  footprints and aligning  with
decarbonisation goals (Ahmed et al. 2022).

Recent studies reveal that NbS have gained sufficient
momentum under other related terms such as
"biomimicry", "biophilic", and '"nature-inspired”
(AlAl et al. 2023; Moreira Da Silva et al. 2024).
Oguntona and Aigbavboa (2023) highlighted the
substantial role of nature-inspired solutions in
combating climate change. Incorporating aspects such
as green roofs and walls enhances cities’ capacity for
carbon sequestration, effectively reducing greenhouse
gas emissions. Similarly, Singh and Ru (2022)
demonstrated that these solutions align with clean
energy goals by improving building energy efficiency,
reducing energy consumption, and decreasing reliance
on non-renewable energy sources. Moreover, urban
green initiatives promote sustainable consumption
patterns and help minimise the ecological footprint of
urban areas.

Additionally, Azari et al. (2024) reveal that building
envelopes adapt to environmental changes and are also
essential for managing heat, air, and moisture exchange
between a structure's interior and exterior. Their
efficient design and implementation can significantly
reduce energy use and carbon emissions throughout the
building’s life cycle. In regions like South Africa,
where construction significantly contributes to
greenhouse gas emissions (23 per cent) (Simpeh &
Smallwood 2018), adopting NbS is crucial for
mitigating environmental impacts and addressing
energy poverty (Dosumu & Aigbavboa 2021). South
Africa, as a developing economy with rapid
urbanisation and infrastructure development, faces the
dual challenge of expanding the built environment to
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meet housing and economic development needs while
simultaneously achieving net-zero carbon targets
aligned with international climate commitments,
including the Paris Agreement and African Union
Agenda 2063 (Terblanche, May & Steward 2025). The
integration of NbS with sustainable construction
materials and net-zero building strategies remains
understudied, particularly in Global South contexts like
South Africa. Previous reviews have focused either on
NbS applications in general or on sustainable
construction  materials in  isolation,  without
synthesising their combined potential for net-zero
outcomes (Yang et al. 2024; McPhearson et al. 2025).
A critical gap in the existing NbS literature is the lack
of systematic analysis of cross-regional research
disparities and uneven global adoption patterns. Recent
evidence confirms this fragmentation (McPhearson et
al. 2025). The study identifies research priorities and
gaps specific to the intersection of NbS and
construction materials, informing future research
agendas and contributing to the growing discourse on
environmentally ~ conscious construction by
demonstrating the complementary roles of NbS and
sustainable materials in achieving net-zero outcomes.

3. Research Methodology

This bibliometric analysis employs science mapping
tools to visualise the physical aspects of scientific
research domains while elucidating the structural
composition of their disciplines (Waltman, Van Eck &
Noyons 2010). As highlighted by Akinlolu et al.
(2022), bibliometric analysis offers a quantitative and
comprehensive approach to examining the existing
literature, overcoming the limitations of manual
reviews. For this research, the bibliometric analysis
followed a four-step process outlined by Aliu and
Aigbavboa (2023). Data were sourced from the Scopus
database, renowned for its wide-ranging coverage and
high-quality literature. As one of the largest abstract
and citation databases, Scopus provides a vast
collection of peer-reviewed books, book chapters,
journals, and conference proceedings, surpassing other
databases like Clarivate Web of Science and Google
Scholar in scope and reliability (Aghimien et al. 2019;
Aliu & Aigbavboa 2023).

The period for this study search was 2014-2024, and
using the above keywords, 51 documents were
retrieved. For transparency and replicability, the
Boolean search was implemented in Scopus as follows:

TITLE-ABS-KEY ("nature-based solutions" OR
"nature based solutions") AND (“material") AND
("net" OR "net-zero") AND (“construction").

After applying the database filters, all records were
manually screened at the title and abstract level. Studies
were included when they (i) explicitly addressed
nature-based solutions or materials, (ii) focused on
buildings, construction or the built environment, and
(iii) linked these interventions to net-zero, near-zero or
low-carbon performance. Records were excluded if
they were non-peer-reviewed items (editorials, notes,
etc.) or were in English or had no relevance to the
research subject.

