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[bookmark: _Toc228162840]Title
The Impact of Water Infrastructure on Resource Sustainability in South Africa


[bookmark: _Toc228162841]1.0	Background


Water is a scarce and strategic resource vital for the economic, health, environmental and social well-being of all countries. In South Africa, the complexities of achieving sustainable and reliable water supply have been exacerbated in the past few decades due to a complex mix of historical inequalities, urban development, climate change and the gradual dysfunction of water infrastructure. Omalanga and Onyari (2025) claim that South Africa's scarce water resources are acutely stressed as a result of its semi-arid climate, inequitable distribution of rainfall, growing population and competing interests for both industrial and domestic use, making it one of the world's most water-stressed countries. This underpinning stress establishes a national backdrop whereby water infrastructure's condition and performance are not just technical challenges but have consequences for the sustainability of water resources and socio-economic survival.

The history of water management in South Africa cannot remain detached from apartheid history, which enshrined the past spatial and racial disparities in access to water and infrastructure development. Olley et al. (2024) record that the apartheid period created a legacy of inequitable water distribution, with the historical advantaged racially privileged by significantly higher levels of infrastructure provisioning, with contemporaneous exclusion of the South African black population from basic water services, especially in rural and para-urban regions. Post-apartheid, the South African government aimed to redress these structural inequities through progressive legislation that culminated in the National Water Act (NWA) 36 of 1998, which framed the principles of sustainability and equity as the pivotal principles of water resource governance in South Africa (SAG, 1998). This legislative achievement marked a paradigm shift in the governance of water resources by the state, which shifted the emphasis back to water as a public good, vested in trust in the state, for the good of the people, past, present and future.

While the intent of this progressive legislative framework was good, it has never been fully realised in the form of sustainable infrastructures. Maphela and Cloete (2020) reveal through policy analysis the National Water Act, despite the fact that it has been widely celebrated in academic and global policy fora for its progressive intent, has experienced considerable implementation challenges, with a lack of inter-institutional co-operation, compliance monitoring and investment in infrastructure maintenance eroding the objectives of equity and sustainability at the local level. The tension between the legislative intent and infrastructure performance forms the basis of the debate that this research explores. The water supply infrastructure constellations - dams, bulk conveyance, treatment plants and network of pipes - were mostly built decades ago and not comprehensively modernised to respond to the current challenges and demands, leading to a rapid physical degradation of the water supply infrastructure system.

The quantitative aspects of this situation are well-cited. According to the South African Institution of Civil Engineering (SAICE, 2025), more than 40% of the water produced and supplied in over 80% of the country is lost as non-revenue water (due to leaking and metering faults, illegal connections, and commercial losses), far in excess of the global best practices standard of 15%. Aiyetan (2025) also report that the failure of infrastructure project deliveries in South Africa can be attributed to four main dimensions: weak project management processes, organisational and managerial constraints, operational and maintenance failures and socio-political factors that result in diversion of resources away from infrastructure. Together, these failures have devastating economic, social and environmental impacts on the country with audits by the Department of Water and Sanitation showing the nation loses more than R14.89 billion per year as non-revenue water.

The need to tackle this problem is further underscored by the projected impact of climate change, which will exacerbate water scarcity in South Africa's already-water-scarce river systems and catchments. Kalumba et al. (2025) demonstrate through spatial analysis that severe water shortage risks are already apparent in provinces such as the Western Cape, while other provinces are facing increasing risks that will compromise current levels of dam storage adequacy in the next decade due to population growth and an increase in demand. Matimolane and Mathivha (2025) also contends that sustainable water survival strategies in South Africa cannot be achieved solely through top-down government regulations or local innovation and entrepreneurship, but instead through hybrid, multi-scalar approaches that co-ordinate regulation, infrastructure and community-based water resilience. This is the multidimensional policy and on-ground environment within which this doctoral proposal seeks to systematically probe the causal connections between the condition of water infrastructure, the quality of governance and long-term water resources sustainability of selected South African municipalities, ultimately aiming to generate an integrated, evidence-based approach to sustainable water infrastructure management.

[bookmark: _Toc228162842]2.0	Research Problem Statement

South Africa faces a multifaceted physical, institutional, financial and governance-based water infrastructure crisis, and the compounding effects of which pose an immediate threat to the water security of the country. Although this crisis is widely acknowledged, neither the nature of causality by which inadequate infrastructure ultimately impacts resource unsustainability, nor has it been rigorously investigated within a doctoral level of civil engineering research. Mokone (2025) demonstrate that water security throughout Southern Africa is inherently at risk because of the interaction of climate change, poor institutional and governance, and infrastructure, with rural communities being the hardest hit by the uncertainties of supply and quality of water, while urban systems struggle to cope with population pressures. This complex crisis calls for empirical analysis that does more than diagnose the problem, but also find solutions.

