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Abstract

:

This study aims to analyze the role of artificial intelligence (AI) in the Water–Energy–Food (WEF) nexus under the lens of institutional, stakeholder, and innovation theories. Specifically, this study focuses on AI as the technology adopted by companies to promote Sustainable Development Goals (SDGs). A structured literature review has been conducted on 94 articles published from 1990 to 2021 in ISI Web of Science, Scopus, and Google Scholar. This study develops an in-depth review of the literature on the main articles arguing about these issues. The findings highlight the increasing relevance of AI in the water, energy, and food industries individually considered, but the study of AI as a connector between water, energy, and food to achieve SDGs is still under investigation. Research on AI for WEF nexus management has adopted mostly a technical perspective, neglecting the relevance of management tools and the business model concept. Most of the articles did not adopt a specific theoretical lens, but scholars recognize the need to adopt a multi-stakeholder approach and the important role played by AI and other digital technologies to address the WEF nexus challenge. This study proposes an integrated approach for managing the nexus through AI technologies to meet sustainable and responsible business models. The gap between research and policy making could be filled by combining scientific data and policy needs with inclusive tools that are technically viable for sustainable resource utilization.
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1. Introduction


Over the past two decades, scholars and practitioners have been paying increasing attention to the concept of Water–Energy–Food (WEF). This process has tried to become a nexus for the “right way” to optimize the use of natural resources, promoting environmental sustainability goals [1,2,3]. The WEF nexus concept originates from the international discussion on sustainable development during the World Economic Forum in 2011, used to describe the interconnections and interdependencies among water, food, and energy sectors [4]. Water is needed to generate energy and grow food; energy is required for water supply and produces food; and food can generate energy, reducing waste [5]. This means that any issue in managing one of these resources can affect the others, and each resource can benefit from the synergies coming from an integrated approach to their use.



Conceived as a tool “to promote policy coherence through identifying optimal policy mixes and governance arrangements across the water, energy and food sectors” ([6], p. 165), the WEF nexus has gained prominence after the adoption of the UN 2030 Agenda in 2015 for handling the sustainable development goal (SDG) interconnections, specifically for SDG#2 (zero hunger), SDG#6 (clean water and sanitation), and SDG#7 (affordable and clean energy) [7,8]. According to Le Blanc [9], the successful achievement of the UN 2030 Agenda needs to consider the potential trade-offs and synergies among several SDGs. Indeed, the UN 2030 Agenda footprint recognizes in its conceptualization the existence of interconnections among targets to achieve the SDGs, which require the implementation of coherent policies and solutions across different actors and sectors [10]. Despite the great efforts of academia concerning these issues, there has not been much progress in developing and adopting coherent policies and tools to handle SDGs’ interlinkages [7,11,12]. The literature on the WEF approach has highlighted the existence of several constraints to its implementation to meet SDGs, such as rigid frameworks, entrenched interests, planning and implementation procedures, and a lack of information tools capable of supporting decision-making processes [7,8,12]. Scholars agree on the need to establish coordination and cooperation mechanisms applicable to support institutions and governments in the definition of policy goals and actions for leading to the desired outcomes. However, they struggle to provide insights on the conditions, dynamics, and factors that enable cross-sector coordination and collaboration [6].



Recent studies [12,13,14] found sustainability goals and sustainable performance cannot be achieved without innovations. The overlapping of data and information, the lack of adequate knowledge of human resources, and the unpredictability of climate events could severely affect decision-making processes, leading to sub-optimal solutions and slowing down the sustainability agenda. Artificial intelligence (AI) technologies can process large amounts of data, reveal information that otherwise would remain hidden, and solve complex problems. Yet, the contribution of AI is not limited to data processing. Still, it has the potential to identify science-based solutions for environmental and climate degradation problems that are not biased by specific individual or groups interests [13], supporting multi-stakeholder decision-making processes towards sustainability. AI can help the multiple players involved in the water, energy, and food industries to meet the UN 2030 Agenda.



Some scholars [15,16,17] have highlighted how AI is able to change not only the way to generate and use information for decision making [18], but also the ways of doing business from a sustainable and socially responsible perspective [19,20]. Caprani [21] (p. 103) highlights the significant role of business in achieving global transformational development, but this has been almost entirely ignored by the literature on the WEF that has focused mostly on the other stakeholders (e.g., governments and community). Moreover, while some scholars have highlighted the relevance of digital technologies in the water, energy, and food sectors [15,17,22,23], the potential role of AI for the management of the WEF nexus has been underestimated, as has its contribution to the governance of multiple interactions among the resources, sectors, and institutions involved.



