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The call for measuring synergies and trade-offs between water, energy, and food is increasing worldwide. This article presents the development and application of a country-level index that has been calculated for 181 nations using open databases. Following an assessment of 87 water-, energy-, and food-related indicators, 21 were selected to constitute the Water-Energy-Food (WEF) Nexus Index. In this article, the WEF Nexus Index is utilized to assess the Southern African Development Community, where it demonstrates that food security is an area of concern, while the potential for beneficially exploiting water resources and energy projects exists in several countries. Water for agriculture could be achieved through the drought-proofing of rainfed agriculture and systematic irrigation development, with energy as the critical enabler. Neither the composite indicator nor the WEF nexus approach is the panacea that will solve all the significant development or environmental challenges facing humanity. However, they could contribute to integrated resource management and policy-making and are complementary to the Sustainable Development Goals. In this study, the methodology set out by the Joint Research Centre's Competence Center on Composite Indicators and Scoreboards has been followed. A set of visualizations associated with the WEF Nexus Index have been compiled in an interactive website, namely www.wefnexusindex.org.
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INTRODUCTION

The global demand for resources such as water, energy and food is expected to escalate dramatically in the forthcoming decades (Beddington, 2009; World Economic Forum, 2011; National Intelligence Council, 2012; WWF and SABMiller, 2014). The increasing demand is being driven by a worldwide population growth not only in number but also in consumption patterns, primarily due to a burgeoning middle class and urbanization (FAO, 2018). While much economic development has occurred over the past two and a half centuries, there has been a marked disparity in this growth. In the world's least developed countries:

• the agricultural sector utilizes 71 and 30% of the global water withdrawals and energy, respectively (Mohtar and Daher, 2012; FAO, 2014);

• one-third of all food produced globally is either lost or wasted (IRENA, 2015);

• 10% of the globally available freshwater is utilized in energy production (WWAP, 2020), while domestic uses constitute 14% of water utilization (World Economic Forum, 2011);

• the bioenergy sector utilizes 1% of all food produced (Garcia and You, 2016);

• in 2011, only 13% of the energy generated globally originated from renewable sources (Hoff, 2011); and

• 4% of all energy generated is utilized for the abstraction, conveyance and treatment of water (WWAP, 2020), while total industrial withdrawals account for 16% of today's global water demand (World Economic Forum, 2011).

This disparity has resulted in global efforts to support initiatives to achieve resource securities for the “bottom billion,” which is that portion of the “world's population living on < US$1.25 per day” (UNESCO, 2014). A further stressor is that the international supply chain system must deliver products and resources on a planet where predominant risks include extreme weather events, natural disasters, and resource depletion (World Economic Forum, 2018). This has been demonstrated in the outworking of the COVID-19 pandemic.

The 2008 financial crisis raised concerns about resource-efficient management and the consequent feedback on the environment, livelihoods and economic development (Beddington, 2009, 2010; Rockstrom et al., 2009). Salam et al. (2017) argue that the disparity between future availability and demand will not be closed through an increased supply but rather through effective demand-side management and policy interventions. Since 2011, significant attention has been given to the water-energy-food (WEF) nexus in the academic, policy, regulatory and development communities (Simpson and Jewitt, 2019a). The Bonn2011 Conference (Hoff, 2011) and the World Economic Forum's publication Water Security: The Water-Food-Energy-Climate Nexus (World Economic Forum, 2011) were influential in this regard.

The word nexus means to “connect” (De Laurentiis et al., 2016), although its application is varied. The view that water resources, energy generation, and food production are interdependent is not novel (Allouche et al., 2015; Muller, 2015; Wichelns, 2017). Sušnik (2018) argues that the earliest global study on a nexus was the publication The Limits of Growth (Meadows et al., 1972) in 1972. One of the main goals of the nexus approach is to reduce or avoid trade-offs resulting from policy development in institutional “silos” (Belinskij, 2015). The WEF nexus approach has, however, not been without criticism. Cairns and Krzywoszynska (2016) considered it to be a “buzzword,” and several recent publications have argued that the approach has not lived up to its potential (Albrecht et al., 2018; FAO, 2018; Galaitsi et al., 2018). These critiques have emphasized the need for a migration from “nexus thinking” to “nexus doing” (McGrane et al., 2018). The imperative to integrate qualitative and quantitative nexus assessments has been highlighted in recent literature (FAO, 2018; Galaitsi et al., 2018; Allouche et al., 2019; Hoff et al., 2019; Simpson and Jewitt, 2019b).

Salam et al. (2017) argue that the interconnections between the Sustainable Development Goals (SDGs) emphasize the need for nexus thinking. El Costa (2015) suggested that since the SDGs seek to incorporate multiple development goals, identifying targets at the nexus of various sectors can be instrumental in yielding a less complicated SDG framework. Internationally, the WEF nexus has become accepted as a mechanism for facilitating progress toward the relevant sector-related SDGs, i.e., SDGs 2, 6, and 7 (Simpson and Jewitt, 2019a). The WEF nexus approach is, therefore, recognized as a promising tool for achieving the relevant sector-related SDGs and holds promise for the guidance of development initiatives aligned with Nationally Determined Contributions (NDCs) of the Paris Agreement.

Ringler et al. (2013) suggested that the SDGs present a crucial test for implementing the nexus approach at an international level. Yet to date, no country is on track to achieve all the goals by 2030 (Sachs et al., 2018). Furthermore, if the nexus is to be utilized as a lens for sustainable development, then any conceptual framework developed for the WEF nexus must also address the global disparity in access to resources, i.e., equity, together with environmental rights (Biggs et al., 2015; de Grenade et al., 2016).

