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A B S T R A C T

The Water-Energy-Food (WEF) nexus is a paradigm that emphasises the interconnectedness and 
collaborative effects of water, energy, and food systems. This study presents a bibliometric 
analysis of South Africa’s WEF nexus research landscape between 2011 and 2024 using the 
Scopus database. The article highlights the interconnectedness of sustainable development, 
resource management, sustainability challenges, and resilience strategies in the WEF Nexus in 
South Africa. The study also identifies critical research gaps in addressing socio-economic di-
mensions, policy and governance aspects, technological innovation, and human resource devel-
opment within the WEF Nexus framework. The article reveals the transformative potential of 
blockchain technology in revolutionising resource management in South Africa. By leveraging 
blockchain’s decentralised and transparent nature, the country can enhance efficiency, trans-
parency, and sustainability in resource allocation and distribution.

1. Introduction

The water-energy-food (WEF) nexus has gained renewed attention and is recognised as a crucial strategy for sustainable resource 
management, particularly in climate-change-induced environmental challenges. The WEF nexus is a paradigm that emphasises the 
interconnectedness and collaborative effects of water, energy, and food systems. These sectors are vital for human welfare, poverty 
reduction, and sustainable development. The WEF nexus also influences other sectors, such as economic, social, political, and envi-
ronment [1,2]. The WEF nexus strategy seeks to optimise resource efficiency, mitigate conflicts, and increase overall resilience in 
response to complex global issues by acknowledging the interconnectedness of the water, energy, and food systems. This approach is 
increasingly being recognised and embraced as a viable method for tackling the complex interconnections between these fundamental 
components of human well-being and environmental sustainability [1].

The interdependence and interactions of the water, energy and food resources has been identified and established for a long time 
and several efforts were made to provide a systems-based perspective that clearly recognises the intricate interlinkages, in order to 
better uncover and manage synergies and trade-offs between sectors which resulted into the development of several nexuses such as 
the Water-Energy (WE) and Water-Food (WF) nexuses [3]. The WE and WF nexuses developed by Gleick and Allan respectively were 
incorporated into policies and became a foundation for other emerging nexuses [4,5]. Shortly after the development of these nexuses, 
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the Twin approach to address food shortages was established by the Food and Agriculture Organization (FAO) while the Integrated 
Water Resources Management (IWRM) also emerged as an alternative framework to manage water resources [6]. However, these 
framework were critiqued due to integration challenges, inadequate measurements and resource allocation, tending overlook the 
interconnections with other resources leading to isolated management policies and conflicting outcomes for each resource. Addi-
tionally, the IWRM framework was argued to be too broad, making it difficult to implement effectively. Some critiques also stated that 
it lacked clear, actionable guidelines [7,8]. As competition for WEF resources intensified, it became glaring that existing framework 
and nexuses were incapable of ensuring sustainability and resource management in the sectors due to their lack of comprehensiveness 
[9,10]. Consequently, this led to the emergence of a new nexus tagged the WEF Nexus during the 2011 Bonn Conference whose scope 
included all the three sectors and acknowledging their intricate interconnections [6].

[11] affirmed that the nexus approach is an integrated approach that encompasses management and governance across different 
sectors and scales. Connections between the WEF sectors, also known as the FEW (Food-Energy-Water) Nexus [12–14], are becoming 
an important academic, policy, and societal topic that is increasingly being discussed in global society, including the relationship with 
ecosystems, livelihoods, and the economy. The WEF security nexus approach addresses the pressing challenge of managing water, 
energy, and food resources simultaneously while achieving multiple conflicting objectives without compromising any sector’s resource 
base [11]. Studies by. [2,15] revealed that factors such as population growth, accelerated urbanisation, shifting consumer preferences, 
economic development, international trade, cultural and technological advancements, and climate change are mounting pressure on 
the global demand for WEF resources. Additionally [16], stated that the WEF sectors had been impacted by the COVID-19 pandemic 
with short and long-term effects such as sectoral supply disruptions, localisation of production, and demand fluctuations on the WEF 
Nexus.