This study aims to fill this gap by analyzing AI as a key tool for managing WEF nexus interdependencies, supporting the multi-stakeholder dialogue and decision-making processes. AI can support companies in defining sustainable business models, including the concept of the WEF nexus. The aim of this study is also to highlight the direct interconnections existing between the three dimensions—food, water, and energy—on which it is necessary to reflect to implement adequate policy and governance actions, so as not to limit itself to the simplest consideration of two-by-two relationships as done by previous studies.



Starting from an in-depth structured literature review (SLR) under the lens of institutional, stakeholder, and innovation theories, we try to bridge the research gap by answering the following research question (RQ): What is the role of AI in the WEF business models for the achievement of SDGs?



Our analysis focused on a collection of data composed of 94 articles extrapolated from ISI Web of Science (WoS), Scopus, and Google Scholar (GS) published from 1990 to 2021. The findings evidence the significance of AI for sustainable business model challenges and the main factors useful to achieve WEF business models. Research on AI for sustainability has mostly adopted a technical perspective, lacking evidence of the cultural drift it is able to generate, transforming traditional businesses into sustainable ones. In terms of originality, this study proposes a holistic approach to managing the “nexus” of the water, energy, and food industries through AI to achieve sustainable, responsible, and predictive business models, that is, the goals of the UN 2030 Agenda. Furthermore, it also suggests extending research to social and economic measures and considering AI in its complexity, also considering adverse effects. AI success strongly depends on education, training, context, government policies, financial resources, and cultural variables, which have been ignored in most studies.



The remainder of the study is organized as follows. Section 2 provides the theoretical framework underlying this study. Section 3 describes the methodology used for the analysis. Section 4 highlights the results. Section 5 includes the discussion and the main theoretical implications. Section 6 contains the conclusions, limitations, and future research perspectives.




2. Theoretical Background


Over the past two decades, scholars have used the WEF approach as a multidimensional tool to describe the complexity of human–environment interactions, finding several interpretations and applications [10]. Scholars agree in the belief that the WEF nexus approach requires the establishment of strong cross-sectoral boundary coordination of policies, governance, and managerial tools, whose complexity justifies, at least partially, their slow implementation [6,7,8,12,23,24]. Indeed, the complexity of the nexus is due to the interaction of environmental resources, the intersection of multiple interests (e.g., government, private sector, and society), and the distribution of environmental and institutional risks, reflected in the incidence, frequency, and duration of natural hazards and in the resilient capacities of institutions to predict and cope with the risks [8]. The governance of the WEF nexus requires the establishment of coordination mechanisms among stakeholders (e.g., state, private sector, and civil society), sectors (e.g., water, energy, and food), and scales (e.g., political/administrative, ecological, and technical). Water, energy, and food follow different regulations and are administered by different government levels, and these make the establishment of coordinated policies and governance particularly complex.



However, studies focus almost exclusively on identifying environmental resource interactions, proposing alternative technical solutions to optimize their use, such as reducing the water and energy consumption from producing food. These solutions must consider the context in which they are implemented, considering the strong context-dependence of water, energy, and food security. This means that any solution cannot be detached from the analysis of the context [25]. Institutional theory [26] sustains the need for institutions to adapt to the external environment to survive. As several scholars have evidenced [27,28,29,30], WEF nexus implementation is grounded not only in the institutional capacity to coordinate and establish the right policies, strategies, and solutions, but also in the firms’ willingness to address the sustainability challenge and household/society engagement by adopting a multi-stakeholder approach.



The role played by the business for translating WEF principles on the ground was already highlighted during the World Economic Forum [31] (p. 3): “Accelerating the involvement of the private sector through making the business case for sustainability and the WEF nexus is essential for driving change and getting to scale”. Nevertheless, studies on how multi-stakeholder interests involved in the WEF nexus can converge have found little space in the literature on the WEF nexus. The management of interconnections between water, energy, and food resources requires a holistic understanding of the multiple interests involved. In this regard, according to stakeholder theory [32], value creation in businesses, as well as in all types of organizations, depends on their ability to satisfy the interests of all groups that have a stake in the activities that make up the business, managing the conflicts and potential trade-offs that come from the relationships among the actors [33]. The engagement of all stakeholders involved in the WEF nexus towards achieving environmental sustainability and, specifically, the UN 2030 goals is far from a simple issue.