The monetary aspects of South Africa's infrastructure crisis punctuate municipal dysfunction. According to Olley et al. (2026), by June 2024, R22.36 billion - up 151% over 5 years - was outstanding in water board debt from local municipalities, while just 3% (26 of 958) of water systems had been certified Blue Drop accredited, with 52% failing or barely passing water quality tests. Crucially, the evidence suggests that the problem is not so much the age of physical infrastructure: 85% of drinking water systems assessed were in average or better condition, while poor process control, lack of professional staff and dilapidated maintenance regimes, all governance problems due either directly or indirectly to local government, are implicated as the critical service disruptors. This shifts the focus of the research to an integrated engineering and governance problem as opposed to one of straight infrastructure assessment.

Dependency Trap experienced by South African municipalities also highlights the structural problem. Aiyetan (2025) show how financial pressures at local government levels - due to limited tax bases, low collection rates of water tariffs and failed procurement - result in underinvestment in infrastructure maintenance, which leads to faster deterioration and loss due to non-revenue water, further reduced revenue and loss of capacity. This finding is corroborated through qualitative data from the study, where participants reported insufficient investment in infrastructure maintenance meaning rural communities are being short-changed, with leaking pipes and failed reservoirs leaving these communities without water for long stretches (Tshona et al., 2025). The problem thus transcends engineering capital failure to one of financial, institutional and strategic failure.

Despite a raft of existing literature on South African water issues, there is a discernible gap in knowledge. Bibliometric analysis conducted by authors have highlighted that recent literature has tended to focus on addressing rural water supply and climate change, with less emphasis on understanding the interconnectedness between metrics of infrastructure performance and sustainability outcomes across varied municipal types (Ishola et al., 2025). Likewise, Maumela et al. (2025) note in their Gauteng-focused study that existing literature tends to separate infrastructure planning and management from each other to create analytical frameworks that are fragmented. This doctoral project directly responds to this problem by analysing infrastructure conditions, governance quality and sustainability outcomes as a system, thus contributing to the production of new and original knowledge intellectually and practically relevant to addressing South Africa's most confronting water resource problem.



[bookmark: _Toc228162843]2.1	Research Question(s)

The key intellectual question of this research requires a specific, testable and relevant research question that responds to knowledge gaps in the current literature. George-Williams et al. (2024) highlight the need for water infrastructure research to focus on the interconnected relationship between water infrastructure planning, management and sustainability, rather than examining these areas in isolation. This prescribes the overarching research question of this doctoral research:

How much do the management and status of water infrastructure shape water resource sustainability outcomes in the future for selected South African municipalities, and what is the integrated approach needed to comprehensively address the identified shortfalls?

This overarching question is framed by the following two sub-questions that focus the empirical and analytical parts of the research:
i. What are the key infrastructure and governance risks in non-revenue water losses and failures linked to providing water services in the selected South African municipalities?
ii. How can the Integrated Water Resources Management (IWRM) concept and the Water-Energy-Food (WEF) nexus concept be applied to a practical, engineering-led sustainable water infrastructure and management model for South Africa?



[bookmark: _Toc228162844]2.2	Research Objectives or Hypotheses

The research objectives operationalise the research question by identifying clear objectives, and these should each be mapped to specific knowledge gaps. Grigg (2024) state that the research objectives under IWRM need to be devised with an aim to consider economic efficiency, environmental sustainability and social equity, instead of focusing on one aspect at the expense of the others.

As such, this research has three objectives:

· Objective 1: To statistically evaluate the correlations between water infrastructure condition (non-revenue water rates, water infrastructure maintenance costs, age of water infrastructure and water technology) and outcomes for resource sustainability across five focus South African municipalities.
· Objective 2: To critically assess the relevance of the Integrated Water Resources Management practice and Water-Energy-Food Nexus concept in diagnosing infrastructure-sustainability connection in the South African municipal sphere.
· Objective 3: To provide a proposed integrated engineering and governance approach to enhance water infrastructure sustainability in South Africa in line with the National Water Act (1998), the National Water Resource Strategy and United Nations Sustainable Development Goal 6.

These three objectives are centred on a linear process, each building on the learnings contained in the previous phase to result in an integrated knowledge outcome.












[bookmark: _Toc228162845]3.0	Significance of the research

This research project is significant from three interrelated angles - academic, professional and societal - and each angle provides justification for undertaking this doctoral research. First, the research bridges a known, important gap in the civil engineering and water resource management literature. Ishola et al. (2025) show, via bibliometric analysis, that the current research on water supply in South Africa has disproportionately focused on rural supply issues and climate change adaptation, with the complex interaction between the performance of infrastructure and future sustainability outcomes being inadequately theorised and empirically under-researched. This research is making an original contribution to the intersections of civil engineering, policy analysis and sustainability science by directly addressing the identified gap.

Professionally and in policy terms, it is at a time of national urgency. du Plessis (2023) notes that President Ramaphosa highlighted water as the most pressing concern for millions of South Africans when he delivered his 2026 State of the Nation Address; the President also announced R156 billion is to be invested in water and sanitation infrastructure over the next three years, as part of a once-in-a-generation R1 trillion public infrastructure spend. The study will feed directly into the strategic allocation, technical and institutional deployment of that spending to deliver optimal sustainability outcomes, across South Africa's 144 Water Service Authorities. Kalumba et al. (2025) also show that evidence-based and proactive water management solutions are crucial to address the growing risks of water shortages at the provincial level, underlining the policy significance of this research.

