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Introduction: The water-energy-food (WEF) nexus has evolved into an important transformative approach for facilitating the timely identification of trade-offs and synergies between interlinked sectors for informed intervention and decision-making. However, there is a growing need for a WEF nexus tool to support decision-making on integrated resources management toward sustainable development.

Methods: This study developed a geospatial web-based integrative analytical tool for the WEF nexus (the iWEF) to support integrated assessment of WEF resources to support resilience building and adaptation initiatives and strategies. The tool uses the Analytic Hierarchy Process (AHP) to establish numerical correlations among WEF nexus indicators and pillars, mainly availability, productivity, accessibility, and sufficiency. The tool was calibrated and validated with existing tools and data at varying spatio-temporal scales.

Results: The results indicate the applicability of the tool at any spatial scale, highlighting the moderate sustainability in the management of WEF resources at various scales. The developed iWEF tool has improved the existing integrative WEF nexus analytical tool in terms of processing time and providing geospatial capabilities.

Discussion: The iWEF tool is a digital platform that automatically guides policy and decision-making in managing risk from trade-offs and enhancing synergies holistically. It is developed to support policy and decision-making on timely interventions in priority areas that could be showing signs of stress.
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1 Introduction

Water, energy and food are strategic resources that sustain livelihoods and are catalysts for economic development. However, apart from being highly sensitive to climate change, the three resources have been subjected to overexploitation due to the increasing demand from a growing global population (Mabhaudhi et al., 2016; SADC, 2016). At the global level, projections for 2030 and 2050 suggested increased demand of between 40 and 50% for water, 50 and 100% for energy, 50 and 60% for food, and 20% for agricultural land (WEC, 2013; IRENA, 2015; FAO, 2022; UNESCO, 2022). There is, therefore, a need to produce more with limited resources and continue meeting the increasing demand for essential resources from a growing population.

Current water, energy, and food sector-based policies and management practices tend to overlook the intricate interlinkages between the three resources, a scenario that undermines their security as each sector pursues its goals at the expense of the others (IRENA, 2015; Leck et al., 2015). Mabhaudhi et al. (2016) highlighted that there is a wealth of WEF nexus information produced in southern Africa, creating opportunities to adopt transformative approaches in sustainable resource management in the region. Current approaches to integrated resources management, while progressive, remain sectoral as they pursue sector policies. For example, integrated water resources management (IWRM) has been criticized for being water-centric (Benson et al., 2015; Grigg, 2019). The IWRM considers water as the entry point, which may lead to trade-offs in other linked sectors, thus triggering inefficiencies of WEF resources utilization and compromised resource security (Stucki and Smith, 2011; De Loë and Patterson, 2017). This led to the pursuit of alternative approaches that strive for holistic and equitable management (Leck et al., 2015; Schull et al., 2020).

The spectrum of nexus planning includes the water-energy-food (WEF) nexus approach and its various iterations such as food-energy-water (FEW) and energy–food–water (EFW) which inextricably links water, energy and food resources and sectors at multiple scales (Hoff, 2011; Flammini et al., 2014; IRENA, 2015). Although WEF is the most popular iteration, other nexus dimensions linked to these three dimensions and in focus include environment, human health, and human health (Saundry and Ruddell, 2020). However, successful implementation of integrative approaches such as nexus planning will rely, to an extent, on the availability of tools to analyse and quantify cross-sectoral interactions and identify trade-offs. This requires decision-support tools that support both quantitative and qualitative data as informed by the analysis under consideration, as well as data availability and accessibility (Bazilian et al., 2011; IRENA, 2015). Such decision-support tools include models, and they are useful in informing integrated planning, policy and decision-making.

