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Abstract

:

This paper presents knowledge gaps and critiques on the water–energy–food (WEF) nexus that have emerged since the concept of the WEF nexus was proposed by the World Economic Forum and the Bonn 2011 Conference. Furthermore, this study analyses current innovations on the WEF nexus concept, applications, and impacts during the period of 2012–2020. This begins by reviewing ten WEF nexus frameworks developed by international organizations and researchers. On this basis, several gaps and omissions in nexus frameworks are obvious in almost all developed frameworks. Studies that start to address some of these gaps are analysed, but they are relatively few and do not address all gaps. Several proposed improvements to nexus frameworks are identified to narrow the gaps and put the concept into practical implementation in WEF resources management and governance. Four principles and the perspective of “from local to global” for future WEF nexus framework development and analysis are suggested to ensure that the security of water, energy, and food resources can be achieved sustainably in local communities. This will improve the impact of national and global ambitions on WEF security.
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1. Introduction


The connections between the water, energy, and food (WEF) sectors, known as the WEF nexus, are becoming a major academic, policy, and societal topic that is increasingly discussed in global society, including the relationship with ecosystems, livelihoods, and the economy (e.g., [1,2,3]). The challenges to managing water, energy, and food resources simultaneously and meet multiple potentially conflicting objectives without compromising the resource base of any sector are urgent and need to be resolved as best as possible (i.e., causing the least amount of damage to other sectors). This challenge demands an integrated approach in which the systems are considered as a whole. To add to the complexity, the WEF nexus influences and is influenced by other sectors including economic, social, political, and environmental conditions [4,5]. The basic concept of the WEF security nexus approach was developed and extensively discussed in the Bonn 2011 Nexus Conference. In the resulting background paper, the nexus approach is defined as “an approach that integrates management and governance across sectors and scales” [6]. The integration of theoretical approaches and practical implementation to solving policy challenges is urgently needed.



In Hoff’s background paper [6], initial guidance on how a nexus approach can improve the security of WEF resources by increasing efficiency, reducing trade-offs, building synergies and improving governance across sectors, including several policy recommendations, was introduced. Since then, comprehensive studies and critical reviews by Endo et al. [7] and Albrecht et al. [8] state that the background paper by Holger Hoff and the World Economic Forum meeting in 2011 [9] has brought the topic and concept of the WEF nexus to the centre of global attention. However, several gaps were identified in nexus approach frameworks and subsequent nexus studies.



This paper has several objectives. The first is to review existing WEF nexus frameworks, showing where they overlap and considering key areas omitted from most if not all of these frameworks. The second step is to revisit several key WEF nexus critiques with the aim of identifying knowledge, research, and application gaps from those studies. These gaps are then mapped onto those from the nexus frameworks. These steps allow identification of the most urgent outstanding issues in current nexus research. Following this, several applied WEF nexus case studies are discussed, illustrating the extent to which the identified gaps and omissions have been addressed (or started to be addressed). From this, research gaps that are still present in nexus research are highlighted as urgent avenues for future research. The steps applied in this paper are outlined in Figure 1. These steps are reflected in the structure of this paper.




2. Assessing Existing WEF Nexus Frameworks


Existing WEF nexus frameworks were selected following a literature review of frameworks published in academic and non-academic sources using Google Scholar (cf. [10]), Science Direct, and Scopus databases. The databases were used to identify peer-reviewed scientific documents and other publications that employed the WEF nexus concept during the period 2012–2020. Further investigation was conducted to clarify the main concerns, key principles, and variables of the frameworks. While not meant as comprehensive, the results are representative of commonly presented WEF nexus frameworks in the literature, and much overlap can be identified between the frameworks discussed in this section.



While the concept of interlinkages and integration between the WEF sectors is not new (it has been understood by local communities and private sectors for some time (e.g., [7,10,11,12])), it is arguable that the modern concept of the WEF nexus became mainstreamed after 2011 when the World Economic Forum published a report which was the result of numerous analyses and studies [9]. In the Global Risks 2011 (sixth edition) report, the interconnectedness between water, energy and food sectors with other external variables such as economic and population growth, environmental pressures, global governance failures, and even geopolitics conflict was postulated. This report identified some direct and indirect impacts that may arise due to risks associated with these interlinkages, including major trends and uncertainties, levers, and trade-offs [9]. Several key issues were identified. These include recognizing trade-offs, integrated and multi-stakeholder planning, community-level empowerment, market-led pricing, and technological and financial innovations to improve WEF management at any level.



After the publication of the 2011 Global Risks report, the next influential event was the Bonn 2011 Conference on the water, energy, and food security nexus that was held on 16–18 November 2011. The background paper from the conference entitled “Understanding the Nexus”, has become an influential reference in research related to the WEF nexus approach [6]. Figure 2 shows the WEF nexus framework, describing the complexity of the WEF nexus with water availability as the core of the system. It considers the importance of sustainable development actions, global trends, and governmental interventions. Several key principles among others include resource productivity, the concept of waste as a resource, economic incentives, and coherence in governance, institutions, and policies.



