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The Energy-Water-Food (EWF) nexus is a complex and multidimensional system, in which the energy, water and food resources are strongly interconnected. EWF nexus systems are seriously threatened by natural hazards (e.g., climate change and extreme weather events) along with other human-driven threats, including rapid population growth, urbanization, terrorism, and geopolitical uncertainty. As such, integrated analysis, as encouraged by the EWF nexus can facilitate the identification of essential connections and potential conflicts that may arise in the planning and operation of resource systems. Moreover, in order to consider immediate shocks and long-term pressures, it is imperative to prioritize the strengthening of EWF system resilience by incorporating robust and efficient resource management strategies, which consider various dimensions of sustainability and security such as technical, environmental, economic, and societal aspects. Decentralization is one concept that has the potential of improving the resilience of nexus systems faced to the multiple risks governing them through reducing single points of failure and enabling swifter responses to sudden shocks and continuous volatilities. However, in order to achieve a holistic system resilience through decentralization, the assessment of the different risks impacting each nexus sector is fundamental, yet it can be particularly challenging. Therefore, the objective of this study is to review the currently available resilience assessment methods for the EWF nexus system. The systematic literature review will connect various assessment methods used within decentralization studies that are applied to improve the resilience performance of the EWF nexus system. A total of 84 journal papers were evaluated. The review demonstrates that the deployment of multi-criteria decision-making framework based on composite indicators can be effective in addressing risks and uncertainties within EWF systems. Furthermore, findings of this review illustrate complementary connections between decentralization and resilience concepts, which when integrated with the EWF nexus approach, can be effectively utilized for integrated sustainable resource management.
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1 Introduction

During the 1960s, rapid urban and economic growth brought to light the environmental challenges of development. Climate change, pollution and other types of chemical contamination are the main catalysts triggering the need for sustainable development (Hoyos et al., 2010). There are various definitions of sustainable development. The most commonly cited is from the ‘Our Common Future report,’ which was issued in 1987 by the World Commission on Environment and Development, known as the Brundtland report. It stipulates that “Sustainable development is the development that meets the needs of the present without compromising the ability of future generations to meet their own needs” (Visser and Brundtland, 2013). In addition to the global environmental deterioration, rapid population growth has also resulted in the subsequent increase in energy, water, and food consumption amongst other resources, primarily to meet the demand for products and services, leading to increased resource competition and depletion. In contemporary society, there are apprehensions regarding the availability and accessibility of energy, water, and food resources, as well as the disparities in their distribution. These concerns arise from the consequences of inadequate management and unsuitable governance structures (Bonn2011Conference, 2011). Therefore, there has been a transition towards holistic approaches in establishing potential long-term solutions (Mohtar, 2017). Today, the energy, water, food (EWF) nexus concept is widely recognized as a comprehensive approach to addressing issues around environmental impacts and resource security. Several US and international initiatives address the EWF nexus directly or indirectly (SIWI, 2018; WWF8, 2018), while the 2030 Sustainable Development Goals also include EWF nexus components (FAO, 2018).

In the context of climate change, population increase, and global health concerns; providing sustainable, sufficient and clean energy, water and food is the ultimate aim for many nations (UN, 2019). In this regard, EWF nexus methods are widely acknowledged as crucial tools that can be utilized for achieving sustainable development goals (Biggs et al., 2015). Moreover, EWF nexus methods can identify system interlinkages, and thus provide additional advantages in comparison to other analytical or policy analysis approaches, which may have only focused on a single specific development goal (e.g., development of hydropower source to enhance energy access) (Kishore et al., 2021). Thus, failure in considering the trade-offs across multiple systems, or even the inadequate defining the interconnections between energy, water and food resources, along with their effects on human health systems, may lead to overestimation or underestimation of socioeconomic consequences from policy change, management change or infrastructural development perspective (Baker and Van Houtven, 2021). Consequently, the complex interaction between the natural environment and human activities can be examined and analyzed efficiently through implementing an integrated approach for energy, water, and food resources, and thus contribute to a better understanding of complex and dynamic inter-relationships between them. In this context, it is crucial to develop a comprehensive decision-making framework through the implementation of an effective EWF nexus system that tackles the multifaced issues that EWF systems might face in order to achieve resilient resource management. From an EWF nexus perspective, there are various decision-making techniques and associated tools that have been deployed to tackle the challenges of resources management, such as optimization techniques (Ferdowsi et al., 2021), life cycle assessment (Corona-López et al., 2021), composite indicators (Corona-López et al., 2021), agent-based modelling (Zhu et al., 2023) and game theory models (Namany et al., 2023).

The EWF nexus has become more significant and considerable in many countries, especially those situated within hyper-arid and desert climates, which import most of their food, and/or are dependent on energy-intensive desalination for their freshwater requirements (Netherlands Enterprise Agency, 2019). Hence, it is necessary for those countries to re-configure their resource sub-systems to enhance resilience with regard to integrated resource management, in light of growing risks and uncertainties. Resilience refers to the ability of a system to adapt and bounce back from disruptions or shocks while maintaining its basic structure and function. In the context of EWF systems, a resilient EWF system is one that can withstand and recover from disruptions, such as natural disasters, climate change, or social unrest (Walker et al., 2002). The objective is to enhance resource security while obeying sustainability principles and striving toward resilience. There are multiple strategies system designers can adopt to improve the resilience of the EWF nexus and its constituting resource systems. One of which is the decentralization of resources systems, to avoid the single point of failure risks associated with centralized systems (Perez and dos Santos, 2017). The main difference between the two systems is that decision-making and resource allocation in a centralized system are concentrated in a central authority, while in a decentralized system, they are distributed among many entities or individuals. In the context of EWF, a centralized EWF system is one in which power generation, water supply, and food production are organized and managed by large-scale centralized entities (Bartelmus, 1998), whereas in a decentralized EWF system, these resources are localized and distributed across multiple small-scale units (Koenig et al., 2018). Yet, there are concerns related to the production capacity of decentralized systems. Therefore, adequate, and sufficient capacity over multiple facilities needs to be strategically planned for. Regardless of the mode (i.e., centralized, or decentralized), it is essential to integrate renewable energy to improve the sustainability and resilience of EWF nexus systems. In the context of resilience theory and EWF nexus thinking, decentralization exhibits higher resilience levels thanks to the diversity of the contributing systems which reduces the impact of shocks and disruptions. Having multiple sources for every resource is fundamental to maintaining a continuous supply of products in instances of operational disfunctions or sudden events where some systems are affected while others are intact. From a social perspective, decentralization is also beneficial for community involvement as it fosters local investments and encourages the contribution of the private sector which can fuel collaboration that might reduce shortages.

There are numerous studies that review the EWF nexus, methods, models, and applications, as listed in Table 1. Besides this, some of the previous studies have also included a review of resilience within the EWF nexus. As such, Núñez-López et al. (2022) proposed a mathematical formulation based on a non-linear programming model that integrates the optimization of the resilience of the water-energy-food nexus. The model objectives aim to maximize the system’s resilience, based on the total profit, and minimize CO2 emissions. Another study by Zhu et al. (2022) established an evaluation index system based on the water–energy–food nexus to measure the resilience level of megacities. Further studies assessing the resilience of the EWF nexus system are summarized in Table 2. However, there is a need for a comprehensive review of existing resilience assessment methods considering the decentralization concept that can be employed for EWF nexus studies. The aim of which is to enhance the sustainability and resilience within EWF nexus systems, especially in risky areas (e.g., areas that will probably experience the highest food or water stresses), considering a set of factors, which include, geospatial, technical, environmental, social, economic, and other risk factors that can expose vulnerabilities within EWF nexus systems.



