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ABSTRACT 

 

Water, energy, food and land are under pressure from changes in climate and socioeconomic 

conditions, and silo-based management approaches. The water-energy-food (WEF) nexus 

approach acknowledges the inextricable links between WEF resources and optimizes the 

interconnections. The spatially distributed WEF resources can be spatially analysed and 

visualized by Geographic Information System (GIS)-enabled WEF nexus tools. This document 

contains a review on the updated status of WEF nexus tools and a research proposal to address 

the identified research gaps. 

There is a continuously increasing abundance of at least 46 WEF nexus tools in various formats 

dedicated to WEF nexus modelling, simulating and optimizing. Unfortunately, 61% of the 

existing WEF nexus tools (Foreseer (44), DAFNE (24), WEF Nexus Assessment 1.0 (40))  are 

unavailable to the target users. Developers of WEF nexus tools need to disseminate their tools 

in user-friendly formats in the public web space. Of the existing WEF nexus tools, 70% lack 

geospatial analytic capabilities, hence the need for enabling WEF nexus tools with GIS. WEF 

nexus tools that are enabled with geospatial analytic capabilities provide a spatial and 

quantitative view of WEF nexus practices champions and hotspots. Only 30% of the tools 

(integrative analytical model for the WEF nexus (15), WEF model (29), AWEFSM (17)) apply 

at local scales, while some tools (GREATER for FEW (18), WEF Nexus Tool 2.0 (37)) are 

limited in geographic scope and spatial scales. 61% of the existing tools (AWEFSM (17), 

WEFSiM (22), WEFO (32)) are not readily available to users and this may be contributing to 

their relatively low application in case studies. Previous WEF nexus work focused on the status 

quo and neglected scenario planning for alternative WEF nexus futures. Frameworks and 

approaches for stakeholder-driven co-planning of WEF nexus scenarios need to be developed 

for robust planning towards sustainable development. 

The translation of the WEF nexus theory to practice is lagging due to (i) lack of analytic tools 

and supporting evidence, and (ii) focus on status quo. This document also presents a research 

proposal on further development and application of a multi-scalar, user-friendly, free access, 

web-based and GIS-enabled WEF nexus modelling tool. Secondary to this, the research intends 

to apply stakeholder-driven WEF nexus scenario planning in Southern Africa, specifically in 

South Africa and Zimbabwe.  
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1 INTRODUCTION 

 

1.1 Water, Energy and Food (WEF) Nexus 

 

Land, energy, water, and food resources spur economic growth and sustain social development. 

Like in many parts of the world, these strategic resources are over-exploited and degrading in 

Southern Africa. Mabhaudhi et al. (2016) and SADC (2016) attribute this to population growth, 

economic development, shifting diets, urbanization, pollution, and cultural and technological 

changes. The pressures on these resources are exacerbated by climate variability (CV) and 

climate change (CC). For example, projections for 2030 expect a 40% increase in demand for 

water, about 10% for agricultural land, while energy and food demands are expected to increase 

by 50% for both (Martinez-Hernandez et al., 2017; Schull et al., 2020). Business as usual 

scenario for 2050 project increases in demands of 50% for water, 100% for energy, 50% for 

food, and 20% for agricultural land (Hoff, 2011; IRENA, 2015; Tashtoush et al., 2019). Sectoral 

fragmented resource management policies and approaches ignore the resources’ interlinkages 

thereby amplifying the insecurity of energy, water and food resources (Leck et al., 2015). 

The pursuit for integrated resources management at the Bonn 2011 Nexus Conference for WEF 

Security Nexus Solutions for the Green Economy led to a gain in popularity of the water-

energy-food (WEF) nexus concept as an integrated and holistic approach to the management of 

natural resources (Leck et al., 2015; Schull et al., 2020). Related dimensions such as land, 

climate, environment, ecosystems, economy, nutrition, health, and carbon are explicitly or 

implicitly considered in the nexus, but the common three dimensions of the nexus are water, 

energy and food. The WEF nexus posits that water, energy and food are interlinked in ways 

that sectoral decisions and actions ripple synergistically or adversely across all sectors (Hoff, 

2011; IRENA, 2015). Accordingly, the WEF nexus approach highlights the links between WEF 

resources, maximize their synergies and minimize their trade-offs in decision-making for WEF 

resources management. The WEF nexus approach manifests in multiple dimensions including 

analytical, conceptual, discourse as well as a platform that converges stakeholders to harmonise 

strategies and polices (Nhamo et al., 2020a,b). As an analytical tool, the WEF nexus approach 

systematically quantifies and qualifies linkages between WEF resources. The WEF nexus 

conceptual framework simplifies the understanding of WEF interactions for coherent policy-

making and enhanced sustainable development; while its discourse dimension supports framing 

of problems and cross-sectoral collaboration (Nhamo et al., 2020a). The multi-centric WEF 
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nexus approach is complex to unpack and untangle, it being a relatively new concept (AboeInga 

et al., 2018). The context dictates the type and importance of interconnections between the WEF 

resources, and this necessitates exploration and understanding the interdependence of water, 

energy and food security and the supporting natural resources (Liu et al., 2017; Salam et al., 

2017). 

The WEF nexus approach is currently riding the wave as the multi-centric silver bullet for 

sustainable management that treats all three key sectors (i.e., water, energy, food) equally as its 

point of departure (Stucki and Smith, 2011; Benson et al., 2015; de Loë and Patterson, 2017; 

Grigg, 2019). This has seen it gaining momentous spotlight and prioritization in development, 

policy dialogue and research agenda by various entities across scales (Bazilian et al., 2011; 

SADC, 2016; Eftelioglu et al., 2017; GWP-SA, 2019a; GWP-SA, 2019b). However, the 

practice of the WEF nexus concept is lagging the hype of the WEF nexus agenda, and this 

motivates investigating the slow adoption of this approach that promises to drive sustainable 

development. Literature largely attributes this slow implementation to scarcity of practical tools 

and empirical evidence, for capturing the WEF nexus in its entirety and supporting the 

implementation, respectively (Byers, 2015; Daher and Mohtar, 2015; Liu et al., 2017; Galaitsi 

et al., 2018; McGrane et al., 2019; Nhamo et al., 2020a; Naidoo et al., 2021). 

The WEF nexus community has made efforts in developing and applying WEF nexus tools that 

support implementation of the WEF nexus, including Water-Energy-Food (WEF) Nexus Tool 

2.0 (37) (Daher and Mohtar, 2015), Climate-, Land-, Energy- and Water-systems (CLEWs) (42) 

(Howells et al., 2013), Q-Nexus (30) (Karnib, 2017) and the integrative analytical model for 

the WEF nexus (15) (Nhamo et al., 2020a), among others. These are among the tools that were 

previously reviewed on their abilities to analyse feedbacks, optimize and visualize the WEF 

nexus (Wicaksono et al., 2017). Shannak et al. (2018) reviewed them regarding informing 

policy while Flammini et al. (2014), IRENA (2015), Kaddoura and El Khatib (2017), Shinde 

(2017), Mannan et al. (2018) and Rosales-Asensio et al. (2020) focused on the tools’ inputs, 

outputs, accessibility, and analytic modelling capabilities. The types of tools and their nexus 

challenge level, purpose and applicable spatial scales were investigated by Dai et al. (2018), 

while their complexity was reported by Dargin et al. (2019). However, none of the previous 

reviews delved, neither explicitly nor implicitly, on the status, the necessity of and potential for 

web availability and GIS integration of existing WEF nexus tools. Web availability of WEF 

nexus tools strategically positions them to potential users for implementation of the promising 

concept, while their integration with GIS enhances characterisation of spatial dynamics of the 
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WEF nexus. While echoing the absence of a silver bullet method and tool for modelling the 

nexus challenge due to its uniqueness in the complexities of the resource, involved stakeholders, 

scale (spatial and temporal) and data needs, Daher et al. (2017) suggested some seven guiding 

questions that need to be addressed in WEF nexus modelling. These linked questions ask on 

aspects of the system and sub-system, stakeholders, spatial scale of application, assessment, 

data and communication. The critical question determines the system of systems to be studied 

and is developed in collaboration with stakeholders, beneficiaries, and other players. The scale 

determines the boundaries of the system and its interconnections. The focus of assessment 

dictates input data and outputs, as well as how to communicate the trade-offs and synergies in 

a simplified manner (Daher et al., 2017). 

 

1.2 Geographic Information System (GIS) in WEF Nexus Tools  

 

The WEF resources and their nexus are spatially distributed and complex phenomena and 

problem that needs contextualised information and knowledge integrated with a tailored 

communication strategy (Eftelioglu et al., 2017). GIS is a computer-based information system 

with tools to collect, store, manage, analyse, retrieve and visualize spatially defined and 

geographically referenced data and information applicable in natural resources management. 