The WEF Nexus is crucial to achieving the Sustainable Development Goals, particularly Goals 2, 6, and 7 [17]. Total eradication of 
hunger (SDG 2) requires a holistic approach that views the problem from a system perspective [18]. Similarly [19], pointed out that the 
WEF nexus is a platform that can ensure the availability and sustainable management of water resources globally to give the world’s 
population access to clean water and sanitation. Furthermore, the WEF nexus supports access to affordable, reliable, sustainable, and 
modern energy for all [20]. affirmed that one in five people lack access to electricity, and as the demand continues to rise, there is a 
need for a matching increase in the production of renewable energy globally. Therefore, the WEF nexus is critical to achieving 
affordable and clean energy for all.

The WEF nexus is crucial to achieving water, energy, and food security and addressing resource interdependencies. Millions of 
people lack access to safe drinking water, energy, and safe food sources [21]. Water security, which includes access, safety, and 
affordability, is said to have direct implications for the energy and food sectors. Limited or intermittent electricity and fuel supply can 
affect water access, while competing for water in food production can also restrict availability. Activities such as fossil fuel extraction 
and intensive agriculture also degrade water quality. A key consideration in the nexus assessment is that achieving the security of one 
resource sector should not compromise an adjacent resource sector [2,20]. The WEF nexus approach can increase water, energy, and 
food security by increasing efficiency, eliminating trade-offs, developing synergies, and improving governance across sectors, having 
recognised the interconnectedness of the water, energy, and food sectors.

The WEF nexus is also critical to natural resource management and climate change policy because social changes drive WEF de-
mand increase, and continuous environmental changes are likely to impact water supply or accessibility [15]. Economically, the nexus 
approach improves viability, resilience, and innovation while reducing risks and costs associated with climate events. Socially and 
environmentally, it improves public health, employment, water services, ecosystem conservation, and regional cooperation [22,23]. 
The WEF nexus approach helps optimise resource use, minimise conflicts, and regulate unsustainable practices, improving water 
security, reducing pollution, and improving ecosystem services. In contrast to integrated water resources management (IWRM), the 
WEF nexus emphasises non-linear system analysis and dynamic feedback across water-intensive industries [24].

Recently, there has been a noticeable increase in the attention given by many nations to the WEF Nexus, aiming to safeguard 
resource security and promote sustainability. In Europe, Germany has become a leader in promoting renewable energy and sustainable 
agriculture to reduce resource consumption and greenhouse gas emissions. In the Middle East, water-scarce countries such as Jordan 
and Israel have also adopted innovative water desalination and re-use technologies that allow them to support agriculture and energy 
production [25,26]. In response to the increasing energy requirements driven by its expanding economy, China has strategically in-
tegrated the WEF Nexus framework into its policy framework to optimise water use in agriculture, improve energy efficiency, and 
promote renewable energy sources such as solar and wind [26]. Similarly, India has enacted policies to improve water management 
and energy conservation in agriculture to increase food security and reduce environmental impact [27]. African countries, such as 
Ethiopia, are also currently investigating the WEF Nexus as a means to address the issue of water shortages, improve irrigation 
techniques, and promote the utilisation of renewable energy sources for improved energy accessibility [28].

Existing literature on the WEF Nexus has produced valuable findings in increasing awareness and contributing to a better un-
derstanding of WEF interdependence, which is critical for sustainable resource management [19,29–32]. Several studies have also 
identified WEF Nexus obstacles, such as policy gaps, insufficient frameworks, and data issues, resulting in the development of 
frameworks, policy changes, research, and collaborations. However, the WEF Nexus is still plagued by data scarcity and a lack of 
comprehensive frameworks that have hampered its comprehensive operationalisation. Furthermore, there has been a lack of research 
translating theoretical ideas into practical, implementable models. Geographical biases in coverage areas have also hampered the 
implementation of the WEF nexus in some locations, such as Sub-Saharan Africa, notably South Africa. This study will address 
geographic bias in WEF nexus literature by identifying specific research contributions and shortcomings, which will enhance the 
knowledge of local issues and innovations and guide focused research and policy responses for sustainable development in South 
Africa.
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South Africa, a water-scarce country with limited arable land and abundant mineral resources, faces significant challenges in the 
WEF nexus. Water scarcity is a pressing issue due to irregular rainfall patterns, droughts, and increased water demand from growing 
populations and economic activities. Irrigated agriculture accounts for 30 % of the country’s crops and 75 % of agricultural water use 
[23]. The majority of electricity, around 86 %, is generated from coal-fired power stations, which consume significant amounts of 
water for cooling and hydropower, creating competition for water resources and affecting its quality. The agricultural sector is also 
crucial for food security but requires significant water and energy input. Coal mining and farming activities also threaten the quality 
and availability of water and energy in places such as Mpumalanga while competing for land [33]. The Olifants River catchment, 
impacted by extensive coal mining, also suffers from poor water quality, while access to improved drinking water in Mpumalanga has 
decreased, raising concerns [20].

