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• Water-energy-food-ecosystem ( WEFE) 

nexus research from 2010 to 2024 is sys- 

tematically evaluated. 
• Ecosystems are integral components em- 

bedded within the water-energy-food 

nexus. 
• WEFE research shifts from static assess- 

ments toward dynamic, integrated mod- 

elling. 
• Unified frameworks, integrated data, 

and cross-scale governance should be 

promoted. 
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a b s t r a c t 

Worldwide crises related to water, energy, food, and ecosystems are expected in the future. Although a number of 

studies have focused on the water-energy-food-ecosystem (WEFE) nexus, a comprehensive review that integrates 

bibliometric patterns, methodological approaches, and multi-scale applications within a unified WEFE framework 

remains lacking. To address this gap, this study applies the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) systematic review protocol and conducts bibliometric and content analyses of publica- 

tions from 2010 to 2024. The results show a steady increase in WEFE-related studies and a paradigm shift from 

the traditional water-energy-food (WEF) triad toward a four-component framework that explicitly incorporates 

ecosystems. Moreover, the WEF nexus remains a central research theme. Methodological approaches can be cate- 

gorized into quantitative assessment, simulation and prediction, and integrated management; however, most rely 

on static analysis and therefore cannot sufficiently capture dynamic feedbacks. Scale-based analysis indicates that 

regional and urban studies dominate the field and focus on resource integration and internal resource manage- 

ment optimisation, respectively, whereas transboundary-scale research remains limited. This review is the first 
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to systematically synthesize the c  

the WEFE nexus within a unified  

including framework standardizat  

thereby providing theoretical insi
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. Introduction 

Water, energy, and food form the bases for human social life and

conomic development, while ecosystems provide the foundation for

ll human activities. In the context of global climate change, water

carcity, energy security, and food crises have represented the ma-

or challenges threatening sustainable development ( Tian et al., 2018 ;

ritchard, 2019 ). Previous studies project that the global demand for

ater, energy, and food will increase by approximately 40 %, 50 %,

nd 35 % by 2030 and 55 %, 80 %, and 60 % by 2050, respectively

 Alexandratos and Bruinsma, 2012 ; FAO, 2014 ). These trends place

normous pressure on resources and the environment and thus pose a

ignificant threat to achieving Sustainable Development Goals (SDGs). 

The demand for food is expected to double as economies develop

nd populations grow, with changes in the dietary structure predicted

o drive increases in the demand for dairy and meat products, which

ill lead to a surge in the demand for freshwater for food extraction

nd processing, thereby placing new pressures on natural resources

 Zhang et al., 2018 ). Moreover, approximately 80 % of global energy

onsumption still relies on non-renewable fossil resources and shows an

nnual growth rate of approximately 2 % under population and eco-

omic expansion. However, the overreliance on fossil fuels has resulted

n the rapid consumption of substantial amounts of existing oil and nat-

ral gas reserves within just a few decades; thus, future generations will

e deprived of these energy options. Furthermore, the consumption of

ossil fuels has led to increased atmospheric carbon dioxide concentra-

ions, thereby exerting significant impacts on the global climate. With

he increasing global emphasis on the ecological environment, it is im-

ortant to comprehensively analyse the relationship between the supply

nd consumption of resources across systems by considering their im-

act on the ecological environment. 

Against this backdrop, increasing research attention has focused on

he water-energy-food-ecosystem (WEFE) nexus has garnered increas-

ng attention because neglecting any component within this system may

ead to unforeseen and potentially detrimental consequences. In this

tudy, ecosystems are defined as dynamic composite systems that pro-

ide critical services, such as freshwater supply and climate regulation.

hey not only form the foundation for the water, food, and energy sub-

ystems but also actively couple with these subsystems through a series

f complex feedback mechanisms ( Hernández-Blanco et al., 2022 ). Fig. 1
2

onceptual evolution, methodological pathways, and scale-specific challenges of

 paradigm. Moreover, this review identifies key directions for future research,

ion, multi-source data integration, and scale-appropriate governance strategies,

ghts and empirical support for advancing sustainable WEFE nexus research. 

llustrates the intricate bidirectional interactions and feedback mecha-

isms between these subsystems, emphasising the ecosystem’s pivotal

ole as both a service provider and a recipient of impacts. Consequently,

nsuring secure supplies of water, food, and energy while minimising

cosystem damage has become a critical sustainability challenge that

equires urgent attention. 

The WEFE nexus is a complex cross-sectoral system currently un-

ergoing a paradigm shift from a triad to quad system. Both domes-

ic and international scholars have conducted theoretical discussions

 Hightower and Pierce, 2008 ; Rosa et al., 2020 ; Lucca et al., 2023 ) and

ase studies ( Gulati et al., 2013 ; Hussien et al., 2017 ; Taniguchi et al.,

017 ; Ding and Deng, 2022 ; Teutschbein et al., 2023 ) on the water-

nergy-food (WEF) nexus from various perspectives, including quanti-

ative modelling and integrated analysis of resources. However, previ-

us studies have rarely incorporated ecosystems as a subsystem within

he WEF nexus framework and thus have failed to examine the in-

errelationships of this nexus from a holistic perspective ( Rasul and

harma, 2016 ). The lack of comprehensive ecosystem protection has

ncreased the difficulty of achieving overall water, energy, and food se-

urity in many regions ( Melo et al., 2021 ). Therefore, studies focusing

n the WEFE nexus will provide theoretical support for systematically

mproving the efficiency of water, energy, and food use, reducing re-

ource conflicts, creating synergies, and ensuring effective ecosystem

rotection ( Bazilian et al., 2011 ). 

With the increased research focus on the WEFE nexus, the num-

er of studies in related fields has gradually increased. For instance,

arabulut et al. (2018) proposed an integrated matrix system and in-

orporated it into a life cycle model to assess the impacts of interac-

ions among food, energy, and ecosystems; Wu et al. (2025) constructed

 multi-objective optimisation model of water-land-energy-economy-

nvironment-food and analysed the optimal cropping structure and spa-

ial layout of crops under different scenarios; and Dang et al. (2024) used

 system dynamics model to track and manage water-food-environment-

cosystem relationships in a groundwater irrigation district in the Hebei

lain. These advancements collectively indicate the close interconnec-

ions and mutual constraints among the elements of the WEFE system,

ighlighting the urgent need to develop an integrated analytical frame-

ork to reveal sectoral synergies and assess the cross-system impacts of

anagement strategies. For example, Meehan et al. (2010) showed that

lthough the expansion of biofuels contributes to the low-carbon en-
Fig. 1. Conceptual framework illustrating the interlink- 

ages and feedbacks among water, energy, food, and ecosys- 

tem. The circular charts indicate projected percentage in- 

creases in water, energy, and food demand by 2050. 
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“  
rgy transition, it also triggers land-use conflicts due to the cultivation

f biomass crops, ultimately leading to biodiversity loss and increased

ood security risks. This contradiction exposes the decision-making lim-

tations of the traditional WEF framework ( Guo et al., 2020 ). 

In recent years, extensive research has explored the WEF nexus from

arious perspectives, including resource flow calculations, technology

pplication assessments, and system performance quantification. Fur-

hermore, multiple literature reviews have elucidated the conceptual

ramework of this nexus ( Endo et al., 2017 ; Zhang et al., 2018 ), asso-

iated simulation tools ( Dai et al., 2018 ), and nexus application in re-

ional governance ( Lucca et al., 2023 ; Wang et al., 2023 ; Castelli et al.,

024 ; Mayar et al., 2024 ; Chaibi et al., 2024 ). These efforts have sub-

tantially advanced our understanding of the WEF nexus system. Nev-

rtheless, despite a paradigm shift towards incorporating “ecosystems ”

nto core frameworks, previous systematic reviews have not integrated

ibliometric analysis, methodological summaries, and multi-scale case

omparisons under a unified WEFE quadruple framework. Existing re-

iews may fail to incorporate ecosystems into analyses of the WEF nexus

ue to limitations in their frameworks or the lack of a multi-perspective

pproach. Thus, these reviews have neglected to link macro-level liter-

ture trends, meso-level methodological tools, and micro-scale applica-

ions for integrated analysis. 

Therefore, this study aims to (1) delineate for the first time the

acro-development trajectory and research hotspots within the WEFE

exus framework by retrieving and quantitatively analysing the liter-

ture from 2010 to 2024 and summarising the evolution of concep-

ual definitions and theoretical advances in the literature; (2) examine

he prevailing WEFE linkage analytical approaches, including quanti-

ative assessment, simulation forecasting, and integrated management,

nd evaluate their applicability, limitations, and deployment across

arying geographical scales; and (3) elucidate the application priorities

nd differentiated challenges of WEFE linkages at distinct geographical

cales through systematic, unified-framework cross-scale comparisons.

hrough this work, future research directions are identified to advance

he sustainable development of the WEFE nexus. 

. Materials and methods 

.1. Literature search strategy 

This systematic review was conducted following the Preferred Re-

orting Items for Systematic Reviews and Meta-Analyses (PRISMA)

uidelines to comprehensively investigate research on the WEFE nexus.

iterature searches were performed in the Web of Science Core Col-

ection and Scopus databases, covering the period from 2010 to 2024.

hese databases are regarded as the most popular and reputable plat-

orms for conducting systematic reviews and meta-analyses of peer-

eviewed scientific works ( Singh and Tayal, 2022 ). This timeframe cor-

esponds to the formal establishment and rapid development of the WEF

exus as an integrated analytical framework. Early foundational studies

e.g., Hightower and Pierce, 2008 ) are cited to illustrate the conceptual

volution but were excluded from the systematic analysis. Additionally,

2 relevant records were identified through manual screening of refer-

nce lists in review articles. The search strategy employed the follow-

ng comprehensive query terms across the title, abstract, and keyword

elds: (water AND energy AND food) AND (ecosystem∗ OR ecolog∗ OR

nvironment∗ OR “ecosystem service∗ ”) AND ( “water-energy-food ” OR

water energy food ” OR WEF OR “water-energy-food-ecosystem ” OR

EFE OR nexus). 

.2. Literature screening 

.2.1. Inclusion and exclusion criteria 

The study selection process employed explicit criteria to ensure

ethodological rigor. The following inclusion criteria were applied to
3

he articles: (1) peer-reviewed publications from 2010 to 2024; (2) ex-

licitly employing the nexus concept to analyse inter-subsystem interac-

ions or using it as an analytical framework; (3) addressed at least three

f the four WEFE subsystems, with ecosystems as an essential compo-

ent; and (4) provided substantive analysis of inter-sectoral interactions

hrough specific methodologies (e.g., modelling, empirical assessment)

r systematic evaluation. 