The Hoff background paper proposed some knowledge gaps in the nexus approach that were suggested to be addressed. As the background paper is well known in the nexus research community, Hoff’s knowledge gaps can become the focus of researchers in order to address the gaps and improve nexus understanding.



Many WEF frameworks, tools, and models have been developed since the Bonn 2011 Conference. Several innovations and modifications of the “original” WEF nexus framework have been developed by various international organizations, research institutes, and researchers. The association between WEF sectors and external variables, which is in line with the sustainable development concept, has been illustrated in various frameworks, some of which are summarized in Table 1.



The frameworks (Table 1) have been used as a reference at many levels of governance (e.g., global, national, and regional) and spatial scales (e.g., basin-scale and household-scale) of management and planning. Because of their generic nature, many cannot be applied directly, with local-level modifications needed to capture specific circumstances. There is a need to make such comprehensive elaboration and adjustment by following the principles of context-specific and stakeholder engagement to address the challenges and to make them more applicable to assist local level policy-makers and other stakeholders.



Almost all the frameworks indicate that external factors need to be considered in managing WEF resources in an integrated manner. These can include climate change, population, and socio-economic development. The main differences between the frameworks include the key principles with regard to the main concern of each organization (e.g., water resources, food production, and stakeholder dialogue), the scales of each framework, and exogenous factors that influence and are deemed to be influenced by the WEF nexus. Some frameworks propose economic, social, and environmental issues as major components to be considered in managing resources. The Wildlife Conservation Society (WCS) Indonesia in partnership with the Global Canopy Programme (2016), for instance, focuses on forests as their main target. Those frameworks that have followed context-specific principles are arguably going against a true nexus framework, where no resource should take “centre stage”. Some frameworks do not comprehensively capture all interactions between variables in the WEF nexus due to availability and limited access of data [22], inadequate consideration of politics in WEF resources management [23], under-representing gender perspectives [24], or ignoring livelihoods and development [25].



The main issues covered by the frameworks in Table 1 are summarized in Table 2. Ten WEF nexus-based frameworks have been analysed and compared with 16 suggested features for the nexus concept. We have found that three out of 10 frameworks have good coverage (over half) of the 16 suggested features. The remaining seven cover up to half of the suggested features, implying they are less comprehensive or are more focused in their coverage.



Based on Table 2, most existing frameworks include overlapping features. The efforts to bring the nexus concept into the process of policy and decision-making can also be seen in some frameworks.



Several features are distinctly lacking. These include:



	(1)

	
a focus on WEF resource security (i.e., availability, accessibility, quality of resources);




	(2)

	
appropriate and validated stages (cf. [26]) of the WEF nexus modelling process, using a systems approach and critical analysis to better understand nexus complexity [27];




	(3)

	
promotion of innovation and knowledge mobilization;




	(4)

	
utilization of robust datasets from multiple sources; and




	(5)

	
participatory stakeholder involvement in framework development.








3. Literature Criticisms on the WEF Nexus Concept


The WEF nexus concept has received criticism. The criticisms largely centre on the apparent lack of focus in nexus studies, the argument that the approach is not “new” per-se, the lack of integration of some sectors (e.g., ecosystems), and the lack of common approaches to studying nexus problems.



Regarding the concept, many researchers argue that the nexus is still an expanding concept [32], is relatively immature [33], is narrative but not useful in applications [34], and is without any common definitions, methods, and frameworks [5,8,11,35]. Furthermore, the application of the nexus concept has received much attention from various scholars. For example, Wichelns [33] and Mitchell et al. [36] warned that policy-making processes by applying the nexus approach and involving many stakeholders, especially in developing countries, may lead to delays, slowness, and inertia. However, the involvement of stakeholders is deemed essential for proper nexus mapping and understanding. In addition, existing nexus implementations failed to address complex interlinkages due to a lack of boundary definition [37] and lack of data sharing and availability [22]. Critiques have been raised against the expected outcome in applying the nexus concept in various places around the world. Among the criticisms are the inability to consider inherent political factors [23], the main democratic goal of sustainability [25], gender aspects, and integration of programs, policies, and institutions at the national level [24], as well as the operationalization of WEF nexus in the decision-making process [38]. These issues are summarised in Table 3.




4. Efforts to Narrow Gaps and Address Criticisms


From the analysis in Section 2 and Section 3, common nexus research gaps have been identified in both the frameworks and in nexus critiques and reviews. This section presents recent work that has started to address some of these gaps.



4.1. Narrowing Knowledge Gaps


An overview of studies that start to address gaps is compiled in Table 4. This table distinguishes three main knowledge gaps, namely: (1) lack of WEF-related datasets and knowledge; (2) insufficient availability of applications; and (3) lack of agreement and clarity of several WEF-related issues. These are discussed in more detail.