[34] stated that South Africa ranked 72nd out of 170 countries with a WEF nexus index of 56.1 when 21 WEF variables were used to 
generate the WEF nexus index. While this represents remarkable progress, the country still faces significant challenges in managing its 
water, energy, and food systems. [35] stated that South Africa portrays a lack of policy direction in the principle and execution of the 
WEF nexus. Similarly [36], described the country as an energy-intensive, water-scarce, and food-deficient country, stating that the 
country has not taken full advantage of the Nexus approach to solving the problems with food, energy, and water. However [37], stated 
that more WEF research and analyses can result in solutions and policies. Additionally [36], stated that there is a need for further 
collaboration and synergies in the WEF nexus.

Several review studies have been carried out on the WEF nexus. However, there has been a shortage of reviews identifying research 
patterns or publication trends focused on South Africa. This study identified 22 review studies, with only five explicitly focused on 
South Africa, revealing a dearth of WEF nexus reviews in South Africa. An analysis of the previous reviews reveal that the reviews have 
been focused on the interaction between the WEF nexus and their implications on economic activities such as coal mining, agriculture, 
food insecurity, government policies, climate change/risk and sector-specific policies. Additionally, the reviews have been charac-
terised by a lack of standardised methodologies as most of the reviews embark on a narrative review of policies and frameworks, with 
only a few adopting a systematic or bibliometric procedure.

However [38], in his bibliometric review identified WEF Nexus challenges and general themes peculiar to African countries. He 
stated that identifying WEF Nexus research themes will be crucial in operationalising the WEF Nexus. The study revealed that WEF 
nexus research among African countries differs. While this study is vital to the progress of WEF nexus research in Africa, it reveals a 
geographical bias. The findings of the study are also supported by [37]. It is, therefore, essential to establish research trends and 
analyse gaps peculiar to South Africa to understand the present state of research. Similarly, in a recent bibliometric review by [39], the 
study identified 65 articles published in Africa and 18 in South Africa between 1980 and 2021. The study also identified research 
trends and themes in Africa but failed to identify specific research trends and themes focused on South Africa. Additionally, there has 
been an increase in the number of publications generated from 2021 till date. It is, therefore, essential to understand the research 
trends, gaps and themes specific to South Africa while considering the increase in research publications. These identified trends and 
themes will reveal research areas that require further collaboration and attention to advocate for targeted policies and a holistic 
approach to addressing these challenges. Given these concerns, this study will achieve the following objectives.

a. analyse the WEF Nexus themes in South Africa.
b. identify research gaps in South Africa’s WEF Nexus research.
c. propose a WEF nexus Management Approach.

2. Materials and methods

This study used bibliometric analysis to evaluate the themes of the WEF nexus in South Africa. A study byManoj Kumar. [40] 
described bibliometric methodology as analysing bibliometric data to reveal emerging article trends, assess collaboration patterns and 
journal performance, and investigate intellectual structures within a research domain. The authors emphasise that such analysis es-
tablishes a solid foundation for advancing research, empowering researchers and scholars to identify knowledge gaps, gain a 
comprehensive overview of a research area, and effectively position their contributions. Consequently, this research employed bib-
liometric analysis to identify and examine themes related to the WEF Nexus in South Africa.

To accomplish this, publications from the Scopus database were used because of its comprehensive coverage of literature, including 
journals, conference proceedings, and books, which enables authors to provide a holistic view of research trends, and it has been stated 
as a reputable source for high-quality bibliometric data source [41]. Additionally, it includes reputable journals indexed in major 
citation indices, ensuring the reliability and quality of the data being analysed. Using a single database like Scopus also ensures data 
retrieval and analysis consistency, minimising potential biases from multiple sources [42,43].