The following exclusion criteria were applied: (1) duplicate publica-

ions; (2) non-English literature; (3) exclusive focus on individual sys-

ems or pairwise relationships; and (4) unavailable full texts. 

.2.2. Screening process 

The PRISMA-2020 guidelines were used to structure the screening

rocess, as illustrated in Fig. 2 . The initial identification yielded 3,983

ecords from databases (Web of Science: 1,753; Scopus: 2,230), which

ere supplemented by 82 records from manual searches, totalling 4,065

ecords. After duplicate removal, 2,109 unique records underwent title

nd abstract screening, which excluded 1,159 records. The remaining

50 publications advanced to full-text assessment, which excluded 661

rticles due to an absent nexus framework ( n = 267), insufficient WEFE

overage ( n = 189), inadequate interaction analysis ( n = 199), or inac-

essible full texts ( n = 6). Finally, 289 studies qualified for inclusion, of

hich 224 were research articles and 65 were review articles. 

.3. Data analysis and synthesis 

The analytical approach integrated bibliometric and qualitative

ethods to address the research objectives. Bibliometric analysis us-

ng VOSviewer examined keyword co-occurrence patterns based on a

requency threshold of five, which was optimized to balance network

larity and informational richness. Qualitative content synthesis system-

tically categorized the methodologies, spatial scales, key findings, and

hallenges across studies, enabling cross-scale comparison and identifi-

ation of emerging research priorities in WEFE nexus studies. 

. Results 

.1. Keyword analysis of WEFE nexus 

Quantitative analysis of the literature on WEFE nexus research pub-

ished from 2010 to 2024 revealed that the number of annual publica-

ions ( Fig. 3 ) exhibited year-on-year growth, with a gradual increase in

nterest in the WEFE nexus over time. The number of publications in the

ears leading up to 2015 was relatively low ( < 10 per year), although

 phase of rapid growth was subsequently observed. This growth was

articularly significant after 2019. By 2024, the number of annual pub-

ications reached 59 and the cumulative number of publications reached

29, suggesting that the research community has increasingly focused

n sustainable resource management. The cumulative number of pub-

ications ( Fig. 3 ) increased annually, indicating the rapidly increasing

opularity of the concept. 

Concurrently, we observed that WEFE research outputs were pre-

ominantly published in a series of leading journals within the fields of

nvironmental, energy, and sustainability sciences. Among the reviewed

rticles, they were most frequently published in the journals Sustainabil-

ty, Science of the Total Environment, and Water ( Fig. 4 a). In addition,

ost of the research focused on quantitative analyses, which accounted

or 81.25 % of the weight of all articles, while research focused on qual-

tative analysis only accounted for 12.5 % ( Fig. 4 b). 

As shown in Fig. 5 , the WEFE nexus keyword network map was

ivided into five clusters, with different colours representing differ-

nt clusters. The keywords within each cluster are highly relevant and

ften co-occur in the literature. For example, the red cluster contain

eywords such as “water-energy-food nexus ”, “climate change ”, and

nexus ”, which indicate that these concepts have been widely discussed
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Fig. 2. Flow diagram of study identification, screening, and inclusion in the systematic review. 

Fig. 3. Annual and cumulative number of publications 

related to the water–energy–food–ecosystem nexus from 

2010 to 2024. 
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n research in this field. The node size reflects the frequency of occur-

ence of the keywords in the literature, with larger nodes indicating that

he keywords appear more frequently in the literature. Nodes such as

water-energy-food nexus ” and “sustainable development ” were large,

ndicating the importance of these keywords in the research area. The

eyword “sustainable development ” was one of the most prominent in

he diagram, while the keywords “water-energy-food nexus ”, “climate

hange ”, and “resource management ” were also important themes in

he field and closely related to ecosystems. Therefore, it is particularly
4

mportant to include ecosystems as independent subsystems in the study

f the WEF nexus. 

.2. Four stages of WEFE nexus evolution 

With the development of socioeconomic conditions, dietary patterns

ave changed, leading to an increased demand for dairy products and

eat. By 2050, the production of dairy and meat products is projected to

ncrease by 65 % and 76 %, respectively ( Di Paola et al., 2017 ). These
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Fig. 4. Publication outlets and analytical approaches for 

water–energy–food–ecosystem (WEFE) nexus research. (a) 

Distribution of journals publishing WEFE-related studies. 

(b) Proportional distribution of quantitative, qualitative, 

and mixed analytical approaches. 

Fig. 5. Bibliometric analysis of keywords in the water–energy–food–ecosystem 

publications from 2000 to 2024. 
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hanges in dietary patterns have placed greater pressure on water re-

ources, food production, and ecosystems, thereby intensifying resource

ompetition across various sectors. Against this backdrop, the challenge

f meeting water, energy, and food demands while minimizing negative

nvironmental impacts has become the focus of recent research. Conse-

uently, the WEFE nexus has emerged as an interdisciplinary research

eld, evolving through four major developmental stages ( Fig. 6 ). 

Phase 1 (until 2010): Research on nexus relationships in this phase

as relatively fragmented, with most studies focusing on individual

ystems (water) or the relationships between pairs of systems (water-

nergy), lacking a systematic approach. Hanjra and Qureshi (2010) ex-

mined the global water supply and demand situation and the link be-

ween water supply and food security. They emphasized that ensuring

uture food security requires actions from multiple dimensions, high-

ighting the critical role of sustainable water resource management in

chieving food security. 

Phase 2 (2011–2014): With increasing global resource scarcity

nd the growing demand for interdisciplinary research, the WEF

exus began to gain broader attention. The 2011 Bonn conference

ummarized the relationships among water security, energy secu-
5

ity, and food security, and introduced for the first time the term

water-energy-food nexus ”, thereby recognizing the interdependent

onnections among these three resources ( Hoff, 2011 ). Subsequently,

azilian et al. (2011) analysed the interconnections among water, en-

rgy, and food from the perspective of developing countries. They pro-

osed integrated resource planning tools and optimization models to

nderstand water, energy, and food relationships. Research during this

hase marked a shift in WEF nexus studies from a focus on individual

ectors to a multidimensional, interdisciplinary integration, which rep-

esented an emerging field of increasing interest among scholars. 

Phase 3 (2015–2018): With the launch of the Sustainable De-

elopment Goals (SDGs) in 2015, research began to unfold within a

roader framework, with the intersection of economic, environmen-

al, and social objectives offering new perspectives on the interrela-

ionships between water, energy, and food. The introduction of SDGs

onnected WEF nexus research more closely to global sustainability is-

ues, thereby promoting the development of interdisciplinary and in-

egrative studies. During this phase, early studies focused on the im-

act of individual systems on other elements (e.g., the impact of wa-

er on crop yield) ( Endo et al., 2017 ; Zhang et al., 2019 ) or examined

he relationships between just two systems ( D’Odorico et al., 2018 ). Al-

hough studies generally concentrated on the relationship among the

hree systems (WEF), scholars gradually began to incorporate ecosys-

ems as a subsystem within the WEF nexus, recognizing the increas-

ngly important role of ecosystems in supporting water, energy, and

ood resources ( Fasel et al., 2016 ; Lu et al., 2015 ; Yang et al., 2019 ).

idoglio and Brander (2016) were the first to include ecosystems in the

EF system, thereby forming the four pillars of the WEFE nexus and

aying the foundation for further research in this area. Subsequently,

leischwitz et al. (2018) formally defined the WEFE nexus, marking

 shift towards a more systematic and theoretical approach to study-

ng the role of ecosystems in the WEF relationship. During this pe-

iod, significant advances were also made in modelling techniques, with

ew methods such as integrated models, dynamic models, and simula-

ion tools for assessing resource interlinkages gradually becoming main-

tream, driving the development of both WEFE nexus theory and prac-

ice ( Garcia et al., 2019 ). Therefore, during this phase, research into

he interconnections between ecosystems and water, energy, and food

radually became a new focal point. 

Phase 4 (2019–Present): Since 2019, the interdependencies among

ater, food, energy, and ecosystems have intensified because of global

hanges, particularly the impacts of the COVID-19 pandemic and cli-

ate change, and the increasingly severe challenges faced by global

esource security. Karabulut et al. (2019) highlighted that ecosystem

estoration represents a key policy for alleviating resource scarcity and
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Fig. 6. Timeline of research progress and key milestones in the evolution of the water–energy–food–ecosystem nexus (2010–2024). 
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Fig. 7. Classification of tools in water–energy–food–ecosystem nexus research. 
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nsuring sustainability, although its implementation remains highly

hallenging. Against this backdrop, new research directions and emerg-

ng hotspots have begun to take shape. The integration of digital tech-

ologies with WEFE nexus research is at the forefront. For instance,

hehadeh et al. (2024 ) applied digital twins and artificial intelligence

o simulate and optimize WEFE system management. Simultaneously,

n response to the increasingly variable climate, the assessment and

nhancement of the resilience of WEFE systems have become core re-

earch focuses. Qin et al. (2022) emphasized the importance of in-

erdisciplinary collaboration in regional resource management, while

eutschbein et al. (2023) developed a drought resilience assessment

ramework for Northern Europe. Research attention has also expanded

o social dimensions and systematically considered equity and gover-

ance in resource management. For example, Favi et al. (2024 ) high-

ighted challenges related to just transitions in the adoption of agro-

hotovoltaic technologies in West Africa, and Apeh and Nwulu (2024 )

eveloped frameworks to evaluate the impacts of policy interventions on

ifferent social groups. Overall, current WEFE nexus research has moved

eyond the early stage of conceptual clarification and entered a new pe-

iod focused on addressing real-world challenges through technological

nnovation, resilience building, and equitable governance, thereby pur-

uing systematic solutions. 

.3. Application and development of WEFE nexus analytical methods 

The methods used in WEFE nexus research vary depending on the

pecific focus of the nexus system and can generally be divided into

hree types: quantitative assessment, simulation forecasting, and model

ntegration ( Fig. 7 ). Owing to the interdisciplinary and cross-sectoral

ature of nexus research, no single method is applicable in all situations.

.3.1. Quantitative assessment methods 

Studies on quantitative assessments fall into two main categories:

tate assessments and physical association. State assessments, which as-

ess the state of security and the spatial variability, efficiency, resilience,

ulnerability, and sustainability of the WEFE nexus, are generally per-

ormed via approaches such as the Investigations And Mathematical

tatistics (IAMS) method and Integrated Index Method (IIM). 