Previous WEF nexus tools found in the literature are generally complex as they require extensive data input, are selective of spatial scale and geographic scope, and lack feedback analysis, optimisation and visualization (IRENA, 2015; Kaddoura and El Khatib, 2017; Albrecht et al., 2018; Dargin et al., 2019; Rosales-Asensio et al., 2020). Taguta et al. (2022c) provide an updated inventory of existing WEF nexus tools, and they found that at least forty-six WEF nexus tools were developed worldwide between 2009 and 2021. However, most of these tools are unavailable (61%), of unknown format (48%), applicable to large scales (70%), lacking in geospatial analytic capabilities (70%), and are relatively unpopular (61%) in application case studies (Taguta et al., 2022c). For those claimed to be deployed in the public web domain (43%), including web applications (18%) and desktop applications (15%), about 20% were confirmed to be dead links (Taguta et al., 2022c). Some current versions of web-based WEF nexus tools were found to be restricted to specific users (e.g., project partners), spatial scales and scopes for which they were originally developed, thus limiting their universal applicability (Taguta et al., 2022c). Availability and accessibility are necessary prerequisites for users' broad use of WEF nexus approaches and tools that inform coherent decisions (IRENA, 2015). WEF nexus tools must be applicable at the local level to tailor appropriate solutions for local conditions that leverage synergistic techno-ecological interactions. Preferably, WEF nexus tools should have special attributes that include multi-scalar, flexibility and adaptability in spatial scale and geographic scope. To bridge the science-policy-practice gap, the WEF nexus approach and tools should be adopted and used by policy and decision-makers to address service delivery, food, energy and water securities, poverty, inequality, and high unemployment, inter alia (Mpandeli et al., 2018; Nhamo et al., 2018; Naidoo et al., 2021).

Since 2015, when the WEF nexus became more pronounced (Liphadzi et al., 2021), various attempts have been made to develop a cost and time-effective integrated model to drive the management of the three resources holistically (Albrecht et al., 2018; Botai et al., 2021). The development of such a model that provides numerical relationships is complex as the three resources have different units of measurements (Nhamo et al., 2020a). Thus, a WEF nexus model should provide a mathematical construct of relationships between food, energy, and water systems that simplify complex relationships between interlinked sectors and represent management realities by capturing the spatial and/or temporal dynamics and feedback between them. WEF nexus models, therefore, should describe the cross-cutting and integrated relations of the interconnected resources of water, energy and food resources, including the structure and functions to provide an understanding of inherent attributes that impact socio-ecological economic and physical dimensions (EPA, 2009; Saundry and Ruddell, 2020). However, most nexus tools focus on quantitative and qualitative attributes of the linkages, but lacking in spatial attributes that include mapping, and visualization. The lack of geospatial elements in existing WEF nexus tools needs to be addressed as WEF resources are spatially distributed (Shannak et al., 2018; Ravar et al., 2020). Thus, Geographic Information Systems (GIS) provide a solid platform for WEF nexus tools and can be integrated to simultaneously compute, analyse and map interactions between WEF resources (Eftelioglu et al., 2017).

Although previous studies that include the work of Mabhaudhi et al. (2019) and Nhamo et al. (2020a,b) developed a novel and dynamic approach that established quantitative relationships between the WEF resources, the tool is Excel-based and lacks a spatial analysis component. It is also unavailable in the public domain as the user needs to develop their own. This study addresses this gap by developing a user-friendly Graphical User Interface (GUI) with geospatial analytic capabilities. Thus, we developed a geospatial and web-based integrative WEF nexus tool, called the iWEF, to enhance the analytical tool developed by Mabhaudhi et al. (2019) and Nhamo et al. (2020a,b). As a digital and web-based tool, the iWEF is meant to improve the operational time of the existing Excel-based WEF nexus integrative model. Therefore, the study provides a user-friendly digital WEF nexus tool (the iWEF) that improves the operational time and cost of the existing integrative analytical model.



2 Materials and methods

The iWEF tool was developed using model building, programming and web development tools, integrating a GIS module that facilitates geospatial analytic capabilities by providing quantitative and qualitative spatial information about the WEF nexus. This section provides the background information on the integrative WEF nexus analytical model and the stepwise model development.