TABLE 1 Summary table of the current decision-making models and tools employed to EWF nexus systems.
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TABLE 2 Summary of several resilience studies based on EWF nexus.
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1.1 Review objectives and outline

Deploying an EWF nexus approach could be extremely challenging, given the system’s multi-scale nature, which poses various difficulties and modelling complications. Besides this, uncertainties can arise in the EWF resource systems due to various factors such as unpredictable trade policies, the emergence of new markets and technologies, as well as fluctuations in commodities markets. These uncertainties introduce additional complexities when modeling and analyzing EWF resource systems which are further exacerbated by the multi-sectoral, and multi-uncertainty characteristics of these nexus sectors. Failure to account for such difficulties may affect the resilience of EWF nexus systems and increase the possibility of creating cascading failures. Hence, the objective of this review is to emphasize the various available risk measurement and quantification tools that have been used to address risks governing the EWF nexus systems. Moreover, it highlights the need to build the nexus based on a decentralization perspective in terms of space and time. For that, the review also covers the integrated decision-making methods that have modeled decentralized systems as a strategy to increase resilience and sustainability of the overall nexus and to alleviate resource management challenges in risky environments. To highlight the importance of well-informed decision-making in achieving resilience of the EWF nexus systems, this study will also suggest an Multi-criteria decision-making (MCDM) based strategy to improve the resilience of nexus systems by employing a complete set of criteria such as resource availability, environmental impact, economic feasibility, and social acceptance.

Based on various literature reviewed, this study introduces a perspective through integrating resilience into the decision-making process, marking a significant contribution to the field, and filling up the current literature gaps. Resilience plays a pivotal role in food security, ensuring that a system can withstand shocks and disturbances while sustaining food production and access. By incorporating resilience criteria, this review offers in conclusion a practical method to evaluate the robustness and adaptability of EWF systems, thereby enhancing their overall performance. What sets this approach apart is its hybrid nature, combining qualitative and quantitative methods. By integrating expert knowledge and empirical data, this approach enables a more precise and holistic assessment of the intricate nexus interactions within EWF systems. Policymakers, researchers, and practitioners involved in food security planning and implementation can benefit significantly from the findings and recommendations presented in this study. The strategy outlined here can assist in identifying sustainable interventions that optimize resource allocation, minimize environmental impact, and enhance resilience across EWF systems. In summary, this review emphasizes the importance of adopting an integrated and comprehensive approach to tackle food security challenges by emphasizing the critical role of decentralization in enhancing the resilience of the EWF nexus systems. The novelty lies in underlining that the initial step to quantify the effectiveness of decentralization in improving resilience is to measure it accurately. The review demonstrates that MCDM techniques serve as tools for this purpose, offering a systematic approach to assess the impact of decentralization strategies. Notably, the fuzzy AHP method emerges as particularly significant due to its ability to account for uncertainties inherent in complex, real-world scenarios involving EWF systems. The review aims to underscore the significance of adopting a decentralized approach and employing advanced MCDM techniques, especially the fuzzy method, to accurately measure and enhance the resilience of EWF nexus systems.

The review is organized as follows: the subsequent Section 1.2 explains the methods and steps used to collect the relevant literature related to the review objectives; Assessment methods within the EWF nexus are demonstrated in Section 2; Factors affecting the resilience of the EWF system and resilience assessment approaches employed in the EWF nexus are briefly described in Section 3. In Section 4, decentralization is described further. Then, section 5 discusses the most common tools utilized in integrating various indicators into a single composite indicator. Finally, Section 6 presents the directions for future research, and Section 7 is the conclusion of this review.



1.2 Research methodology

This study discusses peer-reviewed and journal articles published in reputable databases including ScienceDirect, Springer, and ResearchGate between 2010 and 2022. The study emphasizes on the importance of integrating resilience and risk during EWF nexus assessments and explores the use of indicator-based assessment along with spatial tools such as Geographical Information Systems (GIS) for integrated resource management within the EWF nexus context. Furthermore, the review considers decentralization as a means to enhance system resilience and hedge against certain risks. The search for relevant journal papers utilized specific keywords related to the review topic, primarily appearing in the title or abstract. Some of the keywords and phrases used include: EWF nexus, EWF decision-making method, decentralization, decentralized EWF nexus, resilience and EWF nexus resilience. The search generated 103 papers, of which only 84 are selected for the review. These steps are illustrated in Figure 1.
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FIGURE 1
 Research methodology.





2 The energy water and food nexus

EWF resources, which are inherently interdependent, are essential for human health and survival, economic progress, and resilience. Incidentally, food systems require both water and energy for cultivating, while both food and water are utilized in energy processes, yet energy is necessary in the production and supply of nutritious foods. The interconnected nature of energy, water, and food sectors contributes to a rise in uncertainties concerning resources within these sectors. Hence, the United Nations (UN) University initiated a project that introduced the concept of a nexus approach to resource management entitled: Food-Energy Nexus program in the 1980s (Sachs and Silk, 1990), as part of efforts to improve security across the three resources, through the integrated management and governance across various scales and sectors. Indeed, the study of EWF nexus has attracted considerable attention in recent years as a promising framework for resource management as it acknowledges the inherent interconnectedness between energy, water, and food systems (Biggs et al., 2015). By employing integrated analysis within the EWF nexus it becomes possible to identify important synergies and trade-offs in the design and operation of these resource systems (Al-Ansari et al., 2015; Leck et al., 2015). Moreover, the EWF nexus approach supports the shift towards a green economy by reducing negative environmental, social, and economic impacts, thereby enhancing the efficient use of resources and fostering better policy coherence. Besides this, the nexus framework is essential to ensure sustainable water, food, and energy security at different scales, ranging from local to national to global scales (D'Odorico et al., 2018).


2.1 The EWF nexus studies

In order to implement integrated resource management, based on the EWF nexus, a comprehensive analysis of the opportunities and potential risks related to each of the nexus sectors is required, while analyzing the EWF interlinkages between the resource sectors (Al-Zubari, 2019). Analytical approaches can be deployed to assess the impact of various policies on different sectors and to support policymakers in assessing the EWF nexus while considering unpredicted risks (De Strasser et al., 2016). Consequently, the framework implementation of the EWF nexus modeling tools must incorporate both the interconnections between the sectors and defined system boundaries that depict spatial–temporal scales for decision-making (Bazilian et al., 2011). There are various tools and methods that have been used to examine the EWF nexus, which provide a quantitative assessment of the complexities within the system. However, in light of the growing global challenges and uncertainties, it is necessary to incorporate risk (environmental and technological) assessments, forecasting, mitigation, and adaption plans in the future nexus studies as means to improve the system’s resilience. Table 1 summarizes a few studies that represent various methods and techniques that have been applied to the EWF nexus.



2.2 Risks within the EWF system

In today’s rapidly changing world, nations, societies, and systems are subjected to uncertainties that lead to environmental, economic, and social risks, thus hindering sustainable development. In fact, uncertainties exist in nearly every system, process and activity that significantly impact a tremendous range of situations, including issues from everyday life to the most complicated sciences. In these situations, when the comprehensive knowledge and information related to a certain issue is insufficient or unavailable, then the decision-making becomes challenging, and the decision-maker will always be at position to make wrong judgments and conclusions. Although the definition of risk varies depending on the field, such as engineering, finance, sustainability, etc., there is a common understanding that any type of risk will complicate the decision-making process (Soroudi and Amraee, 2013; Prpich et al., 2014). Normally, any risk assessment of the EWF system should consider a variety of factors ranging from geological, hydrological, and ecological factors to environmental, economic, social, availability and accessibility factors. Thus, by considering the complexities of such problems, policymaking necessitates a more detailed analysis of the different factors that contribute to sustainable development objectives. Figure 2 illustrates that to achieve a sustainable and resilient EWF system, there is a need to adopt a holistic approach in terms of understanding the interdependencies amongst the various sub-systems and drivers. Currently, there are numerous mathematical models and risk assessment approaches that could be deployed to this effect. However, these analyses are usually executed for individual components, such as: environmental or social impact assessment, and may not analyze the aggregated system impact or elaborate on how the impact on a single component can cascade to other sub-systems (Baleˇzentis and Streimikiene, 2017).
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FIGURE 2
 Applying the EWF nexus concept while capturing the range of risk drivers.