Studies about the barriers to adopting the WEF approach have not been followed by the development of managerial tools to capture the interconnections and interdependencies among SDGs, especially to support the decision-making processes of the business. Albrecht et al. [12] (p. 4) state that “Methods have largely been borrowed or adapted from conventional disciplinary approaches, e.g., efficiency analysis based on engineering process studies, economical supply chain and commodity-chain analyses, and agronomic soil-plan-water assessment”. Stakeholder engagement may be carried out to different levels: information sharing, consultation, consensus building, decision making, and partnership. A lack of data and low levels of communication reduce the willingness to collaborate and the propensity to invest in new projects and assume the related risks [34,35].



The overlapping of data and information, the lack of adequate knowledge of human resources, and the unpredictability of climate events could severely affect decision-making processes, leading to sub-optimal solutions and slowing down the sustainability agenda. These have brought about the development of digital technologies in the last decade, such as IoT, big data, and AI.



The term AI is used to define machines’ abilities to display human skills such as reasoning, learning, and planning to solve problems. This is possible thanks to machine learning (ML) models and algorithms, capable of analyzing and learning from large amounts of data that computers receive from external sensors, such as video cameras, satellites, and so forth. AI can correctly interpret external data and use the information to reach specific goals and activities by a flexible configuration [36]. “The interaction between AI and human intelligence is based on algorithms that could help managers to make the right decisions, generating a cultural drift in which a large number of data, connection and interaction become part of the standard management and organization” [16] (pp. 19, 284). Kahnemna et al. [37] highlighted how these algorithms are able to assume more efficient decisions than humans can take. For this reason, it appears particularly suitable to be employed as a tool to support complex decision processes [18] such as those required by the WEF nexus.



In more detail, according to the innovation theory, digital technologies favor the collaborative acquisition of information and the sharing of knowledge [38]. AI can allow a holistic understanding of the potential consequences of policies, technologies, and environmental practices [8]. The new possibilities unlocked by the I4.0 technologies can help businesses to address several SDGs [39]. AI represents a tool to manage information in sustainable business models, allowing the business to address the UN 2030 Agenda goals. Its contribution to the sustainability challenge led to a vast application of AI technologies in many industries to reduce natural resource uses.



Several studies [14,16,17,40,41] have fostered the application of AI to address sustainability challenges. ML models have been increasingly used in the water sector for predicting and optimizing water resource use in the energy sector to support forecasting and decision making on energy planning, production, distribution, maintenance, and agriculture for weather prediction, fertilizers, irrigation optimizations, and so on. More sophisticated software and digital technologies are needed as systems become more complicated. One of these consists of the virtual reproduction of physical products that provide a real-time snapshot of their status, called digital twins, that, thanks to AI algorithms, can predict the future performance of physical assets without intervening in the product. Digital twins have found application in the water, energy, and agriculture sectors, enabling users to assume decisions without being present, saving time and costs and improving sustainability.



The main advantages recognized by research on AI for sustainability are the higher data accuracy and information transparency, the cost and time efficiency, the availability of science-based solutions not biased by self-group interests, and the increased predictability of future scenarios that enhance system resilience to climate changes. In particular, [15] highlighted how AI has changed the way to make decisions and “revolutionized the ways of doing business”, influencing management practices and business models to meet SDGs. The business model consists of “a representation of how a related set of decision variables in the area of business strategy, architecture and economics are addressed to create a sustainable competitive advantage in defined markets” [42]. Technological innovation can influence business management and practices, creating the condition for reducing the cost and increasing the value, combining profit interest with sustainability goals [43]. Other scholars [14,16,17,40,44,45] have highlighted how the adoption of AI by firms, as well as through partnerships with other companies, can give a decisive boost to the UN 2030 Agenda. Nevertheless, AI can also negatively affect SDGs, considering that some aspects can increase social inequalities if not correctly addressed. Moreover, the electronic equipment needed to elaborate all data required needs to be disposed of at the end of its life cycle, raising questions about their impact on the environment. All these doubts are still waiting for an answer from international organizations called upon to ensure progress without increasing disparities among populations [46].




3. Methodology


We adopted a qualitative approach to conducting an SLR on AI issues, business models, the WEF nexus, and the WEF nexus in water, energy, and food industries meeting SDGs. We use SLR analysis to uncover emerging trends in article and journal outcomes and explore the extant literature’s intellectual domain. This allows us to reply to our RQ and define the research agenda for the future tendencies about the issues proposed in this study. Otherwise, the literature review as a research methodology allows for providing an overview of fields in which the research is still a patchwork and, above all, interdisciplinary [47]. The qualitative approach allowed us to choose the technique of content analysis of articles included in our data collection to identify, investigate, and report patterns in the form of topics proposed within our study [47,48].