2.1 Description of the WEF nexus integrative analytical model

The integrative WEF nexus analytical model was developed by Nhamo et al. (2020a) as a spreadsheet based on the Analytic Hierarchy Process (AHP). The model establishes quantitative relationships among WEF resources. Its main strength is the capability to indicate resource utilization and performance over time and inform policy and decision-making on priority areas for immediate intervention. The key feature of the tool is, therefore, its capability to provide a holistic assessment of synergies and trad-offs to improve the management, efficiency, and productivity of resources for sustainable development (Nhamo et al., 2020a). The model computes composite indices using WEF nexus sustainability indicators, including water availability, water productivity, energy accessibility, energy productivity, food self-sufficiency and cereal productivity (Figure 1).
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FIGURE 1
 Pillars, indicators, and goal in the conceptual framework for iWEF model development.


These six indicators are compared against each other in a pairwise comparison matrix (PCM) based on the hierarchy established through the Saaty process and scale, and sometimes supported by, if available, expert opinion, literature, or recognized databases (e.g., national statistics, World Bank, Aquastat). All indicators and their characteristics (definitions and polarity) were adopted as in Nhamo et al. (2020a), except for energy productivity (EP) and food self-sufficiency (FSF).



2.2 The conceptual model for the iWEF modeling tool

The iWEF model (Figure 1) is based on the AHP, a multi-criteria decision-making (MCDM) approach, which is composed of indicators and their pillars as already alluded to. The conceptual model (Figure 2) highlights the flow of data for the iWEF tool between the four major sub-modules which form the model: the database, user interface, computations and results (Figure 2).


[image: Figure 2]
FIGURE 2
 The mode of operation for iWEF using the modeling tool's sub-modules.


The four modules indicated in Figure 2 are established in such a way that they work harmoniously to facilitate the tool to produce the desired results. Generally, the graphic user interface (GUI) facilitates users to interrelate with the tool's database and specify the WEF resources input data from the indicators. The analysis module converts the data from the indicators into useful quantitative relationships which can be displayed in the form of tables, graphs, and maps for easy interpretation. The iWEF model automatically determines the consistency of a provided input pairwise comparison matrix (PCM) and either accepts if the consistency ratio (CR) value is <0.1 (or 10%) or rejects it if the CR value is above 0.1 (Saaty and Vargas, 2012). A key feature in the iWEF model is the comparison and visualization of results for several case studies using spider diagrams (or radar chart or sustainability polygon) and WEF nexus maps plotted on the same axes and scale.



2.3 Mathematical (quantitative) model for iWEF
 
2.3.1 Determining the consistency of the PCM

Like the Excel-based tool, the iWEF integrates the indicators (Brunelli, 2015) by normalizing WEF indicators data to establish composite indices. The composite indices are then used to calculate the weighted average, which is then considered as the integrated WEF nexus composite index. According to Saaty (1987), the AHP is a measurement theory for deriving ratio scales from discrete and continuous paired comparisons to set priorities and make the best decisions. The AHP comparison matrix is determined by comparing two indicators simultaneously using Saaty's scale, which ranges between one and nine (Saaty, 1987), as indicated in the iWEF user manual (Taguta et al., 2022b).

Based on the AHP method, the iWEF model computes the consistency ratio (CR), which measures the randomness and consistency of the pairwise judgements from the ratio of the consistency index to the randomness index (SM1). The CR value is calculated as in Mu and Pereyra-Rojas (2017) as a function of the consistency index (CI), and the random index (RI) which depends on the order n of the matrix (Saaty and Vargas, 2012). CI depends on the principal or maximum eigenvalue which is estimated by Teknomo (2006), Bunruamkaew (2012), and Mu and Pereyra-Rojas (2017). According to Saaty and Vargas (2012), a CR value of <0.1 or 10% is acceptable for the CR. A higher value (CR > 0.1 or 10%) is unacceptable due to implied inconsistency in the pairwise comparison judgements (Saaty and Vargas, 2012).