GIS supports spatial decision-making by precise assessment of distributed resources to solve 

issues related to the environment and economy (Johnson, 2009; Hiloidhari et al., 2017; Janipella 

et al., 2019). WEF nexus tools and GIS have contributed to highlighting and solving spatial 

decision and WEF resources problems (Daccache et al., 2014; Daher et al., 2019b; Ramirez et 

al., 2021), but they both have inherent strengths and weaknesses (Hiloidhari et al., 2017). GIS 

is strong in handling, manipulating and visualizing spatial data but weak in problem-solving, 

quantitative and qualitative analysis situations that require integrating reasoning preferences 

and decision-making (Eldrandaly, 2007). On the other hand, WEF nexus tools are strong in 

quantitative and qualitative analysis but weak in dealing with spatial data needed for spatial 

analysis, mapping, and visualization. Thus, the two are complimentary and their integration is 

necessary for solving highly complex spatial decision-making problems, as well as small-scale 

discretization in local studies that sometimes lack adequate data (Fernandes Torres et al., 2019). 

Such integrated systems can provide a spatial view for analysing and comparing WEF nexus 

champions and hotspots through mapping resources production and requirements of sectors 
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(Lin et al., 2019). This allows for exploring impacts of change and implications of interventions 

(Daher et al., 2019a). 

The integration of GIS and WEF nexus tools is by either hard-linking or soft-linking. The 

benefits of hard-linked or tight (deep) coupled integration accrues from the effective and 

automatic transfer of data (input, output) between GIS and the WEF nexus tool, thus allowing 

for analysing, mapping and visualizing the WEF nexus in an easier, convenient and user-

friendly manner. Soft-linked integration is cumbersome and somehow prone to errors and 

demands a high level of competence from the user to write data in a shareable format compared 

to the hard-linked coupling arrangement (Ramos et al., 2019). This loose (shallow) coupling 

integration denies the WEF nexus tool the spatial data handling capabilities since the WEF 

nexus and GIS components run independently in separated user interfaces (Eldrandaly, 2007). 

 

1.3 Scenario Planning in WEF Nexus 

 

The WEF nexus spans across multiple sectoral and temporal scales thus requiring long-sighted 

methods that minimize misaligned pathways (Cremades et al., 2019; Payet-Burin et al., 2019; 

Nhamo et al., 2020a; Naidoo et al., 2021). In scenario planning, alternative plausible futures 

are considered to make decisions in highly uncertain and complex situations (Uden et al., 2018). 

Scenario planning builds capacity towards transformational change (Daher et al., 2017; 

Hoolohan et al., 2019). 

Scenario analyses are part of scenario planning and prevalent throughout the literature on global 

change for effective gathering of experience across disciplines, sectors, and scales, to explore 

maximization of synergies and minimization of trade-offs (O’Neill et al., 2020). Scenarios are 

neither forecasts nor predictions of the future but are attempts to elucidate alternative possible 

futures and their uncertainties to reach robust decisions (Moss et al., 2010; Palazzo et al., 2017; 

Antle and Valdivia, 2021). Compared to predictive and forecasting models that are riddled with 

uncertainties in future studies, scenario development and analysis supports development of 

alternatives that inform coherent adaptation strategies, policies and decisions. In this way, the 

stakeholder-led scenarios are multiple alternatives that promote participatory discussions and 

tackle uncertainty (Naidoo et al., 2021). Similarly, scenario-guided planning and analysis 

provide for engagement between decision-makers and uncertain future, for ensuring that plans 

are feasible, flexible and concrete (Alcamo, 2008; Moss et al., 2010). However, few studies 
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(Ringler et al., 2016; Borgomeo et al., 2018; van Vuuren et al., 2019; Wang et al., 2021) have 

applied scenario planning to explore the WEF nexus beyond the present time (Hoolohan et al., 

2019), maybe due to the compounded complexities and uncertainties arising from integration 

of the two complex concepts. 

Scenarios are combinations of consistent pathways while pathways are plausible future 

conditions that describe a single component such as Representative Agricultural Pathways 

(RAPs) (Valdivia et al., 2015), Shared Socioeconomic Pathways (SSPs) (O’Neill et al., 2014) 

and Representative Concentration Pathways (RCPs) (van Vuuren et al., 2011). 

Thus, scenario planning needs to be embraced in implementation of the WEF nexus approach 

by considering established protocols and pathways to aid in WEF nexus-friendly policy-making 

and robust decision-making towards sustainable development. 

 

1.3.1 Climate and socioeconomic pathways 

 

Projections of future societal and climate change contribute to characterising societal risks and 

response options, as well as improving understanding of the climate system (O'Neill et al., 

2016). Societal and climatic futures are explored with socioeconomic pathways (SSPs) and 

climate (RCPs). These pathways have been developed and continuously improved in 

progressive phases of World Climate Research Programme (WCRP)’s Coupled Model 

Intercomparison Project (CMIP). 

 

Coupled model intercomparison project phase 5 (CMIP5) pathways 

The outcomes of CMIP5 included five SSPs and four RCPs. SSPs (Figure 1.1a) are five basic 

reference pathways describing probable global socioeconomic developments that together 

would point in the future to different challenges for mitigation and adaptation to climate change, 

in the absence of climate change, climate impacts or climate policies and responses. Drivers of 

changes in SSPs include demographics, lifestyle, technology, human development (e.g., health 

and education), policies, economy, institutions, and environment and natural resources 

(ecosystems); while excluding the consequences or outcomes such as emissions, land use and 

effects on agriculture (O’Neill et al., 2014; O’Neill et al., 2017; Riahi et al., 2017). The SSP1 

pathway of sustainability and SSP3 pathway of fragmentation are the two extreme futures 
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characterized by low and high socioeconomic challenges, respectively, to mitigation and 

adaptation. 

 

    

Figure 1.1 (a) The challenges for mitigation and adaptation in the five SSPs (O’Neill et al., 

2014; O’Neill et al., 2017); the four RCPs’ changes in (b) radiative forcing, and (c) 

cumulative 21st century CO2 emissions vs. 2100 radiative forcing (Moss et al., 

2010; van Vuuren et al., 2011) 

 

The four RCPs (Figure 1.1b) are a scenario set defining specific multi-gas emission, 

concentration and land-use trajectories and subsequent radiative forcing. RCPs reflect the range 

of radiative forcing values by the end of the year 2100, from 2.6 to 8.5 W/m2 (van Vuuren et 

al., 2011). The key attributes of RCPs are summarised in Table 1.1. 
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Table 1.1 Overview of the four RCPs (Moss et al., 2010; van Vuuren et al., 2011) 

Name Change Radiative forcing Concentration (ppm) Pathway 

RCP2.6 
Paris 

agreement 

Peak at ~3 W/m2 

before 2100 and then 

declines 

Peak at ~490 ppm CO2-

equiv. before 2100, then 

declines to 2.6 W/m2 by 

2100 

Peak and 

decline 

RCP4.5 Low 

~4.5 W/m2 at 

stabilization after 

2100 

~650 ppm CO2-equiv. (at 

stabilization after 2100) 

Stabilization 

without 

overshoot 

RCP6.0 Medium 

~6.0 W/m2 at 

stabilization after 

2100 

~850 ppm CO2-equiv. (at 

stabilization after 2100) 

Stabilization 

without 

overshoot 

RCP8.5 Strong > 8.5 W/m2 in 2100 
>1370 ppm CO2-equiv. in 

2100  
Rising 

 

Coupled model intercomparison project phase 6 (CMIP6) pathways 

The SSPs and RCPs from CMIP5 were coupled into integrated SSP-RCP pathways in CMIP6 

to better address the impact of climate policy through enhanced socioeconomic coupling 

(Simpkins, 2017). Figure 1.2 shows the characteristics of the published new CMIP6 integrated 

CMIP6 SSP-RCP pathways spanning the same range as their CMIP5 counterparts, but filling 

critical gaps to address intermediate forcing levels and questions (Eyring et al., 2016). 

 

   

Figure 1.2 (a) Attributes of all CMIP6 scenarios after (O'Neill et al., 2016; Gidden et al., 2019), 

(b) future global CO2 emissions of SSP-RCP scenarios in CMIP6 with historical 

emissions in black (Rogelj et al., 2018; Gidden et al., 2019; Hausfather, 2019; 

O’Neill et al., 2020) 
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1.3.2 Representative Agricultural Pathways (RAPs) 

 

RAPs project plausible future biophysical and socioeconomic conditions used for agricultural 

model inter-comparison, improvement, and integrated impact assessment in a manner 

consistent with the new global pathways and scenarios (Valdivia et al., 2015). They are 

combinations of economic, technology and policy or institutional drivers, qualitatively and 

quantitatively, applicable with the crop, livestock and economic models to represent future 

management (e.g., use of improved crop varieties), future prices and socioeconomic conditions 

(e.g., changes in policies, changes in farm size and household size) (Valdivia et al., 2015; 

Tumbo et al., 2020; Antle and Valdivia, 2021). 