There are several data that are still considered poorly covered or poorly available for WEF analyses. Two examples include aquifer data in water-scarce regions and consumptive water use data in the energy sector [45], which are elaborated in more detail here. The five studies in Table 4 (section A1) start to contribute to filling the first example of aquifer data. MacDonald et al. [46] employed GIS-based analysis to establish continent-wide maps of aquifer storage and potential borehole yields in Africa. By reviewing maps, data, and publications, quantitative maps of groundwater in Africa can be developed to assess water security at the national and regional levels. Lezzaik and Milewski [47] have attempted to deal with the paucity of aquifer data in middle-east and north African (MENA) regions. They estimated groundwater storage reserves based on saturated thickness and effective porosity estimates of groundwater using GIS-based models. Additionally, to measure the alteration in groundwater storage, monthly gravimetric datasets (GRACE) and land surface parameters (GLDAS) were used. Modelling approaches such as MODFLOW [48], random forest models, and maximum entropy models [49], water balance equations and water table fluctuation analysis [50] have been used to estimate aquifer yields in several water-scarce regions such Iran, Libya, Egypt, Sudan, and other African countries.



Studies on the consumptive water use in the energy sector (Table 4, section A2) are more numerous. For instance, Davies et al. [51] investigate consumptive water demand for electricity production at the global level using an integrated assessment model of energy, agriculture, and climate change (the GCAM model). Similarly, Mekonnen et al. [52] evaluate the global consumptive water footprint (WF) of electricity and heat generation in the fuel supply, construction, and operational stages. Other researchers applied similar objectives to different regions, such as in China [53] and the European Union (EU) [54]. A review paper by Dodder [55] highlighted some scenarios of future water demand in the energy sector.



Discussions on the impacts of hydropower and other water resources developments on aquatic ecosystems and full life-cycle assessments in terms of water and energy impacts have been addressed by various studies (Table 4, sections A3 and A4). The gaps addressing studies on topics A5 and A6 (Table 4) are insufficiently addressed. For example, the topic of nutritional water productivity is still very limited, although a few studies have explored the issue [52,53,54,55]. These studies contribute to narrowing knowledge gaps in the WEF nexus, especially in relation to ecosystem services (cf. [3]). Similarly, the discussion on energy productivity in agriculture (A6) has not been addressed adequately, though some studies have attempted to deal with this issue (e.g., [56,57,58,59]).
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Table 4. Summary of research related to addressing WEF nexus knowledge gaps.
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	Hoff’s Knowledge Gaps *
	Related Studies Addressing the Gaps





	A.
	Lack of WEF Datasets and Knowledge on:
	



	
	
	
the available water resources data especially on safe aquifer yields in “economically water-scarce” regions





	[46,47,48,49,50]



	
	
	2.

	
the consumptive water use in the energy sector, compared to withdrawal data






	[51,52,53,54,55]



	
	
	3.

	
water productivity per nutritional content of food products






	[56,57,58,59]



	
	
	4.

	
energy productivity in agriculture






	[60,61,62,63,64]



	
	
	5.

	
the impacts of hydropower and other water resources development on aquatic ecosystems






	[65,66,67,68,69,70]



	
	
	6.

	
the full life-cycle assessments in terms of water and energy






	[71,72,73,74,75]



	B.
	Insufficient Availability of:
	



	
	
	
the uniformly applicable “water footprint” framework regarding water use efficiency for different forms of energy or food production





	[76,77,78,79,80,81]



	
	
	2.

	
the harmonized “nexus database” or analytical framework for monitoring or trade-off analyses






	[16,82,83,84,85,86,87]



	
	
	3.

	
the blueprint for overcoming institutional disconnect and power imbalances between sectors






	[88,89,90,91,92,93,94]



	C.
	Lack of Agreement and Clarity on:
	



	
	
	
the water quality standards for different crops and production systems





	[95,96,97,98]



	
	
	2.

	
the impact of policy frameworks on water and energy use and resource use efficiency in food production






	[99,100,101,102]



	
	
	3.

	
the impacts of increasing energy scarcity on water and food security






	[103,104,105]



	
	
	4.

	
how to deal with the increasing level of complexity that comes with higher levels of integration






	[8,22,33,44,92,106,107]







* Adapted from Holger Hoff [6].











Not all studies directly address Hoff’s knowledge gaps. Regarding the issue of energy productivity (A6), most studies link energy productivity with the industrial or manufacturing sectors but neglect the agricultural sector, possibly omitting an important source of energy demand and production. As another example, there is considerable research related to the water footprint of energy and food production (see B1), but not all studies use a consistent framework, thereby precluding common assessment and comparison. The availability of a harmonized database and indicators for the WEF nexus, an analytical framework that is able to monitor the potential trade-offs and synergies in WEF resource management, and WEF nexus analysis that can resolve institutional disconnects and power imbalances are the main gaps that must be prioritized to be addressed in the future nexus studies and applications.




4.2. Addressing Criticisms in WEF Nexus Frameworks


Further issues are suggested that should be considered as improvements of WEF nexus research to assist planners and policy-makers. Three main issues are identified: (1) participatory stakeholder involvement in designing and carrying out nexus research; (2) a comprehensive, open-access (where possible) WEF nexus database; and (3) an updated WEF nexus framework to support policy and decision-making, including the concept of WEF resource security, which is rarely considered, although it is a central aspect [85].