2.3.2 Calculation and normalization of indices by AHP-MCDM technique

The AHP calculates the indices from indicators by taking the eigenvector corresponding to the largest eigenvalue of the matrix and then normalizing the sum of the components (SM1) (Saaty, 1990; Saaty and Vargas, 2012). The overall importance of each indicator is then determined (Nhamo et al., 2020a). The iWEF model, therefore, determines the integrated WEF nexus composite index as a weighted average whose values, in our case, range from 0.048 to 0.286 and can be interpreted on its level or class of sustainability (Table 1) (Nhamo et al., 2020a).


TABLE 1 WEF nexus indices performance classification categories (Nhamo et al., 2020a).
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The value of the integrated WEF nexus composite index represents the overall performance of resource development, utilization, and management (Nhamo et al., 2020a). Similarly, indices performance classification categories for the six indicators were adopted from Nhamo et al. (2020a), except for energy productivity and food self-sufficiency. Based on their definitions presented earlier (Section 2.1) in this work, the sustainability category scale for these two indicators (energy productivity and food self-sufficiency) changed in values and polarity from the ones provided in Nhamo et al. (2020a).




2.4 Development of the iWEF web-based and GIS-linked tool

The development of a life-cycle for the iWEF modeling tool was an adaptation of the Environmental Protection Agency (US-EPA) modeling life-cycle (EPA, 2009) and the Modified Waterfall model (Conrad et al., 2016), which allows developers to return to a previous phase ideally confined to connecting steps. The development of the iWEF application followed this non-linear and bottom-up development life-cycle which offered the possibility and flexibility of iterating to the previous stage(s) for correction, verification, validation and improvement. This development life-cycle was also useful for keeping the web application development project's progress in order, straightforward, simple, and easy to understand. The life cycle analysis provides essential feedback that is critical for making informed decisions. It's a process that is used to timely identify key sources of environmental burdens in a system and therefore, the trade-offs between the environmental and economic performance of systems.

The iWEF tool and its modules were developed with programming, web framework and visualization tools, including Python, Django, PostgreSQL, Visual Studio Code, Git, JavaScript and Dash-Plotly. The GIS module was integrated into iWEF through Leaflet, an open-source JavaScript library for building web mapping applications using an OpenStreetMap as a base map. The Visual Studio Code editor was used for writing codes, while GitHub was used for version control, backup and spinning the server to test the application before public deployment. The web-based and GIS-enabled iWEF model was developed with two common tasks: the back-end and the front-end.


2.4.1 The iWEF back-end

The back end comprises Django, a Python framework for web development, and Dash-Plotly, a Python framework for data visualization. GeoDjango, a Django module, was used to extend Django's capability to store and work with geographic/spatial data. The database technologies included the PostgreSQL database management system. PostgreSQL and its spatial extender, PostGIS, which adds spatial functionalities, are both Open Geospatial Consortium (OGC) Web Map Services standards-compliant. PostGIS allows PostgreSQL to augment support for geographic objects, thus understanding coordinate systems, projections and transformations (MacEachren et al., 2008). The model's computation component consists of the codes and algorithms from governing equations for reciprocity of indicator values, calculating CR values, sums, weights, indices of indicators, and the overall index (integrated WEF nexus composite index) as the weighted average. Dash-Plotly was used for creating graphs and maps of the iWEF model outputs.



2.4.2 The iWEF front-end

The HyperText Markup Language (HTML) markup language, Cascading Style Sheets (CSS) language, and JavaScript programming language were used for developing the front-end (including the user interface). The languages proved efficient in the interaction between the user and the system. The Balsamiq Wireframes software was used to draw the wireframes of iWEF. The front-end components and functions are explained in detail in the iWEF user manual (Taguta et al., 2022b). The final outputs include a weighted average index (the integrated WEF nexus composite nexus), a spider diagram showing WEF trade-offs and synergies (Flammini et al., 2014; FAO, 2021), and maps showing the spatial variation of the WEF nexus. The spider graph and its shape illustrate and compare sectors' performance regarding sustainable or unsustainable management (Mabhaudhi et al., 2019; Nhamo et al., 2020a,b).