Besides this, it is essential to identify, assess and resolve the main geospatial risk factors that can expose vulnerabilities within EWF nexus systems. For instance, in Brazil, Pinheiro Neto et al. (2017) proposed a technique for risk assessment and portfolio optimization of power generation resources using hydro, wind, and solar energy based on the Energy of Mechanism for Reallocation method. The results demonstrated that the proposed method decreases the economic risk of hydroelectric while improving financial return, and thus the optimal portfolio was achieved by lowering portfolio risk and increasing portfolio return. Another study by Zhang et al. (2021) developed an integrated approach to assess the composite risk of WEF nexus systems and generate risk-based plans. The study proposed a composite risk assessment model that captured the interconnection between water, energy, and food scarcity risks using a generalized Copula-based chance-constrained programming model. The approach was applied to an agricultural WEF nexus system in northern China, where water, energy, and land shortages affected agricultural outputs. The results indicated that the composite risk of the entire system was higher than the maximum value among subsystem risks but lower than their sum. Higher composite risks could bring greater benefits, and under a certain composite risk, the overall system benefit varied with different combinations of subsystem risks. Coordinating resources from different subsystems could promote system benefits. Thus, these studies highlight the need for methods and tools that can effectively reduce and control the aggregated risk of an EWF system. By employing risk assessment and optimization techniques, researchers aim to improve the resilience and performance of EWF nexus systems in the face of uncertainties and potential disruptions.




3 Achieving resilience within the EWF nexus systems

The security of EWF nexus is often jeopardized by various disruptions, such as the inadequate and inefficient management of natural resources, as well as natural pandemics that can disrupt the production of EWF resources (Mahlknecht et al., 2020). Furthermore, natural disasters, including floods, droughts, and extreme temperature variations, are among the critical issues affecting the security of the EWF nexus, demanding significant attention (Núñez-López et al., 2021). These phenomena significantly impact the availability and accessibility of natural resources within the EWF nexus context, especially in regions where food production serves as the cornerstone of economic development (Chai et al., 2020).

Applying the concept of resilience is one approach to enhancing the security, availability, and sustainability of the EWF nexus (Sánchez-Zarco et al., 2021), which allows for the examination and analysis of the most vulnerable scenarios in the face of existing disruptions (Hogeboom et al., 2021). Walker (2004) defines resilience as a system’s adaptation, recovery, resistance, or reformation after a shock or disturbance occurs. While, Barker et al. (2013) described resilience as a product of interactions between reliability, vulnerability, survivability, and recoverability, in which the two critical drivers for resilience are vulnerability and recoverability. Initially, the term resilience was mainly utilized by materials science (Chen et al., 2021) and process engineering (Mguni and Van Vliet, 2020). As such, a quantitative performance-based resilience assessment method including a resilience matrix that captured different operational temporal periods was established by Moslehi and Reddy (2018) that incorporates critical resilience elements relevant to engineered systems, which were demonstrated for a typical integrated energy system (IES). Lately, several scholars established frameworks, methodologies, and tools to quantify resilience in energy, water, and food systems. Guaranteeing a safe and resilient supply of energy, water and food resources for all people is a difficult task from local to global scale (McGrane, 2019). The establishment of a secure and resilient EWF system can be achieved by ensuring everyone has consistent and sufficient access to clean energy, water and food (Ingram, 2011). However, achieving these objectives is challenging due to the inherent interlinkages that exist between the EWF resources which introduce trade-offs (Scott, 2019), and due to system vulnerability to various risks such as climate change, population growth and urbanization and poverty.

Evidentially, there is a need to introduce approaches to evaluate the resilience of the EWF nexus system. For instance, Shu et al. (2021) proposed a composite indicator as a part of the WEFWEBs project in order to study the resilience and security of the Water-Energy-Food (WEF) nexus in relatively secured industrialized countries. The composite WEF resilience indicator was obtained by combining two sub-indicators: the first sub-indicator indicates the availability level of EWF resources in terms of the three energy, water and food sectors, and the other sub-indicator indicates the accessibility of population to resources at the household scale. Then, an AHP method was utilized to provide a weight for each sub-indicators within each sector, which was based on an expert assessment of the respective criticality of each sub-indicator. Recently, Singh et al. (2022) established an assessment framework to rank individual countries, whilst allowing decision-makers the possibility of allocating resources sufficiently to achieve food security. The indicators of which were categorized into four groups: food availability, food accessibility, maximum utilization, and food production consistency, wherein the set of food security indicators was assessed based on the future climate change scenario. Table 2 summarizes some of the recent studies related to measuring resilience within the EWF nexus at different scales.

Enhancing resilience within the EWF nexus is imperative to address the multifaceted challenges posed by disruptions and ensure the sustained availability of resources. Various approaches can be adopted to bolster resilience in the EWF nexus, including efficient resource management, technological innovations, and adaptive strategies. However, one approach stands out as particularly effective: decentralization. Decentralization involves the distribution of decision-making authority and resource management across multiple local entities rather than relying on a centralized system. While centralized systems allow for a smoother coordination as decision-making is concentrated within a single entity and authority is consolidated at a uniform level, decentralized systems allow for more flexible and adaptive responses to local conditions and disruptions. In addition, in centralized systems where resources distributions are managed by a single unit, there exists the risk of a single point of failure. In contrast, decentralized systems mitigate the risk through having several spatially dispersed central entities, each possibly possessing distinct resources attributes (Perez and dos Santos, 2017). Considering resources sectors, decentralization comes with multiple advantages counting but not limited to reduction of greenhouse gas emissions (Chmutina et al., 2014), reducing transportation costs and minimizing transmission losses, notably in the energy sector (Lauri et al., 2014). Moreover, empirical evidence supports the efficiency of decentralized approaches. For instance, in the renewable energy sector, decentralized solar and wind installations have proven to be cost-effective solutions for remote and rural areas, bypassing the need for extensive and expensive grid infrastructure. Similarly, decentralized water management practices, such as rainwater harvesting and community-managed irrigation, have demonstrated not only a reduction in water stress but also an improvement in water use efficiency at the local level (Kaundinya et al., 2009). In addition, the decentralized approach fosters community-based resilience, allowing for quicker response and adaptation to localized challenges. In the context of the EWF nexus, decentralization implies empowering local communities to manage their energy, water, and food resources autonomously. Decentralized systems exhibit a higher degree of flexibility and adaptability, enabling them to navigate disruptions more effectively. Localized decision-making facilitates a better understanding of community-specific vulnerabilities and tailors resilience strategies accordingly. For instance, in the face of a natural disaster or a disruption in the supply chain, decentralized energy, water, and food systems can pivot swiftly to alternative sources or adjust consumption patterns based on local needs. Moreover, decentralization aligns with the principles of sustainability and community engagement, as it encourages the development of localized solutions that are tailored to the unique socio-environmental context of each community. This grassroots approach not only enhances the overall resilience of EWF nexus but also promotes community ownership and collaboration. The effectiveness of decentralization in achieving resilience within the EWF nexus is underscored by its ability to mitigate the interconnected challenges of climate change, population growth, urbanization, and poverty. By empowering local communities to take charge of their resources, decentralization establishes a foundation for sustainable practices that address the specific needs of each locality. In conclusion, while multiple approaches can contribute to resilience within the EWF nexus, decentralization emerges as a paramount strategy. Its ability to promote adaptability and foster sustainability makes it a key driver in establishing a secure and resilient EWF system capable of withstanding diverse challenges and disruptions. The following section 4 highlights the application of decentralization within the EWF nexus systems.



4 Technological decentralization of the EWF system

Essentially, decentralizing systems within EWF resource sectors may offer enhanced resilience to the overall EWF nexus system (Biswas and Tortajada, 2019). Figures 3A,B illustrates a food system that is driven by centralized energy and water systems. In this case, there would be a single point of failure, and when realized may cause widespread disruption to the energy and water systems. Shifting from centralized to decentralized systems provides ample backup and shared load which can support the food systems in the case of single or even multiple points of failure.

[image: Figure 3]

FIGURE 3
 Shifting from centralised into decentralised EWF nexus. (A) Centralised EWF nexus. (B) Decentralised EWF nexus.