Bibliometric mapping was conducted in VOSviewer
(version 1.6.19). For keyword co-occurrence networks,
the minimum occurrence threshold was set at two
keywords, using complete counting and association-
strength normalisation; the clustering resolution
parameter was fixed at 1.00, with a total link strength
of 627. For the global distribution maps, only countries
with at least two documents were included. Highly
cited publications were identified by a citation
threshold of ten or more Scopus citations at the time of
data extraction. The review period for this bibliometric
study was limited to 2014-2024 to ensure inclusion of
contemporary, high-impact research on Nature-Based
Solutions (NbS) for achieving net-zero carbon
buildings. Accordingly, academic publications on NBS
and net-zero buildings gained momentum from 2014
onward, driven by advancements in green
infrastructure, biophilic design, and regenerative
materials.

In contrast, earlier studies lacked a strong focus on net-
zero carbon buildings due to their recent emergence in
policy frameworks, certification standards (e.g.,
Leadership in Energy and Environmental Design
(LEED) Zero, EDGE Zero Carbon), and research
funding priorities (Liitzkendorf et al. 2015;
Frantzeskaki et al. 2019; Seddon et al. 2020). Also,
bibliometric analysis benefits from a well-defined time
frame that captures relevant trends and emerging
themes while ensuring data consistency (Donthu et al.
2021). Therefore, by setting the review period from
2014 onward, this study ensures the inclusion of recent,
high-quality literature that reflects the latest
technological advancements, policy shifts, and industry
adoption of NbS in net-zero construction. The research
design employed for the bibliometric analysis is shown
in Figure 1.
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Figure 1: Research design for the study

The results were refined using two parameters: field
(Engineering, Energy, Materials Science, and
Environmental Science) and language (English). This
filtering process initially identified 31 documents.
Following manual screening, one document was
excluded, leaving a final set of 30 relevant documents
for review. Visualisation tools such as CiteSpace,
HiteSpace, VOS viewer, Gephi, and BibExcel are
frequently used in bibliometric studies (Moral-Munoz
et al. 2019). This study utilised VOSviewer software to
analyse bibliometric data and generate a keyword
cluster network map (Van Eck & Waltman, 2014).
VOSviewer is widely adopted in construction literature
reviews (Aghimien et al., 2019; Akinlolu et al., 2022;
Aliu & Aigbavboa, 2023). The analysis included: (1)
the number of publications per document type, (2)
publications by year. VOS viewer also analysed
bibliometric networks based on several key metrics: (3)
publications by country, (4) the keywords co-
occurrence network. A thematic cluster analysis was
performed after the co-occurrence network map of
keywords was generated. The methodology guaranteed
a systematic and in-depth investigation of the literature
on Nature-based Solutions and Sustainable materials in
the built environment.

4, Findings and Discussion

4.1. Publication
Document Type
Results illustrate the annual publication trends on NbS
and their influence on net-zero buildings from 2014 to

Trend  Analysis and

2024. Before 2014, no publications were recorded in
this area. Between 2014 and 2019, research activity was
minimal, with only four publications by 2019,
reflecting slow initial growth. A decline occurred in
2021, with only one publication, but interest rallied in
2022. A notable surge followed in 2023, with the
number of publications rising to seven, three more than
the previous year. By 2024, research momentum had
significantly increased, culminating in 12 publications
to date. This upward trend aligns with the growing
recognition of NbS as a vital strategy for promoting
efficient energy use and innovative approaches to
climate action.

Previous studies anticipate continued expansion in this
field as researchers increasingly focus on leveraging
NbS to address environmental challenges and support
sustainable construction practices (Hadba et al. 2024;
Labaran et al. 2024; Matthews 2024; Paitalo et al.
2024). A total of 30 documents were analysed,
comprising 15 journal articles, seven conference
papers, five review papers, and three book chapters.
The relatively low number of journal articles may be
attributed to the rigorous peer-review process required
for publication, which can limit the volume of accepted
articles. Similarly, the number of conference papers is
modest, despite their quicker publication timelines and
higher volumes, often influenced by the relevance of
conference themes. African countries could capitalise
on conference platforms to boost research output in this
area. Figure 2 illustrates the findings.
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4.2, Geographical Distribution of Publications
These findings highlight the global distribution of
publications on Nature-based Solutions (NbS) in net-
zero buildings, presenting the number of documents
and citations by country. The data were analysed using
a text mining tool with a minimum threshold of two
publications per country, revealing 14 countries
(depicted on the world map, Figure 3) with research
outputs. The United Kingdom leads with 10
publications and 33 citations. Australia follows with
five publications and 12 citations, while the United
States and Finland each have four publications,
accumulating 70 and 75 citations, respectively. Italy
and India also recorded four publications and 75
citations, respectively. South Africa, by contrast, had
only one publication, cited 3 times and did not meet the
set threshold. This analysis reveals an uneven global
research output, with some countries making
significant contributions to the literature, particularly in
Europe and North America. At the same time, regions
like Africa remain underrepresented despite the
growing importance of NbS in addressing climate
challenges and net-zero construction. Table 1 presents