Valdivia et al. (2015) developed and presented five basic illustrative RAPs (Figure 1.3), with 

their pathway descriptions, and matrices of synergies and trade-offs. 

 

 

Figure 1.3 The five RAPs spanning the space of biophysical drivers and indicators, and 

economic and social drivers and indicators (Valdivia et al., 2015; Rosenzweig et 

al., 2016) 

 

Valdivia et al. (2015) presented a process for developing context-specific RAPs, wherein the 

team defines a general narrative of the RAPs considering socioeconomic, biophysical, 

institutional, policy, socioeconomic, and technological factors, and develops narratives and 

quantitative information for them, incorporating expertise from within the team, engaging 

stakeholders and recruiting outside expertise as applicable. Examples of RAPs development 

and application include Valdivia et al. (2015), Antle et al. (2017), Valdivia et al. (2017), Mu et 
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al. (2019) and Tumbo et al. (2020) as optimistic, business as usual and pessimistic pathways 

driving crop models 

Crop simulation models (CSMs) or crop models are computer-based simulators that attempt to 

represent growth, development, and yield of plants under varying conditions of inputs 

availability (water, nutrients) and climate/weather (solar radiation, temperature) (Hoogenboom 

et al., 2004).  CSMs are applied to studies that assess impact and climate change and variability 

in predicting crop yield when the crop production environment is known including crop 

management practices or options and soil properties. The ultimate goal of crop simulation 

modelling is informing long-term planning in food security, developing strategies for adapting 

to and mitigating climate change and climate variability (Chisanga et al., 2017). CSMs 

minimize costs, time and labours of agronomic and modelling field trials. Common examples 

of CSMs include AquaCrop which requires relatively less data, DSSAT which is data-intensive, 

as well as Agricultural Production System Simulator (APSIM) and Cropping Systems 

Simulation Model (CropSyst) (Babel et al., 2019; Feleke et al., 2021). 

 

1.3.3 Developing integrative scenarios 

 

WEF nexus scenarios representing possible future developments and changes facilitates 

assessing possible changes and the usefulness of mitigatory and adaptive measures given 

diverse future alternative outcomes (O'Neill et al., 2016). Unfortunately, established individual 

pathways such as SSPs, RCPs, and RAPs are incomplete by design but complement each other 

when integrated in studies that assess changes, risks and strategies for adaptation or mitigation 

(O’Neill et al., 2020). However, these climate, societal and agricultural futures should be 

integrated with caution on the plausibility of particular combinations. For example, literature 

from practice emphasizes that RCP8.5 is feasible only under SSP5, while the lower RCPs 1.9 

and 2.6 are unfeasible with SSP3 (O’Neill et al., 2020). O’Neill et al. (2020) recommends 

analysing scenarios with models by investigating a ‘with’ condition (e.g., policy, strategy, 

driver, climate change) and comparing it against a reference ‘without’ condition. 

The research community has embraced and promotes stakeholder engagement in pursuit of 

action-oriented interdisciplinary approaches that solve complex economic, environmental, and 

social issues. Involving stakeholders such as non-scientific experts in co-building scenarios 

enhances social learning, builds consensus, solves problems, reduces uncertainty and broadens 
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knowledge sources to enrich the scenarios while accounting for major uncertainties and 

different perspectives. This integration of local and scientific knowledge enhances shared 

understanding, realism, ownership, applicability, suitability, scale consistency, transparency, 

and quality of pathways and scenarios, as well as building the capacity of involved players 

(Alcamo, 2008; Rounsevell and Metzger, 2010; Antle et al., 2017; Johnson and Karlberg, 

2017). Collaborative participation of stakeholders in WEF nexus scenario planning is critical 

for clarifying key questions, history, local context, and challenges to development; building 

stories of likely change, assessing development, criticizing scenarios and modelling 

assumptions, as well as refining highlights for communication (Rosenzweig et al., 2016). 

Cremades et al. (2019) recommended co-selection of climate drivers and variables with 

stakeholders concerning the key factors in socioeconomic models of the area's sectors and this 

need to be combined with climate scenarios. Different players govern and impact WEF resource 

systems, each at a different scale, thus it is imperative to consider expert opinion, indigenous 

and local knowledge regarding current ongoing trends (societal, technological), and consider 

the influence of external forces (policies and technologies) (Cremades et al., 2019). 

Consideration need to be made of the legal framework including established policies and 

institutions, and emerging governance mechanisms (Daher et al., 2017; Cremades et al., 2019; 

Hoolohan et al., 2019). 

Quality criteria of scenarios include saliency, credibility and legitimacy (Alcamo, 2008). 

Saliency involves the relevance and comprehensibility of the scenarios for users, including 

policy- and decision-makers and scientists. Credibility refers to the scientific adequacy of the 

technical component, such as methods and evidence of the scenarios outlined in the literature. 

Legitimacy involves incorporating divergent values and is concerned with the transparency, 

participation and fairness of the scenario development process. Given the global nature of 

scenarios, they can be localised and contextualized to represent the local conditions, address 

burning questions and solve the local problems by disaggregation, downscaling and involving 

relevant stakeholders. Downscaling translates global-level information about developments, 

processes, or impacts of change to local-scale scenarios (Alcamo, 2008; Mu et al., 2019). For 

example, climate scenarios are descriptions of the possible future climate based on radiative 

forcing, visualized using coarse spatial resolution global climate models (GCMs) (Chisanga et 

al., 2017). For climate change impact assessment at a regional and local scale, coarse-scale 

climate scenarios and GCMs are downscaled dynamically, statistically, or by simple 

interpolation. Climate downscaling generates point or high spatial resolution information that 
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can be used to drive models that simulate impacts of climate change on resources (Carter et al., 

2001; Mearns et al., 2001). The temporal scale is important in WEF nexus scenario planning 

because it determines future conditions such as changes in climate, availability of and demand 

for resources, and time-dependent growth of population. Thus, the time horizon of the analysis 

should be based on the future implications of these likely changes and the decisions being made 

by stakeholders and compared with a baseline period (Cremades et al., 2019). 

To sum up, conventional silo-based resource management approaches amplify pressure on 

scarce WEF resources. However, the lag in implementation of WEF nexus approach is 

attributed to a lack of analytic tools (Byers, 2015; Liu et al., 2017; Galaitsi et al., 2018; McGrane 

et al., 2019; Nhamo et al., 2020a; Naidoo et al., 2021) and supporting evidence, as well delving 

much on history and the status quo than the future (Hoolohan et al., 2019). Thus, characteristics 

of existing WEF nexus tools need to be reviewed and improved. Where necessary, novel 

innovative WEF nexus tools must be developed, while scenario planning need to be embedded 

in the translation of the WEF nexus theory to practice. 
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2 LITERATURE REVIEW 
 

This section presents and briefly describes the existing WEF nexus tools and previous 

approaches to WEF scenarios planning. The advance of the WEF nexus approach has witnessed 

the development of several tools for analysing, modelling, simulating and optimizing the WEF 

nexus in terms of budgets of resources (demand, supply, deficit), integrated indicators and 

sustainability indices. Categorising the tools based on their analytic characteristics, methods 

and capabilities is beyond the scope of the current review and recommended for further study. 

 

2.1  Existing WEF Nexus Tools 

 

The review of published literature found 46 WEF nexus tools that were reported in publications. 

Preliminary results show an increasing activity with time in development of new WEF nexus 

tools since 2012. The gain in momentum of WEF nexus tools development is evident on a per 

annum and cumulative basis (Figure 2.1a). 

 

a)  b)  

Figure 2.1 (a) WEF nexus tools and their trends of development, (b) WEF nexus tools and their 

reported availability 

 

These increasing trends concur with earlier observations by Shinde (2017), thus possibly 

implying that WEF nexus implementation is gradually closing the gap between it and WEF 

nexus agenda in dialogues and research. This increasing trend in the development of WEF tools 

can be attributed to the increased attention of the WEF nexus concept in research and policy at 

all levels, especially international/regional, notably the landmark Bonn2011 Conference on The 
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WEF Security Nexus Solutions for the Green Economy (Hoff, 2011) as well as adoption of the 

related SDGs. 

 

2.2 WEF Nexus Tools’ Availability and Format 

 

In the context of this study, availability of a WEF nexus tool is from the user’s perspective and 

simply means being present and reachable to a potential interested user. Thus, the web 

availability of a WEF nexus tool here literally entails its presence at a stated location, such as 

on internet or online. 