Energy networks can be classified as either centralized energy systems, decentralized energy systems, or distributed energy networks. They refer to large-scale power production units that generate energy and distribute it to end users located at various distances from the power generation source. However, decentralized energy systems are based on a variety of small-scale power production units that are generated as per requirement and located close to the end users (Hidayatullah et al., 2011). Decentralized energy systems can be classified further as off-grid (stand-alone or solo-operated), grid-connected, or hybridized models. Likewise, distributed energy networks are another type of small decentralized system, in which individual users establish a complex energy exchange network and at the same time they are energy producers (Vezzoli et al., 2018). For electrification purposes, distributed energy resources (DERs) can be utilized in different configurations, including stand-alone systems, grid-connected systems, or hybrid systems. These systems can be employed to generate electricity at a smaller scale, either independently or in coordination with other systems (Unlocking the Potential of Distributed Energy Resources, 2022). Several studies proved that decentralized energy systems are one of the most effective and long-term sustainable solutions that satisfy the energy demand of future expansion (Ecker et al., 2017). Furthermore, this type of energy system minimizes the overall transmission losses while leaving minimal environmental impacts. For instance, decentralized solar-wind hybrid energy systems can be utilized as an option to meet users’ expanding energy demands while also minimizing overall operational emission levels (Brown, 2009).

The biomass usage in the energy sector is gradually increasing due to several causes, which include its low emission potential and carbon neutrality, growing demand for substitute energy sources, greater governmental initiatives and policies aimed at promoting renewable and environmentally friendly technologies and undiscovered biomass potential (Konuk et al., 2021). Moreover, using biomass for decentralized power production is a rapidly growing concept. However, the economics of biomass-based power plants are highly dependent on a long-term and reliable supply of sustainable feedstock. In terms of agricultural residues, their availability in a certain location along with the transportation cost will determine the feasibility of installing a biomass-based power plant. Thus, region-wise planning is essential to encourage biomass usage for energy purposes (Al-Ansari et al., 2020; Namany et al., 2020a,b).

In India, Singh (2017) utilized the region-wise approach to assess the power potential of agricultural residues. Findings of his research assert that the access to modern energy sources in rural regions is extremely challenging. However, providing power to rural regions through expanding the grid is economically inefficient in almost all situations, notably in urban areas. Simultaneously, the direct connection of rural areas to a centralized energy infrastructure can pose challenges, particularly in developing countries. Centralized energy systems, which are typically large-scale power production units located far away from rural areas, require extensive transmission and distribution networks to reach remote communities. Establishing and maintaining such infrastructure can be financially and logistically be burdensome for developing countries, which are already facing limited resources and underdeveloped power systems (Singh, 2017). On the other hand, the conventional approach to supply electrical energy is by extending the existing transmission and distribution networks to provide access to other disconnected areas (Turkson and Wohlgemuth, 2001). Similarly, the extensive agricultural system is commonly associated with a labor-intensive traditional technique. In many rural countries, agricultural production is affected by farmers with low incomes. Hence, decentralized biomass-powered electrification can provide more consistent and stable supply of energy while also generating revenue obtained from the usage of local resources by farmers (Bisht and Thakur, 2019). Decentralized biomass energy production plays a crucial role in efficiently managing the demand side of an energy system. By distributing energy production across various locations, it becomes possible to align the energy supply with the availability of biomass resources in each area (Herran and Nakata, 2012).

The rapid increase in energy consumption has imposed pressure on both distribution and production systems. Non-renewable energy sources which are limited and harmful to the environment, have traditionally been the primary energy source (Zoungrana and Çakmakci, 2021). Despite electrification efforts in rural areas, the increasing demand resulting from industrial expansion and improved living standards has created a widening gap between energy supply and demand. To alleviate the burden on the centralized grid, there is a global shift towards implementing decentralized energy systems as supplementary support (Burger et al., 2020). Decentralized energy systems offer several advantages, including enhanced energy security, reduced transmission losses, and inclusive growth. These systems hold long-term sustainability potential for future cities (Nadeem et al., 2023). Currently, various renewable energy resources, such as wind, solar, biomass, and hydro, with established and commercially viable technologies, are available to meet daily energy requirements based on their availability. However, to overcome the intermittent nature of renewable energy sources, efficient deployment along with suitable energy storage units is crucial for achieving a consistent energy supply. The proper strategic deployment of these renewable energy resources, taking into consideration their size and compatibility, within decentralized energy systems offers numerous benefits (Sánchez et al., 2022). It does not only reduce the reliance on fossil fuel generation but also minimizes transmission losses. This approach presents a practical and realistic solution for meeting energy needs while promoting sustainability (Javid et al., 2021).

Presently, centralized water systems play a crucial role in supplying freshwater and treating wastewater in many countries (Larsen et al., 2013). They are essential for ensuring adequate water supply, sanitation, and wastewater services in urban areas. However, these centralized systems often require a significant amount of energy for tasks such as collecting, treating, and transporting freshwater and wastewater. As a result, the cost of transportation can be substantial. Additionally, the heavy reliance on energy for water services contributes to the challenges associated with the ‘water-energy nexus,’ which include increasing system vulnerabilities and resource consumption, ultimately impacting the sustainability and resilience of the system (Nair et al., 2014; Valek et al., 2017). Furthermore, centralized water systems usually treat every drop of water to the highest possible quality, resulting in approximately 83% of the treated water being used for non-potable purposes.

In some cases, centralized water systems are challenged by their reliance on conventional ground and surface water resources, which are becoming severely scarce with the increasing demands, and old infrastructure (Hasik et al., 2017), which is costly to renovate and modernize (Grigg, 2015). To address these limitations, decentralized water technologies have emerged as promising solutions for enhancing urban water supply. Decentralized water systems, such as household or community-scale water recycling and rainwater harvesting, are gaining attention and adoption. These systems, located close to or at the point of consumption, can reduce the demand for potable water and eliminate the need for additional treatment and pumping associated with centralized water systems (Stang et al., 2021). However, since it is difficult to predict the energy consequences of integrating decentralized water systems into the current infrastructure of centralized water and wastewater systems (Retamal and Turner, 2010; Sharma et al., 2010), especially in light of unpredictable future climate change, in which, climate change could change the quality and availability of water supply (Mo et al., 2016; Khalkhali et al., 2018). Moreover, it has been proven that climate change has a significant impact on both freshwater needs and wastewater generation (Mo et al., 2016; Khalkhali and Mo, 2020). For example, it has been demonstrated that the consumption of potable water increases when the temperature rises in states such as Nevada (Lott et al., 2013) and Washington (Polebitski et al., 2011). Moreover, climate change also has a significant impact on decentralized water systems, as it could change precipitation patterns and the amount that is essential to the rainwater harvesting systems (Aladenola et al., 2016; Zhang et al., 2019). Thus, the adaptation of decentralized water system while considering the future climate change can have a potential impact on the energy usage of centralized water services. Khalkhali et al. (2021) modeled a framework that combines various empirical models, which was based on multilinear regression analysis, hydrologic modeling, water balance models and life cycle assessment with the purpose of capturing the complex interrelations between centralized water services, decentralized water system adoptions and climate parameters for assessment of cumulative energy demand. The assessment proved that when decentralization was considered as a whole system, it will be an economically feasible system, yet may not always result in energy savings. Adopting rainwater harvesting systems might result in higher energy usage. However, when decentralization and climate change work together simultaneously, the decentralized systems will produce more water and reduce overall costs, while lowering the energy consumption in the centralized systems. Furthermore, when the centralized systems are further included, it was predicted that the total energy demand of the urban water cycle will rise by 0.9% or 2.3% under climate change depending on whether the greywater recycling and rainwater harvesting systems are implemented. Yet, decentralized water systems still can support in eliminating the challenges of water scarcity (Crosson et al., 2021), ecological and environmental concerns (Ren et al., 2017), and the cost associated with the renovation and modernization of centralized water infrastructure through extracting and using different local water sources (Zhang F. et al., 2020). Besides this, it has been discovered that communities are willing to spend more money in order to have higher water quality and less disruptions in their water supply (Wang et al., 2018).