Societally, the research has direct implications for the quality of life of scores of South Africans who currently suffer from intermittent water supply, declining water quality, and uneven water access. Matimolane and Mathivha (2025), convincingly put forward the argument that sustainable water solutions call for hybrid strategies that combine regulatory reform and investment in infrastructure as well as community empowerment, the integrated approach this study aims to develop, test and recommend to South Africa. 


[bookmark: _Toc228162846]3.0	Literature review
[bookmark: _Toc228162847]3.1 Water Infrastructure and Sustainable Development

Globally, water infrastructure is the tangible foundation for sustainable resource management and determines the ability of countries to deliver water security for their population in the face of increasing climate pressures. Grigg (2024) stress that Sustainable Development Goal 6 - that everyone has equitable access to safe and affordable drinking water by 2030 - cannot be realised without the application of Integrated Water Resources Management across levels of authority, but that global reporting schemes show uneven and stagnated progress, which suggests that existing approaches to infrastructure development and management urgently need revision. The global water crisis is not a monolithic entity, but reflects the compounding effects of physical, governance and infrastructure under-investment in a specific manner in each national or regional setting. Hejnowicz et al. (2022) show via a maturing paradigm assessment of the Water-Energy-Food Nexus that sustainable development discourse has increasingly embraced the interrelationships between water infrastructure, energy and food systems, and that siloed approaches to water issues that do not consider the interrelated resource systems generate inherently flawed and fragile policy responses. This global perspective provides the conceptual framework within which we must understand and decipher the South African infrastructure challenge facing the country today.
[bookmark: _Toc228162848]3.2 Water Scarcity and Deteriorating Infrastructure in South Africa

South Africa is positioned at the extreme end of the global water crisis, given the multiple, reinforcing factors of physical scarcity, historical justice, urban growth and infrastructure degradation. Olley et al. (2024) systematically review that South Africa's access to fresh water is under extreme pressure, with the country's semi-arid climate resulting in uneven rainfall distribution that leaves a large proportion of the country with inadequate water supply, and increasing demand for water use in household, agricultural and industrial applications. The physical infrastructure used to convey, store, treat and supply this precious resource has aged significantly in a culture of decades-long underinvestment, generating a critical gap between water abstracted from source and water supply reliably delivered to domestic users. 3.3. Qualitative evidence of this deterioration is presented by study, from the Eastern Cape, where respondents identified damaged water conveyance pipes, reservoir wall collapses and neglect of maintenance of infrastructure as the direct causes of water deprivation in rural communities; the Ntoleni Stocks Dam is a case study of critical infrastructure failure that simultaneously shut down water supply to multiple communities (Tshona et al., 2025). Tshona et al., (2025) analysed that the extent of physical infrastructure breakdown is also measured by the Monthly State of Water Bulletin (2024), which shows that non-revenue water losses in Durban is 58%, Johannesburg 48.2% and in Gqeberha 48%, representing one of the largest infrastructure efficiency failures among middle-income economies.
[bookmark: _Toc228162849]3.3 Failure of governance and human capacity

An overwhelming amount of literature advances governance failure as a co-equal contributing factor of South Africa's water infrastructure crisis, and there is increasing evidence that institutional failure may be "the first failed cause" of water service failure. Olley et al. (2026) finds good evidence that 85% of South African drinking water systems for which data are available are in average or better physical condition, but service failure continues on an epidemic scale, pinpointing poor process control, lack of technically and managerially competent employee skillsets, and the neglect of maintenance as the main causes of service failure, rather than the age of infrastructure. This insight has important implications for the theorisation of the research problem and the development of interventions as it indicates that investment in new infrastructure without institutional reform will not achieve sustainability. Adom and Simatele (2021) make this point in the context of policy analysis through their argument that despite the National Water Act of 1998's progressive legislative intentions, it has failed to translate into sustainable outcomes at the implementation level due to limited inter-institutional cooperation, inadequate regulatory compliance monitoring, and the non-segregation of water revenue streams at the municipal level that would shield infrastructure maintenance budgets from competing service pressure. Also, Aiyetan (2025) conclude, through their five-pronged strategic framework analysis, that lack of project management practices, organisational constraints, and socio-political interference in infrastructure budgeting represent the governance failures that are driving the unsustainability of infrastructure across South African municipalities.
[bookmark: _Toc228162850]3.4 Financial Settings of Infrastructure Unsustainability