the results for the top five countries discussed; Figure 3
presents the publication-by-country map.

4.2.1. Co-Authorship by Country Analysis

This VOS  viewer co-authorship-by-country
visualisation shows patterns of international
collaboration in research on Nature-Based Solutions
and Materials Promoting Net-Zero Construction. This
analysis further reveals the dominating central hubs of
research in this area. Using a threshold of at least two
documents per country, the analysis reveals that
countries such as the United Kingdom, Germany,
Denmark, Italy, Switzerland, the United States,
Australia, China, India, Turkey, and Finland are
collaborating. The United Kingdom emerges as the
most influential node (green), serving as a bridge
between FEuropean partners such as Germany,
Denmark, Italy, Switzerland, and Finland, and extra-
European collaborators including the United States,
Australia, China, India, and Turkey (red cluster). Figure
4 shows the clustering of co-authorships by country.

Table 1: Publication by Country (Top 5 countries)

Country Number of documents Citations
United Kingdom 10 33
Australia 5 12
United States of America 4 70
Finland 4 75
Italy 3 75
India 3 7

Source: Authors’ compilation
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cluster, reflecting shared policy and research
commitments to sustainable construction. The United
States also plays a significant bridging role, particularly
linking New Zealand and northern Europe. By contrast,
countries such as India, Turkey, and China remain more
peripheral, engaging mainly through collaborations
with the United Kingdom. The relative absence of
African countries collaborating with European
countries further underscores an existing research gap,
highlighting opportunities to include more context-
specific knowledge from the Global South.
Additionally, the findings highlight that, despite South
Africa’s active construction industry and vulnerability
to climate change, it does not appear among the leading
countries in collaborative research on Nature-Based
Solutions and net-zero construction materials. For
South Africa, this presents both a challenge and an
opportunity: by strategically leveraging partnerships
with the UK and EU, which already act as central
knowledge advisors, South Africa can strengthen its
research footprint, access advanced methodologies, and
adapt global innovations to local socio-economic and
environmental realities. Such collaborations would not
only enhance South Africa’s visibility in the global
discourse but also support the development of
regionally specific frameworks that address Africa’s
unique sustainability challenges in the built
environment.

4.3. Most Cited and Influential Publications

This analysis presents studies, distinguished by their
high citation counts, that represent foundational and
influential research on Nature-based solutions and
materials and how they promote net-zero construction
practices. Table 2 (See Appendix 1) shows the top six
most cited publications; their impact is evident in their
citation counts, which indicate they are frequently cited
as key research sources in this area.

These studies advance knowledge in sustainable
construction by broadening the scope of performance
assessment beyond narrow energy metrics toward Net-
Zero buildings. Byrne et al. (2019) present a
technological innovation for energy-intensive tropical
contexts, demonstrating that solar-PCM cooling is a
viable solution. Frischknecht et al. (2019) contribute
policy-relevant insights by revealing international
inconsistencies in benchmarking and stressing the
urgency of binding environmental targets.

Hu extends methodological frontiers by integrating
LCA with MCDA, enabling multi-dimensional
evaluation of buildings and demonstrating how trade-
offs across energy, environment, water, and health can
reshape design decisions.Bernard et al. (2023)
introduce a  materials  science  perspective,
demonstrating how MgO-based cements could
significantly reduce CO: emissions if durability and
reinforcement challenges are addressed. Tagliabue et
al.'s (2018) study adds a retrofit and optimisation
perspective to the literature, focusing on envelope
technologies for existing buildings. This complements
Zhang et al.’s (2014) demonstration of new-build
sustainability in China, showing how sustainability can
also be embedded in the refurbishment of ageing
building stock to meet NZEB goals. Their
methodological contribution lies in combining
parametric computational evaluation with LCA and
LCC, offering a structured decision-making framework
that balances environmental performance with cost and
feasibility. Zhang et al. (2014) showcase design and
construction strategies that combine architecture,
renewable energy, and building systems to deliver a
functional net-zero house. These scholarly publications
push the discourse beyond narrow efficiency measures
towards systemic sustainability, combining materials
innovation, policy reform, advanced methods, and
clean technologies to guide the transition to net-zero
construction. Additionally, these studies emphasise the
dual importance of sustainable design in both new
builds and the retrofitting of existing stock, both of
which are crucial for achieving Net Zero Energy
Building (NZEB) goals.