Besides, the current stressors on the water availability, several countries are expressing concerns about the limitations of conventional linear models for urban water management, which do not incorporate onsite water reuse. Thus, decentralized water reuse could be an alternative to the traditional top-down approach based on centralized and linear resource systems (Lu et al., 2019). In this regard, nature-based solutions (referred to as “green” technologies) integrated with advanced technologies (referred to as “grey” technologies) encourage onsite water treatment and reuse in many (Rizzo et al., 2020; Li X. et al., 2021). In many countries, rainwater harvesting (RWH) has been recommended as one of the integrated water management strategies that could deal with stormwater runoff challenges as well as provide alternative residential water sources. Likewise, using greywater recycling (GWR) is another way to improve water supplies, while lowering the load at wastewater treatment plants (Rodrigues et al., 2023). Thus, by integrating RWH and/or GWR systems, there is a possibility to develop a hybrid water system that can be more robust and resilient, cost-effective and energy-efficient; rather than renovating existing centralized water infrastructure (Lu et al., 2013; Cole et al., 2018). Therefore, it’s crucial to facilitate the transition from centralized to hybrid water systems (Hoffmann et al., 2020). In this regard, Li X. et al. (2021) and Li Y. et al. (2021) applied a system dynamic modeling for a case study in Boston, United States to assess the impacts of decentralized technologies on the urban water systems. This was achieved by developing a spatial agent-based model that simulates the adoption of home-based rainwater harvesting (RWH) and graywater recycling for each single-family household. Given the socio-technical consequences and aging water infrastructure systems, the hybridization of water systems might be a promising solution for future urban water system management (Rabaey et al., 2020). As of today, the majority of the studies were conducted to analyze the environmental performance of rainwater harvesting systems (RWHS) and greywater reuse systems (GWRS) independently, and they have shown promising results in comparison to conventional centralized water systems (Teston et al., 2022).

In terms of technological advancement, the coupled “green-grey” technologies (CGGT) have significant capability of enhancing the decentralized treatment schemes in cities through facilitating the water reclamation and/or reuse, improving the treatment of emergent contaminants (by having elevated removal of bio-recalcitrant compounds) and removing the toxic products. Besides that, CGGT considers an appealing alternate solution for minimizing the land footprint (the major obstacle in deploying green technologies in cities), in addition to the energy and costs that are frequently related to standalone grey technologies; as CGGT can enhance the pre-treatment and lower the need for maintenance (Castellar et al., 2022). Yet, limited studies have been conducted to assess the environmental performance of hybrid systems that integrate RWHS and GWRS. Thus, in order to enhance decentralized water management, Gómez-Monsalve et al. (2022) investigated further benefits of these systems in integrated water management. Life cycle assessment was used to quantify and compare the environmental performance of the two hybrid water system options in a high-water consumption household. The result indicated that the deployment of the hybrid system will preserve around 131 m3/year of potable water, 42.5% of annual potable water consumption and decrease flows to the wastewater treatment facility by 20%. When considering the economic aspect, Ghafourian et al. (2022) proposed a framework called Shadow Pricing-Life Cycle Cost–Benefit (SLCCB) in order to assess the economic feasibility of a decentralized hybrid rainwater-wastewater-greywater (HRWG) system based on circular water systems (CWS), in which internal pricing (including: capital and operational expenditure) and External pricing (environmental and social costs-benefits) are the main parameters (costs and benefits) of the implemented SLCCB framework. The proposed SLCCB framework provides a comprehensive approach to evaluate the economic feasibility of decentralized HRWG systems within the context of circular water systems. It considers not only the direct financial costs and benefits but also the broader environmental and social impacts, leading to a more comprehensive understanding of the economic viability of such systems.

Transitioning from the discussion on how decentralization significantly enhances resilience within the EWF nexus, attention now shifts towards the crucial aspect of quantifying the resilience of decentralized systems. Understanding the effectiveness of decentralization necessitates the application of robust assessment tools. The measurement of resilience in decentralized contexts involves a comprehensive analysis of numerous factors, including resource availability, community engagement, and adaptive capacity. This shift in focus directs attention to the diverse methodologies and tools used to assess the resilience of decentralized EWF systems. Unraveling the intricacies of these evaluation techniques offers insights into the tangible impact of decentralization on bolstering resilience within the complex interplay of energy, water, and food resources. The following section 5 summarizes some of the studies that have focused on assessing the level of resilience and stability within the EWF nexus systems.



5 Multi-criteria decision making for resilience assessment

The decision-making process within EWF nexus systems and natural resources management is complex due to their multi-sectoral, multi-stakeholder, and multi-scale components (Madani et al., 2015). Therefore, it is necessary to acquire an adequate and extensive understanding of EWF nexus systems, and to capture the complexity when performing multi-dimensional and multi-sectoral assessment. Comprehensive assessment of the interlinkages between EWF systems will enable improvement of the sectors alone and collectively at various decision-making levels, starting from the process up to governance (Okonkwo et al., 2023), such that cascading losses and significant vulnerabilities could be eliminated. Consequentially, given the complexity of EWF nexus interdependences, effective and reliable decision-making methods can capture the dynamics, while mitigating the issues associated with the complexities of the nexus system. In this regard, a review by Namany et al. (2019a,b) and highlighted three decision-making methods that are significantly efficient in solving resource management challenges, which include mathematical optimization, agent-based modelling, and game theory. Mathematical optimization encompasses a range of techniques and solution algorithms that can manage the multiple challenges of EWF Nexus systems, such as multi-spatial, multi-temporal, multi-scale, and multi-sectoral problems. These optimization methods help find optimal solutions to resource allocation and utilization, considering various constraints and objectives. However, agent-based modelling and simulation can capture the activities and unpredictability associated with specific concerns within the EWF Nexus. This approach emphasizes the interactions and behaviors of individual agents, allowing for a more nuanced understanding of complex dynamics and the identification of emergent patterns. In terms of the multi-stakeholder and multi-objective nature of the EWF Nexus, game theory proves to be valuable. Game theory provides a framework to address competition and conflicts among stakeholders, especially when optimization solutions may be sub-optimal. It allows for the exploration of strategic interactions, decision-making processes, and potential cooperative solutions.

Several computational approaches and methods have been established to enhance decision-making across EWF Nexus systems. For instance, Schull et al. (2020) demonstrated that by integrating the WEF Nexus Tool 2.0 with a comprehensive watershed model (e.g., SWAT), a more comprehensive understanding of the WEF Nexus can be achieved. Integrating forecast meteorological information into the study methods can support the identification of future challenges regarding water resource management approaches and establish robust solutions. Recently, Chamas et al. (2021) developed a regional-scale optimization model for managing and allocating energy, water and food nexus resources under different resource, policy and technical constraints. The study findings demonstrated that optimization models can enhance the understanding of the interconnections between the EWF nexus sectors, in which the optimal resource allocation strategies will be achieved despite the imposed constraints on the natural resources, environment and technology. As such, enforcing the constraint on food will increase water consumption by a magnitude while more than doubling energy requirements. Furthermore, deploying renewable/sustainable energy may increase land requirements, although it will tremendously reduce CO2 emissions.

Prior to delving into optimization strategies and tools aimed at improving the resilience of decentralized EWF systems, it is imperative to conduct a thorough assessment of their performance and identify potential weaknesses. This initial step lays the foundation for quantifying resilience, providing insights into the system’s vulnerabilities and strengths. Assessing the current state of decentralized EWF systems allows for a comprehensive understanding of their dynamics. This assessment not only informs subsequent optimization efforts but also serves as a baseline for measuring the effectiveness of resilience-enhancing interventions. By scrutinizing the existing challenges and limitations within decentralized EWF systems, stakeholders can develop targeted strategies to fortify their capacity to withstand disruptions. This proactive approach ensures that optimization efforts are tailored to address specific weaknesses, fostering a more resilient system overall. Therefore, the assessment phase serves as a critical precursor to the implementation of optimization tools, offering valuable insights that guide decision-making and resource management. The following sections 5.1 and 5.2 focus on some multi-criteria decision-making tools that can be used for the resilience assessment of decentralized nexus systems.