The study adopted the Boolean phrase “Water” AND “Energy” AND “Food” AND “Nexus” to retrieve relevant articles published 
between 2011 and 2023. The article was limited to South Africa. The search produced one hundred and thirty-five (135) articles. The 
period between 2011 and 2023 was selected to study the Water-Energy-Food Nexus in South Africa as it incorporates significant 
developments such as policy changes, impacts of climate change, and changing resource demands. This time frame also enables an 
exhaustive review of recent trends and emergent challenges, ensuring that the analysis is all-encompassing, starting from the evolution 
of WEF Nexus at the Bonn conference and relevant to South Africa’s current circumstances. The publications were downloaded in CSV 
files. The bibliometric data downloaded included citation information, bibliographical information, titles, abstracts, keywords, and 
funding details. The CSV file was imported into the Vosviewer software to analyse the bibliometric data, thereby identifying the 
research themes of WEF Nexus. Table 1 reveals the breakdown of the articles retrieved in the bibliometric analysis.
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3. Results and discussion

3.1. Trends in publications of WEF nexus in South Africa

The Scopus database identified 135 publications on the water, energy and food nexus in South Africa between 2011 and 2023. 
Fig. 1 provides an overview of the landscape of publications in South Africa spanning the decade from 2013 to 2023. Studies revealed 
that WEF Nexus research began in 2007 globally and 2008 in Africa; however, WEF Nexus research only began in 2013 in South Africa 
as there was no record of academic publication on WEF Nexus in South Africa. This finding aligns with the findings of [39]. However, 
between 2013 and 2016, South Africa contributed nine (9) publications on the field of WEF nexus, and the number of publications 
grew slowly, reaching 55 in 2022. The Publication output was highest in 2022 with 40 articles; while the reason for this is unknown, it 
may be attributed to increased awareness and funding on sustainable development and policy initiatives on resource management may 
have gained traction, driving increased research interest. The study also revealed that the Water Research Commission has the highest 
funding of WEF Nexus research with 22 articles, while the University of KwaZulu-Natal has the highest affiliation with 46 articles. 
While this may suggest a strong institutional focus on WEF Nexus research in South Africa, it reveals the importance of more 
collaborative partnerships between scholars, research institutions and funding bodies to advance knowledge and address WEF 
challenges.

3.2. WEF Nexus Themes in South Africa

The Vosviewer software was used to analyse the Bibliometric information downloaded from the Scopus database. The themes for 
WEF Nexus in South Africa were derived using the keyword co-occurrence of the publications in Vosviewer. The cluster themes were 
selected by conducting a comprehensive study of the keywords in each theme. Each thematic cluster reflects a distinct emphasis area or 
subject within the larger WEF Nexus framework, and keywords were grouped based on conceptual similarities and importance to the 
WEF Nexus. This function factored in all authors and indexed keywords at full counting, highlighting the trends and concepts in the 
WEF Nexus in South Africa. In the co-occurrence analysis of all keywords, 47 out of 1167 keywords met the threshold of at least 5 
occurrences, producing four clusters, 729 links, and a total link strength of 1752. The Bibliometric analyses of the keywords resulted in 
four (4) thematic clusters revealing the themes associated with the WEF Nexus, as shown in Fig. 2.

The first thematic cluster is in red with 14 keywords (see Fig. 2). They are Africa, agriculture, article, energy resource, energy use, 
human, hydropower, planning, south Africa, water management, water resources, water supply, and Water-Energy-Food nexus. The 
second thematic cluster in green colour includes 12 keywords, which are economic and social effects, economics, energy security, food 
production, food security, investments, irrigation, optimisation, population statistics, renewable energy, sustainability, and water 
energy. The third thematic cluster is in blue with 11 keywords: Climate change, conceptual framework, decision making, energy, food, 
governance approach, nexus, poverty alleviation, sustainable development, wastewater treatment, and water. The fourth thematic 
cluster covers 10 keywords in yellow: adaptation, food supply, livelihoods, resilience, resource allocation, resource management, 
resource security, southern Africa, sustainable development, and WEF nexus.