Less than a fourth (39%) of the reported in literature is available to interested users, against 

such an abundance (46) of WEF nexus tools that were developed (Figure 2.1b). The remaining 

61% are nowhere in the public domain, including the integrative analytical model for the WEF 

nexus (15) by Nhamo et al. (2020a). This agrees with previous observations and reports that 

tools and data for WEF nexus are elusive (Vinca et al., 2020). In promoting the availability and 

transparency of modelling tools, Antle and Valdivia (2021) stated that their availability and 

documentation necessitates capacity building and knowledge transfer. 

 

a)  b)  

Figure 2.2 (a) WEF nexus tools and their reported availability on the web, (b) WEF nexus tools 

and their confirmed web availability 

 

Developers claim that they availed 43% of all the 46 tools on the public web domain (Figure 

2.2a), but this study confirms that a good proportion (19%) of these claimed tools is dead links 

(Figure 2.2b). These confirmed dead-link tools are nowhere to be found on or near the locations 

that were reported by the developers and previous users, or even random searches on the internet 
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yielded nothing. Notable examples include the Decision-Analytic Framework to explore the 

WEF Nexus in complex and transboundary water resources systems of fast-growing developing 

countries (DAFNE) (24), Platform for Regional Integrated Modeling and Analysis (PRIMA) 

(38), Water-Energy-Food (WEF) Nexus Assessment 1.0 (40), Foreseer (44), and the Multiple-

Scale Integrated Assessments of Societal Metabolism (MuSIASEM) (46).  

WEF nexus tools whose format is not stated and unknown claim the majority (≈ 48 %) of the 

46 existing tools (Figure 2.3). To add, these tools are currently unavailable for practical 

application in case studies. 

 

 

Figure 2.3 WEF nexus tools’ formats 

 

Web applications dominate the tools with stated and known format. The minority format 

category is serious games followed by spreadsheets, codes and desktop applications, in that 

ascending order. The web applications (≈18%) include DAFNE’s Negotiation Simulation 

Laboratory (NSL) (24) which is accessible to only partners and stakeholders of DAFNE project 

(ETHZÜRICH, 2018; Melenhorst et al., 2018). Some web applications such as WEF Discovery 

Map (1) and WEF Nexus Index (16) are platforms and portals for visualizing WEF nexus 

information, but their current versions cannot quantify the WEF nexus in different case studies 

as may be required by users. 

Desktop applications (≈15%) include Nexus of Food, Energy, and Water (NeFEW) (6) which 

run in MATLAB and thus requires interested users to be competent in specific programming 

language and skills. Another drawback of such compiled desktop applications is rigidity, 

especially with users who may be interested in coupling the tools to other modelling tools or 

adapting the source code to other contexts (Foster et al., 2017).  
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Some WEF nexus tools exist as codes (13%) that are stored in online archives/repositories such 

as Zenodo and GitHub. Examples of these codes include NExus Solutions Tool (NEST) (14) 

and Water, Hydropower, Agriculture Tool for Investment and Financing (WHAT-IF) (20). The 

availability and code form of these tools make them transparent and flexible since they can 

potentially be integrated and customized by knowledgeable and skilled users. However, their 

code form and lack of a user-friendly graphical user interface (GUI) may be a hindrance to 

users who are not conversant with programming language and skills. 

MS Excel worksheets claim about 4% of existing WEF nexus tools including the integrative 

analytical model for the WEF nexus (15) (Nhamo et al., 2020a). A major limitation involves 

restrictions and bureaucracy since interested users need to request availability and access to 

these worksheets from developers, with a chance of being denied or not being responded to. 

Serious games that simulate reality (2%) include DAFNE’s NSL (24), Nexus Game (28) (CSS 

et al., 2017), Serious Game for SIM4NEXUS (Sustainable Integrated Management FOR the 

NEXUS of water-land-food-energy-climate for a resource-efficient Europe) (Sušnik et al., 

2018) (25), the MuSIASEM-based MAGIC (Moving Towards Adaptive Governance in 

Complexity: Informing Nexus Security) Nexus Game (28) (Schyns et al., 2020), and. These 

WEF nexus ‘edutainment’ tools provide a conducive virtual environment for users to build 

capacity, negotiate and ‘learn by plan’ on impacts of their deliberations on WEF nexus. 

Some of the available web-based WEF nexus with notable analytical capabilities are restricted 

to the case study areas that they were initially developed and tested for. These include the GIS-

based Regional Environmental Assessment Tool for Food-Energy-Water nexus (GREAT for 

FEW) Tool (18) which is geographically restricted to Taiwan (Lin et al., 2019). Another 

example is the WEF Nexus Tool 2.0 (37) which focused only on Qatar as its geographic scope 

(Daher and Mohtar, 2015) and the SIM4NEXUS models (25) which were conceived with a 

European setting in mind (Sušnik et al., 2018). Such restrictions of geographic scope in WEF 

nexus tools potentially inhibit their applicability in areas and conditions different to which they 

were initially developed. 
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2.3 WEF Nexus Tools and Their Spatial Scales of Application  

 

Majority of existing WEF nexus tools apply to large spatial scales (national, transboundary 

basin, regional, continental), trailed by medium (catchment, sub-basin, provincial), then local 

(project, household, municipal, sub-catchment) scales (Figure 2.4). 

 

 

Figure 2.4 WEF nexus tools and their reported spatial scales of application 

 

Such large-scale WEF nexus tools apply at aggregate levels that inform and guide WEF 

policies. However, these tools are inapplicable for studies at local scales that inform decisions, 

strategies and actions at fine spatial resolution. Since the minority of the existing WEF nexus 

tools are applicable at small scale, there is need for tools applicable at local scales that can 

assess local WEF nexus challenges, as well as explore impacts of adaptive strategies and 

interventions towards grassroots level sustainable development (Terrapon-Pfaff et al., 2018). 

Some of the WEF nexus tools tend to be scale specific and this potentially hinders their 

application at other scales. This applies to ANEMI 3 (45) for global scale (Davies and 

Simonovic, 2010), WEF Nexus Tool 2.0 (37) for national scale (Daher and Mohtar, 2015), and 

the Water-Energy-Food (WEF) model which is appropriate for household scale (Hussien et al., 

2017). For wide application across scales, WEF nexus tools need to be flexible and adaptable, 

such that they are applicable at multiple scales (IRENA, 2015). A good example is the 

integrative analytical model for the WEF nexus (15) which was demonstrated to be applicable 

at various scales such as regional, national, and local scale (Mabhaudhi et al., 2019, Nhamo et 

al., 2020a,b). It must be born in mind that developing multi-scalar WEF nexus tools is 

challenging because different scales require different input data due to different boundaries 

such as ecological, hydrological and administrative. To leave no-one behind in implementing 

the WEF nexus approach towards sustainable development, WEF nexus tools should be availed 
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to all including analysts in developing countries while being applicable at finer spatial scales 

(Bazilian et al., 2011). 

 

2.4 WEF Nexus Tools and Geospatial Analytic Capabilities 

 

Ascertaining spatially aggregated WEF nexus is important, but it is also imperative to analyze 

the spatial and temporal dynamics of the WEF nexus. Only 30% of the existing 46 tools possess 

geospatial analytic capabilities necessary to accomplish this task (Figure 2.5). 

 

Figure 2.5 WEF nexus tools and their reported geospatial analytic capabilities 

 

The rest (≈70%) which is the majority cannot geospatially analyse, map and visualize the WEF 

nexus. This confirms statements by Shannak et al. (2018) and Ravar et al. (2020) that most 

WEF nexus tools are not spatially or temporally disaggregated, despite WEF resources varying 

temporally and spatially. Such WEF nexus tools present a generalized and aggregated WEF 

nexus analysis which deviate from reality. Thus, comprehensive analysis that informs improved 

WEF resources planning for sustainable management need geospatial analytic capabilities in 

WEF nexus tools that can spatially and temporally disaggregate the resources. The spatial-

temporal characterization of the WEF nexus is achievable by running several point 

measurements and analyses but this is cumbersome compared to simultaneously applying 

geospatial analytic capabilities incorporated in WEF nexus tools. These geospatial analytic 

capabilities can be integrated with WEF nexus tool through either soft linking or hard linking. 

Though less common in practice, the latter method of integration tightly couples geospatial 

analytic features to the WEF nexus tool for relatively convenient, easy and automatic exchange 

of data of WEF nexus in space. On the other hand, soft-linking loosely couples the systems 

such that the user manually prepares, manipulates, and transfers information between the WEF 
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nexus tool and the off-the-shelf geospatial analytic tool. This arrangement is not only 

inconvenient and tedious for the user, but also has a high risk of errors committed by the user. 