5.1 Indicator-based assessment within EWF nexus

In the context of the EWF Nexus systems, the complexity calls for the development of indicators that can effectively evaluate their performance. These indicators play a crucial role in informing decision-making processes and improving communication among stakeholders. According to the Organisation for Economic Cooperation and Development (2000), any observable and measurable variable can be transformed into an indicator, where it can serve as representatives of specific aspects or characteristics of the system under consideration, and can provide valuable information and insights into the performance, trends, or conditions of the system (Giupponi and Gain, 2017). Moreover, indicators are particularly important when assessing progress towards sustainable development. They provide valuable perspectives on the environmental, economic, and social performance of the EWF Nexus system (OECD, 2005). They provide better insight into decisions and result in more effective actions through clarifying, simplifying and aggregating information to be available for decisions and policymakers; since indicators can help in incorporating social and physical science knowledge and translating them into manageable units of information. Furthermore, as progress can be quantified, indicators can provide early warning signals to avoid environmental, economic and social setbacks (United Nations, 2007). In terms of measuring progress toward sustainable development, there are various developed models that measure the status at any given point. One such model is the Index of Sustainable Economic Welfare (ISEW) analyses the impact of used resources (Cobb et al., 1994). Other models focus on assessing the sustainability of specific sectors or sub-sectors, such as studying the organic food consumption (Venghaus and Dieken, 2019). In fact, environmental problems often involve intricate interconnections and factors, making direct measurement challenging. Indicators play a crucial role in providing a simplified representation of the environmental state, which can be easily communicated to policymakers and other stakeholders. These indicators encapsulate complex information and metrics into concise measures that can be tracked over time, enabling policymakers to monitor progress and identify areas of concern. By using indicators, policymakers gain a clearer understanding of the environmental status, trends, and potential challenges. They provide valuable insights into the environmental performance of specific sectors or the overall sustainability of development efforts. Indicators can capture key aspects such as resource usage, pollution levels, biodiversity, and other relevant environmental factors. This information helps policymakers make informed decisions, set targets, and develop effective strategies to address environmental issues.

Environmental indicators are necessary to evaluate environmental and economic states as they relate to one another, identify causes to support management for proper actions, detect harmful changes in early stages in order to prevent permanent damage and identify environmental trends over time (Rubio and Bochet, 1998). In the past few decades, various indicator-based methods have been developed to assess the sustainability and environmental impacts of agricultural systems and activities. These methods provide valuable insights into different aspects of agricultural sustainability and resource management within the EWF Nexus (Bockstaller et al., 2009). Some of the indicators commonly used in assessing agricultural sustainability include the Water Scarcity Index, which measures the availability of water resources relative to water demand (Ren et al., 2021), Energy Intensity, which quantifies the energy input required for agricultural production (Elsoragaby et al., 2019), Food Loss and Waste, which evaluates the amount of food lost or wasted throughout the supply chain (FAO, 2021), Carbon Footprint, which measures the greenhouse gas emissions associated with agricultural activities (Bhatia et al., 2023) and Water Footprint, which assesses the water consumption and pollution associated with agricultural production (Mekonnen and Hoekstra, 2021). Furthermore, these indicators can be used as synthetic information in geographic information systems (GIS) in order to assess the spatial distribution of environmental impacts and link anthropogenic activities to specific areas. This allows for a comprehensive understanding of the geographic extent and variability of environmental challenges associated with agricultural practices (Rubio and Bochet, 1998). In cases where existing indicators may not be suitable or available for a specific problem or scale, new and specific indicators can be developed to address the unique challenges within the EWF Nexus (Flammini et al., 2014). This highlights the importance of tailoring indicators to the specific context and objectives of the study, as distinct aspects of the EWF Nexus may require different indicators to capture the relevant resource sub-systems.

Currently, there are several indicators for individual nexus elements, such as; the Energy Supply or Demand Index (Kruyt, 2009), Share of Renewable Energy in the Energy Mix (REN21, 2021), Carbon Dioxide Emissions per Capita (World Bank, 2021), Water Stress Index (WRI, 2021), Food Waste per Capita (FAO, 2021) and Global Food Security Index (Rosegrant, 2003). Generally, these indicators consider the stresses imposed by the availability of the other two EWF resources. However, it does not specifically reflect the feedback effects on the essential resources. Moreover, many indicators that capture the EWF nexus as a whole have been established for a particular scale or application, such as irrigated agriculture (Martin-Gorriz, 2014).

Composite indicators represent an effective tool that is commonly used across a wide range of academic fields to describe different types of information (Becker, 2017). Within the EWF nexus, the establishment of composite indicators is a common method for a quantitative assessment (EC, 2020). There are several established EWF nexus composite indicators that account for the inter-sectoral interactions; at the national level to facilitate the inter-country evaluation and assessment, or at various geographical locations to evaluate resources (Giupponi, 2017). These indicators focus on resource availability while giving less attention to the population’s accessibility to utilize those resources. For instance, recently an indicator was established that focuses on the Mediterranean climatic zone (Saladini, 2018). This type of composite indicator enables the focus on challenges that are extremely crucial in specific regions, such as cereal crop production and demographic characteristics. This type of zoning by climatic area is a common method of combining regions with relatively identical natural resource characteristics, mainly those characteristics related to water and agriculture, or the need of highlighting the socioeconomic characteristics of the EWF nexus.



5.2 Development of composite indicators

Multi-criteria decision-making (MCDM) techniques and the Analytical Hierarchy Process (AHP) method have been deployed to develop composite indicators within various resource management studies. The AHP is a compensatory MCDM technique created in 1970 by Saaty. It is employed to create a hierarchy among a group of decision options by considering both subjective and objective evaluations (Saaty, 1988). Numerous studies focusing on energy, water, or food dimensions have used the AHP tool to determine the relative importance of factors, prioritize various alternatives and determine optimal solutions. Table 3 highlights recent studies utilizing an integrated AHP-GIS approach applied in different sectors. Consequently, previous studies proved that the aggregated MCDM-AHP-GIS method is a beneficial approach that can be utilized to develop a risk map that can offer critical information for determining the relative risk of a region, which may then be utilized for future planning and management. Although, MCDM approaches have proven to be effective and beneficial in decision-making in a wide range of fields, including hybrid energy systems (Perera et al., 2013), solar power plant site selection (AlGarni and Awasthi, 2017) and renewable energy project risk assessment (Liang et al., 2021). However, sometimes the conventional MCDM methods are unable to control and eliminate subjective biases (Tadić et al., 2014). In an inadequate MCDM environment, the conventional MCDM methods are replaced with Fuzzy MCDM methods that allow for objective judgments, where this method will objectively capture the inconsistencies in human judgment, and efficiently addresses the uncertainties in the existing information (Kaya et al., 2019). Thus, fuzzy MCDM methods were introduced to handle instances where the information driving decision-making is imprecise or vague. The fuzzy framework employs qualitative words such as high and low to capture uncertainties and it has proven its effectiveness in dealing with real-world problems where crisp information is often unavailable or unprecise (Abdullah, 2013). In this regard, a very recent study by Shweta et al. (2022) introduced a “Social, Economic, Environmental, and Technical Assessment model.” This model integrated four Fuzzy MCDM methods: Fuzzy Stepwise Weighted Assessment Ratio Analysis, Fuzzy Multi-Objective Optimization by Ratio Analysis, and Fuzzy Weighted Assessment Ratio Analysis. The proposed approach prioritizes the site selection of 14 existing hydropower plants in India based on social, economic, environmental, technical, and logistical criteria.



TABLE 3 Summary table of the existing Analytical Hierarchy Process (AHP) applied to different sectors within EWF nexus systems.
[image: Table3]

When transitioning from the exploration of individual and collective indicators for assessing decentralized systems, it is crucial to acknowledge that specific indicators can also evaluate the level of decentralization and its impact on resilience within the context EWF nexus systems. The complexity of these systems necessitates the development of indicators that effectively evaluate their performance, offering valuable information for decision-making and stakeholder communication. In the context of the nexus systems, the quantification of resilience within decentralized frameworks requires a nuanced approach. While specific references directly addressing the quantification of resilience in decentralized EWF Nexus systems might be limited, insights from related fields offer valuable perspectives. It is essential to recognize that beyond technical assessments, a comprehensive evaluation must encompass socio-economic governance aspects. The previously discussed indicators for assessing decentralization become pivotal in this scenario. Quantifying decentralization involves a comprehensive assessment of various indicators that illuminate the distribution of decision-making authority and resource management across diverse levels of governance. These indicators, such as local autonomy, fiscal decentralization, administrative decentralization, and political decentralization, provide insights into the degree of decision-making authority, financial resource allocation, administrative functions, and political power granted to local or regional entities (OECD, 2019). Furthermore, assessing service delivery efficiency, decision-making processes, community participation, legal frameworks, policy implementation, transparency and capacity building contributes to a holistic understanding of the decentralization dynamics, encompassing both technical and socio-economic dimensions. For the EWF nexus, these indicators serve as integral components in multi-criteria decision-making processes specifically designed to evaluate the performance of decentralized EWF nexus systems. Together, they offer a nuanced and comprehensive picture of the decentralized EWF nexus system’s performance, shedding light on the distribution of powers, responsibilities, and resources across various tiers of governance. The selection of these indicators is contingent upon the specific goals and objectives of decentralization initiatives, adapting to the unique contexts and requirements within different regions or sectors. They provide a practical link between the conceptual understanding of decentralization and the applied assessment of decentralized EWF nexus systems, considering both technical and socio-economic governance factors and their implications for system resilience.