Red thematic cluster- Sustainable Development: This first cluster presents sustainable development as a central theme as its 
keyword captures the interconnectedness of water, energy, and food resources in Africa’s development, encompassing aspects such as 
agriculture, energy resources and use, water management, and planning. Additionally, it highlights the human dimension by 
addressing the impact on communities and the need for integrated approaches to ensure sustainable resource utilisation and supply, 
particularly in regions like South Africa. This theme corroborates the assertions of [17] who stated that the nexus of water, energy and 
food is an integrated approach towards sustainable development. This theme brings to focus the multifaceted approach to achieving 
sustainable development in South Africa. It highlights the crucial role that agriculture, energy resources, water management, and 
human well-being will play in achieving sustainable development. A critical view reflects interconnectedness among the keywords, 
implying that addressing one aspect can have cascading effects on others. For example, improving water management practices can 
enhance agricultural productivity, support renewable energy development, and promote human well-being. Therefore, focusing re-
sources on these keywords would allow for targeted interventions that can yield significant and lasting impacts. By prioritising in-
vestments in critical sectors such as agriculture, energy, and water management, South Africa can leverage its resources more 
effectively to achieve sustainable development goals and enhance resilience to climate change, resource scarcity, and socio-economic 
challenges.

Table 1 
Document considered for WEF Nexus Bibliometric Analysis.

Document Type Number of Document

Articles 67
Book 5
Book Chapter 34
Conference Paper 3
Editorial 3
Review 22
Short Survey 1

Source: Research Survey (2024)
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Focusing on these keywords would also stimulate innovation and technological advancement in the sectors that serve as pivotal 
sectors in the advancement of South Africa’s economy. Agriculture, energy, water management, and human development drive 
progress towards economic prosperity, social equity, and environmental sustainability. South Africa can unlock its full potential and 
pave the way for a brighter and more sustainable future by concentrating resources on these critical areas and adopting integrated and 
holistic approaches.

Fig. 1. The publication trend of WEF nexus in South Africa.
Source: Research Survey (2024)

Fig. 2. Wef nexus themes.
Source: Research Survey (2024)
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Green Thematic Cluster- Resource Management. This cluster identifies Resource Management as its central focus with keywords 
such as economic and social effects, economics, energy security, food production, food security, investments, irrigation, optimisation, 
population statistics, renewable energy, sustainability, and water energy, all of which are crucial components of managing resources in 
a sustainable and environmentally responsible manner. Resource management is critical in the economic development and social well- 
being of any nation, including South Africa. Effective management of resources is paramount to achieving sustainable economic 
growth and societal progress in South Africa, a country rich in natural resources yet facing significant challenges. Efforts focused on 
energy security and renewable energy are critical for sustaining economic activities and improving living standards. [44] stated that 
South Africa’s heavy reliance on coal for energy production poses challenges in terms of environmental sustainability and energy 
security. Consequently, transitioning towards renewable energy sources such as solar, wind, and hydroelectric power holds promising 
advancements, as revealed by [45]. Similarly, efforts must be directed towards food production, security, and irrigation management. 
These efforts geared towards resource management are crucial for reducing greenhouse gas emissions, enhancing energy security, 
improving agricultural productivity, enhancing access to markets, investing in modern irrigation systems, promoting water-saving 
technologies, and promoting sustainable development.

[46] stated that concentrating resources on key priorities such as renewable energy, sustainable agriculture, and water manage-
ment is essential for achieving long-term economic prosperity, environmental resilience, and social equity. It is imperative to state that 
efficient resource management can significantly enhance South Africa’s economy by promoting sustainable development, reducing 
poverty, and fostering inclusive growth. By prioritising investments in renewable energy, improving agricultural productivity, and 
implementing effective water management strategies, South Africa can unlock its full economic potential while addressing pressing 
socio-environmental challenges.