The first issue regards participatory engagement of related stakeholders to raise awareness and increase the understanding of the nexus for those responsible for its planning and management (e.g., [8,22,33,38,108]). Sušnik et al. [83] engaged multiple stakeholders from project inception to the development of a WEF nexus serious game to understand the interaction between water, energy, food, land, and climate. Through the SIM4NEXUS project [20], which includes 12 case studies from regional to a global scale, stakeholders and local partners were involved in all nexus modelling stages, including conceptualization, quantitative model development, validation, and implementation of serious games. Using another approach, Purwanto et al. [108] implement a group model building (GMB) technique to develop qualitative causal loop diagrams of WEF nexus security in Indonesia by involving local expert stakeholders. The awareness-raising and better understanding of stakeholders about the complexity of the WEF nexus was one of the main outcomes in that process. A study on early stakeholder involvement to ensure perspective convergence among researchers and stakeholders in WEF-related sectors was conducted by Daher et al. [109] in the San Antonio Region. They provided questionnaires to 370 respondents from three different groups (i.e., government institutions, non-government/non-profit, and business enterprises). The main objectives were to evaluate the level of convergence of nexus understanding and to identify barriers and opportunities regarding improving communication among stakeholders. There are many studies that have applied participatory approaches in WEF research, including fuzzy-cognitive mapping, online investigation and snowball sampling [110], interviews, focus group discussions and vision-building workshops [111], and multi-objective optimization methods for WEF nexus management and the involvement of multiple stakeholders [112,113]. These studies demonstrate that multiple actors should work together for continuous improvements to make the nexus approach useful in the planning, evaluation, and decision-making processes. Researchers are involving key stakeholders throughout the nexus investigation process more regularly.



To make the WEF nexus concept work for quantitative assessment, valid, integrated, and open data sources at all levels and scales must be available for governments and scientific institutions. As listed in Table 4 (B2), this is crucial because current WEF nexus data availability can still pose a major challenge in the analytical process, especially at the local level [6,22]. The problem of data availability, validity, quality, and accessibility in many countries particularly in developing countries is common. Several global, regional, and country-level WEF data sources are more readily available compared with data at the local level. However, existing datasets are not comprehensive, data quality and reliability can be questionable, and data are separated from each other and not contained in a “WEF system database”. Table 5 summarizes some of the sources of WEF-related data at global, regional, and country levels.



One significant effort is the development of an integrated data and analysis toolbox called NeFEW (Nexus of Food, Energy and Water) to incorporate available global datasets [87]. This toolbox gathers data to allow for modelling and analysis of WEF resources and their interconnectedness at a country level. Lawford [84] analysed the importance of integrated WEF nexus data and information to assist practitioners in planning and decision-making processes. He proposed WEFDIS (WEF nexus data and information system) to ensure that WEF data and information from satellites, in situ data networks, and other data sources are readily available. Eight proposed sequential and parallel measures to develop and implement WEFDIS and to structure WEFDIS are discussed in Lawford [84]. Accessibility and standardization of data are two important points to communicate and consolidate data and information from various sources. The incorporation of existing WEF-related databases is a good example of potential data integration and would enable replication at a smaller scale. To harmonize databases at a local level, more research appears to be needed, largely due to the diversity of data sources and formats.



On-the-ground WEF nexus implementation is the third issue. Operationalizing the WEF nexus to assist policy-makers and other stakeholders in managing resources is a main recommendation in several WEF nexus-related discussions, including Shannak et al. [22], Albrecht et al. [8], and Simpson and Jewitt [38], and is included in Hoff’s knowledge gaps (Table 4, B3). The improvement of the nexus concept by transitioning towards “doing” instead of only “thinking” has been established in several studies. Studies by Purwanto et al. [85,108] are examples on how to integrate the WEF nexus concept into local planning systems to assist local stakeholders in achieving WEF security targets in a regional context. Other evidence of WEF nexus implementation can be seen in Hoff et al. [114] through five case studies in MENA countries (Jordan, Lebanon, and Morocco). They evaluate the current nexus conditions and to link that to Sustainable Development Goal (SDG) ambitions and Nationally Determined Contributions (NDCs). An integrative study to assess the progress towards SDGs targets in South Africa using a WEF nexus analytical model has been conducted by Nhamo et al. [86] who applied seven WEF nexus composite indices (water availability, water productivity, energy accessibility, energy productivity, food self-sufficiency, cereal productivity, and an integrated WEF index) to evaluate SDG targets 2, 6, and 7 in the period 2015 to 2018. Further research is expected to strengthen the concept and bring the new methodologies and empirical evidence to influence policy and decision-making processes [115].