2.4.3 Coupling GIS and iWEF model

GIS can be coupled to WEF tools in various ways, including “soft-linked” and “hard-linked” (Eldrandaly, 2007). The major difference between soft-linked and hard-linked integration of WEF nexus tools and GIS is the manual and automated exchange of information, respectively (Figure 3).
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FIGURE 3
 Differences in WEF nexus spatial analysis using a typical (a) left side – WEF nexus tool that uses soft-linked integration with GIS, and (b) right side – GIS-enabled hard-linked WEF nexus tool (Adapted from Burger, 2018; Burger and Abraham, 2020).


The iWEF model was integrated into GIS by hard-linking to an open-source base map so that users can locate their case studies, spatially analyse and visualize their results. Hard-linking was chosen over soft-linking because hard-linked integration is automatic, simple and user-friendly in exchanging input/output information between the WEF nexus tool and GIS. The base maps commonly used in web-based applications include those available in ArcGIS Online, Google Maps, OpenGIS and OpenStreetMap. Base maps are used as foundation layers to support a range of web maps or web mapping applications. Using open-source base maps reduces the overall cost and time of developing and implementing the GIS-enabled WEF nexus model. The iWEF model was geospatially enabled through a “hard-linked” GIS integration of the WEF nexus model with open-source base maps displayed on the front-end using the JavaScript library, Leaflet. The leaflet can be used with several plugins that provide open-source base maps. Dash-Plotly allows users to choose different study areas under study, interactively, and display and contrast WEF nexus results.



2.4.4 Online deployment and dissemination of the iWEF modeling tool

The iWEF modeling tool (Taguta et al., 2022a) was deployed on the internet on a dedicated website (https://www.iWEF.app/) with a Secure Sockets Layer after considering pertinent factors such as costs and the security and privacy of the tool and its users. To promote its applicability by prospective users, the iWEF modeling tool is accessible freely as an open-source web application. Dedicated accounts and channels were created for the iWEF model to facilitate its dissemination to interested users in wide audiences on online media and communication platforms such as LinkedIn, SlideShare, Facebook, YouTube, Twitter, Instagram, and Scribd.



2.4.5 Operating procedure and key outputs for the iWEF modeling tool

To operate iWEF, users must chronologically follow the steps presented in Figure 4. Before modeling in iWEF the user (i) identifies the spatial boundaries for their case study, and (ii) engages experts and stakeholders to collect and prepare input data for the iWEF model through pairwise comparison of indicators using a scale from 1/9 (the lowest and most insignificant relationship) through 1 (equal importance) to 9 (the highest and most significant relationship).


[image: Figure 4]
FIGURE 4
 The user flowchart for the iWEF modeling tool.


The key outputs in the iWEF model are quantitative, graphical and spatial. The spider diagrams (or radar charts or sustainability polygons) display normalized indices of relative performance and interrelationships between WEF sectors. A deformed amoeba shape is symptomatic of an unbalanced WEF system, while a circular shape signifies balanced management of WEF resources. The maps show the location of the case study and spatially visualize the integrated WEF nexus composite index as a measure of WEF nexus performance. The lower value (close to 0.048) of the composite WEF nexus index, the more unsustainable the WEF resource management is, while a higher value (closer to 0.286) signifies highly sustainable WEF resource management (Table 1). The same applies to indices of performance of the sector indices of indicators. If available, the values of and sustainability classification categories for the six as presented in Table 1 are used for interpreting and reporting the relative performances of the sectors and indicators, as well as proposing potential WEF nexus solutions for improving the sustainability of the case study.




2.5 Testing and trial runs for the iWEF modeling tool

The iWEF tool was tested to ascertain its compatibility with common browsers and devices, on top of accuracy and reliability in computing the CR value and the integrated WEF nexus composite index. The iWEF modeling tool was tested for loading and execution in common web browsers. The modeling tool was also tested for compatibility with common electronic gadgets. Two pairwise comparison matrix datasets were randomly generated to test the accuracy of the iWEF modeling in calculating the CR value; (i) within an acceptable range of <0.1 (or 10%), and (ii) at unacceptable values of 0.1 (or 10%) and above (Teknomo, 2006; Bunruamkaew, 2012; Mu and Pereyra-Rojas, 2017). The typical inconsistent and consistent pairwise comparison judgement datasets are presented in SM3. The two different PCMs were run in the iWEF modeling tool, and the results were compared with those from the simple web-based AHP Priority Calculator (AHP Online System – AHP-OS) by Goepel (2022).