While there has been a considerable effort to develop tools to monitor progress toward the SDGs (Sachs et al., 2019), there is less progress in assessing trade-offs between different SDGs or resource sectors such as those represented by a nexus within the SDGs, e.g., the WEF nexus. One means of assessing a multifaceted system where parameters are quantified with different units of measurement (de Loë and Patterson, 2017; Wichelns, 2017) is through the development of a composite indicator (or index), which results “when individual indicators are compiled into a single index on the basis of an underlying model” (OECD, 2008). The aim of this work is to introduce a composite indicator that allows a stakeholder to quantify and monitor the WEF nexus interlinkages at a national level. Following an assessment of 87 globally applicable water-, energy-, and food-related indicators, 21 were selected to constitute the WEF Nexus Index, which was calculated for 181 countries.

This article presents the WEF Nexus Index with its application to the Southern African Development Community (SADC). The SADC nations share many natural resources and have complex political and social systems that influence the availability and access to these resources. The SADC region is an ideal case study for applying the WEF Nexus Index due to the inherent opportunities and threats to sustainable development and the potential for policy interventions.



METHODS

In this study, the methodology set out by the Joint Research Centre's Competence Center on Composite Indicators and Scoreboards (JRC:COIN) has been followed (Saisana et al., 2018). The JRC:COIN have been involved in over 60 statistical audits of composite indicators, amongst others, the Environmental Performance Index (Yale University, Columbia University), the Multidimensional Poverty Assignment Tool (UN International Fund for Agricultural Development), the Global Competitiveness Index (World Economic Forum), and the Corruption Perceptions Index (Transparency International) (Saisana et al., 2018).

The JRC:COIN's methodology consists of 10 steps (OECD, 2008; Saisana et al., 2018). Initially, a conceptual framework needs to be developed for the context under assessment. This framework is subsequently utilized to guide the selection of a set of relevant and available indicators. These indicators are normalized, weighted and aggregated, thereby yielding a unitless index that represents the context being appraised. An index is complementary to the underlying data, representing it in a coherent manner. The index also provides an access point to the complex data set upon which it is based, thereby enabling the identification of patterns and trends. Indices must be developed sensibly and transparently and used responsibly, since they can be misused (Saisana et al., 2018). However, they have been shown to be valuable decision making and policy tools.


Development of the Framework

According to the JRC:COIN, the first step in forming a composite indicator is the development of a framework for the system under assessment (Saisana et al., 2018). To this end, the anthropocentric WEF nexus framework, presented in Figure 1, was utilized as the basis for the WEF Nexus Index's construction. The basis of this framework's development was a consideration of what lies at the center of this nexus. It was concluded that humanity lies at its center. At the core of this framework is, therefore, human society, i.e., Anthropos (Greek for human), with its insatiable demand for resources. Globally, access to resources such as water, energy and food is not equitable, hence the inclusion of three water-, energy-, and food-related SDGs in this framework. Each SDG has targets that “are universally applicable and aspirational” (UN Water, 2018). The framework also reflects the priorities of the global South in achieving both access to and provision of resources (Simpson et al., 2020).


[image: Figure 1]
FIGURE 1. The Anthropocentric WEF nexus framework (from Simpson et al., 2020).


Further, water, energy, and food are ultimately obtained from the natural resource base (Rockström and Sukhdev, 2016) and the flow of resources from the environment to the source of demand, i.e., humans, is therefore the dominant driver within this system. These resources are procured from the environment in manners that are either renewable or non-renewable. In addition, the climate and environment are managed and regulated through sound (or poor) governance and policies, as shown by the two intermediate layers within the proposed framework. At the core of this framework is “access” and “demand” related to the three core resource sectors, i.e., “leave no one behind” and managing the global supply chain system. This proposed framework is especially applicable to the developing world due to its emphasis on SDGs 2, 6, and 7, as well as the all-encompassing role of governance and policy that promotes sustainable development and the protection of the environment.

The environment, land, and climate are represented by the outer layers of this framework since, in many cases, planetary boundaries are being tested or even exceeded (Steffen et al., 2018). The framework also demonstrates that while humanity is at the center of the global supply chain system, they are also custodians of the governance and policies related to these three interdependent resources.



Selection of Indicators

The second stage of the JRC:COIN methodology in the development of a composite indicator is the selection of the indicators that will constitute the index. Figure 2 shows that, for a given context (e.g., the WEF nexus), indicators and indices are developed from data to yield information that can ultimately be used for decision- and policy-making and the interactions between these aspects. These decisions and policies will then be based on firm knowledge, founded on verifiable information, which will limit knee-jerk decisions and conjecture. As information is developed, it can, in turn, influence the data collection and indicators for refining the process. Other quantitative and qualitative studies can augment the information generated, and various feedback loops can improve and optimize the data gathering process. These studies could include socio-economic and institutional indicators, models or surveys.


[image: Figure 2]
FIGURE 2. From data to decision making; modified from Segnestam (2002) and Waas et al. (2014).


Based on the framework shown in Figure 1, the WEF Nexus Index has three equal pillars representing water, energy and food (refer to Figure 3). Each of these resource sectors, in turn, have “access” and “availability” sub-pillars. The “access” component of the WEF nexus relates to the urgent need for worldwide distributional justice, i.e., equitable access to resources. This is the perspective from which the WEF Nexus Index was developed (Simpson et al., 2020). While equitable access to resources is essential, the physical availability thereof is of equal importance. Therefore, the energy-access sub-pillar includes an access indicator, two indicators that represent renewable energy consumption and output, and an indicator related to CO2 emissions per capita. This is because this pillar relates to SDGs 7 and 13, i.e., access to modern energy that addresses climate action.


[image: Figure 3]
FIGURE 3. Schematic layout of the WEF Nexus Index, with its constituent pillars, sub-pillars, and indicators.