Blue Thematic Cluster: Sustainability Challenges: South Africa faces numerous sustainability challenges that threaten the WEF 
nexus’s operationalisation and the well-being of its people and the environment. Among these challenges are climate change, energy 
and water scarcity, poverty, inadequate wastewater treatment, and governance approach, which are keywords in the blue thematic 
cluster. The assertions are further re-iterated as rising temperatures, erratic rainfall patterns, and extreme weather events have been 
stated to exacerbate water scarcity, agricultural productivity, and public health [47]. Similarly, the energy sector faces challenges such 
as dependency on fossil fuels, energy poverty, and environmental degradation, threatening sustainable development [44]. [48] stated 
that South Africa is afflicted with both hunger and malnutrition, with one in every four residents enduring hunger and 26.5 % & 70 % 
of children and adults stunted, respectively. Concentrating resources on these keywords is essential for effectively addressing sus-
tainability challenges in South Africa. South Africa can develop integrated and holistic solutions that promote resilience and prosperity 
by focusing on climate change, energy, food, governance approaches, nexus thinking, poverty alleviation, and wastewater treatment. 
Furthermore, strategically allocating resources to these critical areas can maximise impact and leverage synergies between different 
sectors, leading to more sustainable outcomes.

Yellow Thematic cluster: Integrated Resilience strategy: This theme encompasses the interconnected aspects of adaptation, 
food supply, livelihoods, resilience, resource allocation, resource management, and resource security within South Africa. It em-
phasises the importance of adopting sustainable development practices that address the complex interdependencies of water, energy, 
and food resources while also prioritising the resilience of local communities and ecosystems. By employing integrated approaches and 
collaborative efforts, stakeholders can work towards achieving sustainable solutions that promote both environmental conservation 
and socio-economic development in the region. Adaptation is a fundamental aspect of resilience, especially in climate change and 
other environmental disruptions. In South Africa, adaptation measures encompass strategies to mitigate the impacts of droughts, 
floods, and other extreme weather events on agriculture, infrastructure, and communities. A focus on adaptation ensures that the 
nation can effectively respond to changing environmental conditions and minimise vulnerabilities.

Food supply and livelihoods are intertwined with adaptation and resilience. South Africa’s agricultural sector is vital for food 
security and rural livelihoods. Thus, a resilient food supply chain is essential for safeguarding food security and economic stability. By 
enhancing agricultural resilience through sustainable farming practices, improved infrastructure, and diversified livelihood oppor-
tunities, South Africa can bolster its ability to withstand shocks and sustainably support its population. Resource security is also closely 
linked to resilience, as access to essential resources such as water, energy, and food is fundamental to economic development and 
societal well-being. By prioritising resource security, South Africa can mitigate risks associated with resource scarcity, ensuring sta-
bility and resilience in the face of future challenges.

Concentrating resources on these keywords within the Integrated Resilience strategy would significantly enhance South Africa’s 
economy. South Africa can create a more robust and resilient economy by investing in adaptation, food security, livelihoods, resilience- 
building measures, resource management, and sustainable development. Furthermore, by addressing the interconnected challenges 
highlighted by the WEF nexus and prioritising collaboration within the region, South Africa can position itself as a leader in sustainable 
development and resilience-building efforts, thereby enhancing its global competitiveness and attractiveness for investment.

3.3. Research gaps in South Africa’s WEF nexus research

The prevalence of the keywords in South African WEF nexus research indicates a strong emphasis on addressing sustainable 
development, resource management, challenges, adaptation, and the interdependence of water, energy, and agricultural systems. The 
research has focused on resilient and sustainable systems that can withstand environmental changes and support the well-being of 
present and future generations in South Africa. The keywords also strongly emphasise environmental and technical aspects but reveal a 
relative disregard for the socio-economic dimensions of the WEF nexus and issues of equity and access. It also exposes a lack of research 
addressing the uniqueness of South Africa within the WEF nexus, such as regional resource availability and cultural factors that may 
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impact the operationalisation of the WEF Nexus.
The analysis also did not explicitly mention keywords associated with policy, governance, or institutional aspects of WEF nexus 

management, disregarding the importance of effective policies and governance mechanisms in implementing sustainable solutions. 
Additionally, keywords are not associated with innovation, technology adoption, and best practices. The analysis highlights a sig-
nificant deficiency of research on human resources skills, education, and capacities in the WEF Nexus in South Africa. Although the 
nation is dedicated to promoting knowledge in this subject, there is a noticeable lack of publications focusing on the vital issue of 
human capital in the WEF Nexus. While the number of publications on the WEF Nexus is gradually rising, they have failed to address 
the human resources aspect sufficiently.