The financial structure of South Africa's water infrastructure investment is not aligned with the long-term sustainability requirements and the literature is increasingly realising this as the cause of the infrastructure crisis, not an effect. SAICE (2025) reports that the R69.3 billion budget for water infrastructure in the 2023-2025 period was R200 billion short of the funding needed to maintain, rehabilitate and expand the national water system, while by June 2024 the level of debt owed to water boards by South African municipalities had risen 151% over five years to R22.36 billion as a result of water loss as non-revenue water (NRW), low tariff collection and political intervention to reduce the allocation of funds for water infrastructure (Olley et al., 2026). Aiyetan (2025), show that the local government financial crisis is path dependent: poor revenue efficiency (tax base and tariff collection) leads to investment shortfalls in maintenance, which in turn leads to failure and breakdown of infrastructure, more non-revenue water, less revenue, and so on. du Plessis (2023) shows that even the record-breaking R156 billion announced in 2026 will have only limited effect on long-term sustainability until the problem of inefficiency at the root of the crisis - the loss of almost half of all water as non-revenue water with an annual cost of R14.89 billion - is amortised through investment in pipes renewal, water metering and pressure control. This financial aspect of the problem therefore requires an integrated approach which links infrastructure performance, revenue management, and strategic planning within an integrated framework.
[bookmark: _Toc228162851]3.5 Integrated Water Resources Management approach

The Integrated Water Resources Management framework has held a pivotal place in discussions around water governance in South Africa since it was adopted in the National Water Act, 1998, and its conceptual framework is key to this analysis. Locke (2024) historicization of IWRM in South Africa reveals the primary feature of IWRM as the overall objective of balancing social, economic and ecological interests through a systems perspective in which the hydrologic system is an integral part of a complex social-ecological system. Dirwai et al. (2021) use systematic review of IWRM implementation in East, West and Southern Africa to show that while the adoption of IWRM has impacted four cross-cutting core themes - namely, stakeholder participation, policy coherence, transboundary co-operation and equitable allocation of water - in the three African regions, implementation remains deficient in all three because of institutional fragmentation and technical capability deficiencies at the local governance level. Specifically, in South Africa, authors follow the development of IWRM in South Africa from its advent in the 1970s, through to its post-apartheid entrenchment in the National Water Act, and recognising a key tension between the economic efficiency and environmental sustainability aspects of IWRM and the post-1994 equality in the post-apartheid era in South Africa (van Koppen and Schreiner, 2014). This remains unresolved in current literature, and this PhD research contributes to its resolution through empirical evidence of how IWRM principles can be applied in the particular context of municipal water infrastructure management to attain sustainability outcomes.
[bookmark: _Toc228162852]3.6 Water-Energy-Food Nexus Framework

The Water-Energy-Food Nexus framework has developed as an important and interrelated analytical framework for dissecting and understanding the interdependence of factors that affect water infrastructure sustainability in South Africa. Adom et al. (2022) demonstrate through primary research with South African municipalities that the WEF nexus approach brings to light how action on one resource sector causes ripple effects in the other two, so that sectoral approaches to infrastructure planning and provision cannot be adequate for integrated resource sustainability. Simpson et al. (2022) published the WEF Nexus Index, applied across the Southern African Development Community, and reveal how South Africa and other Southern African neighbours are simultaneously facing resource insecurity that is compounded by water infrastructure ineptitude, with energy and agricultural production simultaneously impacted by water shortages, and which creates systemic vulnerability that cannot be addressed by sector-specific measures alone. Dlamini et al. (2023) scale the WEF nexus approach down to catchment level in KwaZulu-Natal, modelling how climate change will worsen water supply deficits in the Buffalo River catchment due to existing infrastructure deficiencies and socio-economic inequalities in water supply, and that only integrated, nexus-informed policy frameworks can deliver adequate and scalable climate adaptation strategies. Musetsho et al. (2024) also demonstrate through case studies of Vhembe District Municipality in Limpopo that Fourth Industrial Revolution technologies such as smart metering, Internet of Things sensors and artificial intelligence-based predictive maintenance are key enablers of WEF nexus innovation in South African water infrastructure management, but their implementation is fragmented and not institutionalised within municipal infrastructure governance frameworks.
[bookmark: _Toc228162853]3.7 Future challenges: Climate change and water infrastructure

Climate change is a rapidly emerging multiplier of threats in the South African water infrastructure system, and literature demonstrates both the physical impacts of this threat and how current infrastructure and governance frameworks cannot cope. Mokone (2025) draw on evidence from Southern Africa to show how increasing demand for scarce water due to rapid population and urbanisation growth coupled with climate variability has placed pressures on the unsustainable use of water resources, and existing water infrastructure - much of which has been designed with different rainfall pattern assumptions - is unable to meet demand. Kalumba et al. (2025) offer spatial evidence at the provincial level, showing that the Western Cape is facing risks of water shortage associated with declining dam levels and climate imperfect for winter rains, while other provinces with current high dam levels face emerging risks associated with climate change that have not yet been properly accounted for in infrastructure investment plans. Matimolane and Mathivha (2025) explore the rural aspect of climate-infrastructure interaction, using the Cape Town Day Zero crisis and the Greater Giyani Municipality as examples to demonstrate how vulnerability of infrastructure investments (intra-infrastructure vulnerability) - including dam levels, water distribution networks, and decentralised water purification systems - and governance vulnerabilities interact to create inequality in water security, particularly affecting rural and marginalised groups. Orimoloye (2022) places these challenges in the South African context in the broader global challenge of the WEF nexus, suggesting that the implementation of water management strategies and technologies that promote sustainable water use is a growing imperative in countries exhibiting both water scarcity and food scarcity, as is currently the situation in South Africa.
[bookmark: _Toc228162854]3.8 New Technologies and Sustainable Water Infrastructure