IAMS illustrates linkages through field surveys, expert panels, public

ata collections released by local agencies and governments, and rele-

ant literature and thus is the most widely used method for exploring

he interactions between linked sectors. Combining multiple multicri-

eria analyses, researchers quantitatively assess the interactions within
6

he WEFE nexus by tracking and analysing the consumption of rele-

ant resources associated with the production process of a given re-

ource. Van den Heuvel et al. (2020) analysed the water-energy-food-

and-climate nexus in Sweden from the perspective of ecosystem services

nd performed literature and expert assessments to examine the impact

f human pressures from related sectors on ecosystem functions and

ervices. At the same time, this method helps to capture the key fac-

ors that dominate the evolutionary processes of water, energy, food,

nd ecosystems ( Van den Heuvel et al., 2020 ). Using this approach,

olde et al. (2021) systematically explored the drivers that lead to the

egradation of linkage resources and revealed that social (48 %), eco-

omic (19 %), and policy and institutional changes (14 %) are the main

inkage resource driver indicators. 

The IIM usually presents the various social and environmental char-

cteristics of a system through multiple indicators and captures the over-

ll characteristics of the nexus system by constructing indicators for a

omprehensive assessment. For example, Li et al. (2022) used the IIM ap-

roach to quantify the coupled coordination degree of WEFE nexus in 30

hinese provinces from 2006 to 2009, and their results showed that most

rovinces were at the barely coordinated stage. Halytsia et al. (2024) de-

eloped a composite indicator at the policymaker-farm level to capture

he interlinkages between agricultural production and the water, en-

rgy, and environment nexus pillars. However, the application of these
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both Asia and Africa stand out based on their substantial contributions. 
ndicators to the WEFE nexus remains challenging because it is highly

ependent on the system database, and the uncertainty of the study

oundary leads to difficulties in constructing a rational indicator sys-

em and eliminating the bias that arises from the use of weights among

he indicators ( Yigitcanlar et al., 2015 ). 

Physical linkages refer to the inter-consumption relationships among

ater, energy, food, and ecosystem resources. Generally, two comple-

entary approaches are available: bottom-up Life Cycle Assessment

LCA) and top-down Input-Output Analysis (IOA). LCA is a typical

ethod of quantifying the environmental impacts of a given product

r process throughout its life cycle. Naranjo et al. (2023) used the LCA

ethodology to assess the environmental and socio-economic impacts

f irrigated agricultural production in Ecuador and revealed that banana

roduction has the highest environmental impacts. IOA links WEFE to

conomic activities to describe the input and output processes of WEFE

esources in different economic systems and has been extensively ap-

lied at various scales to examine the relationships between WEFE flows

nd economic activities across regions and sectors, including metabolic

ows in urban metabolism ( Chen and Chen, 2016 ) and global energy

rade ( Duan and Chen, 2017 ). 

.3.2. Modelling prediction methods 

In addition to quantitative assessments, extensive work has been con-

ucted on modelling predictions for the WEFE nexus. Such research cov-

rs a wide range of social and natural sciences fields, and forecasting

odelling methods assess the impacts of multiple economic, social, and

limatic factors on the resource system by constructing multi-scenario

rameworks. The field is dominated by system dynamics (SD) methods,

he Process-based Hydroagroecological Model (PROMET), and a unique

nstrumental Nexus Simulation System (NexSym). 

SD is based on causal mechanisms and assumes that the behaviour of

 system is determined by its structure. By establishing causal feedback

oops within a system, SD facilitates systematic analysis of multi-sector

ystems at both macro and micro levels, making it particularly suited

or examining the multidisciplinary interactions and multi-stakeholder

ssues within the WEFE nexus. For example, Feng et al. (2016) used this

pproach to model the dynamics of the water supply, power genera-

ion, and environment in the Yellow River region to illustrate the im-

act of different driving variables on changes in the state of the system.

his approach has been widely used for policy assessment. In addition,

usnik et al. (2021) collected relevant policy information as input for

n SD model to assess the impact of future policies and found that by

050, consumption will level off while food and energy production will

ncrease. 

PROMET is a process-based framework that simulates land sur-

ace energy and material fluxes (water, carbon, nitrogen) following

hysical principles while strictly conserving energy and mass. It en-

bles detailed modelling of the interactions and feedbacks between dy-

amic plant growth and terrestrial water balance ( Mauser et al., 2015 ).

robst et al. (2024) used this framework to quantify the trade-offs be-

ween agriculture, hydropower, and (aquatic) ecosystems by simulating

hree maize irrigation practices. Their results showed that maintaining

ater-efficient irrigation is economically advantageous and improving

rrigation water use efficiency is the key to mitigating competition for

ater in agriculture. 

The NexSym tool was designed for local-scale applications, and

t models co-located technological and ecological processes within a

eographically defined area where decision-making and implemen-

ation can be coordinated. It is intended to simulate the processes

nd their interactions within local production systems. Martinez-

ernandez et al. (2017) used the NexSym simulation tool to assess the

o-design of local linkage systems in UK eco-towns. The limitations of

his model are that it is only applicable to local towns in the UK and thus

s not applicable at a larger scale (national or global), has high data re-

uirements, only focuses on the impacts of resource depletion and the

nvironment, and does not integrate economic and social aspects. 
7

.3.3. Modelling integration methods 

Optimal decision-making that considers multiple systems, stakehold-

rs, and their interactions is a complex process involving various mod-

lling and computational complexities ( Zhang et al., 2019 ). Integration

ools use a systems thinking paradigm to consider the resource require-

ents of different future scenarios and integrate simulation forecasting

odels to help decision-makers develop appropriate resource manage-

ent strategies. Compared with quantitative assessment and simulation

rediction, model integration is still less researched; however, it repre-

ents a hot future direction. 

Integrated models typically use a series of existing methods and tools

o support decision-making for WEFE nexus management. The mod-

ls that guide strategic policymaking are generally divided into two

ain categories. The first includes models dedicated to natural systems

odelling, including energy modelling (Long Range Energy Alterna-

ives Planning, LEAP), water modelling (Water Evaluation and Planning

odel, WEAP) ( Nasrollahi et al., 2021 ), and integrated modelling (mod-

fied Soil and Water Assessment Tool (SWAT) ( Karabulut et al., 2016 )

nd integrated Climate Change-Land-Energy-Water models (CLEWs)

 Hermann et al., 2012 )). 

The second includes models dedicated to modelling human ac-

ivities, such as the Multi-sectoral Systems Analysis (MSA) model

 Villarroel Walker et al., 2012 ), which provides a systematic understand-

ng of material (water, food, nutrients, etc.) and energy flows and the

mpact of human activities on urban metabolism; and the Multiscale In-

egrated Assessment of Social and Ecosystem Metabolism (MuSIASEM)

odel ( Apeh and Nwulu, 2024 ), which is used to study the relationships

etween structural and functional components of social-ecological sys-

ems, among others. These models provide a deeper representation of

he complexity of the WEFE nexus through a multisystem modelling

pproach and support the management of WEFE for policymakers and

takeholders. Integrating these tools requires using the output of one

odel as an input for another; however, the models do not share uni-

orm accuracy standards for the data. 

To facilitate a clearer comparison across these three methodological

ategories, Table 1 summarizes their key characteristics in terms of ana-

ytical focus, representative approaches and tools, strengths, limitations,

nd typical application scales in WEFE nexus research. 

.4. Case studies of WEFE nexus applications at different spatial scales 

The interdependencies betwee WEFE components form core is-

ues within contemporary sustainable development. With population

rowth, skyrocketing resource demands, and ongoing climate change

mpacts, effectively coordinating and managing these resources has be-

ome a global priority. These challenges are not confined to a single

ountry or region but rather span various scales from urban to global.

ig. 8 (a) illustrates the distribution of the WEFE nexus types across dif-

erent regions and highlights the regional variations in the focus on vari-

us nexus types. In North America, the water ecology nexus accounts for

he largest proportion, indicating a strong emphasis on the relationship

etween water resources and ecosystems. Although the climate-related

nd food-energy nexus are also present, their proportions are relatively

maller. In contrast, Europe demonstrates a more balanced focus and

xhibits relatively similar proportions among the water-energy, climate-

elated, and water-food nexus. The water-food nexus is the dominant fo-

us in Asia, Africa, and South America, with Asia leading in the number

f related publications. This suggests that more attention should be paid

o water resource management and agricultural sustainability in this re-

ion. In addition, Oceania places greater emphasis on the food ecology

exus. 

Fig. 8 (b) and 8(c) further demonstrate significant regional variations

n the distribution of WEFE nexus research across different scales. At the

rban scale, research in Asia represents the highest proportion, whereas

hat in South America is significantly limited. At the regional scale,
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Table 1 

Comparison of major analytical methods for the water-energy-food-ecosystem nexus. 

Method Main purpose 

Approaches 

and tools Strengths Limitations Scale Citation 

Quantitative 

assessment 

Assess system status, 

efficiency, coordination, 

and sustainability or 

quantify resource 

consumption between 

systems 

IAMS, IIM, LCA, 

IOA 

• Simple structure 
• Suitable for cross-regional 

comparison 
• Effective for identifying 

dominant drivers 

• Strong dependence on 

indicator selection and 

system boundaries 
• Weighting subjectivity 
• Limited representation 

of dynamic feedbacks 

Urban, Regional, 

National 

Van den Heuvel 

et al. (2020) ; 

Li et al. (2022) 

Simulation 

forecasting 

Explore system dynamics 

and future scenarios 

under socio-economic 

and climatic drivers 

SD, PROMET, 

NexSym 

• Captures feedback 

mechanisms and temporal 

evolution 
• Suitable for policy scenario 

analysis 

• High data 

requirements 
• Strong dependence on 

model assumptions 
• Limited scalability in 

some tools 

Urban, Regional Feng et al. (2016) ; 

Probst et al. (2024) 

Model 

integration 

Support policy-oriented 

decision-making through 

multi-system coupling 

WEAP–LEAP, 

SWAT, CLEWs, 

MuSIASEM, 

MSA 

• Integrates natural and 

socio-economic subsystems 
• Supports multi-sector and 

multi-stakeholder analysis 

• Model coupling 

complexity 
• Data consistency and 

accuracy constraints 
• High computational 

demand 

Regional, 

National, 

Transboundary 

Villarroel Walker 

et al. (2012) ; 

Nasrollahi et al. (2021) ; 

Apeh and 

Nwulu, (2024) 

Fig. 8. Distribution of bond types and scales in different regions. (a) Nexus types in different regions; (b) representation of the percentage of different scales globally; 

(c) distribution areas of nexus at different geographic scales. 
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ational-scale research is concentrated in Africa and Europe, whereas

ransboundary research is predominantly conducted in Asia and Africa.

verall, most research on the WEFE nexus has focused on regional and

rban scales, with relatively little attention given to the transboundary

cale. 