3.1. Survey Design


The survey design of this study is composed of four steps. The first step is to build a database from WoS, Scopus, and GS. The second step is to identify relevant articles. The third step is to track citations for additional pertinent articles manually. The fourth step is composed of four sub-phases. More precisely, it includes: (1) extraction of articles from databases; (2) identification of significant articles; (3) localization of highly cited articles; and (4) identification of other significant articles published on the issues proposed in this study.




3.2. Scientific Databases


We collected documents through WoS, which allows subscription-based access to multiple databases of many different academic disciplines. We selected the WoS database since it is one of the most used in socio-economic disciplines. Its contents are comparable in size to Scopus [49], although it requires fewer data cleaning operations [50]. However, to avoid missing relevant articles, we launched the same search on the Scopus database. We cross-checked the references obtained from the two databases, eliminating all duplicates. This freely accessible web search engine indexes the articles of the scholarly literature of many research fields.



Following the protocol adopted in a previous article in Sustainability [16], our research design is structured in two main phases, as shown in Figure 1. In the first phase, we launched several searches in WoS through the truncated association of three groups of strings:




	
String1: water energy and food AND artificial intelligence;



	
String2: water energy and food AND business model*;



	
String3: water energy and food AND sustainable development goal*.








These combinations allowed us to gather all the documents about AI in the WEF nexus, including AI in the business models meeting SDGs. Then, considering that WoS and Scholar might exclude some documents relevant for our analysis, we completed the data collection by manually researching GS, obtaining 29 other articles. Additionally, the extraction of articles has been completed by manual research on GS following the same procedure and consulting the main journals known to publish articles on AI, business models, the SDGs, and the WEF nexus, such as Journal of Business Research, Journal of Cleaner Production, International Journal of Information Management, Sustainability, Business and Strategy and Environment, Environment, and Development and Sustainability to avoid excluding any relevant reference for our research [16]. To identify the articles on the topics proposed in this study, we selected the following keywords: “artificial intelligence”, “water energy and food”, “W-E-F nexus”, “sustainable development goal*”, and “business model*”. A total of 29 documents have been selected.




3.3. Period of Survey


We used the manual control provided by default from WoS and Scopus, selecting the time range from 1990 to 2021, as well as in GS.




3.4. Document Type


The authors extracted from 320 articles not duplicated in the English language, valid for the study by screening the study through the abstracts and the introduction. We carried out a content analysis of all the abstracts to highlight the correspondence with our research aims, excluding those distant from our issues. All authors executed this activity separately, and after that, they compared their results to guarantee the research’s reliability [51].



We studied documents entirely to identify the most relevant research paths with our RQ. All authors have studied the documents separately to highlight the critical and relevant aspects useful for our study. The articles that were not useful for our research and duplicates were removed from the database. All authors compared their own results from the analysis and wrote the sections of this paper. Our database comprises 94 documents: 80 articles (WoS and Scopus) and 14 articles and reviews (GS).





4. Results


Following the various steps through which our research has been carried out, our data collection is composed of 94 articles. Most of the articles used quantitative methodologies [52,53,54,55,56,57,58,59] to assess the trade-offs between water and energy, food and energy, or water and food. Case study analysis has often been combined with a quantitative methodology to gain a deeper understanding of WEF in particular contexts or sectors [60,61,62]. Several reviews have been conducted to systematize the literature on WEF [8,10,25].



Most of the articles did not adopt a specific theoretical lens. Still, several studies [30,39,41,63,64] implicitly refer to stakeholders’ theory, evidencing the multi-stakeholder approach required to address the WEF nexus challenge. In this direction, AI technologies can contribute thanks to higher data connectivity and information transparency [41,43,45].



The results evidence that scholars’ interest in analyzing the AI and the WEF nexus towards SDG issues started in 2016. This result can be explained by adopting the UN 2030 Agenda in 2015. Moreover, in this context, it is necessary to emphasize that the core of the WEF nexus is three dimensional as it is used from three points of view: as an analytical tool, as a conceptual framework, and for discourse. Thus, firstly, the approach analytically applies qualitative and quantitative methods to recognize the interactions among the WEF resources; secondly, it streamlines an understanding of the WEF relationships to stimulate coherence in policy making and improve sustainable development; thirdly, it is a tool for problem enclosing and stimulating cross-sectoral partnership [65]. Hence, the WEF nexus approach is a pathway for understanding dynamic and composite interrelations between topics linked to water, energy, and food security.