The literature increasingly reports emerging technologies and innovative funding tools as critical enablers of sustainable water infrastructure development in South Africa, providing ways out of its current trajectory of decline and poor governance. Maumela et al. (2025) show in their integrated framework study of Gauteng that the lag in adopting Fourth Industrial Revolution technologies, and a lack of climate-resilient infrastructure strategies and options, are among the most significant external factors contributing to the infrastructure crisis in South Africa, with Decision-Making Trial and Evaluation Laboratory analysis identifying the most important success factors for the sustainable management of water assets as strategic alignment and a value-based approach. du Plessis (2023) further demonstrates how investment in pipe lining and rehabilitation technologies, smart metering and pressure management equips municipalities with cost-benefit-saving reductions in non-revenue water reduction, which is significantly lower than the cost of replacing pipes, demonstrating the technologies' strategic value to cash-strapped municipalities. Simpson et al. (2023) also argue from an African perspective that to achieve WEF nexus security, interventions need to be planned from an integration perspective that maximises synergies and minimises conflicts in water-energy-food relations and infrastructure investment provides the critical material bedrock for realising sustainable gains in the WEF nexus. Maumela et al. (2025) compile the Sub-Saharan African experience of sustainable water infrastructure buildup, drawing the conclusion that apart from the infrastructure assets themselves, policy and institutional factors must be put in place for the successful management as a system through Integrated Sustainable Water Resource Management, offering a comparative Sub-Saharan African perspective that forms an important part of the South African analysis presented in this doctoral research.


[bookmark: _Toc228162855]4.0	Theoretical and conceptual framework 

[bookmark: _Toc228162856]4.1 Theoretical Orientation

The conceptual basis of any doctoral research proposal in civil engineering and water resources management should be both academically robust and pragmatic, offering a coherent framework to bridge the gap between the research problem and the empirical approach taken, and subsequent knowledge generation. This research adopts two interrelated and co-evolving theoretical paradigms, the Integrated Water Resources Management (IWRM) and Water-Energy-Food (WEF) Nexus, both embedded in the broader paradigm of sustainable development (as first detailed by the Brundtland Commission 1987) and subsequently operationalised in the United Nations 2030 Agenda for Sustainable Development, Sustainable Development Goal (SDG) (Holdgate, 1987; UN, 2025). The choice of these frameworks is not coincidental but is motivated by their demonstrated relevance in the context of South African water governance, the ability to capture the multi-dimensionality of the research problem under focus, and their complementary capabilities in providing a more meaningful explanatory framework than the individual frameworks can offer (Esan et al., 2026). Grigg (2024) explain that IWRM offers the institutional and process-focused perspective through which water governance issues are best understood, while the WEF Nexus provides the systems-thinking perspective that is required to understand the interactions between water infrastructure and resource sustainability. Both of these frameworks contribute to the theorisation in this study's conceptual model.
[bookmark: _Toc228162857]4.2 Integrated Water Resources Management Framework

The Integrated Water Resources Management framework is this study's main theoretical framework, offering both a normative perspective on sustainable water resources management and a theoretical framework for assessing the sustainability of water infrastructure performance. According to the Abdel-Magid and Ahmed (2002), IWRM is a process which facilitates the coordinated development and management of water, land and related resources in order to maximise economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems a definition that author recognised as the starting point for all further development of the theory of IWRM in the South African and African contexts (Locke, 2024). IWRM pivots on a triad of interrelated pillars: economic efficiency in the use of water and investment in water infrastructure; environmental sustainability of water resources and the ecosystems that depend on it; and social equity in the consumption of water and the provision of water infrastructure benefits. van Koppen et al. (2024) report the historical development of these three pillars within the larger framework of water governance in South Africa, showing that while principles of economic efficiency and environmental sustainability were recruited into water management discourse under apartheid, the principle of equity was only introduced into this discourse in South Africa through the post-1994 National Water Act, creating a complex - and at times contradictory - policy landscape for infrastructure management where investment decisions must satisfy the three criteria together.

IWRM in this research is deployed not just as a categorisation framework applied to South African water and infrastructure management policies, but also as an assessment tool, gauging the extent to which South African municipal water infrastructure management approaches conform to or violate the three pillars of the framework. Dirwai et al. (2021) show through systematic review across Southern Africa that the implementation of IWRM consistently fails at the local level of governance due to institutional fragmentation, lack of technical infrastructure capacity, and non existent mechanisms integrating water and other land-based resources to plan for infrastructure investment. Olley et al. (2024) further highlight that in South Africa, the absence of the physical infrastructure dimension is a long-standing criticism of IWRM, with the choice of the IWRM's institutional processes and multi-stakeholder participation plans and strategies not well supported by engineering-focused advice on municipal water infrastructure asset management and rehabilitation. This study directly counters such criticism by highlighting the role of infrastructure condition - as captured in the indicators of non-revenue water rates, maintenance outlay, asset age, and adoption of new technologies - as a key variable in the IWRM analytical framework, and thereby broadening the IWRM framework to apply to the engineering domain that has historically been given short shrift in IWRM research.
[bookmark: _Toc228162858]4.3 Water-Energy-Food Nexus Framework