Internationally, data are collected by various organizations such as national statistical offices, government departments, non-governmental organizations and international organizations such as the World Bank, International Energy Agency (IEA), Food and Agriculture Organization of the United Nations (FAO) and the World Health Organization (WHO). A global search of these databases resulted in a list of 87 water-, energy-, and food-related indicators that were subsequently reviewed for both relevance and data availability at a national scale via a rigorous and iterative process. For an indicator to be included in an index, at the indicator level, at least 65% of countries should have valid data. Similarly, and at the country level, at least 65% of indicators should have valid data (Saisana et al., 2018).

Selection criteria included relevance, added value, data availability, and reliability, together with a correlation analysis to identify possible aggregation issues or double-counting (Simpson et al., 2020). If the correlation of the indicators was too high, taken to be equal to or >0.92 in this study, then this constituted double-counting, i.e., effectively including the same variable twice (OECD, 2008). In this case, one of the highly correlated indicators was omitted from the WEF Nexus Index.

Details of each indicator evaluated, and a rationale for its inclusion or exclusion in the WEF Nexus Index is provided in Addendum A. One of the challenges experienced in the selection of indicators is that there are very few indicators that measure the linkages between the constituent sectors, i.e., “nexus” indicators that measure water for energy, water for food, energy for water, etc. Where these “nexus” or “integrated” indicators do exist, they are invariably reported by too few countries to form part of the index. These indicators could, however, form part of an in-depth study for countries that do report these parameters.

Both the anthropocentric WEF nexus framework and the selection of indicators to form the WEF Nexus Index were presented at various forums during this project to facilitate stakeholder/expert engagement. These interactions proved to be beneficial in obtaining vital input on both the interpretation of the framework and the final selection of indicators. The forums that the conceptual framework and indicators were presented at include:

• A Research-on-Tap Seminar entitled “Toward a Water-Energy-Food Nexus Index” at the University of KwaZulu-Natal's Center for Water Resources Research on 25 April 2019, in Pietermaritzburg, South Africa,

• A workshop entitled the “Development of the Water-Energy-Food Nexus Index and its application to South Africa and the South African Development Community (SADC): From Theory to Practice” at the Water Research Commission in Pretoria, South Africa, on 10 May 2019,

• A presentation at the 2019 European Climate Change Adaptation Conference in Lisbon, Portugal, on 30 May 2019, entitled the “Development of the Water-Energy-Food Nexus Index and its application to South Africa and SADC,”

• A lunchtime seminar at IHE Delft Institute for Water Education, Delft, The Netherlands on 5 June 2019, entitled the “Development of the Water-Energy-Food Nexus Index and its application to South Africa and SADC,” and

• A JRC:COIN Open Day in Ispra, Italy, on 7 June 2019, entitled the “Development of the Water-Energy-Food Nexus Index and its application to South Africa and SADC.”

The outcome of this analysis and stakeholder/expert engagement was that a set of 21 indicators were selected to compose the WEF Nexus Index, the structure of which is presented in Figure 3. Adequate data is available for the index to be calculated for 181 nations.

The water-access sub-pillar represents SDG 6 (access to at least basic drinking water and sanitation services) and the degree of IWRM (which is an indicator of good governance in terms of water resources management). The energy-access sub-pillar includes both access to electricity (SDG indicator 7.1.1) and two indicators that appertain to the degree of renewable energy consumption (SDG indicator 7.2.1) and implementation, as well as CO2 emissions (which is an indicator of the degree of dependence on fossil fuels). These indicators have been aggregated because SDG 7 appertains to access to affordable, reliable, sustainable and modern energy for all, and not simply “access to energy.”

The food-access sub-pillar includes, amongst others, SDG indicators 2.1.1 (prevalence of undernourishment), 2.2.1 (percentage of children under 5 years of age who are stunted) and FAO indicator 4.8 (prevalence of obesity in the adult population). The food-accessibility sub-pillar includes FAO indicators 1.1 (average dietary energy supply adequacy), 1.2 (average value of food production) and 1.4 (average protein supply), and the cereal yield in kilograms per hectare.

The latest available data (in August 2019) was utilized for the calculation of the WEF Nexus Index, with the reference year varying between indicators, as presented in Addendum A.



Data Treatment and Normalization

Following the selection of indicators, missing data were imputed where appropriate or necessary in accordance with the JRC:COIN guidelines. One case of imputation was for levels of undernourishment in high-income countries. Here, average values reported by UNICEF were utilized, e.g., the average prevalence of undernourishment in high-income countries is 1.2% (Sachs et al., 2018). All indicators were then normalized to transform them into a uniform scale: [0:100] (OECD, 2008). This is standard practice in composite indicator construction, since not only are the indicators measured in different units, but their values vary markedly, e.g., the indicator Percentage of children under 5 years of age who are affected by wasting varies from 0.3 to 22.7%, whereas the Renewable internal freshwater resources per capita vary from 2.5 to 519 265 cubic meters. In this project, the min-max method was utilized to normalize the data (Saisana et al., 2018; Simpson et al., 2020). Where there was no data for an indicator, shallow imputation was applied, whereby it “calculates the sub-pillar score by taking the mean only over the indicators that have data” (Becker et al., 2019). This is the same as substituting the missing value with the normalized mean of the other indicators in the aggregation group (e.g., pillar or sub-pillar).

Outliers were treated in particular cases. This practice is necessary since outliers “generally spoil basic descriptive statistics such as the mean, the standard deviation, and correlation coefficient, thus causing misinterpretation” (Saisana et al., 2018). Where the skewness and kurtosis of an indicator's data set exceeded the generally accepted range, i.e., |<2| and |<3.5|, respectively, a process of either Winsorisation (where there are five or fewer outliers) or a Box-cox transformation (if the number of outliers exceeds five) was adopted (Saisana et al., 2018). This is described in more detail in Simpson et al. (2020).