To fully understand the challenges of the WEFE nexus across differ-

nt geographical scales, this study analysed and summarized existing

esearch at four scales: urban, regional, national, and transboundary.

he aim was to explore the key focus areas and differences in the WEFE

ystem at each level and provide theoretical and practical insights for

uture cross-scale resource management. 

.4.1. Urban scale 

Population growth and urbanization represent defining societal fea-

ures in recent decades. Approximately 50 % of the global popula-

ion resides in urban areas, which is expected to reach 70 % by 2050

 Zhang, 2016 ). As urban populations continue to grow, the resources

ithin cities will become insufficient to meet the associated demands,

hus requiring large external inputs of resources. In this process, the

nteractions among water, energy, food, and ecosystems have become

ncreasingly complex. Against the backdrop of urbanization, cities have

ecome the focal point for global research on water, energy, food, and
8

cosystems. Urban-scale studies are primarily concentrated in Asia, a

rend closely linked to the region’s rapid urbanization process and the

esulting pressure on resources ( Zhuang et al., 2021 ). 

Urban-scale research focuses on the management of intra-city re-

ources and system optimization. By constructing a WEFE nexus eval-

ation indicator system or methodological framework, the complex

elationships between subsystems can be evaluated to optimize re-

ource allocation and enhance urban resilience ( Fig. 9 ). For exam-

le, Yang et al. (2024) assessed ecosystem services in the Beijing-

ianjin-Hebei region using the InVEST model, analysed the impact

f urbanization on ecological resources, and provided important in-

ights and recommendations for sustainable resource management.

ing et al. (2024) investigated the evolutionary trends of water, energy,

ood, and ecosystems in Henan Province using a SD model and proposed

ptimization strategies for future resource management. These studies

eflect the significant contributions of Asian cities to improving resource

fficiency, reducing waste emissions, and promoting resource recycling.

By comparison, urban research on African cities comes second. For

xample, in the Irbid refugee camp in Africa, monitoring and regu-

ating the supply and demand of resources through digital methods

as helped alleviate the resource pressures of rapid population growth

 Yigitcanlar et al., 2015 ). However, such studies are clearly underrep-
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Fig. 9. Research focus of the water–energy–food–ecosystem nexus across urban, 

regional, national, and transboundary levels. 
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esented, and more resource management studies for African cities are

eeded in the future, primarily to address the challenges of rapid urban-

zation and poor infrastructure. 

.4.2. Regional scale 

Integrated studies at the regional level usually cover large geograph-

cal areas and are based mainly on river basins; thus, they include cities

nd wider watersheds. A number of important conclusions can be drawn

rom regional-scale studies, which emphasize the integrated manage-

ent of resources within a given geographical area and address the

haring and coordination of resources between different regions ( Fig. 9 ).

sia and Africa dominate regional-scale studies, thus reflecting the com-

lex resource management needs of these two regions, such as regional

esource sharing and policy systems across different regions. 

In Africa, Gebre et al. (2023) used an optimization model to analyse

he allocation of land and water resources in the Omo-Gibe River Basin

n Ethiopia and proposed strategies to maximize benefits and minimize

onflict trade-offs. This study demonstrated the outstanding contribu-

ion of regional-scale research in Africa to the efficient use of water

esources and reduction of conflicts. Similarly, a study of smallholder

conomies in the North African region highlighted the threat of climate

hange to food security and proposed regional policy response strate-

ies ( Kertolli et al., 2024 ). Studies in Asia at the regional scale include

ypical cases such as the Yellow River Basin and revealed that extensive

rrigated agriculture in the Yellow River Basin not only consumes large

mounts of water and energy but also poses challenges to food supply

nd ecosystem sustainability ( Zhang et al., 2024 ). 

Studies at the regional scale also emphasize the importance of local

overnance, which can be better adapted to specific social and environ-

ental conditions by encouraging the participation of local communi-

ies in resource management. Studies have shown that the application of

igital technologies in urban environments can effectively manage the

EFE nexus in cities and improve regional sustainability and resilience

 Shehadeh et al., 2024 ). This local governance model contributes to

olicy effectiveness and enhances ecosystem services. The application

f models such as WEAP, LEAP, and InVEST in regional studies not

nly reveals synergies in resource management but also highlights the

hreats of climate change to regional ecology ( Nasrollahi et al., 2021 ). In

he future, regional-scale studies should focus on integrating ecosystem

estoration and local community participation to achieve sustainable re-

ource use ( Hanes et al., 2018 ). 

.4.3. National scale 

Compared with urban- and regional-scale studies that focus on

nternal resource management and coordination and emphasize spe-

ific technical solutions and local management approaches, national-

cale research places greater emphasis on macro-level policy formula-

ion, strategic resource allocation, and cross-regional and cross-sectoral
9

oordination and cooperation ( Barati et al., 2023 ; Blicharska et al.,

024 ). National policies guide and constrain water, energy, food,

nd ecosystem security and typically support technological innovation

 Papadopoulou et al., 2022 ) to improve people’s livelihoods ( Fig. 9 ).

sia and Africa play significant roles in national-scale research. 

In sub-Saharan African countries, solar photovoltaic systems are be-

ng promoted to improve rural resource supply conditions ( Favi et al.,

024 ). In contrast, the policy goals of Nordic countries exhibit synergies

nd conflicts. Climate policy objectives align with energy and ground-

ater quality goals, whereas agricultural and forestry production tar-

ets conflict with environmental quality goals, with the key issue lying

n the context or interpretation of these goals ( Blicharska et al., 2024 ).

t the national scale, we found that water scarcity, climate change,

nd population growth continue to be challenges many countries face.

trategic resource allocation plays a crucial role in addressing these

hallenges and ensuring the balance between water, energy, and food

upply and demand. For example, in response to the Aral Sea disas-

er, Uzbekistan used a tailored framework to assess the relationships

etween the WEFE nexus and provide strong policy support for arid

egions ( Song et al., 2023 ). Additionally, when developing policies for

esource allocation, nations must consider the timeliness of legislation

nd improvements in institutional structures to minimize environmental

amage ( Wolde et al., 2021 ). 

Resource management in national-level WEFE nexus studies rep-

esents an issue for individual sectors or regions that often in-

olve cross-regional and cross-sectoral coordination. Research by

licharska et al. (2024) indicated that the coordination between wa-

er, energy, and climate policies could effectively promote sustainable

esource management. In the context of global climate change, coun-

ries must not only strengthen the integration of domestic policies but

lso engage in international cooperation to address global challenges

uch as droughts. Research in Sweden has also emphasized the impor-

ance of international cooperation frameworks, highlighting the key

ole of transnational collaboration in solving global resource issues

 Teutschbein et al., 2023 ) ( Fig. 9 ). 

.4.4. Transboundary scale 

Transboundary resource management and planning across multiple

ountries is more complex than that for a single city, country, or large

egions of multiple countries ( Dai et al., 2018 ). As shown in Fig. 8 , at

he transboundary scale, research on the WEFE nexus is concentrated

n Asia and Africa, focusing on the collaborative allocation and man-

gement of cross-border resources. Resource flows transcend political

oundaries, and cooperation among countries ensures the sustainable

se of resources. Wang et al. (2024) noted that the management of trans-

oundary water resources requires a comprehensive consideration of the

eeds and policies of different countries to ensure the continuity and

tability of ecosystem services. By establishing cross-border coopera-

ion mechanisms, stakeholders can more effectively address issues of re-

ource scarcity and environmental degradation. Ma et al. (2024) applied

ultilevel opportunity-constrained fuzzy programming to optimize the

llocation of water and energy resources for sustainable resource use in

 study of Central Asian countries. Moreover, transboundary research

as revealed the profound impact of climate change on regional ecosys-

ems, particularly in vulnerable ecological areas ( Qi et al., 2017 ). Studies

ave shown that trans-boundary governance can promote stakeholder

articipation, thereby better addressing the challenges posed by climate

hange. Through collaborative management and information sharing,

egions can develop greater resilience and reduce the negative impacts

f climate change on resources and ecosystem services ( Hurtado et al.,

024 ). Such cooperation not only improves resource use efficiency but

lso promotes sustainable development across regions ( Fig. 9 ). 

In the transboundary context, water has been investigated as a

hared resource because the security of the supply and demand of wa-

er resources determines whether a region is stable and sustainable. For

xample, in the Amu Darya River Basin in Central Asia, water-related
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isputes have occurred between upstream countries seeking to con-

truct reservoirs for power generation and downstream countries seek-

ng to irrigate agricultural fields. The uncoordinated water management

n this basin has created tensions and undermined the trust between

he countries, thus reducing the opportunities for regional cooperation.

he focus on water resource management in other transboundary re-

ions varies according to the geography, resource needs, and policy

ontexts. For example, the Zambezi and Niger river basins in Africa are

ainly concerned with trade-offs between water resources and ecosys-

ems due to population growth ( Apeh and Nwulu, 2024 ). De Strasser

t al. (2016) proposed the Transboundary River Basin Nexus Approach

TRBNA) to assess the WEFE nexus in transboundary river basins and

elp identify and resolve conflicts and synergies between resources and

ectors such as water and food. Similar studies in the Danube River

asin and Mediterranean region ( Raviv et al., 2024 ) have proposed cor-

esponding framework models to explore how benefits can be shared

etween these countries. 

This review shows that different interpretations and methodologies

ave been applied to the WEFE nexus when addressing various scales.

lthough the associated concepts and theoretical frameworks for prac-

ical WEFE nexus management are lacking, empirical nexus research is

hriving and increasing in popularity. Ecosystem components are being

rogressively incorporated into nexus research. Overall, WEFE nexus

esearch is primarily conducted at transboundary and regional scales,

hile research at the urban scale (i.e., the relationship between WEFE

esources and population, society, and economy) is relatively rare. Many

exus studies are case studies specific to certain fields. 