Regarding responses to criticisms of the WEF nexus approach in general, one valuable commentary comes from Brouwer et al. [115] in response to Galaitsi et al. [37]. They offer evidence from the Horizon 2020 SIM4NEXUS project [116] that identifies the added value of the WEF nexus concept, including flexibility and adaptability, the ability to identify critical nexus-relevant policy objectives, and the better identification of trade-offs and synergies for resource management and policy-making. They contend that the nexus concept is supportive in WEF-related policy-making processes. More specifically, three key features of the nexus concept were proposed to be improved upon, namely (1) focus on bio-physical, socio-economic and policy interactions, (2) seeking a balance between different needs to achieve sustainable and integrated natural resources management, and (3) a systematic effort for policy coherence across sectors.





5. Updating the WEF Nexus Frameworks


Despite the progress made in addressing nexus research gaps, some areas remain unaddressed. In this section, four main issues still needing research are proposed, and these are incorporated into an updated WEF nexus framework. These issues are (Figure 3):




	
Making the nexus relevant for stakeholders and policy



This underlines the importance of participatory engagement to ensure that stakeholders in the water, energy, and food sectors can understand the interlinkages in the nexus and what this means for policy- and decision-making. Several methods could be used such as participatory modelling, group model building (cf. Purwanto et al., 2019), focus group discussions, and surveys and interviews, but the inclusion of relevant stakeholders throughout is critical.



	
The issue of reliable data and information



Any WEF nexus study outputs should be based as much as possible on reliable data that are valid and integrated, and that are available with a good level of accessibility to facilitate quantitative analysis and providing robust, defensible results. Ideally, a universal, open-access, WEF database would be developed.



	
Creating an adaptable framework



Framework adaptability is important in the WEF nexus due to the diversity of resources, natural conditions, scales, levels, government, and planning systems, the responsibility of institutions, laws and regulations, and key nexus foci. As such, any framework must have the flexibility to adapt to a diverse set of circumstances.



	
Being easily applicable



Incorporating the WEF nexus into planning and decision-making systems is essential to move the WEF nexus from a concept to an operational framework that brings real benefits for a more sustainable and integrated policy-making process.








To include these principles, a bottom-up “local to global” approach is proposed so that lower levels of government are able to identify WEF resource challenges and solve them through proper planning and actions, using locally relevant approaches exploiting the best available data and information. Well-achieved targets at the local level may add up to affect WEF resource security at a higher level of governance. However, the four challenges can also refer to what is done at a higher level. For example, the availability and integration of WEF datasets at the global and national levels are relatively better than at the local level. Therefore, methods to develop indices, parameters, and individual datasets can be adopted from global and national sources for local scales, thereby potentially improving multi-scale nexus assessment and relevance.




6. Conclusions


This paper has investigated knowledge gaps, criticisms, and areas for improvement related to research on the WEF nexus that have emerged since the concept of WEF (security) nexus was proposed. Thirteen knowledge gaps were identified by Hoff [6]. During the last decade, a number of efforts have been made to narrow these gaps. In this study, 67 papers are reviewed that consider Hoff’s gaps. Despite significant progress, some gaps have not been entirely filled, such as those related to energy productivity in agriculture, harmonizing a WEF nexus database, and the relevance of WEF resource security. Critiques on the concept, application, and operationalisation of the WEF nexus approach have been considered in this study.



Furthermore, ten WEF nexus frameworks have been analysed and compared with sixteen suggested features for WEF nexus inclusion. The following issues are insufficiently addressed in existing frameworks: the WEF security focus (resource availability, accessibility, and quality); robust systems approach and datasets; participatory stakeholder engagement in nexus research. Additionally, a general lack of the importance of ecosystems and their services is prevalent. Local perspectives are often under-represented, especially in developing countries with decentralized governance systems. Context-specific practical and policy implementation guidance in evaluation and planning still needs to be improved. It is suggested that locally based WEF management will help ensure that WEF resources are managed in a holistic and equitable way. The WEF nexus approach should move from thinking to doing, starting from the lowest level (i.e., moving from conceptual ideas to practical and relevant applications). Stakeholder participation is crucial to manage WEF resources. At the same time, it is critical to prevent delays in the process of decision-making that can be caused by ineffectiveness of time allocation to accommodate the various kinds of stakeholder’s interests.



Four principles and perspectives for future WEF nexus framework development (i.e., to make them more understandable, to ensure reliable and valid data, to make them adaptable to many diverse situations, and to be applicable across scales) are considered central to increasing the benefits and improving the role of the WEF nexus concept in influencing policy and resource planning processes. Continuous improvements, especially in grounding the WEF nexus concept, indicate the urgent challenge to better manage the three resources of water, energy and food.
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Figure 1. Schematic flow chart of the process followed in this paper. 
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Figure 2. The water–energy–food nexus framework (source: Hoff [6]. Reprinted with permission from the author). 
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Figure 3. The main proposed principles and perspective for future WEF nexus concepts and frameworks. 
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Table 1. A selection of representative WEF nexus frameworks and their main features.
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	WEF Nexus Framework
	Document Source and Publisher





	A
	Food, Water, and Energy Nexus and the Contribution ofHimalayan Ecosystem Services [13]