Studies indicate that sustainable construction is not the
result of a single innovation or policy, but rather a
convergence of technological advancements, binding
policy benchmarks, integrated assessment methods,
material innovations, and practical design and retrofit
strategies. Each perspective of these publications
addresses a different layer of the challenge, reinforcing
the view that achieving net-zero in construction
requires a systemic approach that connects innovation
at the micro-scale (materials and technologies) with
structural reforms at the macro-scale (policy, standards,
and industry practice). This integrated body of work
provides a comprehensive basis for guiding future
studies and practice toward more sustainable, resilient,
and socially valuable built environments, particularly
in South Africa. Figure 5 gives a conceptual diagram of
the key research outputs.
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This conceptual diagram shows the key research
contributions made over the review period to nature-
based solutions and materials that advance net-zero
construction. The four thematic pillars in research are
Technology, Policy & Benchmarks, Methodology, and
Materials & Design. They capture complementary
directions, including innovative technologies, policy
frameworks, integrative assessment approaches, and
sustainable materials development. These emphasise
the interdisciplinary pathways required to embed
nature-based solutions and low-carbon materials into
South Africa's construction industry to achieve net-zero
goals.
4.4. Analysis of Co-occurring Keywords and
Cluster Themes
Keywords are meaningful in describing research
content and concepts, particularly in studies on
sustainable construction strategies. Using bibliographic

data from the output and VOSviewer, a network map
was generated to reveal co-occurring keywords and
research topic networks, where the proximity of
keywords and their similarity indicate the degree of co-
occurrence (Van Eck & Waltman, 2014). A co-
occurrence analysis of keywords was thus conducted to
uncover the core structure and thematic clusters within
research on the impact of Nature-based Solutions (NbS)
on net-zero construction. Using VOSviewer software, a
visualisation map was generated from 395 keywords,
of which 55 met the threshold of at least two
occurrences. It was realised that some keywords
repeated, emphasising their importance across multiple
thematic clusters in literature. This analysis identified
six prominent keyword clusters, as visualised in the
network map presented in Figure 6.

Cluster 1: Innovative Strategies for Decarbonisation
and Circular Economy in Net-Zero Construction. The
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first cluster contains 13 keywords and corresponds to
the red region of the map. The keywords were: article,
business models, carbon dioxide, carbon dioxide
emissions, cement, circular economy, cost-benefit
analysis, decarbonising, costs, modern methods of
construction, sustainability and sustainable
construction. This theme underscores research on the
role of nature-based solutions in reducing carbon
dioxide emissions and integrating circular economy
principles into construction (Tagliabue et al. 2018;
Perera et al. 2022; Archila et al. 2023; Chakraborty,
2023). Materials such as low-carbon cement and
modern construction methods can help achieve
decarbonisation while addressing cost-benefit concerns
(Frota De Albuquerque Landi et al. 2023; Khalid et al.
2023; Ahmadi et al. 2024).

Furthermore, these studies highlight that exploring
business models aligned with sustainable development
ensures cost-effective and environmentally conscious
practices towards Net-Zero Construction. It also
indicates that governance and regulatory frameworks
shape market adoption. For example, in South Africa,
this aligns with policy instruments needed to integrate
NbS and sustainable materials into mainstream
construction.

Cluster 2: Sustainable Building Materials and Carbon
Management in Construction. Cluster 2, represented in
green in the visualisation, comprises 11 keywords:
benchmarking, building materials, carbon capture and
utilisation, carbon footprint, carbon sequestration,
decarbonisation, environmental impacts, and life cycle
assessment. Research by Hu (2019), Saint et al. (2023),
and Ekanayake et al. (2024) indicates that life-cycle
assessment and carbon footprint analysis are critical for
understanding the environmental impacts of building
materials. Carbon capture, utilisation, and sequestration
technologies can be leveraged to enhance material
sustainability (Archila et al., 2023; Gallego Davila &
Aagesen, 2024). Integrating nature-based materials into
construction processes supports decarbonisation and
reduces long-term environmental impacts.