. Discussion 

.1. Evolution of the WEFE nexus conceptual framework 

Although the WEFE nexus has emerged as a prominent analytical

aradigm in global resource studies, its interdisciplinary nature and

ulti-scalar dynamics have precluded the establishment of a universally

ccepted definition and system boundary. Such ambiguity undermines

he comparability of research findings and constrains the framework’s

pplicability in policy practice. In general, previous studies reflect two

ain orientations, with one emphasizing the internal flows and interac-

ions among resources (e.g., water–energy coupling) ( Liu et al., 2016 )

nd the other viewing the nexus as an integrative analytical approach

or identifying synergies and trade-offs across systems ( Keskinen et al.,

015 ). These orientations differ substantially in terms of research scale,

oundary delineation, and goal setting. Researchers often define sys-

em boundaries based on geographical context, resource flow pathways,

r policy needs, which limits the generalizability of these findings in

ross-regional or cross-sectoral comparisons ( Hoff, 2011 ). When exam-

ning systemic relationships solely within a single department or spatial

cale, extrapolating conclusions to broader contexts is often difficult.

or instance, in their study of embedded energy within US agricultural,

unicipal, and industrial water use, Liu et al. (2016) found that em-

edded energy accounted for only 1.0 %–1.9 % of the total energy con-

umption when considering only narrow boundaries. However, when

he scope was expanded to include broader applications such as steam-

riven power generation, this proportion increased to 47 %. Future re-

earch should work toward clarifying system boundaries, specifying in-

eraction mechanisms, and developing standardized indicator systems

o advance the conceptual coherence and methodological robustness of

he WEFE framework. 

Moreover, the debate over the practical value of the nexus frame-

ork is intensifying. Some scholars argue that although the nexus has

ained substantial policy traction, it is sometimes invoked without pro-

iding clear mechanisms for implementation. Mehta et al. (2014) con-

ended that overly technocratic nexus framings may obscure under-

ying political-economic inequities and environmental justice issues.

eanwhile, in an examination of the water-employment-migration
10
exus, Hussein and Ezbakhe (2023) demonstrated that many emerg-

ng nexus approaches remain conceptually appealing but lack concrete

athways for operationalization. In contrast, other researchers under-

core the analytical and governance benefits of the nexus perspective.

lbrecht et al. (2018) showed that quantitative WEF nexus tools can

ystematically capture cross-sector linkages and support integrated re-

ource allocation decisions. Similarly, Al-Saidi and Hussein, (2021) ar-

ued that system-wide shocks such as COVID-19 revealed the depth of

nterdependencies among water, energy and food systems, underscor-

ng the need for risk-sensitive, integrated planning rather than silo-

ased management. Taken together, these debates illustrate that the

exus is not a static concept but rather an evolving analytical frame-

ork ( Vanham et al., 2016 ). Despite its limitations, extensive empirical

vidence confirms the intricate interconnections between water, food,

nergy and ecosystems. Neglecting these interactions risks fragmented

olicy-making and unintended systemic consequences, thereby further

nderscoring the necessity for sustained WEFE linkage research. 

.2. Critical role of ecosystems within the WEFE nexus 

The literature indicates that ecosystems are not merely peripheral

ontexts within the WEF nexus, but rather active components that shape

ystem interactions and determine the direction of synergies or trade-

ffs. Ecosystems provide diverse regulatory, provisioning, support, and

ultural services and thus modulate hydrological processes, promote

gricultural productivity, and mitigate environmental impacts arising

rom energy production. Neglecting these ecological feedbacks fre-

uently leads to fragmented cross-sectoral governance and unintended

onsequences. 

In the water–ecosystem nexus, ecosystems such as forests and wet-

ands play a central role in water supply security by sustaining water

ources, regulating runoff, and improving water quality ( Melo et al.,

021 ). However, excessive human exploitation of water resources, such

s large-scale reservoir operations and groundwater over-extraction, can

isturb hydrological processes and lead to the degradation of ecosystem

tructure and function ( Mirzaei et al., 2019 ). In the energy–ecosystem

exus, ecosystems serve as both spatial carriers for energy development

nd recipients of its environmental impacts. When land-use competi-

ion is not properly considered, the expansion of bioenergy may trigger

eforestation, increaseed in food prices, and higher carbon emissions

 Tilman et al., 2011 ). In the food–ecosystem nexus, services such as pol-

ination, nutrient cycling, and soil retention constitute the ecological

oundation of agricultural production ( Lu et al., 2015 ). However, agri-

ultural intensification, excessive fertilizer use, and land-use change fre-

uently lead to eutrophication, soil degradation, and biodiversity loss

 Hanjra and Qureshi, 2010 ). These bidirectional interactions indicate

hat ecosystems function as the “critical hub ” of the WEFE framework,

ith their feedback mechanisms shaping the direction of system syn-

rgies or conflicts. Neglecting ecosystem processes frequently leads to

olicy failure, as observed with the rise in food prices and forest loss

ssociated with biofuel policies ( Tilman et al., 2011 ). 

Therefore, future governance should systematically integrate ecosys-

ems into the internal structure of water-energy-food interactions,

hereby driving a shift from “optimising resource efficiency ” towards

enhancing system resilience ”. Integrating natural capital accounting

nd quantified ecosystem services into WEFE models can help balance

cological, economic, and social objectives in decision-making. Such an

cosystem-oriented governance paradigm not only addresses the limita-

ions of traditional nexus frameworks but also provides new pathways

or achieving SDGs. 

.3. Challenges in data integration and dynamic modelling 

Although significant progress has been made in the methods and

odelling applications for WEFE research, key challenges remain, in-

luding dispersed data, limited model feedback, and insufficient multi-
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F  
ource information integration. First, differences in research objectives

nd scales lead to substantial variations in data sources, quality, and

tructure ( Zhang et al., 2018 ). This issue is particularly pronounced

n developing countries, where data are often obtained from multi-

le governmental departments and lack unified standards and sharing

echanisms, thereby reducing model reliability and comparability. Sec-

nd, multi-model coupling analyses commonly face “input–output mis-

atches ”. For instance, input–output models rely on annual statistical

ata, whereas SD models require continuous time-series data, thereby

imiting the precision of model integration ( Hermann et al., 2012 ). In

ddition, most existing assessment tools remain static (e.g., life-cycle as-

essment and linear programming), thereby increasing the difficulty of

apturing feedback associated with climate change and socio-economic

ynamics ( McAvoy et al., 2021 ). 

These limitations weaken the predictive capacity of WEFE research

nd constrain its policy relevance. To address these challenges, fu-

ure studies should focus on the integration of multi-source data and

evelopment of dynamic simulation methods. On one hand, combin-

ng remote sensing, Internet of Things-based monitoring, and statisti-

al data can create cross-scale and cross-sectoral integrated databases,

hich will reduce biases caused by fragmented data ( Vanham et al.,

013 ). On the other hand, models should evolve from static assess-

ents toward dynamic feedback simulations by integrating LCA and

D approaches, which will enhance the models’ responsiveness to com-

lex system changes ( Su š nik, 2018 ). Furthermore, exploring real-time

ecision-support platforms based on artificial intelligence and digital

win technologies can improve scenario adaptability and policy appli-

ability. 

.4. Complexity and variation of governance across different geographical 

cales 

Sustainable governance of the WEFE nexus is essential for achieving

oordinated resource management. However, governance objectives,

onstraints, and priorities vary significantly across geographic scales

 Dai et al., 2018 ). At the urban level, the focus is on technological in-

ovation and resource recycling, such as smart water management and

nergy recovery. At the regional level, emphasis is placed on ecosystem

estoration and climate adaptation. At the national level, the priority is

esource self-sufficiency and macro-level regulation, while at the trans-

oundary government level, the focus is on complex international coop-

ration mechanisms. Interactions across these scales shape how resource

onflicts and synergies are manifested. In this study, the classification of

cales follows functional resource-management units, particularly river

asins at the regional scale, rather than administrative hierarchies be-

ause resource management units more accurately capture hydrological

nd ecological interactions across boundaries. Nevertheless, future re-

earch could benefit from incorporating nested multi-level analyses, in-

luding provincial-scale comparisons, to better reconcile administrative

overnance structures with the cross-boundary dynamics of the WEFE

exus. From a global perspective, governance challenges differ across

egions. For example, in Europe, policy trade-offs between agricultural

ubsidies and hydropower allocation are observed ( Kurian, 2017 ); in

outh Asia, transboundary rivers such as the Brahmaputra highlight the

ual challenges of climate change and geopolitical tensions ( Yang et al.,

016 ); in Africa, weak infrastructure and data scarcity impede effective

esource monitoring ( Chirisa and Bandauko, 2015 ); and in the Americas

nd Oceania, the main challenges lie in balancing energy development

ith ecological conservation. 

To address these variations, future research should advance the fol-

owing actionable policy and practice pathways. At the operational

evel, real-time resource monitoring systems should be established to

everage digital technologies to enhance the dynamic assessment capa-

ilities of integrated models such as SWAT and LEAP. At the institutional

evel, market-based policy instruments, including ecological compensa-

ion schemes and resilient water quotas, can be designed to reconcile re-
11
ource competition with ecological conservation objectives ( Cai, 2020 ).

urthermore, efforts should be made to formally incorporate WEFE

exus system assessments into national voluntary review reporting

rameworks for SDGs. At the organisational level, multi-stakeholder col-

aboration platforms such as “Transboundary WEFE Coordination Com-

ittees ” should be actively established. Through knowledge sharing,

echnology transfer, and conflict arbitration mechanisms, cross-border

esource governance cooperation can be strengthened, thereby system-

tically enhancing governance effectiveness and resilience at both global

nd regional scales ( Wang et al., 2024 ). 

Of note, certain methodological limitations of the present review

hould be mentioned. Although explicit inclusion and exclusion crite-

ia were applied to reduce potential bias and enhance transparency, a

egree of subjectivity is inevitably involved in decisions regarding the

nclusion or exclusion of publications. Consequently, this review may

ot capture all potentially relevant studies. Nevertheless, the analysed

ody of literature provides a robust and representative synthesis of the

urrent state, dominant trends, and key challenges in WEFE nexus re-

earch. 