	▪

	
The core of the framework is ecosystem goods and services to support WEF sectors and implemented in South Asia




	▪

	
Key principles: (1) water storage capacity restoration, (2) climate and environmentally and social-friendly infrastructure development, (3) adequate investment for management, (4) incentive mechanism in managing ecosystem






	
	▪

	
Contribution of Himalayan ecosystems to water, energy and food security in South Asia: a nexus approach (Figure 2, page 4, in this document source)




	▪

	
The International Centre for Integrated Mountain Development/ ICIMOD 2012









	B
	The Water–Energy–Land (WEL) Nexus [14]

	▪

	
This framework widens the perspective of the nexus by considering land-use competition for agriculture, forests, human settlement and infrastructure, and biodiversity, including the competition in water demands




	▪

	
Key principles: (1) rethinking the natural resources approach; (2) transformative action in addressing the demand, supply, efficiency, and resilience of natural resource; (3) integrated solution for appropriate management of WEL






	
	▪

	
Confronting scarcity: Managing water, energy and land for inclusive and sustainable growth (Figure 2.2, page 27, in this document source)




	▪

	
European Union 2012









	C
	The Resource Nexus [15]

	▪

	
This resource nexus framework focuses on five essential resources: water, energy, minerals, food, and land.




	▪

	
Key principles: (1) doubling resource efficiency, (2) transition toward sustainable energy systems, (3) coordinating efforts to properly price resources, (4) rethinking of “the good life” and economic growth based on ever-increasing resource consumption, (5) working together to resolve disputes, (6) reinvesting in global leadership






	
	▪

	
The global resource nexus: The struggles for land, energy, food, water, and minerals (Figure 1, page 7, in this document source)




	▪

	
The Transatlantic Academy (2012)









	D
	The CLEWS Framework [16]

	▪

	
The framework integrates the assessment of three sectors of land, energy, and water resources using several tools i.e., LEAP by SEI, WEAP by SEI, and AEZ by IIASA and FAO models with climate change scenarios.




	▪

	
Key principles: (1) points identification at which the resource systems interact, (2) establish appropriate data exchanges between the modules, (3) process repetition through a series of iterations






	
	▪

	
Integrated analysis of climate change, land-use, energy and water strategies (Figure 1, page 622, in this document source).




	▪

	
Macmillan Publishers (www.nature.com/natureclimatechange; accessed on 2 December 2020); KTH-Royal Institute of Technology









	E
	Nexus Dialogue: Agreed Key Interlinkages [17]

	▪

	
The centre of the framework is ecosystems and climate and environment as external factors




	▪

	
Key principles: (1) policy solutions (2) land use management, (3) cooperation agreements (4) technology, operation and infrastructure, (5) coordination and communication (6) economic instruments (market-based or regulatory)






	
	▪

	
Reconciling resource uses in transboundary basins: assessment of the water–food–energy–ecosystems nexus (Figure 5, page 22, in this document source)




	▪

	
The United Nations Economic Commission for Europe









	F
	The Framework Linking Water, Food, Energy Security [4]

	▪

	
Ecosystem management as the core of the framework




	▪

	
Recommended policies: (1) integrated approach to policy design, (2) land and agricultural investment, (3) adaptive management of opportunities and risks




	▪

	
Stages: (1) assessing WEF security system, (2) envisioning future landscape, (3) investing in a WEF security, (4) transforming the system






	
	▪

	
The Water–Energy–Food Security Nexus: Towards a practical planning and decision-support framework for landscape investment and risk management (Figure 6, page 15, in this document source)




	▪

	
The International Institute for Sustainable Development/IISD (2013)









	G
	Approach to the Water-Energy-Food Nexus [18]

	▪

	
This framework describes the complex interaction between human activities and natural resources with four main components; (1) goals and interests, (2) resource base, (3) managing the nexus, and (4) drivers e.g., population, governance, climate change etc.




	▪

	
Key principles: (1) provide a stepwise process to address policy-making and intervention in a nexus way, (2) combine quantitative and qualitative assessment methods, (3) proposed indicators are based on available datasets, (4) link intervention assessment to context status






	
	▪

	
Walking the nexus talk: Assessing the Water-Energy-Food Nexus in the Context of the Sustainable Energy for All Initiative (Figure 1, page 13, in this document source)




	▪

	
The Food & Agriculture Organization (FAO) (2014)









	H
	Key Interactions Between Water, Energy, Food Security [19]

	▪

	
This framework identifies interaction between WEF security components within the existing national development planning with water security as the core system supported by forest as the main concern




	▪

	
Key principles: (1) trade-offs between agricultural production and biofuel crops and deforestation (2) forest restoration and watershed protection, (3) interaction among four targets of WEF and forest in national development planning






	
	▪

	
How can Indonesia achieve security without eroding water, energy, and food as its natural capital? (Figure 4, page 15, in this document source)




	▪

	
WCS Indonesia in partnership with the Global Canopy Programme (2016)









	I
	Water, Land, Energy, Food, and Climate (WLEFC) Nexus [20]

	▪

	
A systematic framework of scientific investigation, design of coherent policy goals, and instruments to deal with synergies, conflicts, and related trade-offs from the interactions between WLEFC at bio-physical, socio-economic, and governance level.