The Water-Energy-Food Nexus (WEF Nexus) framework is the second analytical framework of this study, importing the systems-thinking approach that is required to holistically examine the implications for resource sustainability of water infrastructure performance. Adom et al. (2022) demonstrate that the WEF nexus framework is especially relevant to the South African context because of how it highlights that water-sector infrastructure deficits have flow-on effects for energy (given the critical role of water in thermoelectric power generation) and food (given the reliance of agriculture on irrigation infrastructure), creating a systemic risk that cannot be properly addressed by infrastructure-focused or governance-focused approaches alone. Simpson et al. (2022) give empirical weight to this argument through their WEF Nexus Index assessment of the Southern African Development Community, which shows that South Africa's water infrastructure shortcomings impact its performance across the three nexus dimensions in an integrated and simultaneous fashion, thereby strengthening the argument for integrated rather than siloed approaches to infrastructure sustainability. Musetsho et al. (2024) also show that Fourth Industrial Revolution technologies are a key enabler in the WEF nexus, with smart metres, Internet of Things sensors and artificial intelligence-based predictive maintenance allowing for simultaneous improvement in the efficiency of water infrastructure, energy use in pumping and treatment, and the agricultural water supply - all through a single technological investment framework. The multiple analytical capacity of the WEF Nexus framework positions it as a vital addition to IWRM in this study's theoretical framework.
[bookmark: _Toc228162859]4.4 Conceptual Framework

Building on these two theoretical frameworks, this study develops a new conceptual framework that maps the causal relationship between water infrastructure condition and governance quality in determining resource sustainability in South African municipalities. The framework places the independent variable of infrastructure condition as the key variable, which is operationalised via the following indicators: rates of non-revenue water loss, expenditure on infrastructure maintenance as a proportion of total water expenditure, age and status of physical assets and state of infrastructure rehabilitation, and level of technology adoption in infrastructure monitoring and management. Moderated by the moderating variable of governance quality, defined in terms of institutional capacity, financial management, regulatory compliance and inter-institutional coordination and integration. Maumela et al. (2025) empirically validate this moderating effect, showing in their study of the Gauteng city-region that alignment between infrastructure planning and governance is the most important critical success factor in water asset management because it impacts more on sustainability outcomes than engineering condition.
Sustainability outcomes related to resource conservation represent the dependent variable in the conceptual framework, expressed in terms of four dimensions that reflect the four IWRM pillars and SDG 6 targets: water security in terms of availability and reliability of surface water and groundwater supply, water quality compliance, equality of access across income strata and geographically, and environmental sustainability of water abstraction and discharge practices. The multi-dimensional conceptualisation of sustainability outcomes is upheld by authors, who show that water security in Southern Africa cannot be fully evaluated using a single indicator, but rather a multi-dimensional approach that measures physical, social, economic and environmental aspects all at once (Mokone, 2025). The conceptual framework thus provides a clear, empirical and theoretically sound model that guides the research design, data gathering and analysis, and evaluative framework for developing and testing the study's proposed integrated framework of engineering and governance interventions. 



[bookmark: _Toc228162860]5.0	Research Methodology

This research uses a mixed-methods design underpinned by a pragmatic research paradigm, allowing quantitative analysis of infrastructure performance to be complemented by qualitative analysis of governance, to inform a complex civil engineering decision-making problem. As explained by authors, a pragmatic research paradigm is a contextualised approach mainly used in applied research, where quantitative and qualitative methods are insufficient to understand the research problem (Creswell and Creswell, 2017). For the context of South Africa's water infrastructure problem, where system performance and governance, institutional capacity and socio-political processes interact, a mixed-methods approach offers the flexibility to produce statistically rigorous and contextually relevant results.

Specifically, the study adopts an explanatory sequential mixed-methods design: data is collected and analysed in the quantitative phase (Phase 1) and subsequently explained, interpreted and contextualised in the qualitative phase (Phase 2). This approach is justified because the literature, indicates that performance alone does not determine outcomes, as infrastructure performance metrics need to be complemented by governance configurations to determine sustainability (Maumela et al., 2025). The sequential design guarantees that the qualitative findings are linked to empirically observed patterns, hence enhancing the explanatory context of the study.

Our research examines five municipalities (purposively selected) around South Africa that span a range of geographical and socio-economic backgrounds (urban, peri-urban and rural areas). The municipalities are located in the provinces of Gauteng, Eastern Cape, KwaZulu-Natal, Limpopo, and the Western Cape, which according to the literature, display a range of water infrastructure issues and climate change vulnerabilities. Kalumba et al. (2025) note that these provinces vary in terms of water stress, with spatial variations in rainfall and water infrastructure capacities, making them appropriate candidates for comparison.