. Conclusions 

This review systematically examined the evolution of WEFE nexus

esearch from 2010 to 2024 using the PRISMA methodology combined

ith bibliometric analysis. The study shows that the field has rapidly

volved from early conceptual analyses and the WEF triad framework

o a comprehensive quaternary paradigm that incorporates ecosystem

imensions. Publication trends and keyword dynamics reveal a grow-

ng emphasis on ecosystem integration, system resilience, and sustain-

bility under global change, suggesting a clear maturation of the field

rom conceptual exploration toward more applied and system-oriented

esearch. The review further shows that WEFE research is charac-

erized by a diverse but uneven methodological landscape. Quantita-

ive indicator-based assessments remain the most widely adopted ap-

roaches due to their operational simplicity and comparability, whereas

imulation-based methods, particularly SD and process-based models,

rovide stronger capabilities for scenario analysis and policy evalu-

tion but are constrained by data availability and model complex-

ty. Integrated modelling frameworks, although less frequently applied,

emonstrate substantial potential for supporting cross-sectoral decision-

aking. Importantly, the application priorities and analytical challenges

f WEFE linkages vary markedly across urban, regional, national, and

ransboundary scales, underscoring the need for scale-sensitive methods

nd governance strategies rather than one-size-fits-all solutions. 

Despite notable progress, persistent challenges remain, including in-

onsistent conceptual definitions and system boundaries, fragmented

nd heterogeneous data sources, limited incorporation of dynamic feed-

ack mechanisms, and insufficient cross-sectoral and cross-scale gover-

ance coordination. Addressing these issues will require greater concep-

ual standardization, enhanced integration of multisource data, and the

evelopment of dynamic, feedback-enabled modelling tools that better

apture socio-ecological interactions. By advancing these directions, fu-

ure WEFE research can more effectively support sustainable resource

anagement and evidence-based policy-making at regional, national,

nd global scales. 

eclaration of competing interests 

The authors declare that they have no known competing financial

nterests or personal relationships that could have appeared to influence

he work reported in this paper. 

RediT authorship contribution statement 

Xiyan Wang: Writing – original draft, Visualization, Methodology,

ormal analysis. Weili Duan: Writing – review & editing, Supervision,



X. Wang, W. Duan, S. Zou et al. Geography and Sustainability 7 (2026) 100447

F  

e  

D  

M  

L

A

 

o  

j  

2  

Y

R

A  

A  

 

A  

 

A  

 

B  

 

B  

 

 

B  

B  

 

 

B  

 

 

C  

C  

 

 

C  

 

C  

C  

 

D  

 

 

D  

 

 

 

D  

 

 

D  

 

D  

 

D  

 

D  

E  

 

F  

 

F  

 

 

F  

 

 

F  

 

 

G  

G  

 

 

G  

 

G  

 

H  

 

H  

 

H  

H  

 

 

H  

 

 

H  

H

H  

 

 

H  

H  

 

K  

 

K  

 

K  

 

 

K  

 

 

 

K  

 

K  

 

 

L  

 

unding acquisition, Conceptualization. Shan Zou: Writing – review &

diting, Supervision. Zhonghao Zhang: Writing – review & editing,

ata curation. Wei Wei: Writing – review & editing, Data curation.

eiqing Feng: Data curation. Yanfeng Di: Data curation. Chengkun

i: Data curation. 

cknowledgements 

This work was supported by the Strategic Priority Research Program

f the Chinese Academy of Sciences (Grant No. XDB0720400), the Xin-

iang Tianshan Talent High Level Leading Talent Project (Grant No.

022TSYCLJ0012 and Grant No. 2023TSYCLJ0050), and the National

outh Talent Project (Grant No. E4150103). 

eferences 

lexandratos, N., Bruinsma, J., 2012. World agriculture towards 2030/2050: the 2012

revision. ESA Working Papers 12–03 doi: 10.22004/ag.econ.288998 . 

lbrecht, T.R., Crootof, A., Scott, C.A., 2018. The water-energy-food nexus: a sys-

tematic review of methods for nexus assessment. Environ. Res. Lett. 13, 043002.

doi: 10.1088/1748-9326/aaa9c6 . 

l-Saidi, M., Hussein, H., 2021. The water-energy-food nexus and COVID-19: towards

a systematization of impacts and responses. Sci. Total Environ. 779, 146529.

doi: 10.1016/j.scitotenv.2021.146529 . 

peh, O.O., Nwulu, N.I., 2024. The water-energy-food-ecosystem nexus scenario in

Africa: perspective and policy implementations. Energy Rep. 11, 5947–5962.

doi: 10.1016/j.egyr.2024.05.060 . 

arati, A.A., Pour, M.D., Sardooei, M.A., 2023. Water crisis in Iran: a system dynamics

approach on water, energy, food, land and climate (WEFLC) nexus. Sci. Total Environ.

882, 163549. doi: 10.1016/j.scitotenv.2023.163549 . 

azilian, M., Rogner, H., Howells, M., Hermann, S., Arent, D., Gielen, D., Steduto, P.,

Mueller, A., Komor, P., Tol, R.S.J., Yumkella, K.K., 2011. Considering the energy,

water and food nexus: towards an integrated modelling approach. Energy Policy 39,

7896–7906. doi: 10.1016/j.enpol.2011.09.039 . 

idoglio, G., Brander, L., 2016. Enabling management of the water-food-energy-ecosystem

services nexus. Ecosyst. Serv. 17, 265–267. doi: 10.1016/j.ecoser.2016.02.001 . 

leischwitz, R., Spataru, C., VanDeveer, S.D., Obersteiner, M., van der Voet, E., John-

son, C., Andrews-Speed, P., Boersma, T., Hoff, H., van Vuuren, D.P., 2018. Resource

nexus perspectives towards the United Nations Sustainable Development Goals. Nat.

Sustain. 1, 737–743. doi: 10.1038/s41893-018-0173-2 . 

licharska, M., Smithers, R.J., Kuchler, M., Munaretto, S., van den Heuvel, L.,

Teutschbein, C., 2024. The water-energy-food-land-climate nexus: policy coherence

for sustainable resource management in Sweden. Environ. Policy Gov. 34, 207–220.

doi: 10.1002/eet.2072 . 

ai, Y.L., 2020. Socio-economic perspectives on ecological problems. Adv. Earth Sci. 35,

742. doi: 10.11867/j.issn.1001-8166.2020.061 . 

astelli, C., Castellini, M., Gusperti, C., Gaia Romani, I., Ciola, E., Vergalli, S.,

2024. Exploring macroeconomic models in the water, energy, food, and ecosys-

tem (WEFE) field: a comprehensive review. Environ. Res. Lett. 19, 053003.

doi: 10.1088/1748-9326/ad404c . 

haibi, M.T., Soussi, M., Karnib, A., 2024. Enhancing community well-being in African

drylands through technology-based solutions in the water-energy-food-ecosystems

nexus. Environ. Sci. Water Res. Technol. 10, 85–104. doi: 10.1039/D3EW00483J . 

hen, S., Chen, B., 2016. Urban energy–water nexus: a network perspective. Appl. Energy

184, 905–914. doi: 10.1016/j.apenergy.2016.03.042 . 

hirisa, I., Bandauko, E., 2015. African cities and the water-food-climate-energy nexus:

an agenda for sustainability and resilience at a local level. Urban Forum 26, 391–404.

doi: 10.1007/s12132-015-9256-6 . 

ai, J.Y., Wu, S.Q., Han, G.Y., Weinberg, J., Xie, X.H., Wu, X.F., Song, X.Q., Jia, B.Y.,

Xue, W.Y., Yang, Q.Q., 2018. Water-energy nexus: a review of methods and tools

for macro-assessment. Appl. Energy 210, 393–408. doi: 10.1016/j.apenergy.2017.08.

243 . 

ang, C.H., Zhang, H.B., Singh, V.P., Zhang, S.Q., Mu, D.R., Yao, C.C., Zhang, Y.,

Lyu, F.G., Liu, S.D., 2024. Tracking and managing the water-food-environment-

ecosystem (WFEE) nexus in groundwater irrigation districts using system dy-

namics modelling. Sci. Total Environ. 947, 174705. doi: 10.1016/j.scitotenv.2024.

174705 . 

e Strasser, L., Lipponen, A., Howells, M., Stec, S., Bréthaut, C., De Strasser, L., Lip-

ponen, A., Howells, M., Stec, S., Bréthaut, C., 2016. A methodology to assess the

water energy food ecosystems nexus in transboundary river basins. Water 8, 59.

doi: 10.3390/w8020059 . 

i Paola, A., Rulli, M.C., Santini, M., 2017. Human food vs. animal feed debate.

A thorough analysis of environmental footprints. Land Use Policy 67, 652–659.

doi: 10.1016/j.landusepol.2017.06.017 . 

ing, J.P., Deng, M.H., 2022. Coupling coordination analysis of water-energy-

food-ecology in the Yangtze River Delta. Water Supply 22, 7272–7280.

doi: 10.2166/ws.2022.295 . 

’Odorico, P., Davis, K.F., Rosa, L., Carr, J.A., Chiarelli, D., Dell’Angelo, J., Gephart, J.,

MacDonald, G.K., Seekell, D.A., Suweis, S., Rulli, M.C., 2018. The global food-energy-

water nexus. Rev. Geophys. 56, 456–531. doi: 10.1029/2017RG000591 . 
12
uan, C.C., Chen, B., 2017. Energy–water nexus of international energy trade of China.

Appl. Energy 194, 725–734. doi: 10.1016/j.apenergy.2016.05.139 . 

ndo, A., Tsurita, I., Burnett, K., Orencio, P.M., 2017. A review of the current state of

research on the water, energy, and food nexus. J. Hydrol. Reg. Stud. 11, 20–30.

doi: 10.1016/j.ejrh.2015.11.010 . 

AO, 2014. The Water-Energy-Food Nexus: A New Approach in Support of Food Security

and Sustainable Agriculture. The Food and Agricultural Organisation of the United

Nations, Rome . 

asel, M., Bréthaut, C., Rouholahnejad, E., Lacayo-Emery, M.A., Lehmann, A.,

2016. Blue water scarcity in the Black Sea catchment: identifying key actors

in the water-ecosystem-energy-food nexus. Environ. Sci. Policy 66, 140–150.

doi: 10.1016/j.envsci.2016.09.004 . 

avi, S.G., Adamou, R., Godjo, T., Giri, N.C., Kuleape, R., Trommsdorff, M., 2024. Agri-

voltaic systems offer symbiotic benefits across the water-energy-food-environment

nexus in West Africa: a systematic review. Energy Res. Soc. Sci. 117, 103737.

doi: 10.1016/j.erss.2024.103737 . 

eng, M.Y., Liu, P., Li, Z.J., Zhang, J., Liu, D.D., Xiong, L.H., 2016. Modeling the

nexus across water supply, power generation and environment systems using the

system dynamics approach: Hehuang Region, China. J. Hydrol. 543, 344–359.

doi: 10.1016/j.jhydrol.2016.10.011 . 

arcia, D.J., Lovett, B.M., You, F.Q., 2019. Considering agricultural wastes and ecosystem

services in food-energy-water-waste nexus system design. J. Clean. Prod. 228, 941–

955. doi: 10.1016/j.jclepro.2019.04.314 . 

ebre, S.L., Van Orshoven, J., Cattrysse, D., 2023. Optimizing the combined allo-

cation of land and water to agriculture in the Omo-Gibe River Basin consid-

ering the water-energy-food-nexus and environmental constraints. Land 12, 412.

doi: 10.3390/land12020412 . 

ulati, M., Jacobs, I., Jooste, A., Naidoo, D., Fakir, S., 2013. The water–energy–food se-

curity nexus: challenges and opportunities for food security in South Africa. Aquat.