Thus, profiling the WEF nexus at finer spatial scales and resolution in study areas is possible 

when GIS is combined with WEF nexus tools (Eldrandaly, 2007; Ramos et al., 2019). 

For the few existing WEF nexus tools that possess geospatial analytic capabilities, it is by either 

soft-linking and hard-linking, as briefly presented in Table 2.1. 

 

Table 2.1 Geospatial capabilities in WEF nexus tools  

Method of 

GIS 

Integration 

WEF Nexus Tool Geospatial Features 

Hard-linked 

WEF Nexus Discovery Map 

(1) 

(i) Hosting 

(ii) Base map 

WEF Nexus Index (16) Base map 

DAFNE (24) 

(i) Geoportal with a dynamic and 

customizable interactive web map 

(ii) Spatial input datasets 

(iii) A customised marker layer 

GREAT for FEW (18) 
(i) Input datasets 

(ii) Spatial maps for base map 

Water Evaluation and 

Planning System – Long-

range Energy Alternatives 

Planning System (WEAP-

LEAP) (43) 

(i) Land use thematic maps 

(ii) Basin boundary shapefiles 

 

SIM4NEXUS (25) 
(i) Locations of dams  

(ii) Digital elevation model (DEM) 

Soft-linked 

PRIMA (38) 

Spatial input datasets 

MAXUS (7) 

MuSIASEM (46) 

CLEWs (42) 

NExus Solutions Tool 

(NEST) (14) 

Integrated Technology-

Environment-Economics 

Model (ITEEM) (3) 

Daily Model (23) 

Foreseer (44) 
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When GIS is integrated to a WEF nexus tool, the tool should pre-process, spatially analyse, 

map and visualize the WEF nexus dynamics. From reviewing literature on WEF nexus tools 

integrated with geospatial analytic capabilities, it is evident that WEF nexus tools soft-linked 

with geospatial analytic features utilize spatial input datasets and thematic layers in pre- and 

post-processing. However, the integration is modular and requires the user to perform all the 

geospatial tasks manually (Figure 2.6a).  

 

 

Figure 2.6 Difference in spatial WEF nexus analysis using a typical (a) WEF nexus tool without 

GIS integration, and (b) GIS-enabled hard-linked WEF nexus tool after Burger 

(2018) and Burger and Abraham (2020) 

 

The soft-linked integration utilizes geospatial input data including boundaries (administrative, 

hydrological), terrain, land use/land cover, technology, environment, natural resource, 

economy, climate, and socioeconomic variables (SEI, 2012; Kraucunas et al., 2015; Vinca et 

al., 2020).  

Evidence from published literature shows that that common techniques of integration in hard-

linked GIS-enabled WEF nexus tools (Figure 2.6b) involve the use of Web GIS, base maps, 

geodatabases and geoportals. Such GIS-enabled WEF nexus tools are used for finding 

locations, interactions, managing datasets, as well as spatial quantification, mapping, and 

visualization of WEF requirements, supply, budgets and footprints (Lin et al., 2019; Simpson 

et al., 2022; Arenas et al., 2021). 
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Thus, great potential exists for comprehensively analysing and characterizing the WEF nexus 

by equipping existing and new WEF nexus tools with geospatial analytic capabilities. To this 

end, hard-linking is the preferable integration of GIS and WEF nexus tools for user-friendly 

and automatic exchange of data in the integrated system of the GIS-enabled WEF nexus tool. 

 

2.5 WEF Nexus Tools in Practice 

 

How frequent a WEF nexus tool is used by various users in case studies in different locations 

and conditions can be a useful measure of the practical usability of the applied tools. 

From the reviewed literature, most (≈ 61%) of the existing WEF nexus tools were used in less 

than four case studies and this includes the integrative analytical model for the WEF nexus (15) 

(Nhamo et al., 2020a) (Figure 2.7). 

 

 

Figure 2.7 Proportion (%) of WEF nexus tools in categories of previous case studies 

 

Most of the promising tools have received little attention regarding application in case studies. 

Their reported application is only by their developers in their initial areas of development. 

These include GREAT for FEW (18) and Urban Circular Economy Calculator (UCEC) (25). 

There is a direct link between low frequency in WEF nexus tools’ application and their 

unavailability since most of the tools are unreachable to interested users, as evidenced in Table 

2.2, in which a good amount of the readily available tools were applied widely in case studies. 

 

Low (1 - 3): 61%

Medium (4 - 10): 11%

High (>10): 28%
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Table 2.2 Frequency of case studies by WEF nexus tools  

Low Case Studies (1-3) 

Medi

um 

Case 

Studi

es (4-

10) 

High Case Studies (>10) 

Available 

(6) 
Unavailable (21) 

Avail

able 

(2) 

Unav

ailabl

e (3) 

Available (10) 

Unava

ilable 

(4) 

GREAT 

for FEW 

(18); 

NEST 

(14); 

CALFEW

S (5); 

UCEC 

(25); 

WHAT-IF 

(20); 

WEST 

(12) 

Daily (23); Integrative 

analytical model for the WEF 

nexus (15); Nexus Webs (41); 

WEF-Sask (4); WEFO (32); 

K-WEFS (21); FPC (9); 

ABM-SWAT (27); WEF 

Nexus SD (8); BRAHEMO 

(34); MIFCP-WEFN (13); 

DAFNE (24); IBMR-MY 

(35); ITEEM (3); AWEFSM 

(17); NexSym (31); EPAT 

(19); WEF Model (29); WEF-

P (10); WEFSiM (22); 

SEWEM (33) 

WEF 

Nexus 

Tool 

2.0 

(37); 

Q-

Nexus 

(30); 

WEF 

Nexus 

Asses

sment 

1.0 

(40); 

EWF 

Nexus 

Tool 

(39); 

PRIM

A (38) 

WEF Nexus Index 

(16); CLEWs (42); 

WEF Nexus 

Discovery Map 

(1); Pardee RAND 

WEF Security 

Index (36); 

NeFEW (6); 

ANEMI (45); 

SIM4NEXUS 

(25); WEAP-

LEAP (43); Nexus 

Game (28); 

MuSIASEM (46) 

MAX

US 

(7); 

Forese

er 

(44); 

SD-

WFE 

(11); 

BP-

DEM

ATEL

-

GTC

W (2) 

 

Thus, developers should not only develop WEF nexus tools but should also try to disseminate 

them to potential users in order to promote their widespread use in case studies. The availability 

of WEF nexus tools will promote regular use under different conditions with possibility of 

independent validation, providing feedback, further enhancement, and improvement of the 

tools. 

 

2.6 WEF Nexus Scenario Planning 

 

Previous attempts have been made to develop WEF nexus scenarios using global pathways of 

change such as RCPs, SSPs, and their combinations, some of which are mentioned and 

summarized in Table 2.3. 
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Table 2.3 WEF nexus scenario planning with pathways in practice 

Author(s) Location 
CMIP5 

CMIP6 RAPs 
SSPs RCPs 

Ringler et al. (2016) Global and regional 2 8.5  None 

Borgomeo et al. (2018) 
Middle East and 

North Africa 

1, 2, 3, 

4, 5 

2.6, 

4.5, 

6.0, 8.5 

 None 

van Vuuren et al. (2019) Global 2 2.6  None 

Koundouri and Papadaki 

(2020)  

Zambezi River 

Basin 
1, 2, 5 4.5  None 

Siqueira et al. (2021) 
Cerrado Basin, 

Brazil 
  

SSP2-4.5, 

SSP5-8.5 
None 

Wang et al. (2021) 
Mekong River 

Delta 
  

SSP1-2.6, 

SSP2-4.5, 

SSP5-8.5, 

SSP4-6.0, 

SSP3-7.0, 

None 

Dhaubanjar et al. (2021) Upper Indus Basin   

Yes, but 

not 

specified 

None 

Key: SSPs = Share Socioeconomic Pathways; RCPs = Representative Concentration 

Pathways; RAPs = Representative Agricultural Pathways (See Section 1.3 for descriptions) 

 

Interestingly, while earlier (pre-2020 and 2020) studies delve on the previous CMIP5 climate 

(RCPs) and socioeconomic (SSPs) pathways, the later (post-2020) studies consider the recent 

CMIP6 integrative SSP-RCP pathways. All latest (2021) WEF nexus scenarios were developed 

using different SSP-RCP integrative pathways from the CMIP6. For example, within WEF 

nexus frameworks, Siqueira et al. (2021) used two CMIP6 pathways and policy-based riparian 

adaptive measures to investigate how climate and land use change affect water availability for 

food and energy production in Brazil. Five pathways from CMIP6 were considered by Wang et 

al. (2021) in assessing how climate and socioeconomic changes impact water withdrawal, 
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power generation and rice yield in Vietnam. The CMIP6 pathways were SSP5–8.5, SSP4–6.0, 

SSP3–7.0, SSP2–4.5, and SSP1–2.6. 