Weighting and Aggregation of Indicators

The sub-pillar scores were obtained by determining the weighted arithmetic average of the indicators in each sub-pillar. Pillar scores were calculated using the arithmetic average of the corresponding sub-pillar scores, and the final index score was an arithmetic average of the pillar scores. Equal weighting was used at the pillar level to preserve the multi-centric philosophy of the WEF nexus approach, such that each resource sector has equal importance (Allouche et al., 2015; Benson et al., 2015; Owen et al., 2018). Given that some sub-pillars contain more indicators than others and the fact that some indicators in a sub-pillar have stronger weightings than others, the final weight of each indicator in the overall index is unequal. The final weights, per aggregation level, are presented in Addenda B, C.

The arithmetic mean was used for aggregation despite its known property of compensability. Compensability refers to the extent to which a decrease in one indicator can be compensated for by an increase in another indicator. If the indicators are summed, i.e., using the arithmetic mean, there is a higher degree of compensability than if they are multiplied, i.e., using the geometric mean. This is because the latter method “penalizes” lower scores in indicators to a greater extent than the former method. The use of the arithmetic mean to calculate the WEF Nexus Index was, nevertheless, prefered because there is a reasonable degree of substitutability between constituent indicators and utilizing the arithmetic mean is easier to understand than the geometric mean. This method of aggregation was also adopted in the development of the SDG Index (Sachs et al., 2016, 2018).




RESULTS

The WEF Nexus Index has been calculated for the 181 nations that had sufficient data for 2019, as presented in Figure 4. The five highest-ranking countries are Iceland, Canada, Norway, New Zealand, and the United States of America, respectively, while the five lowest-ranking countries are Eritrea, South Sudan, Chad, Somalia and Haiti. Amongst the 20 highest-ranking nations for the index are 12 Organization for Economic Co-operation and Development (OECD) countries. While the 20 highest-ranking nations are predominantly developed countries, four South American and three Asian countries are on this list. The four South American countries in the top 20 are Brazil, Uruguay, Columbia, and Paraguay. The three Asian nations are Bhutan, Hong Kong and Lao. While no African countries feature in the 20 highest-ranking nations for the index, it is striking that 17 of the lowest-ranking countries are from Africa. Based on this finding, an in-depth analysis of the WEF Nexus Index is presented for the SADC. A dashboard for all the 181 countries, with their rank, is presented in Addendum D. The 21 indicators calculated for the 16 SADC nations are presented graphically in Supplementary Figures S1–S21 in Addendum E. In Addendum F, the untreated indicator data (e.g., from the World Bank, International Energy Agency, and FAO) for the 21 indicators that constitute the WEF Nexus Index are presented.


[image: Figure 4]
FIGURE 4. WEF Nexus Index world map with a focus (in glyphs) on selected countries (interactive website at https://www.wefnexusindex.org/). Latest available data as of August 2019.



SADC Case Study

The purpose of this case study is to demonstrate how the WEF Nexus Index, and its hierarchically structured constituents, can be utilized in a systematic analysis for a region. By exploring the underlying pillars, sub-pillars and indicators, the SADC nation's status in terms of access to and availability of water, energy and food becomes evident and emphasizes the remaining work required for this region to attain the SDGs and NDCs. Table 1 presents the median WEF Nexus Index values and ranks for the 16 SADC nations, together with the median and average values.


Table 1. WEF Nexus Index, ranks, pillar and sub-pillar values for 16 SADC countries.

[image: Table 1]

The two highest-ranking SADC nations, in terms of the WEF Nexus Index, are Seychelles and Mauritius, with global ranks of 64th and 89th, respectively. The two lowest-ranking SADC countries are Madagascar and Botswana, 175th and 171st, respectively.

The average water, energy, and food pillar scores for the SADC countries are 50.4, 52.3, and 42.3, respectively. The energy pillar is, therefore, the highest-ranking pillar of the three, on average, while the food pillar scores the lowest, on average, for the SADC nations. The nation with the highest pillar value is Comoros (energy pillar = 74.9), with Seychelles having the highest value for the water pillar (74.7), and Mauritius (61.0) having the highest value for the food pillar, highlighting the relatively good access and supply of these resources to those nations populations. Seven nations have food pillar values below 40. South Africa, Mauritius, Comores, and Seychelles have relatively high index values. Interestingly, for Mauritius, the energy pillar is the lowest of any of the nations, yet the food pillar is the highest. In the lower ranking countries, food is generally the lowest ranking pillar, with the exception of Tanzania (where water is the lowest).

Access to basic drinking water and sanitation services has improved across the region since 1990 (Zimbabwe is one exception) (World Bank, 2018). However, our study shows that only Mauritius and Seychelles exceed the global median value1 for these two indicators (Supplementary Figures 1, 2 in Addendum E). There is, therefore, much work remaining within this region to achieve SDG 6 by 2030, with the median levels of access to at least basic drinking water and sanitation services for the SADC nations being 67.2 and 39.4%, respectively. In contrast, regarding the degree of Integrated Water Resources Management (IWRM) implementation, i.e., SDG indicator 6.5.1 (Supplementary Figure 3 in Addendum E), eight nations have values that exceed the global median (45.0), illustrating the relatively strong adoption of IWRM principles within several SADC countries' policies, institutions, management tools and financing.