Cluster 3: Energy Efficiency and Decision-Making in
Sustainable Architectural Design. The third cluster
comprises the blue region and ten keywords:
architectural design, decision-making, energy, energy
conservation, energy efficiency, feasibility study,
global warming, historic preservation, life cycle, and
life cycle analysis. Energy conservation and efficiency
are integral to achieving net-zero construction goals, as
highlighted in several studies (Ehsan & Maryam, 2022;
Azari, Kamel & Memari, 2024). Nature-based
solutions in architectural design, such as passive solar
design and green roofs, can reduce energy use (Hu,
2019; Labaran et al., 2024). Additionally, decision-
making informed by feasibility studies and life cycle
analysis ensures that design choices align with global
warming mitigation and historic preservation

(Frischknecht et al., 2019). This cluster highlights
studies on emissions-focused work, emphasising the
role of reduced energy demand and efficient resource
use, which are particularly relevant to South Africa's
energy-intensive construction industry.

Cluster 4: This cluster highlights the theme “Zero-
Carbon Strategies in Construction and Housing," with
10 keywords in the yellow region on the map. The
keywords include carbon emissions, carbon material,
climate change, construction, digital storage, gas
emissions, greenhouse gases, housing, zero carbon, and
zero-carbon. This theme highlights studies that have
focused on reducing greenhouse gas emissions through
innovative materials and digital storage solutions in
construction (Saint et al., 2023; Matthews, 2024; Pisini,
Thammadi & Wilkinson, 2024). Nature-based housing
materials and designs can minimise energy use,
promote zero-carbon living, and enhance the well-
being of inhabitants. Sustainable construction strategies
align with climate change goals and support global net-
zero initiatives, such as NbS. Additionally, the cluster-
revealing studies on greenhouse gases and mitigation
strategies, such as carbon capture and utilisation,
position emissions monitoring and reduction as the
backbone of NbS and material innovation in the
construction industry (McGarry et al. 2022; Pisini et al.
2024).

Cluster 5: The fifth cluster, representing the purple
section of the map, has eight keywords: carbon,
concretes, construction industry, embodied carbon,
supply chains, sustainable development, and is themed
“Embodied Carbon and Sustainability in Construction
Supply Chains.” Embodied carbon in construction
materials is a significant contributor to overall
emissions. The prominence of embodied carbon links
directly to NbS, such as timber and bio-based materials,
which can reduce life-cycle impacts. Using sustainable
materials and optimising supply chains can reduce the
environmental footprint (Weber, Mueller & Reinhart,
2022; Ahmadi et al., 2024; Azari, Kamel & Memari,
2024). Nature-based solutions provide alternatives that
prioritise  energy efficiency and sustainable
development within the construction industry
(McGarry, Martin & Winslow 2022). Studies reveal the
challenge of balancing traditional practices with
emerging sustainable alternatives, making it critical to
local transitions, where affordability and availability
drive material choices.

Cluster 6: Net-Zero Energy Buildings for
Sustainability. The last cluster is represented by the
turquoise region with three keywords: buildings, net-
zero energy and sustainability. The theme highlights
research on the importance of integrating nature-based
solutions into building designs to achieve net-zero
energy performance (Byrne et al. 2019; Villarruz
2019). Technologies such as energy-efficient materials
and renewable energy systems ensure sustainability, as
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indicated in studies by Ahmadi et al. (2024) and Azari,
Kamel, and Memari (2024). Nature-based solutions and
strategies not only reduce carbon emissions but also
enhance long-term resilience and environmental
harmony towards achieving a Net-Zero Construction
industry. Studies around this theme provide the
overarching frame that ties material innovation,
emissions reduction, and energy efficiency into a
holistic NbS-oriented pathway.