Consequently, it can also be used to observe the performance of the WEF nexus indicators that are associated with SDGs, mainly Goals Zero Hunger, Clean Water and Sanitation, and Affordable and Clean Energy. Therefore, cross-sectoral sustainability indicators can be derived through an advanced and integrated WEF nexus approach. As sectoral approaches to resource management often fail to identify and manage cross-sector synergies and trade-offs, they risk significant and undesirable consequences.



The content analysis of the articles in our data collection revealed that most scholars studied the interactions between water, energy, and food sectors from a biophysical and technical perspective. Several of these studies have adopted an agri-food centric model [52,53,54,66,67,68], confirming the lack of balance among the three sectors [7]. The role played by technological innovations in addressing the WEF nexus is evident in all the studies analyzed, and AI has been growing in prominence in recent years. Specifically, the water sector has seen AI’s implementation to make predictions about rainfall [57] and the future effect of climate change and irrigation intensification [56]. In the agri-food sector, AI has found several ways to be applied, e.g., in horticulture for greenhouse controlling activities [59] or the optimization of fertilizers, pesticides, and irrigation processes by reducing the environmental effects, or in the food production chain for control quality. Technology innovations such as the use of drones in agriculture, remote sensing, precision gene processing in plants, epigenetics, big data and IoT utilizing all types of energy such as smart wind and solar energy efficiently, AI-based applications of robotics, and desalination technology are playing an important role in developing the economy [52,53,66]. The application of these technologies has advantages in terms of efficiency and profitability by reducing costs. From a sustainable development perspective, technological innovations are fundamental for companies to compete and create sustainable business models [15,16,63]. Some scholars emphasize that AI needs to establish common frameworks, languages, and indicators to measure the environmental cross-sector impacts [69,70] for addressing the WEF nexus. The lack of internationally accepted reporting standards makes it difficult to assess sustainability. The indicators proposed by the literature on sustainability often ignore the interactions between natural resources and cannot evaluate the environmental impact on the whole system. Scholars have proposed several different methods to calculate the trade-offs between energy, land, and water along supply chains. Gerbens-Leenes et al. [57] offer a systemic approach, suggesting three performance indicators: the total land, energy, and water requirement per kilogram of available food. Such models allow companies to compare results with targets and to benchmark a company against others and consumers to compare the environmental effects of various foods. System dynamics models are one of the tools for the simulation and assessment of the system-wide impacts caused by local interventions [71]. Nika et al. [69] developed a novel approach for selecting indicators based on practitioners’ views and needs while considering the complex interdependencies of the indicators and determining their importance. They identify 20 circularity indicators for the Water–Energy–Food–Ecosystems nexus, selected and ranked by different stakeholders.



A general framework for introducing AI-based management systems in business models does not emerge from the literature. Veldhuis et al. [60] combine insights from engineering, business, and policy perspectives and explore opportunities and challenges towards a more localized and sustainable food system. They highlight that energy efficiency, water consumption, waste reduction, and carbon footprint may be affected by the scale and location of production activities and potential industrial symbiosis. On the other hand, Wada et al. [61] highlight the need to adopt a multi-stakeholder approach and context-based solutions for more integrated and inclusive development pathways towards SDGs. The WEF model is also considered a multi-centric tool for integrated resource management to provide scientific support for decision makers. However, the multitude of different actors involved often determines the overlap of interests, risks, and jurisdictions, leading to fragmented decision making and suboptimal outcomes.