The annual freshwater withdrawals as a percentage of the total internal resources is a vital sustainability indicator, as evidenced by its inclusion as an official SDG indicator (6.4.2). Six SADC nations have withdrawal levels that exceed the global median value (7.7%), with Mauritius, South Africa, Eswatini, and Zimbabwe having levels that exceed 25% (Supplementary Figure 4 in Addendum E). Eight SADC countries2 have annual freshwater withdrawal rates that are <5% of their internal resources. The potential to utilize freshwater beneficially in these countries is evident when it is considered that Angola, Comoros, the DRC, Lesotho, Mozambique and Zambia only utilize 0.5, 0.8, 0.08, 0.8, 0.9, and 2% of their annual freshwater resources, respectively. The renewable freshwater resources per capita in five of these countries exceed the global median (Supplementary Figure 5 in Addendum E), which suggests that not only is freshwater underutilized, but it is relatively abundant. It must be noted that, due to the significant flows in these nations, these river systems have relatively high environmental flow requirements (Supplementary Figure 6 in Addendum E), with those in the DRC being the most significant (982 million m3/yr). The average precipitation depths for the SADC countries are presented in Supplementary Figure 7 in Addendum E, with seven nations receiving, on average, a rainfall depth that equals or exceeds the global average rainfall depth of 1,028 mm per annum, although with high seasonality.

SDG 7 is the aspirational goal of ensuring access to affordable, reliable, sustainable and modern energy for all. The global median level of access to electricity (SDG indicator 7.1.1) is 100%. Seychelles provides access to electricity for their entire population, while only 11% of Malawi's populace have access to electricity (Supplementary Figure 8 in Addendum E). The average and median levels of access to electricity within the SADC countries are 57 and 55%, respectively. In terms of renewable energy consumption (SDG indicator 7.2.1), an average of 55.6% of the total final energy consumed is classified as being renewable for SADC nations (Supplementary Figure 9 in Addendum E). Similarly, on average, 56.1% of the total electricity output is renewable (Supplementary Figure 1 in Addendum E); the global median value is 30.9%. Countries with low levels of renewable electricity output include Botswana and South Africa (0.03 and 2.3%, respectively), highlighting their dependence on coal-fired power stations (World Bank, 2018). Six SADC nations have renewable electricity output levels that exceed 80% of the total electricity output and renewable energy consumption levels that exceed 80% of the total final energy consumption. Hydropower is the dominant electricity source in these countries.

Many SADC nations have very low CO2 emissions, with the median value for these 16 nations being 0.9 metric tons per capita per annum (Supplementary Figure 11 in Addendum E). South Africa is a notable exception. In 2014 it emitted nine tons of CO2 per capita, and 3 years later was the fourteenth highest net emitter of CO2 globally (Fleming, 2019).

Electric power consumption per capita levels in the SADC countries are generally significantly below the global median (2,584 kWh/capita), with South Africa being the only exception. The electric power consumption levels per capita are instructive because they provide context for renewable electricity output levels. For example, the DRC has a renewable electricity output level of 99.8% of the total electricity output, but the electric power consumption in this nation is only 109 kWh per capita, which is significantly below the global median of 2,584 kWh per capita.

The indicator “Energy imports, net (% of energy use)” provides an indication of a nation's independence in terms of energy supply, which provides a perspective of energy security. Because many nations generate surplus energy and export that additional capacity, these countries have negative values for this indicator (Supplementary Figure 13 in Addendum E). The indicator, therefore, measures both imports and exports of energy—for example, Angola and Mozambique export energy, the former to a large degree.

As noted above, the food pillar is generally the lowest scoring in the SADC region. A deeper analysis highlights that the prevalence of undernourishment in SADC countries exceeds the global median value for all but two nations, namely Mauritius and South Africa (Supplementary Figure 14 in Addendum E; there is no data for this indicator for Seychelles, Comoros and the DRC). Similar patterns are evident in the percentage of children under 5 years of age affected by wasting and stunting (Supplementary Figures 15, 16 in Addendum E, respectively). These concerning levels are supported indirectly by assessing obesity in the SADC nations, with South Africa being the only nation to exceed the global median (Supplementary Figure 17 in Addendum E). In terms of the availability of food, two critical indicators are the cereal yield (kg/ha) and the average value of food production (I$/capita3)—Supplementary Figures 19, 21 in Addendum E, respectively. While three nations (Madagascar, Mauritius and South Africa) have cereal yields that exceed the global median (3,032 kg/ha), many of the remaining SADC nations have very low crop yields. None of the 16 SADC nations has an average value of food production that exceeds the global median. This is reflected in the indicators related to the prevalence of undernourishment and the percentage of children under 5 years of age who are stunted (median values of 26.3 and 33.8%, respectively, for the SADC nations). The median values for these indicators for the 181 countries assessed are 6.5 and 14.1%, respectively.

Whilst the high-level comparative analyses above are illustrative, an important aspect of the WEF Nexus Index is that it provides an entry point for deeper analysis and identification of opportunities to address the higher level issues identified, rather than an endpoint or target.



Analysis of Index Construction

In order to provide context and a degree of validation to the index, it has been compared with the well-known Human Development Index (HDI), and both cluster and sensitivity analyses have been performed. Furthermore, there has been a strong effort in providing interactive visualization tools for the index.


Comparison With Human Development Index

While there is a medium-to-strong correlation between the HDI and the WEF Nexus Index (R2 = 0.57; Supplementary Figure 22 in Addendum E), these two indices represent contrasting facets of development (UNDP, 2018a,b). The former combines indicators relating to health, education and income (providing a nexus perspective of, amongst others, SDGs 3, 4, 8). The latter presents sustainable development in terms of access to and availability of water, energy and food. These three crucial resource sectors directly represent four of the 17 SDGs, i.e., 2, 6, 7, and 13. The two indices can, therefore, be beneficially utilized by different academics, non-governmental organizations, policy- and decision-makers to inform their areas of research, interest or responsibility. The medium-to-strong correlation is constructive. If the HDI and WEF Nexus Index were weakly correlated, then they would not both be offering a perspective on sustainability. The existence of the one does not, therefore, nullify the need for the other.