The lack of study on human resources in the WEF Nexus is a significant research gap that needs to be explored. This finding is 
corroborated by [49] who affirmed that there is a scarcity of WEF Nexus research that examines the dynamic effects of anthropogenic 
systems on the future paths of the nexus. The role of human resources is crucial in promoting innovation, executing sustainable 
practices, combating sustainability challenges, promoting resilience, and assuring the effective management of water, energy, and food 
resources. Since the increasing human interference in environmental processes has resulted in significant alterations in WEF resources 
availability, then it becomes imperative to also address human interactions in the WEF Nexus, and seek human efforts to address WEF 
challenges [50]. The insufficient focus on the workforce’s skills, education, and competencies may impede the operationalisation of the 
WEF Nexus and abort the successful integration of policies and practices. Hence, recognising and addressing the human aspect is 
crucial for sustainable development as the WEF Nexus is emerging as a new focal point of study. Future studies should investigate the 
impact of education and skills development on the resilience and efficiency of the WEF Nexus and identify the requisite skills, edu-
cation and capabilities required for effective operationalisation.

3.4. Propose a WEF nexus Management Approach

The research gaps in South Africa’s WEF nexus reveal a lack of research on human resource capabilities, innovations, and tech-
nologies that can operationalise the WEF nexus in South Africa. In line with these findings, this study proposes that the Human Capital 
Development and Technological Adoption Approach will enhance the operationalisation of the WEF nexus in South Africa. This 
approach systematically addresses the interrelations and interactions within the nexus by emphasizing the integration of human 
expertise and technological advancements. The interaction between human capacity and technology will enable a holistic under-
standing of how resource use in one domain affects others and how these resources can be co-managed to attain security and sus-
tainability. The use of technology can reduce water usage, food waste and energy consumption, while human expertise will ensure that 
these practices are effectively implemented and adapted. This integrated approach supports sustainable and efficient resource man-
agement in the WEF nexus.

3.4.1. The Human Capital Development Approach
The Human Capital Development Approach for implementing the WEF Nexus in South Africa is a management strategy that will 

consider the development of essential competencies and knowledge among resource management professionals and stakeholders. The 
approach will include training programmes, capacity development activities, and educational campaigns focused on South Africa’s 
WEF Nexus unique needs. This approach will enhance the development of an educated workforce capable of recognising and resolving 
the linkages between the water, energy, and food industries. Gaining requisite knowledge will allow the translation of Nexus theories 
and frameworks into practicable models, addressing one of the challenges of the Nexus identified by [38,51–53]. It will also encourage 
the application and adoption of technology for sustainable resource management, such as smart agriculture and efficient water and 
energy usage, which will address the technological lag challenges identified in previous studies [54–57]. The approach will require 
collaboration between stakeholders, educational institutions and industry professionals to provide comprehensive training pro-
grammes. These programmes would address multidisciplinary themes and capacity building to operationalise the WEF Nexus. The 
approach will invest in human resources and allow South Africa to implement comprehensive solutions to WEF Nexus concerns 
successfully.

3.4.2. The Technological Adoption Approach
This study also revealed a lack of innovation and technology adoption in the WEF Nexus research theme in South Africa. This 

finding collaborates with existing research identifying technological lag as a WEF Nexus challenge. Adopting innovative 4IR tech-
nologies will play a critical role in facilitating effective resource management and innovative change within the Nexus in South Africa. 
Blockchain technology has emerged as a viable 4IR technology for revolutionising several industries, including resource management. 
Blockchain technology, made popular by the Bitcoin digital currency, is a distributed and decentralised record-keeping system that 
records transactions via a network of computers. Each transaction is saved in a “block” connected to previous transactions, resulting in 
a chronological chain of blocks. The blockchain relies on a consensus method in which transactions are approved by network members, 
removing the need for middlemen such as banks or governments [58,59].

Blockchain functions on a peer-to-peer network, with each member retaining a copy of the ledger. This decentralised structure 
increases transparency and resilience since there is no centralised point of control or failure [60]. Transactions registered on the 
blockchain are available to all network participants, which promotes transparency and trust. Furthermore, blockchain’s unalterable 
nature assures that a transaction cannot be changed or removed once recorded. It also uses cryptographic techniques to safeguard 
transactions, making it resistant to fraud and manipulation. Blockchain’s distributed nature makes it more secure than centralised 
solutions [61,62]. Several pilot projects and case studies throughout the globe indicate the potential and usefulness of blockchain 
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technology in resource management. The blockchain-based water trading platforms aimed to improve transparency and efficiency in 
water markets in the USA, Australia, Chile, and China [63]. Using blockchain for tracking and certifying produced food products also 
enhances transparency and consumer trust [64]. The deployment of blockchain-based smart meters in Sweden to enable real-time 
energy trading among households, reducing energy waste and promoting renewable energy integration [65,66].