Procedia 1, 150–164. doi: 10.1016/j.aqpro.2013.07.013 . 

uo, C.Y., Dai, H.C., Liu, X.R., Wu, Y.Z., L, X.Y., L, Y., 2020. Impacts of climate change

mitigation on agriculture water use: a provincial analysis in China. Geogr. Sustain. 1,

189–199. https://doi.org/10.1016/j.geosus.2020.07.001 

alytsia, O., Vrachioli, M., Sauer, J., 2024. Assessing performance of crop producers from

water-energy-food-environment nexus perspective: a composite indicator approach.

Sci. Total Environ. 935, 173436. doi: 10.1016/j.scitotenv.2024.173436 . 

anes, R.J., Gopalakrishnan, V., Bakshi, B.R., 2018. Including nature in the food-energy-

water nexus can improve sustainability across multiple ecosystem services. Resour.

Conserv. Recycl. 137, 214–228. doi: 10.1016/j.resconrec.2018.06.003 . 

anjra, M.A., Qureshi, M.E., 2010. Global water crisis and future food security in an era

of climate change. Food Policy 35, 365–377. doi: 10.1016/j.foodpol.2010.05.006 . 

ermann, S., Welsch, M., Segerstrom, R.E., Howells, M.I., Young, C., Alfstad, T.,

Rogner, H.H., Steduto, P., 2012. Climate, land, energy and water (CLEW) interlinkages

in Burkina Faso: an analysis of agricultural intensification and bioenergy production.

Nat. Resour. Forum 36, 245–262. doi: 10.1111/j.1477-8947.2012.01463.x . 

ernández-Blanco, M., Costanza, R., Chen, H.J., deGroot, D., Jarvis, D., Kubiszewski, I.,

Montoya, J., Sangha, K., Stoeckl, N., Turner, K., van ‘t Hoff, V., 2022. Ecosystem

health, ecosystem services, and the well-being of humans and the rest of nature. Glob.

Change Biol. 28, 5027–5040. doi: 10.1111/gcb.16281 . 

ightower, M., Pierce, S.A., 2008. The energy challenge. Nature 452 (7185), 285–286.

doi: 10.1038/452285a . 

off, H., 2011. Understanding the Nexus. SEI Stockholm, Sweden . 

urtado, A.R., Mesa-Pérez, E., Berbel, J., 2024. Systems modeling of the water-

energy-food-ecosystems nexus: insights from a region facing structural

water scarcity in southern Spain. Environ. Manage. 74 (6), 1045–1062.

doi: 10.1007/s00267-024-02037-6 . 

ussein, H., Ezbakhe, F., 2023. The Water–Employment–Migration nexus: buzzword or

useful framework? Dev. Policy Rev. 41, e12676. doi: 10.1111/dpr.12676 . 

ussien, W.A., Memon, F.A., Savic, D.A., 2017. An integrated model to evaluate water-

energy-food nexus at a household scale. Environ. Model. Softw. 93, 366–380.

doi: 10.1016/j.envsoft.2017.03.034 . 

eskinen, M., Someth, P., Salmivaara, A., Kummu, M., 2015. Water-energy-food nexus in

a Transboundary River Basin: the case of Tonle Sap Lake, Mekong River Basin. Water

7, 5416–5436. doi: 10.3390/w7105416 . 

urian, M., 2017. The water-energy-food nexus: trade-offs, thresholds and transdisci-

plinary approaches to sustainable development. Environ. Sci. Policy 68, 97–106.

doi: 10.1016/j.envsci.2016.11.006 . 

arabulut, A.A., Crenna, E., Sala, S., Udias, A., 2018. A proposal for integration of

the ecosystem-water-food-land-energy (EWFLE) nexus concept into life cycle assess-

ment: a synthesis matrix system for food security. J. Clean. Prod. 172, 3874–3889.

doi: 10.1016/j.jclepro.2017.05.092 . 

arabulut, A., Egoh, B.N., Lanzanova, D., Grizzetti, B., Bidoglio, G., Pagliero, L.,

Bouraoui, F., Aloe, A., Reynaud, A., Maes, J., Vandecasteele, I., Mubareka, S.,

2016. Mapping water provisioning services to support the ecosystem-water-

food-energy nexus in the Danube river basin. Ecosyst. Serv. 17, 278–292.

doi: 10.1016/j.ecoser.2015.08.002 . 

arabulut, A.A., Udias, A., Vigiak, O., 2019. Assessing the policy scenarios for the ecosys-

tem water food energy (EWFE) nexus in the Mediterranean region. Ecosyst. Serv. 35,

231–240. doi: 10.1016/j.ecoser.2018.12.013 . 

ertolli, E., Prosperi, P., Harbouze, R., Moussadek, R., Echchgadda, G., Belhouchette, H.,

2024. The water-energy-food-ecosystem nexus in North Africa dryland farming: a

multi-criteria analysis of climate-resilient innovations in Morocco. Agric. Food Econ.

12, 34. doi: 10.1186/s40100-024-00327-5 . 

i, Q.Y., Yang, L., Jiang, F.X., Liu, Y.Q., Guo, C.Y., Han, S.Y., 2022. Distribution charac-

teristics, regional differences and spatial convergence of the water-energy-land-food

nexus: a case study of China. Land 11, 1543. doi: 10.3390/land11091543 . 

https://doi.org/10.22004/ag.econ.288998
https://doi.org/10.1088/1748-9326/aaa9c6
https://doi.org/10.1016/j.scitotenv.2021.146529
https://doi.org/10.1016/j.egyr.2024.05.060
https://doi.org/10.1016/j.scitotenv.2023.163549
https://doi.org/10.1016/j.enpol.2011.09.039
https://doi.org/10.1016/j.ecoser.2016.02.001
https://doi.org/10.1038/s41893-018-0173-2
https://doi.org/10.1002/eet.2072
https://doi.org/10.11867/j.issn.1001-8166.2020.061
https://doi.org/10.1088/1748-9326/ad404c
https://doi.org/10.1039/D3EW00483J
https://doi.org/10.1016/j.apenergy.2016.03.042
https://doi.org/10.1007/s12132-015-9256-6
https://doi.org/10.1016/j.apenergy.2017.08.\penalty -\@M 243
https://doi.org/10.1016/j.scitotenv.2024.\penalty -\@M 174705
https://doi.org/10.3390/w8020059
https://doi.org/10.1016/j.landusepol.2017.06.017
https://doi.org/10.2166/ws.2022.295
https://doi.org/10.1029/2017RG000591
https://doi.org/10.1016/j.apenergy.2016.05.139
https://doi.org/10.1016/j.ejrh.2015.11.010
http://refhub.elsevier.com/S2666-6839(26)00042-8/sbref0022
https://doi.org/10.1016/j.envsci.2016.09.004
https://doi.org/10.1016/j.erss.2024.103737
https://doi.org/10.1016/j.jhydrol.2016.10.011
https://doi.org/10.1016/j.jclepro.2019.04.314
https://doi.org/10.3390/land12020412
https://doi.org/10.1016/j.aqpro.2013.07.013
https://doi.org/10.1016/j.geosus.2020.07.001
https://doi.org/10.1016/j.scitotenv.2024.173436
https://doi.org/10.1016/j.resconrec.2018.06.003
https://doi.org/10.1016/j.foodpol.2010.05.006
https://doi.org/10.1111/j.1477-8947.2012.01463.x
https://doi.org/10.1111/gcb.16281
https://doi.org/10.1038/452285a
http://refhub.elsevier.com/S2666-6839(26)00042-8/sbref0036
https://doi.org/10.1007/s00267-024-02037-6
https://doi.org/10.1111/dpr.12676
https://doi.org/10.1016/j.envsoft.2017.03.034
https://doi.org/10.3390/w7105416
https://doi.org/10.1016/j.envsci.2016.11.006
https://doi.org/10.1016/j.jclepro.2017.05.092
https://doi.org/10.1016/j.ecoser.2015.08.002
https://doi.org/10.1016/j.ecoser.2018.12.013
https://doi.org/10.1186/s40100-024-00327-5
https://doi.org/10.3390/land11091543


X. Wang, W. Duan, S. Zou et al. Geography and Sustainability 7 (2026) 100447

L  

 

L  

 

L  

 

 

L  

 

 

M  

 

M  

 

M  

 

 

M  

 

M  

 

M  

M  

 

M  

 

M  

 

N  

 

 

 

N  

 

 

P  

 

 

P  

P  

 

Q  

 

Q  

 

R  

 

R  

 

 

R  

S  

 

S  

 

S  

 

 

S  

S  

 

 

T  

 

T  

 

T  

 

 

 

T  

 

V  

 

 

V  

 

V  

V  

 

W  

 

 

W  

 

 

W  

 

 

Y  

 

W  

 

 

Y  

 

Y  

 

Y  

 

Z  

 

Z  

 

 

Z  

 

 

Z  

 

 

Z  
ing, M.H., Qi, T.X., Li, W., Yu, L.L., Xia, Q.Y., 2024. Simulating and predicting the de-

velopment trends of the water-energy-food-ecology system in Henan Province, China.

Ecol. Indic. 158, 111513. doi: 10.1016/j.ecolind.2023.111513 . 

iu, Y.L., Hejazi, M., Kyle, P., Kim, S.H., Davies, E., Miralles, D.G., Teuling, A.J., He, Y.J.,

Niyogi, D., 2016. Global and regional evaluation of energy for water. Environ. Sci.

Technol. 50, 9736–9745. doi: 10.1021/acs.est.6b01065 . 

u, Y.L., Jenkins, A., Ferrier, R.C., Bailey, M., Gordon, I.J., Song, S., Huang, J.K., Jia, S.F.,

Zhang, F.S., Liu, X.J., Feng, Z.Z., Zhang, Z.B., 2015. Addressing China’s grand chal-

lenge of achieving food security while ensuring environmental sustainability. Sci. Adv.