Purposive sampling is used to ensure that the chosen municipalities exhibit variability in terms of infrastructure, governance and service delivery performance. This strategy is in line with the qualitative research, which stress the need to select cases that show differences in provision and governance outcomes (Matimolane and Mathivha, 2025). Variations among cases enable the study to offer insights that are more transferable to other contexts while still providing rich analyses.

Phase 1 of the study aims to gather and examine secondary quantitative data from the Department of Water and Sanitation's Blue Drop, Green Drop and No Drop Reports for 2022-2024 (SAG, 2023). These reports offer nationally comparable performance indicators for water quality, wastewater management and non-revenue water, and are recognised as key data sources in South African water research.

Relevant variables include rates of non-revenue water (NRW), the percentage of water-related budgets devoted to infrastructure maintenance, water quality compliance, and infrastructure age. These are chosen for their known associations with infrastructure performance and sustainability, such as maintenance investment and infrastructure condition as key indicators of infrastructure resilience.

Data analysis will make use of multiple linear regression and correlation analysis to explore the links between infrastructure condition variables and sustainability outcomes. This methodology can be used to identify significant factors affecting water system performance and resource sustainability. Further, a Decision-Making Trial and Evaluation Laboratory (DEMATEL) approach will be used to determine causal relationships between critical success factors in water infrastructure management. Maumela et al. (2025) have shown that DEMATEL can be used to highlight key factors affecting infrastructure performance in Gauteng, so it is a suitable method of analysis for this research.

The quantitative phase serves to not only draw empirical conclusions, but also provide insights into the subsequent qualitative phase. This approach, which highlights areas where high NRW values or low levels of maintenance are observed in particular districts, provides the opportunity for further exploration of the governance factors in Phase 2.

Phase 2 of the study adopts qualitative methods to explain in greater detail the quantitative results, with a particular emphasis on governance, capacity for policy and policy implementation. We will conduct semi-structured interviews with some 25 to 30 interviewees from the Department of Water and Sanitation, municipal water engineers, water board representatives, and members of civil society organisations interested in water governance.
This type of interview is chosen to ensure consistency across respondents and sufficient flexibility to delve deeper into emerging issues. This method is in line with that adopted by authors, who used interviews and thematic analysis to explore rural water scarcity and governance issues in South Africa (Matimolane and Mathivha, 2025). Employing a multi- stakeholder approach guarantees that multiple perspectives are considered, reflecting the multi- level governance of South African water management.

Thematic analysis will be used to analyse interview data, involving a systematic approach of coding, categorisation, and theme generation. This approach allows for patterns to emerge that identify governance challenges such as institutional fragmentation, limited technical skills, and poor financial management as well as enablers such as leadership and collaboration from stakeholders. Mokone (2025) highlight that a grasp of these governance issues is critical in devising sustainable water governance solutions in the Southern African region.

The qualitative stage is crucial for interpreting and understanding quantitative findings, and for uncovering the why and how behind the patterns in infrastructure performance and the role of policy and institutional reform in overcoming barriers.

A major advantage of the explanatory sequential mixed-methods approach is that the quantitative and qualitative data are integrated to gain a deeper understanding of the problem. In our study, integration will take place at a level of interpretation, whereby qualitative analysis helps to interpret quantitative findings. If quantitative analysis finds a strong relationship between low maintenance spending and high NRW rates, qualitative findings may offer insights into how resources are allocated, political interference, or a lack of resources or expertise in municipalities. This integrated approach is consistent with the findings of study, that suggest that water resources management research that integrates technical, institutional, and governance analysis is essential for improving water resource management (Grigg, 2024). This process will guide the design of an integrated engineering-governance model for water infrastructure sustainability, which is the main focus of this work.

The inclusion of human participants and potentially sensitive information about institutions makes for ethical considerations crucial to the design and execution of this study. Approval will be sought and granted before data collection begins from the University of Johannesburg's Faculty Ethics Committee. Participants will be given comprehensive explanations of the research and asked for informed consent to partake in interviews. Anonymity will be assured, and participant names will not be disclosed in any publications. This is especially crucial in discussing municipal governance, which may address issues such as failed infrastructure and financial mismanagement (Calverley and Walther, 2022). Consent will be freely given, and participants will have the option to withdraw from the study at any point without repercussion. Personal data will be stored securely, and used exclusively for research purposes, as per university ethics guidelines.