The use of AI supports people in making complex decision-making processes and finding optimal solutions, thanks to the collection and elaboration of huge amounts of data, evidenced in several studies [41,58,59,60,62,64,68]. However, the research lacks investigations of the performance achieved by business adoption of AI-based solutions, limiting the analysis to natural resource optimization. “The challenge for research is to understand the critical mass of interest based on interactions involving decisions on financing, technology choice and leadership that would support effective implementation” [8] (p. 99). The analysis of AI contribution to SDGs’ achievement has recently attracted scholars’ interests [40,44,45], which highlights the benefits related to their use, mostly lying in the capability to support decision-making processes in using resources and services more efficiently. This is possible thanks to the adoption of several digital technologies, e.g., IoT, big data, and AI, that analyze data collected by remote sensing, geographic information systems (GIS), satellite and weather information-based consultation, real-time monitoring, drones, digital twins, and so forth. These technologies have been applied in agriculture, water, and energy, allowing weather and climate changes to be predicted, water plant functioning to be monitored and managed, energy systems based on renewable energy to be decentralized to ensure food product quality, and so on. Some scholars [40,44,45] highlighted how the smart use of datasets in all industries may foster the achievement of UN 2030 Agenda targets, ensuring consistent energy savings (up to 20%), carbon emissions reduction, water use optimization, citizens’ well-being, and quality of life improvements (i.e., by applying digital technologies to the health care sector) and improving the resilience of organizations to external changes, such as pandemic events, allowing remote operations and favoring social distancing, and to climate and biodiversity changes, through prediction models. The adoption of AI also includes adverse effects, especially the production of e-waste to be disposed of (i.e., out of working electronic devices) and high financial and knowledge investments. These last items could increase the inequalities among the world population, resulting in a new phenomenon called “digital poverty” [40]. Insufficient attention has been paid to these adverse effects that could severely affect the achievement of SDG 10 (Reduced Inequalities). Ryan et al. [72] develop and validate a framework capable of mapping supply chain data for a participatory WEF nexus and generate a data-informed conversation among stakeholders across state, regional, and local organizations. The use of mobile application software can provide unique opportunities for interconnectivity among the several stakeholders involved in the WEF nexus.



Some scholars [10,41] highlighted how AI and other new tools have been developed to address WEF nexus linkage, allowing the evaluation of trade-offs and synergies. The literature has proposed several innovative methods to help to quantify linkages and interactions among the sectors, most of which use mixed approaches and tools. Interactive data sharing platforms and integrated modelling platforms have been designed specifically to address water, energy, and food interactions [73] and identify the trade-offs among these resources, e.g., [74]. Models are combined in new ways to integrate the nexus’s physical, technical, social, and economic components. According to [23], using a combination of methods and selecting the most suitable approach for the context considered can provide a broader and deeper understanding of nexus interactions than the studies that used only one method.



Scholars have developed several tools to identify trade-offs between the nexus and support decision makers in their strategies, some of which have been designed to plan one of the three resources, such as Water Evaluation and Planning (WEAP) and Legacies of Agricultural Pollutants (LEAP), respectively for water and energy resources. In contrast, others have been thought to identify the interconnections between energy, food, and water and estimate the effects that changes in one sector might have on the others. Among these, we found: MuSIASEM (Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism) [75], CLEWS (Climate, Land, Energy, and Water Strategies), and WEF nexus Tool 2.0 [76]. The WEF nexus Tool 2.0 can identify multiple-level interlinkages and provide sustainable resource management strategies governed by a scenario-base nexus framework. Mosalam and El-Barad [41] have underlined the importance of providing accurate data with realistic reports for investments to help anyone who wants to invest in environmental projects, especially in water, energy, and food projects. They developed a cross-application for sustainable development, including the WEF nexus, that considers the interlinkages between the three resources integrated with a business model or financial study for investment projects. This SD calculator application can estimate the budget required for a specific project and report on the sustainability and level of adherence to the WEF nexus. This application opens the space to integrate the WEF nexus in business models effectively.




5. Discussion and Theoretical Implications


Our review carried out on the main contributions in the literature about the adoption of AI technologies for addressing the WEF nexus highlights interesting perspectives for the future of the UN 2030 Agenda. The management of interlinkages existing among the several SDGs emerged as one of the challenging issues for achieving the sustainability targets. Scholars have widely investigated the WEF nexus, especially from a biophysical and technical perspective, and many models and tools have been developed to estimate the interconnections existing among the three resources [11]. However, they lack evidence of the socio-technical dimension that analyzes human and AI interactions. Models such as deep learning and neural networks are able to analyze the interactions among thousands of variables. Still, these often operate in isolated systems, whilst the external environment involves the interaction among human, ecological, political, economic, and social systems. The understanding of the economic, environmental, and social effects produced by the human implementation of AI solutions is critical; however, it remains unclear.