Cluster Analysis

A k-means clustering algorithm was applied to the 181 countries' WEF Nexus Index values, thus allowing the countries to be grouped according to these values. The analysis yielded two clusters, i.e., countries with WEF Nexus Index values lower than the global median and those with values higher than the global median index, as presented in Figures 5A,B. From Figure 5A, it is evident that while the median for the food pillar is the lowest and the water pillar the highest, countries with a WEF Nexus Index value above the median do not necessarily rank highly for all three resource sector pillars. Figure 5B presents the correlation between the various pillars, which is generally poor. This lack of correlation is anticipated since the pillars represent independent resource sectors. The two sectors that are most strongly correlated are the water and food pillars.


[image: Figure 5]
FIGURE 5. (A) Plot of the pillar and WEF Nexus Index values vs. the median pillar/index value for the 181 countries assessed, and (B) Scatter plots of the WEF Nexus Index pillars, water vs. energy, water vs. food, and food vs. energy (orange indicates countries with WEF Nexus Index values above the global median while blue indicates values below the global median index value).




Sensitivity Analysis

Like any composite indicator or model, the WEF Nexus Index has uncertainties in the underlying data and the methodological decisions made in its construction. Here, a sensitivity analysis is performed to investigate the effects of these uncertainties, using a Monte Carlo analysis to estimate confidence intervals on country ranks and a global sensitivity analysis to ascertain the individual contribution of each input's uncertainty (Becker, 2021).

Three key uncertainties were chosen to be investigated, namely:

1. The aggregation method: By default, the WEF Index is aggregated using an arithmetic mean. However, it could be argued that the water, energy and food components of the nexus are not fully compensable; therefore, the geometric mean could be a plausible alternative for the last level of aggregation.

2. The normalization method: The index is normalized using a min-max approach. Plausible alternatives could be a “distance to maximum” approach (each indicator is normalized with the distance to the maximum country value) or using “z-scores” (indicators are normalized to have the same mean and variance).

3. The weighting: By default, indicators have fixed weights, as described elsewhere in the article. Here, the assumption is relaxed by allowing indicators to vary randomly within ± 25% of their nominal values.

While this list is not exhaustive, it provides a summary of some of the important methodological uncertainties. Strictly speaking, an uncertainty analysis quantifies the uncertainties in the outputs of a system, while a sensitivity analysis apportions this output uncertainty to individual inputs. Here, the output is considered as the ranks of the index. The WEF Nexus Index was re-run 2,000 times in a Monte Carlo analysis, each time randomly selecting an aggregation method, normalization method, and a random set of weights within the prescribed limits. Each time, the ranks were recorded for each nation.

Figure 6 shows the 90% confidence intervals of the ranks of the WEF Nexus Index (countries are not labeled due to a large number of points). There is a moderate but manageable amount of uncertainty in the ranks of the countries. The average difference between nominal and median rank is 2.86 places. As is typical in composite indicators, the top and bottom nations are relatively stable, whereas there is more variation in the middle-ranked countries.


[image: Figure 6]
FIGURE 6. 90% confidence intervals on ranks of the WEF Nexus Index. The gray bars are the 90% confidence intervals. Countries are ordered according to their nominal rank. The green point is the median rank across the uncertainty analysis.


Next, a global sensitivity analysis was run following the methodology of Saisana et al. (2005). This method uses a Monte Carlo approach to estimate variance-based sensitivity indices; specifically, the first-order index, which measures the individual contribution of each input to the output uncertainty, and the total order index, which measures the contribution of each input including interactions with other inputs (Saisana et al., 2005; Saltelli et al., 2008).

The sensitivity indices were estimated by re-running the WEF Nexus Index calculation 5,000 times according to a Monte Carlo design. The results are shown in Figure 7, where each sensitivity index includes bootstrapped confidence intervals.


[image: Figure 7]
FIGURE 7. First order (Si) and total order (STi) sensitivity indices of input assumptions plotted as mean (dot) and 90% confidence intervals by bootstrapping.


The results show that the most sensitive assumption is the normalization method, followed by the weights and the aggregation method. This means that, at least in terms of the ranks and the alternatives investigated here, the WEF Nexus Index is robust to the aggregation method and essentially robust to its weights. The normalization method is somewhat more sensitive, and this may also be because three alternatives were investigated.



Open Science and Visualization

An essential part of this project is the communication of the WEF Nexus Index. Now, more than ever, visualizing data in an engaging manner is vital for the acceptance and dissemination of public data, making it more accessible and understandable (Shneiderman, 1996; van Wijk, 2005). Data visualization is the discipline that studies how to interpret and understand graphics and charts that represent complex data (Tufte, 1983). Its primary design principles have been applied in a set of visualizations compiled in an interactive website associated with the WEF Nexus Index, namely www.wefnexusindex.org.

The website, published to disseminate the WEF Nexus Index, provides data at hierarchical levels. First, it offers a global view of the main index, as well as its three main pillars (water, energy and food), utilizing an interactive globe. The globe includes a novel legend that combines a classical color legend with a strip plot, which graphically presents the distribution of the selected index or pillar.

At the same level of visualization and complementary to the globe are visualizations comprising glyphs. These glyphs represent the WEF Nexus Index and its pillars by country. These glyphs can be compared and sorted in order to facilitate a WEF nexus analysis. Further, each country has a dedicated page that provides more details for that nation, such as the availability and access sub-pillar values, a radar chart, global rankings, a scatter plot of accessibility and access (which highlights correlations), together with the untreated indicator values themselves.