The proposed research methodology will enable a rigorous, structured and contextualised exploration of the link between water infrastructure and resource sustainability in South Africa. Combining quantitative performance measures with qualitative governance perceptions, the study meets both the technical and institutional challenges. The explanatory sequential mixed-methods approach ensures that the findings will be rigorous and highly relevant to the understanding and practice of water infrastructure sustainability, and will add substantially to the body of academic knowledge and policy on water infrastructure sustainability.
[bookmark: Limitations_&_Delimitations]
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This research is carefully constrained to enable a meaningful analysis, practical method, and fulfilment of the expectations of a PhD. Regardless, the study is limited to a focused set of five selected municipalities in South Africa with different urban, peri-urban and rural settlements in Gauteng, Eastern Cape, KwaZulu-Natal, Limpopo and the Western Cape. This ensures a comparative framework for assessing infrastructure performance and related governance within a comparative framework of different municipal settings (while keeping research scope manageable for empirical depth). It also does not include transboundary water management or comparative studies of other countries in the Sub-Saharan African region, although these viewpoints are important in water resource discussions. This approach keeps the research pertinent and policy relevant to South Africa and its institutional and legislative context. In terms of timeframe, the study explores the decade 2015-2025, as this decade represents key milestones for water in South Africa. This period saw the Cape Town "Day Zero" water crisis, which highlighted management deficiencies in urban water supply, along with the latest Department of Water and Sanitation (DWS) Blue Drop, Green Drop and No Drop Reports. This timeframe allows the study to examine both crisis circumstances and responses in terms of policy and infrastructure, which together offer a holistic perspective on modern challenges of water infrastructure and sustainability impacts. From a sectoral perspective the research is focused on bulk water supply and reticulation infrastructure, such as dams, reticulation pipes, treatment works and supply networks. Wastewater treatment is not considered as a major variable, though is recognised as an important part of the water cycle. This is essential to keep the focus of the analysis on the link between water supply infrastructure and water resource sustainability, without incorporating the entire water cycle in the study, thereby confounding the concept.

While the study is well-designed, there remain some limitations that could impact interpretation and transferability of results. First, the study is limited by the use of secondary data from the Department of Water and Sanitation. Variability in reporting, technical know-how and compliance in municipalities affects the quality and completeness of Blue Drop, Green Drop and No Drop data. This may cause inconsistencies in the measurement of the indicators which may influence quantitative analyses. Second, there are limitations to the extent to which quantitative data can capture the complexity of water infrastructure problems. In many cases, as reported by author, many drinking water systems are reported to be in average or better physical condition, yet service delivery issues remain (Calverley and Walther, 2022). This implies that other factors such as poor governance, limited institutional capacity and financial mismanagement are at play and this may not be fully captured in quantitative data. Although the qualitative portion of this study addresses this, the incorporation of these issues is complex. Access to key stakeholders is another challenge. Access to higher municipal officials, water board officials and national department officials may be constrained by institutional sensitivities, especially when the focus of the discussion is infrastructure breakdowns, non-compliance to regulatory frameworks, or financial mismanagement. It could lead to skewed perspectives or limited information release, and may limit the richness of qualitative data. Lastly, the purposive sampling of the five municipalities, although justified from a methodological point of view for comparative analysis, constrains the statistical representativeness of the findings to all 144 Water Service Authorities (WSAs) in South Africa. Similarly, the practical and financial limitations of a three- to four-year part-time doctoral study limit the amount of time spent on field studies and site inspections, including longitudinal studies. These constraints are recognised as inevitable in the research design and hence the lessons will be interpretations made with caution stressing the analytical and contextual validities.
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Water infrastructure failure in South Africa is no longer a looming threat, but a reality that is growing to affect the lives of millions of South Africans and constricting its' socioeconomic development. This research has been grounded in response to this challenge, with a targeted and empirically-based exploration of the interrelationship between water infrastructure performance and resource sustainability. By filling a clear gap in the literature, it extends beyond a descriptive analysis of water scarcity to understand the structures and governance frameworks that enable water infrastructure inefficiency and resulting failed service delivery.

The study offers a valuable contribution by bringing together the concepts of Integrated Water Resources Management and the Water-Energy-Food Nexus. The study incorporates a twofold-theoretical framework to holistically analyse the relationship between infrastructure systems and complex environmental, economic and institutional systems. The rigorous explanatory sequential mixed methods study design guarantees that quantitative results are not only statistically supported - but also framed in a context using qualitative information and contributing therefore to the overall explanation. Most notably, the research stands to provide both theoretical and practical benefits. The creation of an engineering-governance framework serves as a deliverable outcome that can guide policy and governance reform, infrastructure investment decision-making and institutional strengthening. In doing so, it helps drive South Africa's journey towards sustainable water, while also providing lessons for other arid, developing countries.
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	Phase
	Activity
	Duration

	1
	Literature review, proposal refinement, ethics application
	Months 1–6

	2
	Quantitative data collection (DWS Reports, statistical analysis)
	Months 7–12

	3
	Qualitative data collection (interviews, site visits)
	Months 13–18

	4
	Data integration and mixed-methods analysis
	Months 19–24

	5
	Framework development and validation
	Months 25–28

	6
	Thesis writing, supervisory review, revisions
	Months 29–34

	7
	Submission, examination preparation
	Months 35–36
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	Item
	Estimated Cost (ZAR)

	Travel and fieldwork (5 municipalities, 2 visits each)
	R 25,000

	Research software (SPSS, NVivo, DEMATEL tools)
	R 18,000

	Transcription services (qualitative interviews)
	R 12,000

	Academic journal access and library resources
	R 8,000

	Conference participation and paper presentation (×2)
	R 30,000

	Printing, binding, and thesis submission
	R 6,000

	Miscellaneous and contingency (10%)
	R 9,900

	Total Estimated Budget
	R 108,900
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