In South Africa, where challenges related to water scarcity, energy access, and food security are prevalent, blockchain technology 
holds immense promise for addressing these complex issues as revealed in Fig. 3. Blockchain provides transparent and secure trans-
actions using decentralised record-keeping, which fosters accountability and trust in resource management [67]. Smart contracts 
automate agreements, streamline procedures, and reduce inefficiencies. Peer-to-peer trading networks allow for direct trades of 
surplus resources, which improves utilisation and reduces waste. Blockchain technology encourages sustainable practices that promote 
equitable resource access by increasing transparency, efficiency, and accountability [64]. Furthermore, blockchain can assist in solving 
sustainability issues such as water scarcity, energy availability, and food insecurity by allowing for more efficient resource 

Fig. 3. WEF Nexus Blockchain Verification System. 
Note: This Figure reflects the integration of blockchain technology to aid in verification of WEF resources to enhance efficiency and sustainability. 
The figure was developed by Authors.
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management and allocation [59,68].
By leveraging blockchain’s unique features, South Africa can enhance the management of WEF resources in the following ways.

1. Blockchain can enable decentralised record-keeping for WEF resource transactions, reducing the need for centralised authority and 
increasing transparency [69]. emphasises the potential of blockchain to disrupt established governance paradigms by enabling 
decentralised decision-making and lowering corruption cases.

2. Blockchain can be used for automated transactions: Blockchain can be used to create self-executing contracts with established 
circumstances that can automate transactions and agreements in the WEF Nexus. Smart water meters, for example, when connected 
to the blockchain, can correctly measure water consumption and automatically execute payments or fines depending on specified 
criteria. This encourages water conservation behaviours and ensures the effective distribution of water resources [34]. highlights 
how smart contracts may increase efficiency and save money in various sectors.

3. Blockchain-Based Trading Systems: These systems can enable peer-to-peer trading of surplus energy or food output among farmers, 
consumers, and enterprises. These platforms allow for direct transactions without middlemen, reducing transaction costs and 
promoting resource efficiency [70]. emphasises blockchain’s ability to democratise market access and benefit small-scale 
producers.

Blockchain technology can potentially transform the management of WEF resources in South Africa by improving transparency, 
efficiency, and sustainability as shown in. The government can address fundamental concerns in water, energy, and food security by 
leveraging blockchain’s decentralised and transparent nature. South Africa can use blockchain’s revolutionary power to develop a 
resilient and equitable WEF Nexus ecosystem that benefits its population through strategic collaborations, capacity-building initia-
tives, and regulatory changes.

4. Conclusion

The article highlights the interconnectedness of sustainable development, resource management, sustainability challenges, and 
resilience strategies in the WEF Nexus in South Africa. The study also identifies critical research gaps in addressing socio-economic 
dimensions, policy and governance aspects, technological innovation, and human resource development within the WEF Nexus 
framework. The article reveals the transformative potential of blockchain technology in revolutionising resource management in South 
Africa. By leveraging blockchain’s decentralised and transparent nature, the country can enhance efficiency, transparency, and sus-
tainability in resource allocation and distribution.

5. Recommendations

To operationalise the WEF Nexus and maximise the research output as depicted by the thematic clusters, the government, poli-
cymakers, and researchers should.

1. invest in capacity-building initiatives to bolster human resources’ education, skills, and overall capabilities in the Water-Energy- 
Food (WEF) Nexus. There should be a concerted effort towards training and capacity-building programs to promote innovation, 
incorporating cutting-edge technologies, and adhering to optimal resource management practices amongst stakeholders and 
citizens.

2. embrace 4IR technology, such as blockchain, as a transparent and effective resource management instrument. Policymakers should 
investigate potential avenues for incorporating blockchain technologies into established WEF management systems, focusing on 
decentralised record-keeping, peer-to-peer trading platforms, smart contracts, and other relevant domains.
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