5. Discussions of Findings

The conceptual map (Figure 4) illustrates the
interlinked pathways through which nature-based
solutions and sustainable materials can support the
transition towards net-zero construction for South
Africa. Four thematic pillars emerged as critical. The
first, Technology and NbS, highlights innovations such
as green infrastructure for urban cooling and water-
sensitive design for flood and ecosystem management.
Byrne et al. (2019) and Perera et al. (2022) suggest that
these approaches demonstrate how integrating natural
systems into construction can simultaneously address
climate resilience and social well-being. The second
pillar, Policy and Benchmarks, which reflects research
such as Ahmadi et al. (2024) and Frischknecht et al.
(2019), points to the role of national frameworks and
regulatory standards in institutionalising social and
environmental values. South Africa’s existing
sustainable development strategies provide an entry
point for embedding NBS into codes and procurement
policies, although more vigorous enforcement remains
essential. The third pillar, Methodology, underscores
research that focuses on the need for robust assessment
tools, including life-cycle assessments of bio-based
materials and socio-ecological evaluations, to capture
the long-term impacts of construction choices (Hu
2019). Finally, Materials and Design scholarly outputs
emphasise the potential of bio-based, recycled, and
low-carbon materials to reduce embodied carbon while
maintaining performance (Zhang et al. 2014; Bernard
et al. 2023). These four dimensions converge around
the central theme of advancing NBS and net-zero
construction, which can be adapted for South Africa,
highlighting  the  importance  of  systemic,
interdisciplinary, and context-specific approaches. This
framing not only reveals the diverse research and
practice frontiers but also signals the need for
coordinated action across technology, policy, methods,
and material innovation to achieve measurable
sustainability outcomes.

From the content analysis of the keyword network
visualisation map (Figure 5), six interrelated clusters
are shown, each highlighting distinct yet
complementary domains in advancing net-zero
construction. The clusters validate that achieving net-
zero construction requires multi-faceted integration
(Azari et al. 2024). For the South African construction
industry, the interplay of clusters highlights the dual

challenge of reducing reliance on carbon-intensive
materials while scaling context-appropriate NbS.
Comparatively, analysing the findings, while material
and emissions innovations dominate globally, life-
cycle analysis, policy, governance, and socio-economic
considerations are particularly decisive for South
Africa’s adoption pathway. Additionally, the network
map shows that research over the years has been
limited, with a weak connection between the ‘what’ and
the ‘how’ of leveraging Nature-based solutions and
innovations to promote Net-zero goals in the
construction industry. Most research focuses on
emissions, efficiency, and materials to be used, but not
on social aspects such as affordability, local labour
skills, and cultural acceptance (Pédtalo et al. 2024).
Also, keywords like concrete and carbon-intensive
materials appear in separate clusters, suggesting a gap
in research on realistic transitional strategies, such as
hybrid solutions or scalable NbS alternatives that
balance cost and performance. Especially for
developing countries like South Africa, the integration
of NbS, governance mechanisms, socio-economic
drivers, and transitional = pathways remains
underdeveloped. Again, in the South African
construction context, these implications intersect with
persistent real-world challenges such as ageing,
energy-inefficient building stock, high reliance on coal-
based electricity, and a substantial housing backlog that
constrains the uptake of higher-cost low-carbon
materials and technologies (Chakwizira 2019). At the
same time, legislative and policy instruments such as
SANS 10400-XA:2021 energy-use regulations, green
building incentives, and tax-based energy-efficiency
schemes (e.g., Section 12L) are beginning to create
enabling conditions for NbS-oriented, net-zero
construction pathways.

Furthermore, the findings on the geographical
distribution of research indicate a pronounced
geographical inequality in research on NbS and net-
zero construction, with most research emanating from
or reporting to European and North American sources.
At the same time, Africa contributes a small fraction,
although it is vulnerable primarily to climate change
(Seddon et al. 2020). This contemporary inequality
results from persistent imbalances, but it does not
necessarily reflect a lack of need for research. Africa
accounts for approximately 10% of the global land-
based climate observation infrastructure. However, a
similar percentage of surface observation infrastructure
is not working, which hampers Africa's self-driven
research and verification of NbS (Dinku 2019). Climate
research is similarly uneven, with fewer than 4% of
worldwide research spending on climate change
directed towards Africa, while when USD 1.26 billion
is spent on Africa-focused climate research, less than
15% is spent within Africa, with more than 75%
administered by European and United States
institutions (Global Centre on Adaptation 2023).
Limitations in human capital widen these research
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imbalances, with Africa contributing 1.1% of the total
world researchers, 79 researchers per million,
compared to more than 4,000 per million in the United
States (Olufadewa, Adesina & Ayorinde 2020).
Submission barriers further worsen Africa's situation,
with researchers being forced to pay high costs for
article publication, typically USD 1,500 to 10,000,
particularly in top journals, together with language
inequities (Turba et al. 2025). Such conditions worsen
a known, significant “coloniality of knowledge
production,” particularly in research goals, practices,
and narratives on African NbS, which are generally
fixed by Global North institutions (Mignolo, 2009).
The result is that NbS research globally is primarily
geared toward Global North conditions, which,
understandably, lack locally grounded evidence on
NbS routes to net-zero construction in Africa's urban
areas, which most desperately need such knowledge.