6 Discussion and future research endeavors

The key driver for reviewing and evaluating the EWF nexus, resilience and decentralization concepts described in the preceding section is mainly to demonstrate their effectiveness in tackling the complex challenges in resource management from a sustainability and resilience standpoint. The decision for integrating resilience and decentralization concepts along with EWF Nexus in one review was not decided at random. This is due to the fact that when these methods are combined, they can convey exceptional efficacy in solving significant and complex issues. In reality, it is not a minor effort to develop resilient and sustainable resource management systems, while considering the environmental, economic, social, and technological risks. Hence, it is crucial to develop a comprehensive framework that can efficiently handle various scenarios within complex systems, while considering their dynamic interlinkages. Moreover, the possible risk and uncertainties existing within the systems’ environment must be taken into account and integrated with these models. Developing such schemes involves precise decision-making processes that can deliver sustainable solutions at minimal cost and risk, but more crucially, is to achieve solutions that are feasible, relevant, and practical to be applied in a real-world setting.

The studies reviewed in this study have demonstrated the effectiveness of decision-making tools in addressing and tackling the current existing challenges of resource management. Yet, many studies have assumed about the system boundaries, which in turn makes it difficult to assess the system holistically. In fact, many existing studies explored the interconnectedness of EWF systems by focusing only on two sectors of the EWF nexus. As a result, the robustness of these models will decline, especially when addressing real-life issues that fundamentally need a multi-sectoral approach to attain resilient and reliable allocation and utilization of resources. Indeed, among the three aspects of the EWF Nexus, water-related issues, including drinking water and wastewater management, have received significant attention in research. However, to enhance our understanding of the interconnected roles of energy, water, and food in improving natural resource resilience and reducing multidimensional poverty, it is crucial to expand initiatives that simultaneously address all three aspects. By taking a comprehensive approach and considering the interdependencies and synergies between energy, water, and food systems, we can develop more effective strategies to enhance resource resilience and address the complex challenges associated with poverty alleviation. Such initiatives can provide valuable insights and contribute to sustainable development efforts.

However, there is another portion of some existing studies that have highlighted this deficiency through integrating all the sub-systems of EWF resources into a single system boundary. But even so, the findings from the employed decision-making approaches have contributed to optimal but impractical solutions. Moreover, from natural resources decentralization perspective, existing studies have mostly focused on decentralized water technologies considering technical development, economic feasibility, and water quality control. However, the future transition should look to the entire EWF system, which is complicated, dynamic, and unpredictable. Hence, in order to tackle these resource management issues, a comprehensive systems approach integrating all EWF sectors and focusing on the internal and external interactions should be employed. In reality, these systems are often comprised of complex interlinkages. Thus, integrating the decentralization concept along with EWF Nexus can simplify overall modeling and improve system visibility and transparency. Besides this, identifying the appropriate decentralized technologies mix is crucial to the success of the entire system. Moreover, there is a lack of knowledge on the spatial adoption and understanding of decentralization and its impact on the EWF system. To model the complex interaction between EWF systems, Nexus “node” approach can be used to study the dynamic nature of EWF system technologies (Haji et al., 2020).

One of the main challenges with the existing indicator framework is its failure to explicitly capture the essential interactions between EWF resources. These interactions play a crucial role in addressing the primary challenges and risk factors associated with the EWF system. The current framework may overlook the complex interdependencies and trade-offs between these resources, which can hinder a comprehensive understanding of the system and hinder effective decision-making. Hence, the risk component has to be incorporated into the EWF nexus framework to have a more precise representation of the interrelationship within the nexus sectors. As such, in energy sectors, the transmission constraints can potentially prohibit achieving the optimal energy mix due to capacity, so neglecting the transmission constraints in mathematical modeling can lead to unachievable impractical optimal mix. Furtherer, one of the major gaps in all of the existing models is the spatial representation of energy, water and food systems including renewable and non-conventional resources. The growing adoption of renewable sources necessitates geographical differentiation in portfolio analysis, as the availability of resources could vary dramatically between various locations/regions. This emphasizes the importance of geospatial representation in understanding renewable and nonconventional energy and water resources, as they may exhibit potential synergies that can minimize output variability and support a stable system. Thus, to achieve a sustainable system, a robust EWF network is essential to effectively utilize renewable and nonconventional resources distributed across the region. In general, the focus must be given to the critical factors and parameters that influence the overall performance of integrated technologies. Besides this, due to the novelty of the coupled green-gray/gray-green technologies, it is necessary to further investigate their performance compared to standalone technologies. This examination should include aspects such as cost reduction, energy demand, and the land footprint required.

Consequently, the knowledge gap can be tackled by the development of natural resources atlas by applying the concept of decentralization using GIS-based approaches. This involves identifying suitable locations for energy, water, and food resources, systems, and sub-systems, and understanding their spatial relationships; additionally, it is important to identify risk factors that affect EWF systems, taking into account technical, environmental, economic, and social aspects. These risk factors can be used to develop composite risk indicators using the Fuzzy AHP method; and then integrating fuzzy AHP, specifically interval type-2 fuzzy set into EWF risk associated portfolio optimization of different Energy-Water technologies mix to enhance resilience by mitigating and adapting to risks. This includes the identification of the optimal location of various EW technologies mix, in order to reduce risks and costs associated with the overall EWF system. The advantage of using an interval type-2 fuzzy set is that it is capable of providing more accurate modeling of high-order uncertainty in EWF risk-associated portfolio optimization. Moreover, in comparison to type-1 fuzzy sets, interval type-2 fuzzy sets focus on indeterminate information with high uncertainty and provide an adequate representation of experts’ knowledge in terms of fuzzy rules. This is effective for addressing the challenges within EWF risk-associated portfolio optimization through capturing the discrepancies of cost variables such as the cost of water or energy and expressing the expert’s recognition and awareness of some qualitative variables like public acceptance. In addition, assessing the change in EWF resource availability and identifying tradeoffs associated with the large-scale implementation of decentralized energy and water technologies is crucial to achieve sustainable development.

Identification of optimal location based for an energy-water technology mix with the aim of achieving resilient food production requires an integrated assessment of the overall EWF system. In general, the energy subsystem is accountable for fulfilling energy and power requirements using renewable and non-renewable energy sources. The water subsystem comprises a variety of water sources, including groundwater aquifers, desalinated water, and treated wastewater. While the food subsystem encompasses agriculture activities that are ranging from food processing to cultivation for livestock raising. Where in fact all subsystems are interrelated, the output of one sector can be utilized as an input to another sector. According to the system boundary that specifies the EWF Nexus scale and unit (for example: regional, national, or global), the interlinkages between each system can alter. Functionally, the food sectors are driven by the outputs from sectors. At the same time, the outputs from the food systems are also fed back into the energy and water systems establishing an interlinked cycle. Normally, the energy system splits into renewable and non-renewable energy sources; this includes fuel, solar, wind and bioenergy. The water system comprises groundwater, desalinated water, and treated wastewater. Whereas the food system encompasses agriculture (open field and greenhouse farming) and fertilizers production. These kinds of complex systems necessitate several strategic, tactical, and operational decision-making during the life cycle of the comprising sub-systems. Therefore, similar techniques to those discussed previously can be deployed in order to analyze the interlinkages between the energy, water, and food sectors, with the objective of achieving a resilient EWF system.