The initial version of the web-based and GIS-enabled iWEF modeling tool was tested with input PCM data from three case studies that previously applied iWEF's predecessor, i.e., the spreadsheet-based tool (Mabhaudhi et al., 2019; Nhamo et al., 2020a,b). The results were visually and quantitatively compared with those from the original case studies in which the spreadsheet-based tool was previously used. All three case studies were run and analyzed simultaneously in iWEF to test the modeling tool's ability to plan and analyse WEF nexus scenarios.




3 Results and discussion


3.1 Browser compatibility and screen resolutions

The iWEF modeling tool was successfully loaded and executed in Microsoft Edge (v99.0.1150.36), Google Chrome (v99.0.4844.51) and Mozilla Firefox (97.0.1). The modeling tool was also successfully loaded and executed on laptops, desktop computers, smartphones, and tablets at good resolutions. This shows that the iWEF modeling tool is compatible with common web browsers, electronic devices, and gadgets.



3.2 Calibration of iWEF modeling tool for CR value

The results from running inconsistent and consistent pairwise matrix (PCM) data sets in the iWEF modeling tool to test its accuracy and reliability in determining the consistency and randomness of input data are presented in SM4. Similar to the AHP Priority Calculator (AHP Online System – AHP-OS) by Goepel (2022), iWEF was able to reproduce CR values of 0.31 for the inconsistent dataset and 0.07 for the consistent dataset. This shows that the iWEF modeling tool is accurate and reliable in determining the CR value. Thus, the iWEF modeling tool can reliably inform and guide users in ensuring the randomness and consistency of their pairwise comparison matrix judgements. This is crucial in the sound determination of integrated WEF nexus indices that represent WEF interconnections in their case studies.



3.3 Validation of iWEF tool

The integrated WEF nexus composite index (0.200) from the iWEF modeling tool and its predecessor were similar to the southern Africa regional case study by Mabhaudhi et al. (2019) for 2017, as illustrated in Figure 5. The value-add of the iWEF tool is that it provides a spatial component (Figure 5C) to the analysis. The iWEF modeling tool, therefore, offers the extra benefit of locating the case study area and spatially mapping and visualizing the WEF nexus (Figure 5C), features that are absent in the original spreadsheet-based tool. Therefore, the tool provides an extra spatiotemporal analysis of the integrated management of the interlinked resources. Detailed analysis and interpretation of the normalized indices and the integrative WEF nexus composite index are available in Mabhaudhi et al. (2019). The results show that managing the WEF nexus is moderately sustainable.
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FIGURE 5
 Multiple case study WEF nexus analysis results at regional (Southern Africa), local municipal (Sakhisizwe), and national (South Africa) scales (A) quantitatively using the spreadsheet-based tool (Mabhaudhi et al., 2019; Nhamo et al., 2020a,b), (B) quantitatively using the iWEF modeling tool, and (C) spatially using the iWEF modeling tool.


For the South African national case study by Nhamo et al. (2020a) for 2015, the iWEF modeling tool reproduced the quantitative (integrative WEF nexus composite index = 0.203), visual and graphical results similar to the spreadsheet-based tool (Figure 5). Additionally, the iWEF modeling tool spatially characterized the WEF nexus (Figure 5C), a characteristic absent in the original spreadsheet-based tool. Detailed analysis and interpretation of the normalized indices and the integrative WEF nexus composite index are available in Nhamo et al. (2020a). The management of the WEF nexus in South Africa is moderately sustainable, with room for improving citizens' access to energy, water availability and cereals' productivity.