6. Conclusion and Further Research

This study demonstrates the growing prominence of
Nature-based Solutions (NbS) in achieving net-zero
construction, particularly within Europe and North
America. Research has demonstrated that incorporating
nature-inspired strategies significantly reduces energy
consumption, carbon emissions, and resource depletion
while enhancing resilience to climate change. The
analysis highlights NbS as a critical approach for
reducing carbon emissions, optimising supply chains,
and enhancing energy efficiency.

A keyword co-occurrence analysis identified six key
research themes emerging in this field from 2014 to the
present. However, the review also revealed significant
gaps, including lower conference paper publication
rates, limited integration of life cycle analysis with
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Appendix 1

Table 2: Top 6 influential and most cited research works (Focus, Methodologies & Contributions)

Author(s) Research Focus Citations Methodologies Used Knowledge Contribution
Design of a solar air-
conditioning system TRNSY'S simulation for Demonstrates the feasibility of solar-
Byme ot al with phase change cooling demand; experimental powered cooling in resorts without
(2}(’)19) ’ material (PCM) 40 design and characterisation of reliance on batteries; introduces
storage for sustainable PCM-graphite composites; innovative PCM storage for energy
resorts in tropical prototype calculations independence in tropical climates
regions
. Life Cycle Assessment (LCA) Highlights the gap between current
Environmental S S
across 22 organisations in 21 building benchmarks and net-zero
. benchmarks for . . -
Frischknecht buildines in line with 56 countries; comparative round targets; underscores the need for
etal. (2019) ne robin test on a standard office | stricter, life cycle-based benchmarks;
Paris Agreement o . ST
tareets building; benchmarking stresses government responsibility in
£ workshops defining legally binding requirements
Shifts focus from building
Development of an Combined Life Cycle performance to holistic impacts
integrated building Assessment (LCA) and Multi- (energy, environment, water, and
Hu (2019) impact assessment 43 Criteria Decision Analysis human health); demonstrates that
4 framework beyond (MCDA); case study with single-criterion approaches are
energy-centric original building and three inadequate; and validates integrated
measures alternatives assessment for decision-making in
sustainable building design.
. . . Demonstrates how multi-criteria
Techno-economic Parametric computational .
. .. frameworks (energy, environment,
evaluation of envelope analysis; Life Cycle economy) can optimise buildin
Tagliabue et technologies and Assessment (LCA); Life Cycle Y D . &
! 19 . ’ . envelope retrofits; shows the
al. (2017) retrofit strategies for Costing (LCC); synoptic . .
) A importance of embodied energy and
Nearly Zero Energy diagrams for multi-climate . . .
Ll S payback in selecting sustainable
Buildings (NZEB) optimisation .
envelope solutions.
. Review of different MgO- Establ}shes MgO—b.ased cements as
Potential of MgO- SO promising alternatives to Portland
based cements and chemistries; . .
Bernard et based cements for . . cement with potential for low-to-
S 15 techno-economic analysis; . C o
al. (2023) CO: reduction in ) . o negative CO: emissions; identifies key
. discussion of durability and . . .
construction reinforcement studies R&D needs, including admixtures,
durability, and LCA, for adoption.
Provides a practical case study of
Integration of Experimental design and integrating architecture, renewable
Zhang ct al sustainability construction of a net-zero house | energy, and engineering systems for
201 4g) ' strategies in net-zero 12 (Solar Decathlon China 2013); net-zero housing, highlighting both
residential housing market-oriented survey; the potential and limitations of
(China) integrated framework analysis applying sustainability strategies in
high-density urban contexts.

Source: Authors’ compilation