	▪

	
Key principles: (1) policy coherence, (2) resource efficiency, (3) cross-sectoral governance, (4) interdisciplinary knowledge generation, (5) equal weight of each sector






	
	▪

	
D1.5: Framework for the assessment of the nexus (Figure 5, page 27, in this document source)




	▪

	
Sustainable Integrated Management FOR the NEXUS of WLEFC for a resource-efficient Europe (SIM4NEXUS) (2016–2020)









	J
	Main Linkages Within the Land, Water, and Energy Nexus [21]

	▪

	
The framework indicates how the biophysical resources are interrelated to economic activities and a number of key policy objectives. It also considers the influence of socio-economic, climate change, and policies to the trade-offs and synergies in LWE nexus




	▪

	
Key principles: 1st domain (LWE resources) represent biophysical system in term of quantity and quality, 2nd domain resources (goods and services) that meet the needs of the population, e.g., agriculture, energy transformation, and water supply, 3rd domain highlight the resources nexus






	
	▪

	
The land-water-energy nexus: Biophysical and economic consequences (Figure 1.1, page 22, in this document source)




	▪

	
The Organization for Economic Co-operation & Development/OECD
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Table 2. The evaluation of selected WEF nexus frameworks. ‘V’ indicates which frameworks cover which main nexus features.
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No.

	
Main Features in the Nexus Approach/Framework

	
WEF Nexus Frameworks (Table 1)




	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
H

	
I

	
J






	
1.

	
Incorporate WEF and exogenous variables, multi-resource [6,22,26]

	
V

	
V

	
V

	
V

	
V

	
V

	
V

	
V

	
V

	
V




	
2.

	
Social, economic, and political context [8,22,27,28]

	

	
V

	
V

	
V

	
V

	
V

	
V

	
V

	
V

	
V




	
3.

	
Green economy, sustainability, environmental context [6,27]

	
V

	

	

	
V

	
V

	
V

	
V

	
V

	
V

	
V




	
4.

	
Interdisciplinary and transdisciplinary [7,22,28,29]

	
V

	
V

	

	
V

	
V

	
V

	
V

	

	
V

	
V




	
5.

	
Decision-making, policy-making, governance, solution-oriented [8,26,30,31]

	
V

	
V

	
V

	
V

	

	
V

	
V

	

	
V

	
V




	
6.

	
Incorporate global trends [6]

	

	
V

	
V

	
V

	
V

	
V

	
V

	

	
V

	
V




	
7.

	
Case study, local coverage, context specific, in-site context [6,22,26,27]

	
V

	

	

	
V

	
V

	

	
V

	
V

	
V

	




	
8.

	
Capacity building, awareness raising [6,26]

	

	

	

	

	
V

	
V

	
V

	
V

	
V

	




	
9.

	
Spatial-temporal scope [22,26]

	
V

	

	

	
V

	

	

	
V

	

	
V

	




	
10.

	
Practical guide for implementation and simulation [8,31]

	

	

	

	
V

	
V

	

	
V

	

	
V

	




	
11.

	
Mixed methods of qualitative–quantitative [22,29]

	

	

	

	
V

	

	
V

	
V

	

	
V

	




	
12.

	
Collaborative, participatory approach, stakeholders involvement [8,27,28]

	

	

	

	

	
V

	
V

	
V

	

	
V

	




	
13.

	
Robust data sets, minimized data requirement [22,26,27]

	
V

	

	

	
V

	

	

	
V

	

	
V

	




	
14.

	
Promote innovation, knowledge mobilization, theoretical approach [8,27,28]

	

	

	

	
V

	

	

	
V

	

	
V

	




	
15.

	
Focuses on WEF resource security [6]

	
V

	

	

	

	

	
V

	

	
V

	

	




	
16.

	
Appropriate and validated stages, using system approach and critical analysis [26,28]

	

	

	

	
V

	

	

	
V

	

	
V
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Table 3. Critiques on the concept, application, and implication of the WEF nexus.
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	No.
	Main Criticism





	A.
	The WEF Nexus Concept



	
	
	
It is not really a new [11] and/or novel [12] particularly in low-level application or users such as farmers, fishers, etc. [7,29].








	
	
	2.

	
Sometimes seen as a “nirvana” and narrative concept [34], “mercurial” concept that led to unpredictable changes in issues based on the context, location, and scale [12] without a means to address the challenges.









	
	
	3.

	
Only “reframing resource scarcity as an existential threat” and “cling to a neoliberal economic agenda” [39].









	
	
	4.

	
It is not a clearly defined construct or an agreed-upon and tested framework [33], not a mature concept and needs further improvement [40]. It is promising but still faces significant conceptual and practical challenges [8,37].









	
	
	5.

	
There is still no common definition, framework, and methodology for nexus research [5,8,11,31].