The iWEF modeling tool produced results (integrative WEF nexus composite index = 0.208; the similar shape of radar chart) similar to the original spreadsheet-based tool for the local scale Sakhisizwe Local Municipality (South Africa) case study using 2018 data by Nhamo et al. (2020b), as shown in Figure 5. Unlike the spreadsheet-based tool, the iWEF modeling tool managed to spatially map and visualize the WEF nexus (Figure 5C). Detailed analysis and interpretation of the normalized indices and the integrative WEF nexus composite index are available (Nhamo et al., 2020b). At this local scale, management of the WEF nexus is moderately sustainable. The municipality needs to explore nexus-relevant interventions that improve water availability, energy accessibility and cereal productivity.

The iWEF modeling tool was also able to simultaneously analyse and quantitatively and spatially visualize the WEF nexus for multiple (three) but individual case studies across scales on the same axis and map background, as shown in Figure 5. This is testimony that the iWEF tool is and applicable at different spatio-temporal scales. Simultaneous visualization of results from multiple case studies at different spatio-temporal scales in the iWEF tool allows users to develop, analyse and compare different states of the WEF nexus for different time slices or locations, a key feature in analyzing and planning WEF nexus scenarios. For example, as illustrated in Figure 5, the potential exists to use the current version of the iWEF modeling tool to explore how WEF systems will likely unfold with time, testing possible adaptation and their impacts, which can aid in planning for sustainable and balanced development.

From the testing, verification and validation instances, the geospatial web-based iWEF tool is trustworthy in computing and presenting the WEF nexus at multiple scales. It automatically checks the consistency and randomness of pairwise comparison judgements and thus informs users on the quality of their input data. The tool visualizes outputs quantitatively, graphically and spatially for users to identify and appreciate cross-sectoral linkages and performances. The iWEF modeling tool can confidently be used in other case study areas of interest to characterize the WEF nexus and identify areas that need intervention for implementing the WEF nexus approach. The tool is valuable in the day-to-day operations of policy- and decision-makers to bring together water, energy and agriculture sectors. It provides informed policy and investment decisions by indicating priority areas for strategic intervention, closing the gap between the WEF nexus theory and actual practice.



3.4 Limitations of the iWEF model (version 1.0)

The current version of the iWEF model is fixed by its operating principle (AHP) to only six indicators. Work is needed to extend the number of indicators in the iWEF model, which is currently limited to a maximum of nine indicators as restricted by the AHP MCDM technique. Alternatively, the operating principle for the iWEF model may be changed from AHP to another MCDM technique that can accommodate more than nine indicators or criteria such as fuzzy AHP. In the same vein, there is a need to make customisable the naming and number of indicators for flexibility and adaptability according to user needs and context. The iWEF 1.0 can advise the consistency of PCM judgements, however, future efforts will be made for the tool to pinpoint the outlier judgements so that they can be systematically reconsidered with relative ease. As the current version is only available online, future efforts need to develop a desktop version and open-source codes, with the latter format promoting transparency and opportunities for improvement, customization, and integration.




4 Conclusions

This study introduced a user-friendly, freely accessible, geospatial and web-based integrative WEF nexus analytical modeling tool, the iWEF with open-source base maps. The web-based version is a freely available, easy-to-use and open-source tool. Users have a ready-made tool to accurately determine the CR values, the normalized indices and the integrated WEF nexus composite indices, with an additional ability to spatially map and visualize the WEF nexus relationships. The current version of the tool is descriptive, indicative, and diagnostic, and thus requires further enhancing its abilities toward being prescriptive and predictive for WEF nexus scenario planning. Further studies should include the development of (i) iWEF plugins for off-the-shelf free and commercial GIS software such as ArcGIS and QGIS, and (ii) desktop PC and Android application versions of the iWEF modeling tool that can work offline for compatibility and convenience with various users and devices (gadgets). Other recommended improvements for the iWEF modeling tool include (i) increasing the number of criteria (i.e., indicators), (ii) making it adequately flexible such that users can specify their WEF sectors/dimensions and indicators according to context, and (iii) developing sub-modules for WEF nexus scenario planning.
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