DISCUSSION

The purpose of utilizing a case study is to demonstrate how the WEF Nexus Index and its pillars, sub-pillars and indicators can be utilized as a catalyst for WEF nexus assessments. The set of 16 radar charts in Figure 8 presents the six sub-pillars (where available) per SADC nation. From these graphs, it is evident that access to and availability of water, energy and food is both constrained and varied within the region.


[image: Figure 8]
FIGURE 8. Radar graphs of the sub-pillars for the 16 SADC nations.


Through an integrated analysis, it has been noted that the lowest pillar for the SADC nations, on average, is the food pillar. Secondly, the lowest sub-pillar, on average, is the food-availability sub-pillar. Thirdly, the low value of the food-availability sub-pillar can be attributed principally to the low cereal yields and a low average value of food production within this region (refer to indicators 19 and 21 in Addendum D). At a very high level, this would suggest that critical interventions are needed to enhance access to and availability of food through the use of the available water and energy. In this regard, UN Water (2018) state that Sub-Saharan Africa experiences the highest level of food insecurity, affecting almost 30% of the population. Schreiner and Baleta (2015) suggest that the agricultural potential of countries like Zambia could be exploited for the benefit of the entire region. While this is true, it is ironic that fertile countries such as Zambia experience high levels of undernourishment (World Bank, 2018).

Eight SADC nations have annual freshwater withdrawal levels of <5% of their total internal resources, i.e., low levels of withdrawal. If this available water could be utilized beneficially for food production, be it through the drought-proofing of rainfed agriculture (Bossio et al., 2011) or a “steady positive trend in irrigation development” (Van der Zaag, 2010)—or, ideally, both—it could go a long way in addressing food security concerns in the region. Such actions must be married with endeavors to boost nutrient balances (through suitable fertilizer addition), access to markets, agricultural training and research (Van der Zaag, 2010; Mueller et al., 2012; Lu and Tian, 2017). In terms of synergies, there is a clear opportunity to produce more food through the utilization of available water resources in several SADC countries. This will enhance food security and reduce levels of malnourishment, wasting and stunting, while increasing the values of the water and food pillars. A trade-off is that more energy will be required.

Energy is required to efficiently pump, treat, convey and irrigate water. All the SADC countries, except Seychelles, have electricity access levels below the median global value, with half the populations in nine of these nations having no electricity access. Electrical power consumption per capita is low when compared to the global average of 2,584 kWh/capita. RES4Africa and Enel (2019) state that the WEF nexus “offers an innovative perspective on bridging the energy access gap by considering energy as an enabler for development.” From a nexus perspective, there are clear opportunities for energy systems to be developed beneficially to use the available water to facilitate enhanced agricultural development and food security. This philosophy is aligned with the United Nation's Deputy Secretary-General, Amina Mohammed, who stated that “sustainable energy is the golden thread that links most of the SDGs and the pledge to leave no one behind” (Mohammed, 2018).

The SADC countries share an energy grid, termed the Southern African Power Pool (SAPP), and several nations within the zone export and import power from each other to meet their local demand (Mabhaudhi et al., 2016). A paradox in Africa is that some nations, such as Angola and Mozambique, have their populaces languishing with low levels of access to electricity and limited electric power consumption per capita, yet they export energy (the former, significantly), illustrating the potential trade-off of increased supply to local populations against lower foreign earnings. Another seeming contradiction is that a nation such as South Africa exports energy, yet it has struggled with rolling power-cuts for over a decade. Mauritius, Botswana and Namibia are three SADC nations that rely on energy imports.

Hydropower forms a significant component of the regional energy supply with widespread sharing within the SAPP. Conway et al. (2015) note that almost 100% of electricity production in the DRC, Lesotho, Malawi and Zambia is generated by means of hydropower. Regarding energy in SADC, “challenges include low tariffs, poor project preparation, issues with power purchase agreements, and absent regulatory frameworks that stunt investment and financing in the energy sector” (Schreiner and Baleta, 2015). A great opportunity results from Southern Africa being endowed with significant potential in terms of solar and wind power generation (Gies, 2016). However, although recognized as opportunities in most of the region's NDCs, the prevalence of coal-fired stations which are not yet at the end of their design life in South Africa means significant rigidity in the energy production system. Thus, any “policy-driven transition to a low carbon and climate resilient society must take into account and emphasize its overriding priority to address poverty and inequality” (DEA, 2016). In other words, the SDGs must be given priority.

A project that has been touted to transform the SADC region is the development of the vast hydropower potential of the Inga Falls in the Congo River. The Grand Inga Dam Project, which has been discussed for half a century, could produce 40 GW of hydroelectric power, more than one-third of the total electricity currently generated in Africa (Sachs, 2015). Political and technical obstacles have, until now, limited the development of this project.

The need to address resource planning in an integrated manner is evident when the water resources in the region are assessed. The national boundaries within SADC were determined politically and not hydrologically, and 85% of the region's water resources are transboundary (Mabhaudhi et al., 2016). SADC coordinates transboundary water cooperation in 15 basins across Southern Africa (UN Water, 2013). These shared basins present opportunities for cooperation to enhance socio-economic security and ensure further progress in achieving the SDGs. However, the availability of resources within the region is not evenly distributed. Over 70% of SADC's freshwater resources are shared between two or more member states (Schreiner and Baleta, 2015). The ratification of SADC's revised protocol on shared watercourses together with the establishment of various river basin organizations, has promoted cooperation and the sharing of benefits from these basins (Claassen, 2013). Hoff (2011) explained that one of the early nexus analyses focussed on the Zambezi River basin. This integrated project included the co-development of hydropower, new irrigation schemes and other water-related sectors, including wetlands and their ecosystem services. More recent analyses of the basin highlight the critical trade-offs between hydropower generation and irrigation, where optimisation of one occurs at the expense of the other, and the recommendation that increasing efficiency of dryland production is an essential aspect of a WEF nexus guided strategy (Payet-Burin et al., 2019).