In summary, upon reviewing the existing literature on the EWF nexus, resilience, and decentralization, a significant knowledge gap was uncovered, highlighting several under-investigated areas crucial for advancing sustainable resource management. Firstly, the decentralization of EWF sectors through GIS-based methodologies emerged as a pivotal yet scarcely explored field. Such approaches promise to significantly enhance resource management within the EWF nexus, yet their potential remains untapped in current studies. Additionally, the development of composite indicators, especially from a risk and resilience perspective employing fuzzy set theory, was identified as a critical gap. These indicators are essential for capturing the nuanced interdependencies and uncertainties inherent within the EWF nexus, yet comprehensive research in this area is lacking. Furthermore, the application of optimization techniques specifically tailored for risk mitigation and adaptation, aimed at efficient resource utilization within the EWF nexus, was another area found to be insufficiently addressed. These strategies are vital for the sustainable management of resources but have not been extensively explored. Lastly, the absence of a comprehensive, user-friendly geospatial assessment tool designed for visualizing and analyzing integrated data within the EWF nexus was noted. Such a tool is imperative for a deeper understanding of the interconnections and dynamics of the nexus, yet its development and implementation are markedly absent from the literature. Addressing these gaps through future research is essential for developing innovative solutions to the complex challenges faced within the interconnected domains of energy, water, and food, thereby advancing the field of sustainable resource management.

It is also worth noting that in the context of the EWF nexus and resources management, achieving resilience sometimes implies the aggregation of centralized and decentralized sub-systems to insure the overall system stability. One representative example consists of the combination centralized electricity grids and decentralized renewable energy sources such as photovoltaics and biomass-based power plants to meet the local demands especially in environments with limited non-renewable energy resources such as oil and gas but with an abundant access to solar radiations. It is also important to highlight that the efficacy of either method in improving the resilience of the system is subject to multiple conditions associated with socio-economic, political, and environmental set-ups of every region or area adopting a certain EWF nexus system. For instance, the success or failure of decentralized systems along with their performances are highly influenced by the socio-cultural habits and collaborative behaviors amongst the involved stakeholders in addition to the regulations and rules governing them. Participation of the communities where the decentralized systems are located is for their prosperity as it diminishes transaction costs and bureaucratic decisions. In addition, strong community engagement, and capacity building are also paramount in order to effectively make use of the available resources by decentralized units. For example, in Nepal, it was suggested that the community-based method, fostering cooperation and community engagement, has enhanced long-lasting viability through local involvement and facilitated the expansion of decentralized energy initiatives, thanks to successful partnerships and creative financing methods (Gollwitzer, 2014). However, the social conditions of decentralization are also bounded by several political and institutional restrictions that restrain the success of decentralized systems. In fact, even in developed countries such as Germany, the Netherlands, and Norway, the adoption of decentralized renewable energy investment did not occur without the intervention of the government (Wohlgemuth and Madlener, 2010). Indeed, the success of decentralization is subject to the legislation of policies and supportive governmental rules to enforce the implementation of associated decisions and plans. As for the economic conditions, thorough economic viability analyses should be conducted prior to the execution of decentralized projects in order to maximize their benefits and ensure their alignment with the country’s financial capabilities.



7 Conclusion

In an increasingly unpredictable global context characterized by environmental, economic, and social fluctuations, the need for resilient systems, particularly within the EWF Nexus, has been underscored. The EWF Nexus, impacted by population growth and climate change, necessitates sophisticated decision-making frameworks capable of addressing its inherent complexities. The potential of decentralized strategies, enhanced by analytical methods such as Fuzzy MCDMs, in building resilience within EWF systems, is emphasized in this study. These methods provide a detailed understanding of the challenges, allowing for the identification of viable, sustainable solutions that consider the unique spatial and temporal dimensions of the EWF Nexus. Key findings highlight the effectiveness of decentralized approaches, particularly when coupled with Fuzzy MCDM techniques, in enhancing the resilience of the EWF Nexus by accommodating the uncertainties typical of decentralized systems. This combination of methodologies offers a refined toolset for quantifying resilience, facilitating informed decision-making in scenarios where data may be incomplete or uncertain. This paper also reviews essential resilience assessment tools for resource management and advocates for the integration of Fuzzy MCDM methods into the EWF nexus framework as a robust approach to decision-making. This integration signals a shift towards more resilient and sustainable EWF systems capable of adapting to global changes. Future directions consist of the focus on the practical implementation and application of these decision-making techniques to further enhance decision processes within the EWF Nexus, especially in ensuring food security amid global uncertainties. The advancement in applying these methodologies is crucial for the development of resilient, sustainable EWF systems prepared to navigate the complexities of dynamic environments.

To this foundation, it is imperative to acknowledge the non-linear interactions within the EWF nexus, where external factors such as policy changes, technological advancements, and market dynamics can have ripple effects across energy, water, and food systems. For example, an innovation in agricultural technology might reduce water and energy usage, significantly altering the nexus dynamics. Conversely, energy policy shifts can impact water usage and food production costs. Such interdependencies underscore the importance of a holistic view in Nexus management, considering how actions in one sector can lead to unexpected outcomes in others. Addressing these non-linearities and embracing a systems thinking approach will enrich our understanding and management of the EWF Nexus, ensuring that resilience strategies are robust, adaptable, and grounded in the reality of interconnected resource systems.
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environmental sustainability index)
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1. Reinforcement Learning

2. Markov decision process
Simulation framework (parameters K and n)
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Multi-objective optimization model
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3. stationary pdfs of variables
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Mathematical formulation: non-linear programming model
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‘Water resources resilience evaluation model
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2. Indicator approach
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Method/tool

~ A composite geospatial risk indicator was implemented using the AHP method.

~ Nine risk factors, such as temperature, humidity solar radiation, soil quality (As and Fe concentration), groundswater
depth, groundswater recharge rate, groundswater salinity and groundswater pH, were considered.

~ The purpose is to identify which are the critical factors that can increase the risk of food industries, including open-

field farms, conventional greenhouses, and hydroponic greenhouses.

Geospatial analysis was performed using the GIS platform coupled with the MCDM method to examine the spatial
suitability of establishing ground-mounted solar farms.

~ The method considered the legal, social, technical, economic, environmental, and cultural dimensions.

. Asite selection assessment model was developed to identify the most suitable location for the cultivation of citrus in

the Mersin province of Turkey:

‘The assessment was done using Geographic Information System (GIS) that is based on the Multi-Criteria Decision
Analysis (MCDA).

“The study considers both local citrus farmers and experts’ opinions, in order to assess the suitability of land to grow

citrus,

-

Fourteen preference factors and 10 exclusion factors were established.

‘The Analytic Hierarchy Process (AHP) was used to determine the relative weight of preference factors for citrus

cultivation, and a land suitability map was created in the GIS platform using the weighted overlay method.

1 Hierarchy Process (AHP) and Catastrophe Theory (CT) as weighted overlay
approaches in conjunction with remote sensing and GIS tools to analyze groundwater potential zones, allowing

‘groundwater-stressed regions to be identified and managed sustainably.

'

In West Bengal and Jharkhand, the authors assessed the groundwater potential zones by considering seven
hydrogeological parameters such as: geology, lineament, slope, drainage, rainfal, soil, and land use land cover.
~ The AHP method was employed to determine the relative importance of each factor.

~ ArcGIS software was used in combining al seven layers into a single map indicating the groundswater potential zones.

“The groundwater potential zones map reveals that 53.33% of the overall area has excellent groundwater potentiality,

while the remaining region has poor groundwater prospectively.

“The author integrated the AHP with GIS to investigate grounduwater potential zones in the Karumeniyar river basin,
located in southern India.

~ The resulting zonation map indicated the high and low suitability zones

~ The author integrated the AHP with GIS to study groundwater suitability for rrigation in the northeastern blocks of
the Purulia district, located in India.

~ The resulting zonation map indicated the high and low suitability zones

~ The author integrated the AHP with GIS to assess the groundwater potential zones in a hard rock basaltic terrain

located in Indi
~ The resulting zonation map indicated the high and low suitability zones
~ The authors modeled an efficient tool namely as AHP-DRASTICH to assess groundwater vulnerability to fluoride

exposure and detecting regions with high fluoride concentrations in the Yuncheng basin in northern China.

~ An MCDM approach was integrated with the geographic information system (GIS) to determine the most suitable
location for PV farms in Egypt.

~ Four components were considered: location, environment, metcorological, and climatology to determine the

optimal locations.

~ Eleven factors were assigned with a relative importance weight using the AHP method. These were integrated into a

composite indicator representing the PV land suitability index.

~ The PV land suitabilty index was mapped using the GIS tool.
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