Other studies have applied WEF nexus scenario planning without explicit specification on 

RCPs, SSPs and RAPs, in pursuit of understanding and highlighting linkages between nexus 

components in alternative futures. The scenario developers used different drivers change in 

WEF scenarios that were generally short-term, mid-term, policy-driven, problem-based, 

solution-driven, intervention-driven, technical and technology-based (Rounsevell and Metzger, 

2010). Some have applied policy-driven pathways and scenarios such as national policy 

framework, national strategies, policies, visions and development plans for expanding 

hydropower and irrigation (Payet-Burin et al., 2019; Payet-Burin et al., 2021). Similarly, trends 

in agricultural transformation and energy transition were also considered, being distinguished 

as either slow or substantial for alternative futures, considering economy and demographics, 

climate and ecosystems, land use and agriculture, and energy. The trends and trajectories of 

drivers in these scenarios were distinguished by the level of implementation, including weak, 

full, slow and fast implementation (Karlberg et al., 2015; Johnson and Karlberg, 2017; Johnson 

et al., 2018a; Johnson et al., 2018b; Payet-Burin et al., 2019). Such policy framework can be 

local (e.g., Ehlanzeni District Integrated Development Plan, IDP), national (e.g., Kenya’s 

Vision 2030), or supranational (e.g., Africa’s Agenda 2063; the SDGs).  

Climate sub-scenarios have also been used based on rainfall patterns and temperature. The 

rainfall trends in these scenarios were quantified as dry, semi-dry, semi-wet, and wet, while 

temperature trends were distinguished as warmer or cooler than normal (Karlberg et al., 2015; 

Johnson and Karlberg, 2017; Johnson et al., 2018a; Johnson et al., 2018b; Payet-Burin et al., 

2019). Technical or technology-based interventional scenarios included pathways such as 

altering land allocation, changing cropping patterns, improving on-farm irrigation systems, 

unlocking new water sources (seawater desalination, brackish groundwater desalination), 

altering cooling systems, establishing renewable power plants, and building new reservoirs for 

water storage and power generation (Kulat et al., 2019; Payet-Burin et al., 2019). 

To conclude, this chapter reviewed (i) trends in development and some basic characteristics of 

WEF nexus tools, and (ii) scenario planning in the WEF nexus approach. A majority of the 

existing WEF nexus tools need to be availed in the public domain so that they can be potentially 

reached by users in research and practice for implementing the WEF nexus approach. Similarly, 

most of existing WEF nexus tools need to be improved for geospatial analytic capabilities that 



24 
 

enable spatial characterization of WEF nexus dynamics in space. For driving sustainable 

development in a dynamic and uncertain global environment, the WEF nexus research and 

practice community should focus not only on status quo and status quo ante but also develop 

and apply forward-looking scenario planning frameworks in the WEF nexus approach. 
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3 DISCUSSION AND CONCLUDING REMARKS 
 

3.1 Discussion 

 

Published literature points to the increasing trends in advance of WEF nexus tools. A total of 

46 WEF nexus tools were reported in the reviewed publications. However, the majority of the 

reported WEF nexus tools are out of reach and thus not readily available to or useable by the 

interested users. As such, developers should prioritize availing their WEF nexus tools by 

dissemination on the internet for free access especially for practitioners from developing 

regions who may face challenges in procuring the tools. Similarly, there in need to update dead 

links of web-based WEF nexus, such as PRIMA (38) and Foreseer (44). This deployment of 

WEF nexus tools on public web domain would ensure reachability, rigorous testing, and 

application in case studies. This would also provide opportunity for user feedback on and 

improvement on existing WEF nexus tools and support the implementation of WEF nexus 

concept. Customization of available WEF nexus tools would promote collaboration, 

engagement, while saving time, costs, and human resources as this would avoid development 

of new tools where and when unnecessary. When WEF nexus tools are readily available, their 

use ultimately supports and increases the chances of making nexus-coherent policies and 

decisions. 

Since the format of WEF nexus tools determines their availability and applicability, developers 

need to develop WEF nexus tools with the end-users in mind. WEF nexus tools should be 

delivered in forms that are convenient, compatible, and user-friendly, usable by starters, 

intermediate and experienced users. Code types of tools should be minimized, especially those 

that favour users with programming skills, while compiled web and desktop applications with 

user-friendly GUIs should be prioritised. Developers should also consider serious games 

because they educate and build capacity on principles and practices of the WEF nexus. Serious 

games also provide a safe platform where users can role play and interact while understanding 

the impacts of their decisions and actions on WEF nexus dynamics and scenarios. 

Although a universal tool for the WEF nexus is elusive, developers should improve existing 

tools or develop new tools that are transferable and scalable so that they can be applicable at 

different conditions such as scope and spatial scale, while retaining the original structure of the 

WEF nexus tool. This will enhance the flexibility and adaptability of WEF nexus tools since 

they will only need new context-specific input data to perform an assessment at a unique 
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location (IRENA, 2015). As such, WEF nexus should be applicable at multiple scales, including 

the local scale. 

A critical mismatch exists whereby WEF nexus tools lack geospatial analytic capabilities for 

capturing, quantifying, analysing, and visually mapping the spatially dynamic nature of WEF 

resources. A majority of the WEF nexus tools spatially aggregate the WEF nexus, a few of the 

tools such as GREAT for FEW (18) and Q-Nexus (30) possess the geospatial analytic 

capabilities for automatically pre- and post-processing of input datasets and outputs, 

respectively. 

A majority (61%) of the existing WEF nexus tools have been practically applied in few case 

studies, with many of them mainly being reportedly applied only by the original creators in the 

initial areas. This lack of popularity in case studies can be attributed to the WEF nexus tools’ 

unavailability to the interested users. 

Most previous work on WEF nexus focused on the status quo of the present time. Those that 

attempted WEF scenario planning are divided between short-term, intervention-based, 

problem-driven or solution-driven scenarios. Despite providing answers and solutions to short- 

and near-term WEF nexus questions and issues, short-sighted approaches are victims of 

dimensionality challenges and thus ignore other relevant drivers and pathways of change 

(Lindgren and Bandhold, 2009). Importantly, they are inapplicable for long-term analysis that 

tackles the compounded complexities and uncertainties of long-sighted scenario planning 

within the WEF nexus. They lack proper scalable, reproducible and replicable protocols, 

frameworks, and approaches for identifying and quantifying scenarios and pathways and their 

drivers, variables, shifts, changes, and trends. Other limitations of these individual or sets of 

pathways are lack of transparency and comprehensiveness in representing the plausible futures. 

They are unreliable and have difficulty in replicating and adapting across spatial and temporal 

scales, and prone to high uncertainty and subjectivity. Thus, there is need for development and 

application of longer-term WEF nexus scenarios using consistent pathways such as RCPs, SSPs 

and RAPs (Rounsevell and Metzger, 2010). 

Only a few studies such as Siqueira et al. (2021) and Wang et al. (2021) ventured into the future 

of WEF nexus by applying long-term scenarios developed from established protocols, pathways 

(SSPs and RCPs but not RAPs) and multiple sets of drivers of change that represent the 

plausible future. Overall, in WEF nexus studies integrating at least one pathway, the most 

applied SSP is SSP2 with intermediate challenges to mitigation and adaptation; RCPs are 



27 
 

RCP4.5 with medium stabilization scenarios and RCP8.5 with very high baseline emission 

scenario. However, the integrative CMIP6 pathways with a wider range are gradually replacing 

CMIP5, with the common pathways being SSP2-4.5 and SSP5-8.5. Although RAPs are still yet 

to be applied in WEF nexus scenario planning, other studies such as Mu et al. (2019) and Tumbo 

et al. (2020) that developed and applied them focused on optimistic, business as usual, and 

pessimistic pathways in driving crop models such as DSSAT and APSIM. Thus, scenario 

planning is potentially important for exploring and conveying cross-sectoral interlinkages and 

dynamics that affect policy challenges for future sustainability of the WEF nexus. A gap still 

exists in exploring how the future will unfold, through structured imagination, and this calls for 

a shift in paradigm from status quo based WEF analysis to include plausible WEF nexus futures 

in pursuit of robust planning for sustainable development even in the future that needs 

imagination and preparation. In this way, the WEF nexus scenario planning can promote 

sustainable long-term WEF security, in which the society is prepared for any surprises (Naidoo 

et al., 2021). 

To conclude, existing WEF nexus (i) are generally unavailable, (ii) lack geospatial analytic 

capabilities, (iii) are restricted in scope and scale, and (iv) previous WEF nexus studies ignored 

WEF nexus planning. There is need for developing freely and readily available and GIS-enabled 

WEF nexus tools to support implementation of the WEF nexus approach including scenario 

planning. This is necessary for implementing and operationalizing the WEF nexus approach 

towards sustainable development. 