Kurian and Kojima (2021) argue that “Composite indicators can enable integrative modeling of trade-offs by incorporating information about biophysical, socio-economic and institutional dimensions” of a context under assessment, e.g., water reuse or drought adaption. They are concerned that the WEF nexus context is too narrow in order to adequately inform policy making, and propose the broader context of the environment-development nexus. The WEF Nexus Index can form part of the environment-development nexus studies, highlighting relatively rapidly, on a national level, where interventions, or further assessments are required. The context of the WEF Nexus Index is, however, integrated resource security. Kurian and Kojima (2021) also note that “A composite index can also be useful to compare insitutional responses of different regions within a country or different countries in response to a global goal.” To this end, by updating the WEF Nexus Index each year, until 2030, a critical measure of the nexus of a subset of SDGs can be assessed over time.


Benefits of the WEF Nexus Index

A composite indicator, or index, by its nature, provides an integrated perspective of the context under analysis, e.g., the WEF nexus. This is true even if the composite indicator is not constituted of “nexus” indicators. Rather, the OECD (2008) emphasizes that a “composite indicator should ideally measure multi-dimensional concepts which cannot be captured in a single indicator, e.g., competitiveness, industrialization, sustainability,” i.e., an index provides a nexus perspective which individual indicators cannot offer. However, it cannot—nor is it designed to—provide detailed insight into every aspect of its constituent indicators.

Thus, the WEF Nexus Index, together with its associated visualization website (www.wefnexusindex.org), presented in this work can be used to (i) draw attention to an issue, (ii) allow a hierarchical dataset to be explored, and (iii) facilitate global comparisons. The index serves as a gateway to the underlying pillars, sub-pillars, and indicators (as demonstrated for SADC). While a nation's unitless index value is not significant on its own, the ranking of 181 countries demonstrates national progress in terms of integrated resource management and security. It also facilitates benchmarking against other nations, be they geographically or socio-economically similar, or a top performer like Iceland. The gap between this value and the SADC nation's index values highlights the disparity in integrated resource management and security globally. However, the fact that Iceland and Canada are the only countries that have index values that exceed 80 indicates that no country has achieved complete water, energy and food security. In this regard, rather than being an end in itself, the WEF Nexus Index is a tool that provides an entry point for further in-depth analyses.

Assessments of the hierarchical dataset can be utilized to ascertain focus areas for synergistic efforts, such as the SAPP or the Zambezi Watercourse Commission (ZAMCOM). Providing a quantification of a subset of the SDGs could assist policy-makers in avoiding the trade-offs that result from a silo approach, e.g., pursuing fossil-fuel-based energy security in South Africa at the expense of water and food security (and the loss of biodiversity) (Simpson et al., 2019). The WEF Nexus Index can, therefore, serve as a tool to inform water-for-food, food-for-energy, energy-for-water, water-for-energy, energy-for-food, and food-for-water.



Limitations

Condensing a nation's integrated resource management status into a single number is complex (Daher and Mohtar, 2015; Garcia and You, 2016; Wicaksono et al., 2017; McGrane et al., 2018; Simpson and Jewitt, 2019a). The WEF Nexus Index does not consider political and social impacts to resource security due to the lack of sufficient data for the countries analyzed and the challenge of linking these indicators to the sub-pillars within the index. Social and political issues directly influence natural resource availability and management by determining the amount and quality of resources available to the population, particularly when resources are exported to neighboring nations. The trade of resources between countries constitutes complex interactions and an essential consideration in resource security that may be added to the WEF Nexus Index when the data becomes available.




CONCLUSIONS

The wide range of WEF Nexus Index values indicates the extent to which water, energy, and food security differ on a global scale. The relatively strong correlation between the HDI and the WEF Nexus Index indicates that although these two indices are measuring different aspects of sustainable development, they are complementary.

The results of the sensitivity analysis related to the uncertainties in the index's construction show that the most sensitive assumption is the normalization method, followed by the weights and the aggregation method. The cluster analysis indicates that there is a clear separation of nations between those with WEF Nexus Index values above the global median and those below, with the divide aligned between high income, technologically advanced and low income, technologically underdeveloped countries. Of the pillars, water and food security are most strongly correlated.

Within the SADC, food security is a significant concern. Eight of these nations have annual freshwater withdrawal rates that are <5% of their internal resources, and rainfall depth in several countries is above the global median. This indicates that if this available water could be utilized beneficially for food production, be it through the drought-proofing of rainfed agriculture or irrigation development—or both—it could contribute significantly to addressing food security concerns in the region. The enhancement of access to reliable, modern, renewable, affordable energy is a critical enabler of any development, agricultural or otherwise.

Based on the constituent indicators, the WEF Nexus Index is a function of the national resource base (e.g., land, water and fossil fuels), governance and service delivery, and the degree of the energy transition to renewable sources, consumption and self-sufficiency. The proposed WEF Nexus Index is not a “silver bullet” aimed at solving development and environmental challenges facing humanity. Rather it is a tool that can be added to the sustainability toolbox that is being developed and utilized to create “the future we want” reflected both in the SDGs and the NDCs of the Paris Agreement.
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FOOTNOTES

1The global median value relates to the median calculated for a particular indicator for the 181 nations included in this study.

2Angola, Comoros, DRC, Lesotho, Madagascar, Mozambique, Namibia, and Zambia.

3International dollars per capita: An international dollar could purchase, in the cited country, a comparable amount of goods and services that a US$ would acquire in the United States of America. This term is generally utilized in conjunction with Purchasing Power Parity (PPP) data.
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