Despite the substantial efforts made to identify and quantify the interlinkages between water, energy, and food sectors, there continues to be a wide gap between science and policy making in effectively incorporating the solutions in policy agendas. The distance between “theory” and “practice” seems to be due to several obstacles that have been highlighted by scholars, among which we found: rigid sectoral frameworks, entrenched interests, planning and implementation procedures, lack of information tools, and the ability to support decision-making processes [7,8,11]. These barriers call for contextualized multilevel analyses and multi-stakeholder dialogues that consider all variables and interests involved. Many WEF nexus studies developed and applied a specific method, adapting its characteristics to the case studies analyzed.



AI has been identified as the most promising solution to break down the barriers and accelerate the path towards sustainability. AI is considered a technological solution that supports decision-making processes, solves overlapping information issues, and contributes to reaching SDGs [16,17]. The collection, elaboration, and analysis of all necessary data are beyond human skills that could consequently undertake sub-optimal decisions or decide not to assume the risk. Thanks to the development of suitable technology, such as AI, it is possible to predict future scenarios, increase organizations’ resilience, and evaluate the possible outcomes of alternative solutions [16,17,40]. However, AI also highlights adverse effects that have been rarely considered in the articles analyzed. Previous studies [14,77] evidenced that ML models increase data processing speed, but they also increase the risks associated with data hacking. Cybersecurity would require the establishment of effective protocols and policies and specific training and educational programs for the organizations and stakeholders involved. Another adverse effect is that related to machine and technological device waste disposal and to energy consumption related to their functioning [78]. Evaluating only the positive aspects could be detrimental for the achievement of sustainability goals that technology claims to foster. This would require the performance assessment of any intervention, considering the economic, social, and environmental impact [79] produced on all stakeholders, including the impact of AI technologies, as well as other digital technologies.



The analysis of the articles in our data collection highlights that the policy and decision makers lack access to comprehensive tools that include all stakeholders and consider the multi-scale nature and context-dependence of the nexus. Digital platforms have been developed to define and quantify the interconnectivity between water, energy, and food resources and include integrative and holistic management strategies to plan the future allocation of these resources. Moreover, our results evidence that in the literature, the attention to the role of AI for rethinking and redesigning business models for sustainability, including the WEF nexus challenge, is still under-researched. The combination of WEF natural resource information with a business model, thanks to the use of AI, may allow considering both technical and financial issues within companies while respecting the WEF approach and contributing to the UN 2030 Agenda [41]. AI applications, with the support of other digital technologies, capable of gathering and elaborating biophysical and technical data with financial data, may support business managers’ and external investors’ decision-making processes by proposing alternative solutions of investments. A digitalized platform or database can offer alternative solutions that include data on water, energy, and land consumption, and the cost analysis for each solution could support consistently addressing the WEF nexus.



Mosalam and El-Barad [41] propose a comprehensive, integrated platform between a business model and the WEF nexus. This platform uses a web-based knowledge-sharing system to facilitate the cooperation between investors and researchers, supporting the decision-making process. This contribution opens the space to the effective involvement of the private sector in the path of the sustainability challenge. As previous studies [16,17] have highlighted, these technologies would require a complete rethinking of the managerial practices and business models from a sustainability perspective and may increase disparities between developed and developing countries and between well-off people and the poor. AI requires skilled knowledge and financial resources that could benefit some segments of the population over others. As opposed to other analysis methodologies, the WEF nexus places the water–energy–food dimensions on the same level, recognizing the interdependence between resources. The complexity of the nexus is such that it does not allow a single solution. Indeed, an integrated approach is needed to find solutions that ensure the supply of food, water, and energy to a constantly growing population without upsetting the planet’s environmental balance. There are no model solutions but rather opportunities to improve food, water, and energy security in a context of sustainability.



The growing pressure on natural resources (also induced by climate change) could contribute to overcoming the current stalemate, providing a cue for new opportunities and paving the way for the integrated planning of all resources and sustainable development goals. While the Millennium Development Goals (MDGs) are aimed at equitable access to natural resources, the SDGs are global challenges that require global solutions. In order to arrive at global solutions, natural resources should be managed collaboratively, taking into due consideration the WEF nexus and not competitively following non-integrated approaches (i.e., Integrated Water Resources Management). Comprehensive and integrated resource planning would be useful for managing trade-offs and could maximize the benefits shared by multiple sectors, thus helping to lower costs and ensure sustainable use of natural resources [64].