 

3.2 Conclusion and Way Forward 

 

This study assessed published literature on evidence of development of WEF nexus tools and 

scenario planning in theory and practice, particularly their basic characteristics, and the 

incorporation of pathways and application of scenarios in WEF nexus studies. We have a 

continuously increasing abundance of at least 46 dedicated tools in different format for 

modelling, simulating and optimizing WEF nexus at different scales. However, a majority of 

these tools are unavailable and unpopular. They need to be availed in compatible and friendly 

format in public web space for use in translating the WEF nexus theory to practice. Such ready 

availability and applicative use in real and hypothetical case studies will generate necessary 

evidence that set policy agenda and justify implementation of the WEF nexus approach towards 

sustainable development. A majority of the existing WEF nexus tools lack geospatial analytic 
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capabilities, thus the need for enabling existing and new WEF nexus tools with GIS. GIS-

enabled tools will comprehensively capture the spatially dynamic nature of WEF resources 

through geospatial quantification, analysis, and visual mapping. WEF nexus tools can be 

integrated with GIS through either hard-linking or soft-linking. 

Most of the previous WEF nexus work has delved much on the status quo of the present time 

with no regard for tomorrow and beyond, thus failing to fully address sustainable development. 

There still exist need to co-develop, apply and promote stakeholder-driven scalable, 

reproducible and replicable protocols, frameworks, and approaches for identifying and 

quantifying WEF nexus scenarios and pathways and their drivers, variables, shifts, changes, 

and trends. The resultant transparent, salient and legitimate scenarios and pathways would 

exploratively and robustly prepare society to plausible WEF nexus futures. Accordingly, there 

is opportunity to integrate the established, tested and consistent pathways such as RCPs, SSPs 

and RAPs. 
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4 RESEARCH PROPOSAL 
 

This chapter presents the research proposal. The problem statement and corresponding research 

questions are presented first, followed by specific objectives of the study, methodologies for 

each specific objective as well as project timeline. 

 

4.1 Problem Statement 

 

Despite the gain in momentum of the WEF nexus in the regional agenda, its implementation 

and adoption at local (national and sub-national) scales in Southern Africa is still lagging due 

to a lack of empirical evidence, practical tools and guidelines to inform the implementation and 

operationalisation. Existing WEF nexus tools are generally unavailable to intended users and 

lack geospatial analytic capabilities. For example, the MS Excel-based integrative analytical 

model for the WEF nexus (15) (Nhamo et al., 2020a) is flexible and multi-scalar as evidenced 

by its previous application at regional, national and local scales (Mabhaudhi et al., 2019; Nhamo 

et al., 2020a,b). However, the tool lacks a user-friendly GUI and remains in custody of its 

developers. Similarly, the tool lacks geospatial analytic capabilities for spatial characterization 

of the WEF nexus. The application of the integrative analytical model for the WEF nexus (15) 

is low, probably due to its unavailable to interested public users. Previous WEF nexus studies 

have focused on status quo only, with few published works on WEF nexus scenario planning. 

This study seeks to answer the following questions: 

(i) What is the status of existing WEF nexus tools with respect to availability, format, 

geospatial analytical capabilities, spatial scales and case studies? 

(ii) Can the integrative analytical model for the WEF nexus (15) (Nhamo et al., 2020a) be 

further developed into a computer-based model with geospatial analytic capabilities? 

(See Section 4.3 for a brief description of the tool) 

(iii)What is the state of the WEF nexus at selected sub-national scales in Southern Africa 

(South Africa and Zimbabwe)? 

(iv) What are the plausible WEF nexus scenarios for Southern Africa (South Africa and 

Zimbabwe)? Similarly, what are the guidelines and recommendations for 

implementation of the WEF nexus in Southern Africa? 
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This study seeks to contribute to the body of knowledge regarding implementation of the WEF 

nexus through addressing the identified research gaps of unavailability and lack of geospatial 

analytic capabilities of WEF nexus tools, and paucity of WEF nexus scenario planning, by 

executing the specific objectives presented in Section 4.2. 

 

4.2 Research Hypothesis and Objectives 

 

4.2.1 Specific hypothesis 

 

This research hypothesizes that the existing MS Excel-based integrative analytical model for 

the WEF nexus (15) can be web-based and GIS-enabled and be used for (i) evaluating the state 

(status quo ante and status quo) of the WEF nexus, and (ii) WEF nexus scenario planning in 

Southern Africa (South Africa and Zimbabwe). 

 

4.2.2 Specific objectives 

 

The general aim of this research is to further develop the integrative analytical model for the 

WEF nexus (15) into a free access, readily available, web-based and GIS-enabled model and 

apply it in assessing state of WEF nexus as well as exploring WEF nexus scenarios in Southern 

Africa. This study will fulfil the following specific objectives: 

(i) To assess the status of WEF nexus tools with respect to availability, format, geospatial 

analytical capabilities, spatial scales and case studies. 

(ii) To further develop the capabilities of the MS Excel based integrative analytical model 

for the WEF nexus (15) into a web-based and GIS-enabled application. 

(iii)To evaluate the state (status quo ante and status quo) of WEF nexus in South Africa and 

Zimbabwe. 

(iv) To develop the plausible scenarios of WEF nexus in South Africa and Zimbabwe and 

propose guidelines and recommendations for implementation of the WEF nexus.  
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4.3 Methodology 

 

Objective 1: To assess the status of WEF nexus tools with respect to availability, format, 

geospatial analytical capabilities, spatial scales and case studies 

Firstly, a systematic review will be conducted using the Preferred Reporting Items for 

Systematic reviews and Meta-Analyses (PRISMA) protocol (Liberati et al., 2009; Moher et al., 

2009; Tricco et al., 2018), on existing WEF nexus tools on basic characteristics of applicability. 

This will inform on the gaps in characteristics of existing WEF nexus tools and scenario 

planning approaches in addressing the WEF nexus in Southern Africa. Ultimately, this will 

motivate the development of a web-based and GIS-enabled integrative WEF nexus analytical 

model. 

 

Objective 2: To further develop the capabilities of the integrative analytical model for the 

WEF nexus, to include GIS-enabling and web availability  

The MS Excel-based integrative analytical model for the WEF nexus (15) (Nhamo et al., 2020a) 

will be further developed, using programming and model building tools, into a user-friendly 

web-based GIS-enabled WEF nexus analytic model applicable across multiple scales. The 

innovation and motivation to locate the tool on the web is for easy availability, accessibility and 

usability by the public, who are the intended users (Keairns et al., 2016; Lehmann, 2018; Dargin 

et al., 2019). The GIS capabilities will enable users to spatially and temporally map and 

visualize their WEF nexus analysis results for ease analysis and comparison across locations, 

space and time scales. 

The integrative analytical model for the WEF nexus (15) represents the WEF nexus in terms of 

the three interconnected sub-systems water, energy and food. Each sub-system is represented 

by two indicators of security that emanate from its pillars of security. The main methodological 

frameworks and governing equations that interdependently link the three WEF sectors and their 

indicators were developed and published by Nhamo et al. (2020a). These equations are based 

on the Analytic Hierarchy Process (AHP), a multicriteria decision making (MCDM) technique 

(Brunelli, 2015), and they serve for pairwise comparison between the different indicators, 

calculation of consistency ratio (CR) value, normalisation, computation of indices and the WEF 

nexus index as the weighted average index. 
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The web-based and GIS-enabled integrative WEF nexus analytical model will consist of four 

components, namely (i) database, (ii) user interface, (iii) computation, and (iv) analysis results. 

These components are shown in the general mode of operation of the web-based and GIS-

enabled integrative WEF nexus analytical model in Figure 4.1. 

 

 

Figure 4.4.1 Conceptual model and operating procedure of the web-based and GIS-enabled 

integrative WEF nexus analytical model after Nhamo et al. (2020a) 

 

The model’s revised functional expectations will include spatial delineation of case studies by 

name, shapefiles and boundaries, as well as automatic calculation and acceptance or rejection 

of CR value from provided inputs. The web-based and GIS-enabled integrative WEF nexus 

analytical model will also draw WEF nexus maps for different locations.  

 

Developing components of the web-based and GIS-enabled integrative WEF nexus analytical 

model 

Among the various application development life cycles, Modified Waterfall model (Conrad et 

al., 2016) will be used in developing the web-based and GIS-enabled integrative WEF nexus 

analytical model as shown in Figure 4.2. 
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Figure 4.4.2 The Modified Waterfall model adapted to EPA’s modelling life cycle after EPA 

(2009) and Conrad et al. (2016) 

 

The Modified Waterfall model combines up-bottom and bottom-up approach, offering the 

possibility of going back upwards to the previous stage for correction, verification or validation 

thus producing a stable product. It is also useful for keeping the project's progress in order, 

straightforward, simple, and easy to understand and explain. 