	
	
	6.

	
It is not fully acknowledged on the ground and lacks publicity due to underrepresentation of private sectors and media in its activities [7].









	
	
	7.

	
A buzzword derived from an ambiguous meaning and strong normative resonance. The usage of this term is plural, fragmented, and ambiguous in the UK natural resource debates [41,42].









	
	
	8.

	
It is still an evolving concept that has remained largely in the conceptual realm [32] with high-level insights [37].









	B.
	The Application of WEF Nexus Approach



	
	
	
Policy processes may lead to delays [33], slowness, and inertia [36] in the policy-making process, especially in developing countries.








	
	
	2.

	
It not only involves technical issues but also political issues [34], while the nexus concept is often inconsistent in the politics of sustainability [39]. In addition, it is mostly depoliticized, neglecting historical, social, and political treatment [43].









	
	
	3.

	
In site-specific studies, the vertical integration of local nexus issues within national and global nexus issues was often missing [7] due to the complex nature of the nexus [35].









	
	
	4.

	
Nexus analyses are insufficiently cross-sectoral, focusing mostly on water, which assigns unequal sectoral weighting [32].









	
	
	5.

	
There are no clear boundaries to constrain the WEF nexus applications [37].









	
	
	6.

	
Some of existing models and frameworks failed to capture interconnections among variables due to lack of data sharing and availability [22].









	C.
	Outcome and Impact of WEF Nexus Approaches



	
	
	
The research on the nexus influence on the decision making by stakeholders is limited [33] and continues to fall short of expectations of its research-backed benefits [44].








	
	
	2.

	
The current WEF nexus discourse fails to adequately consider the politics inherent in the WEF sector [23].









	
	
	3.

	
There is a lack of evidence from WEF nexus research that has produced an intellectual toolkit, including validated claims that showed the improvement of resource management and governance outcomes [37].









	
	
	4.

	
There is a dearth of WEF nexus adoption in national policies, programs and institutions. The gender aspects are also often overlooked in WEF nexus assessments [24].









	
	
	5.

	
Ignorance of the main democratic goal of sustainability concept through over-emphasizing resource security level at the expense of livelihoods [25].









	
	
	6.

	
Operationalizing the WEF nexus is suggested in many studies and is urgently needed to bring “nexus thinking” into “nexus doing” [38].
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Table 5. Some water, energy, and food data sources.
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	Data Source
	Type of Data
	Level





	Water
	
	



	FAO (Food and Agriculture Organization)—AQUASTAT

(http://www.fao.org/nr/water/aquastat/data/; accessed on 2 December 2020)
	Land use, economy-development-food security, precipitation, renewable water resource, dam capacity, water withdrawal, wastewater, irrigation and drainage, water conservation, water harvesting, flood occurrence, drinking water access, etc.)
	
	▪

	
Global




	▪

	
Country









	Water Footprint Network (https://waterfootprint.org/en/resources/waterstat/; accessed on 2 December 2020)
	Product water footprint, national water footprint, International virtual water flow, monthly gridded blue water footprint, water scarcity, water pollution level, etc.
	
	▪

	
Global




	▪

	
Country









	USGS data (https://waterdata.usgs.gov/nwis; accessed on 2 December 2020)
	Surface water, groundwater, water quality, water use
	
	▪

	
Global




	▪

	
Country









	Energy
	
	



	IEA (International Energy Agency)

(https://www.iea.org/data-and-statistics; accessed on 2 December 2020)
	Energy supply, energy consumption, electricity, energy import-export, CO2 emission, energy prices, renewable energy
	
	▪

	
Global




	▪

	
Regional




	▪

	
Country









	IRENA (International Renewable Energy Agency) (https://www.irena.org/Statistics; accessed on 2 December 2020)
	Capacity and generation, energy balances, energy transition, energy policy, cost, climate change, finance and investment
	
	▪

	
Global




	▪

	
Regional




	▪

	
Country









	Food
	
	



	FAO (Food and Agriculture Organization) (http://www.fao.org/faostat/en/#data; accessed on 2 December 2020)
	Food production, trade, food balance, food security, price, inputs, population, investment, macro-statistics, agri-environmental Indicators, emission-agriculture, emission-land use, forestry, etc.
	
	▪

	
Global




	▪

	
Country









	OECD-FAO

(http://www.agri-outlook.org/data/; accessed on 2 December 2020)
	Agricultural product, consumption, imports, dairy, meats, fishery, etc.
	
	▪

	
Global




	▪

	
Regional




	▪

	
Country









	Multiple Data
	
	



	(http://data.worldbank.org/indicator/; accessed on 2 December 2020)
	Data and indicators related to agricultural data, economy, energy, environment, climate change, water etc.
	
	▪

	
Global




	▪

	
Country









	(https://ourworldindata.org/energy; accessed on 2 December 2020)
	Agricultural production, meat and dairy, fishery, energy, access to energy, renewable energy, air pollution, clean water, sanitation, etc.
	
	▪

	
Global




	▪

	
Country
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