Technological innovation, environmental technologies, and research to identify appropriate and adaptive technologies represent an essential component of the nexus approach, which must include structured accompaniment processes, training, technology transfer, and technical assistance in managing technological solutions. If the equivalent of a Kyoto Protocol for the use of food, water, and energy resources globally is conceivable, and if it is necessary to combat land grabbing, water grabbing, and the hoarding of renewable and non-renewable energy sources, then the nexus approach lends itself to establishing itself as a global model for informing development cooperation actions at both the global and local level [80]. In fact, technological innovation, especially that linked to the development of AI, is necessary to increase the productivity of resources, while investments that force development into unsustainable paths should be carefully avoided. It is believed that AI can provide answers to most of the Global Goals, such as food, water, and energy security: that is, AI has come to be an influential aspect of a country’s economy. Hence, for the good of one’s country and people, a national AI strategy must be developed. If the investments that increase the productivity of water and land were planned in view of the nexus, they would have limited impacts on energy productivity and the environment and, indeed, could potentially increase the overall efficiency of resource management. Furthermore, the adequate integration of climate change in the planning of investments in infrastructures could considerably reduce the risk indicated by future climate projections and linked to the physical and economic performances of technologies sensitive to pedoclimatic conditions. A coherent climate change mitigation policy based on local natural heritage and an adaptation strategy that balances the risk of inaction with the risk of inadequate adaptation techniques, accompanied by careful consideration of all the interconnections of the WEF nexus, is essential for setting food, climate, and energy policies suitable for sustainable development.



Our study provides several contributions to academic research on these issues. First, it evidences the existing gap in the literature on the WEF nexus, which has almost exclusively focused on biophysical and technical aspects, excluding the examination of financial, economic, and social issues. Second, our study highlights the scarce knowledge about the WEF nexus application to the UN 2030 Agenda and its potential contributions. Thirdly, our study underlines the need to consider AI’s support of WEF nexus management and to generally solve trade-offs and increase the synergies among SDGs, essential for achieving the UN 2030 Agenda. Fourth, our study is unique, evidencing the necessity to consider the combination of AI, business models, the WEF nexus, and SDGs, extending knowledge to economic and social impact assessment of AI-based solutions. This may incentivize the adoption of sustainable solutions to optimize the WEF nexus and SDG interlinkages. This study also provides practical implications for arranging operational practices in the water, energy, and food sectors through the adoption of AI technologies to develop sustainable business models to meet SDGs.




6. Conclusions, Limitations, and Future Research Perspectives


Sustainable development (SD) needs to be achieved to harmonize profit, social protection, and environmental respect. In this direction, AI can help businesses, governments, and civil society addresses this challenge, considering all SDGs contemporarily. In line with previous studies [16,17], this research confirms that the role of AI in the development of a sustainable business model for the WEF nexus is currently unexplored in the academic literature. Although scholars have made strong efforts to identify and quantify the interlinkages between water, energy, and food sectors, there continues to be a wide gap between science and policy making in effectively incorporating the solutions in policy agendas. This gap could be reduced through the integration of scientific data and policy needs into inclusive tools that address policy goals and are technically viable from the perspective of sustainable resource utilization.



The frequent occurrence of climatic changes and pandemic events, combined with the continuous growth of the world population, exerts pressure on natural resources. The ability to react and define proper policies and management practices requires a deep understanding of interlinkages existing among resources, multiple governances, and planning mechanisms capable of coordinating all stakeholders. A better understanding of the several ways these resources are interconnected (biophysical, policy, social, and economic) will be possible only through an active dialogue and knowledge exchange among researchers, firms, policymakers, and society. Recent studies [28,41,81] have proposed WEF nexus platforms that integrate the several dimensions and scales of analysis and offer a valid support to decision makers. Hence, in this context, the importance of analyzing the possible interrelationships of the WEF nexus considered was highlighted, therefore not only regarding the coupled synergies between the single elements of the nexus itself. In the end, while environmental models are suitable decision-making tools, seeing them in combination with policy-based and socio-economic models offers a more holistic indication of the ecosystem. Therefore, while each model delivers insight into a single part of the nexus, incorporating the outputs of all the models illustrates several parts of the problem, providing a better representation and making any succeeding decision making more solid. In this way, from a comprehensive integration approach point of view, it is thinkable to say that governance and policy models are, therefore, capable of offering governance frameworks and policy tools that can support improvement in line with planned actions or alleviate possible environmental effects that could be an outcome from a given sequence of actions. Finally, identifying appropriate technologies represents an essential component of the nexus approach, which must include structured processes of training and technical assistance in the management of technological solutions. The cultural drift necessary for the successful implementation of digital technologies should not be underestimated: neither the economic nor the social impact that these would produce for single organizations and the system as a whole.
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