The web-based and GIS-enabled integrative WEF nexus analytical model (15) will be GIS-

enabled through a hard-linked GIS integration of the WEF nexus model with open-source base 

maps that will be displayed on the front-end using the JavaScript library, Leaflet. Leaflet can 

be used with several plugins that provide open-source base maps. In addition, there are also 

some editing geometries Leaflet plugins that contain functionalities for drawing and 

downloading boundaries and shapefiles to delineate study areas. The display of the output 

graphs and maps of study area boundaries will be handled using the Python framework for 

building web analytic applications, Dash, which will be coupled with Plotly, a python library 

for developing online data analytics and visualization tools. The combination of Dash and 

Plotly, commonly known as Dash-Plotly, will enable users to select interactively different study 

areas under investigation, display (graphs, maps) and compare their WEF nexus results. The 



34 
 

web-based and GIS-enabled WEF nexus model will be hosted online on the webLeaflet and 

Dash-Plotly alongside with the previously mentioned back-end and front-end technologies are 

expected to significantly improve the capability of the web-based and GIS-enabled integrative 

WEF nexus analytical model. 

The web-based and GIS-enabled integrative WEF nexus analytical model will be developed in 

two main tasks: the back-end and the front-end. Visual Studio Code will be used for writing 

codes, while Git and Command-Line or Visual Studio Code will be used for version control, 

backup and spinning the server. 

 

Objective 3: To evaluate the state of WEF nexus in South Africa and Zimbabwe 

The status quo ante and status quo of WEF nexus will be evaluated at municipal and catchment 

scales using the further developed web-based and GIS-enabled integrative WEF nexus 

analytical model in South Africa (Inkomati-Usuthu Water management Area and Ehlanzeni 

District Municipality) and Zimbabwe (Mzingwane Catchment and Umzingwane District 

Municipality). In this case, key input data to drive the web-based and GIS-enabled integrative 

WEF nexus analytical modelling tool (water availability, m3/capita; water productivity, $/m3; 

energy accessibility, %; energy productivity, MJ/GDP; food self-sufficiency, %; and cereal 

productivity, kg/ha) will be obtained from literature, established databases, statistical agencies, 

and stakeholder opinion. Stakeholder, expert and non-expert opinion on WEF interrelationships 

will be obtained through workshops. The results from the WEF nexus analysis will be 

quantitatively, visually (graphically) and spatially compared across scales for South Africa and 

Zimbabwe, to infer possible drivers of sustainable or unsustainable performance of WEF nexus. 

 

Objective 4: To develop plausible scenarios of WEF nexus in South Africa and Zimbabwe, 

and proposing guidelines and recommendations for implementation of the WEF nexus 

This study seeks to inform long-term planning and identification of synergies and trade-offs 

between water, energy and food security through exploratory analytic modelling of the WEF 

nexus in South Africa and Zimbabwe. Rather than precisely predicting the future WEF nexus, 

the outputs of this work will inform decision- and policy-makers on how the future may unfold 

in response to changes in climate, socioeconomic, technological and agricultural changes and 

development, all being essential in developing long-term visions for sustainability and security. 
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Climate change and other drivers such as socioeconomic, technology and policy threaten water, 

energy and food security in the present and future. Thus, it is imperative to plan WEF nexus 

scenarios that inform decisions on present and future balanced and sustainable management and 

development of the WEF resources. Established pathways, protocols and tools should guide the 

development and analysis of such WEF scenarios. Given the compounded complexity and 

uncertainties of integrating the WEF nexus and scenario planning, this work will apply an 

integrative and analytic modelling approach combining different pathways and drivers to 

explore the probable alternative futures of the WEF nexus in South Africa and Zimbabwe. The 

alternative futures are characterised by global pathways of climate change (RCPs), 

socioeconomic conditions (SSPs) and agricultural development (RAPs), all to be subjected to 

exploratory modelling analysis through computational experiments. It is intended to assess 

climate change, socioeconomic activities and agricultural development on the WEF nexus at 

catchment and district municipality scales in South Africa and Zimbabwe. 

A key guide to the approach is the intended use of the web-based and GIS-enabled integrative 

WEF nexus analytical model in modelling and analysing the WEF nexus. The key input data 

for the web-based and GIS-enabled integrative WEF nexus analytical modelling tool is the six 

WEF security indicators, namely water availability (m3/capita), water productivity ($/m3), 

energy accessibility (%), energy productivity (MJ/GDP), food self-sufficiency (%) and cereal 

productivity (kg/ha). Logically from the definition, quantifications and minimum data 

requirements for these indicators, the tools to be used include a simple population growth 

model, one crop simulation model (AquaCrop) and an integrated water-energy model (WEAP-

LEAP) (43). The water resources outputs from WEAP-LEAP (43) may also serve as inputs in 

the crop simulation models. The proposed integrated framework for scenario is illustrated in 

Figure 4.3, entailing (i) parallel development of system design and data, and modelling; (ii) 

involving input from and outputs to stakeholders; and the WEF nexus 7-question guideline for 

WEF nexus (Rosenzweig et al., 2016; Daher et al., 2017; Tumbo et al., 2020). 
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Figure 4.4.3 Framework for WEF nexus integrative stakeholder-driven scenario planning after 

Rosenzweig et al. (2016), Daher et al. (2017) and Tumbo et al. (2020) 

 

The specific time horizons to be considered will include (i) historical or baseline or 2000s (1980 

– 2009), (ii) current or 2030s (2010 – 2039), (iii) near-future or 2050s (2040 – 2069), and (iv) 

distant future or 2070s (2070 – 2099).  

 

The task for WEF nexus integrated stakeholder-driven scenario planning will involve: 

a) identifying stakeholders and forming the team from WEF related sectors and study areas, 

b) scoping the WEF nexus system specifying global pathways of change (RCPs, SSPs and 

RAPs, GCMs), analysis time horizons and simulation models, 

c) assembling key initial historical and local data, 

d) modelling future demographics, 
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e) modelling future climate with SSP-RCPs, GCMs, downscaling, bias correction and 

ensembles, 

f) developing the RAPs, 

g) modelling for future water and energy, and 

h) modelling for future food (crop). 

 

The results from the explorative scenario development and analysis will be used to develop 

guidelines and recommendations for implementation, monitoring and evaluation of the WEF 

nexus in Southern Africa, at present and in the future. Key attributes will include information 

of WEF nexus tools and their characteristics, as well as a transparent approach(s) and 

framework(s) for WEF nexus scenario planning. The guidelines and recommendations will be 

handbooks for informing catchment managers and decision-makers, and municipal planners, 

outlining plausible sustainable transformation pathways through intergenerational and multi-

purpose infrastructure, investments, interventions, and nexus-friendly local-level policies. 

 

4.4 Expected Results 

 

The expected results for this study are: 

i. An updated review on WEF nexus tools, their characteristics and opportunities for 

further improvement. 

ii. A web-based and GIS-enabled integrative WEF nexus analytical model that will act as 

an ancillary assessment and decision-making instrument for the composition of informed 

policies and responsible investments for transformational growth. This tool will 

encourage cooperation between different departmental sectors in developing integrated 

policies, decision-making, undertaking site selections for proposed developments and 

determining the possible impacts on WEF nexus interactions and sustainability. 

iii. Understanding the status quo ante and status quo of the WEF nexus at catchment and 

municipal scales in South Africa and Zimbabwe, as well as possible drivers of 

performance. 
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iv. Understanding the plausible WEF nexus scenarios at sub-national scales in South Africa 

and Zimbabwe, as well as guidelines and recommendations for implementation of the 

WEF nexus. 

 

4.5 Originality of Study 

 

A key innovation in this proposed work will be the development of the web-based and GIS-

enabled integrative WEF nexus analytical model. Similarly, the originality of this study also 

lies in co-developing WEF nexus scenarios at sub-national scales in Southern Africa wherein 

status quo WEF nexus and sector-based approaches to WEF resources management are 

prevalent. This will be achieved through integration of globally established pathways (RCPS, 

SSPs and RAPs). Such structured and scientific imagination is necessary for preparing society 

towards balanced sustainable development. 

 

4.6 Budget 

 

Table 4.1 Budget of resources 

ITEM ZAR 

Stationery 15 000.00 

Equipment 25 000.00 

Data collection 15 000.00 

Software and tools 10 000.00 

Travel and subsistence 20 000.00 

Miscellaneous and contingencies 15 000.00 

Bursary 360 000.00 

TOTAL 460 000.00 
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4.7 Gantt Chart 

 

Table 4.2 Research work plan 
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