1, e1400039. doi: 10.1126/sciadv.1400039 . 

ucca, E., El Jeitany, J., Castelli, G., Pacetti, T., Bresci, E., Nardi, F., Capo-

rali, E., 2023. A review of water-energy-food-ecosystems nexus research in the

Mediterranean: evolution, gaps and applications. Environ. Res. Lett. 18, 083001.

doi: 10.1088/1748-9326/ace375 . 

a, Y., Li, Y.P., Huang, G.H., Liu, Y.R., Zhang, Y.F., 2024. Collaborative management of

water-energy-food-ecosystems nexus in Central Asia under uncertainty. Water Resour.

Res. 60, e2023WR035166. doi: 10.1029/2023WR035166 . 

artinez-Hernandez, E., Leach, M., Yang, A.D., 2017. Understanding water-energy-food

and ecosystem interactions using the nexus simulation tool NexSym. Appl. Energy

206, 1009–1021. doi: 10.1016/j.apenergy.2017.09.022 . 

auser, W., Klepper, G., Zabel, F., Delzeit, R., Hank, T., Putzenlechner, B., Calzadilla, A.,

2015. Global biomass production potentials exceed expected future demand without

the need for cropland expansion. Nat. Commun. 6, 8946. doi: 10.1038/ncomms9946 .

ayar, M.A., Hamidov, A., Akramkhanov, A., Helming, K., 2024. Consideration of the

environment in water-energy-food nexus research in the Aral Sea Basin. Water 16,

658. doi: 10.3390/w16050658 . 

cAvoy, S., Grant, T., Smith, C., Bontinck, P., 2021. Combining life cycle assessment and

system dynamics to improve impact assessment: a systematic review. J. Clean. Prod.

315, 128060. doi: 10.1016/j.jclepro.2021.128060 . 

eehan, T.D., Hurlbert, A.H., Gratton, C., 2010. Bird communities in future bioenergy

landscapes of the Upper Midwest. Proc. Natl. Acad. Sci. U.S.A. 107 (43), 18533–

18538. doi: 10.1073/pnas.1008475107 . 

ehta, L., Allouche, J., Nicol, A., Walnycki, A., 2014. Global environmental justice and the

right to water: the case of peri-urban Cochabamba and Delhi. Geoforum 54, 158–166.

doi: 10.1016/j.geoforum.2013.05.014 . 

elo, F.P.L., Parry, L., Brancalion, P.H.S., Pinto, S.R.R., Freitas, J., Manhães, A.P., Meli, P.,

Ganade, G., Chazdon, R.L., 2021. Adding forests to the water-energy-food nexus. Nat.

Sustain. 4 (2), 85–92. doi: 10.1038/s41893-020-00608-z . 

irzaei, A., Saghafian, B., Mirchi, A., Madani, K., 2019. The groundwater ‒energy ‒food

nexus in Iran’s agricultural sector: implications for water security. Water 11, 1835.

doi: 10.3390/w11091835 . 

aranjo, L., Correa-Cano, M.E., Rey, D., Chengot, R., España, F., Sactic, M., Knox, J.W.,

Yan, X., Viteri-Salazar, O., Foster, W., Melo, O., 2023. A scenario-specific nexus

modelling toolkit to identify trade-offs in the promotion of sustainable irrigated

agriculture in Ecuador, a Belt and Road country. J. Clean. Prod. 413, 137350.

doi: 10.1016/j.jclepro.2023.137350 . 

asrollahi, H., Shirazizadeh, R., Shirmohammadi, R., Pourali, O., Amidpour, M., 2021.

Unraveling the water-energy-food-environment nexus for climate change adapta-

tion in Iran: Urmia Lake Basin case-study. Water 13 (9), 1282. doi: 10.3390/

w13091282 . 

apadopoulou, C.A., Papadopoulou, M.P., Laspidou, C., 2022. Implementing water-

energy-land-food-climate nexus approach to achieve the Sustainable Development

Goals in Greece: indicators and policy recommendations. Sustainability 14 (7), 4100.

doi: 10.3390/su14074100 . 

ritchard, H.D., 2019. Asia’s shrinking glaciers protect large populations from drought

stress. Nature 569 (7758), 649–654. doi: 10.1038/s41586-019-1240-1 . 

robst, E., Fader, M., Mauser, W., 2024. The water-energy-food-ecosystem nexus in the

Danube River Basin: exploring scenarios and implications of maize irrigation. Sci.

Total Environ. 914, 169405. doi: 10.1016/j.scitotenv.2023.169405 . 

i, J.G., Xin, X.P., John, R., Groisman, P., Chen, J.Q., 2017. Understanding livestock pro-

duction and sustainability of grassland ecosystems in the Asian Dryland Belt. Ecol.

Process. 6, 22. doi: 10.1186/s13717-017-0087-3 . 

in, J.X., Duan, W.L., Chen, Y.N., Dukhovny, V.A., Sorokin, D., Li, Y.P., Wang, X.X.,

2022. Comprehensive evaluation and sustainable development of water–energy–

food–ecology systems in Central Asia. Renew. Sustain. Energy Rev. 157, 112061.

doi: 10.1016/j.rser.2021.112061 . 

asul, G., Sharma, B., 2016. The nexus approach to water–energy–food secu-

rity: an option for adaptation to climate change. Clim. Policy 16, 682–702.

doi: 10.1080/14693062.2015.1029865 . 

aviv, O., Palatnik, R.R., Castellini, M., Gusperti, C., Vergalli, S., Sirota, J.,

Shechter, M., 2024. Synergies of CGE and IAM modelling for climate change im-

plications on WEFE nexus in the Mediterranean. Clim. Risk Manag. 44, 100608.

doi: 10.1016/j.crm.2024.100608 . 

osa, L., Chiarelli, D.D., Rulli, M.C., Dell’Angelo, J., D’Odorico, P., 2020. Global agricul-

tural economic water scarcity. Sci. Adv. 6, eaaz6031. doi: 10.1126/sciadv.aaz6031 . 

hehadeh, A., Alshboul, O., Arar, M., 2024. Enhancing urban sustainability and re-

silience: employing digital twin technologies for integrated WEFE nexus management

to achieve SDGs. Sustainability 16, 7398. doi: 10.3390/su16177398 . 

ingh, S., Tayal, S., 2022. Managing food at urban level through water–energy–food nexus

in India: a way towards holistic sustainable development. Environ. Dev. Sustain. 24,

3640–3658. doi: 10.1007/s10668-021-01580-0 . 
13
ong, S.R., Chen, X., Liu, T., Zan, C.J., Hu, Z.Y., Huang, S.Y., De Maeyer, P., Wang, M.,

Sun, Y., 2023. Indicator-based assessments of the coupling coordination degree and

correlations of water-energy-food-ecology nexus in Uzbekistan. J. Environ. Manage.

345, 118674. doi: 10.1016/j.jenvman.2023.118674 . 

u š nik, J., 2018. Data-driven quantification of the global water-energy-food system. Re-

sour. Conserv. Recycl. 133, 179–190. doi: 10.1016/j.resconrec.2018.02.023 . 

u š nik, J., Masia, S., Indriksone, D., Br ēmere, I., Vamvakeridou-Lydroudia, L.,

2021. System dynamics modelling to explore the impacts of policies on the

water-energy-food-land-climate nexus in Latvia. Sci. Total Environ. 775, 145827.

doi: 10.1016/j.scitotenv.2021.145827 . 

aniguchi, M., Endo, A., Gurdak, J.J., Swarzenski, P., 2017. Water-energy-

food nexus in the Asia-Pacific Region. J. Hydrol. Reg. Stud. 11, 1–8.

doi: 10.1016/j.ejrh.2017.06.004 . 

eutschbein, C., Jonsson, E., Todorovi ć, A., Tootoonchi, F., Stenfors, E., Grabs, T., 2023.

Future drought propagation through the water-energy-food-ecosystem nexus —a

Nordic perspective. J. Hydrol. 617, 128963. doi: 10.1016/j.jhydrol.2022.128963 . 

ian, H.Q., Lu, C.Q., Pan, S.F., Yang, J., Miao, R.Q., Ren, W., Yu, Q., Fu, B.J., Jin, F.F.,

Lu, Y.L., Melillo, J., Ouyang, Z.Y., Palm, C., Reilly, J., 2018. Optimizing resource use

efficiencies in the food-energy-water nexus for sustainable agriculture: from concep-

tual model to decision support system. Curr. Opin. Environ. Sustain. 33, 104–113.

doi: 10.1016/j.cosust.2018.04.003 . 

ilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. Global food demand and the sustain-

able intensification of agriculture. Proc. Natl. Acad. Sci. U.S.A. 108, 20260–20264.

doi: 10.1073/pnas.1116437108 . 

an den Heuvel, L., Blicharska, M., Masia, S., Su š nik, J., Teutschbein, C., 2020.

Ecosystem services in the Swedish water-energy-food-land-climate nexus: an-

thropogenic pressures and physical interactions. Ecosyst. Serv. 44, 101141.

doi: 10.1016/j.ecoser.2020.101141 . 

anham, D., Mak, T.N., Gawlik, B.M., 2016. Urban food consumption and associated

water resources: the example of Dutch cities. Sci. Total Environ. 565, 232–239.

doi: 10.1016/j.scitotenv.2016.04.172 . 

anham, D., Mekonnen, M.M., Hoekstra, A.Y., 2013. The water footprint of the EU for

different diets. Ecol. Indic. 32, 1–8. doi: 10.1016/j.ecolind.2013.02.020 . 

illarroel Walker, R., Beck, M.B., Hall, J.W., 2012. Water —and nutrient and en-

ergy —systems in urbanizing watersheds. Front. Environ. Sci. Eng. 6, 596–611.

doi: 10.1007/s11783-012-0445-4 . 

ang, K., Li, X.B., Lyu, X., Dang, D.L., Cao, W.Y., Du, Y.X., 2024. Unraveling the

complex interconnections between food-energy-water nexus sustainability and the

supply-demand of related ecosystem services. J. Environ. Manage. 370, 122532.

doi: 10.1016/j.jenvman.2024.122532 . 

ang, S.W., Kim, W., Song, C., Park, E., Jo, H.W., Kim, J., Lee, W.K., 2023. Re-

lationships among water, food, energy, and ecosystems in the Mid-Latitude Re-

gion in the context of sustainable development goals. Environ. Rev. 31, 111–121.

doi: 10.1139/er-2022-0041 . 

olde, Z., Wei, W., Ketema, H., Yirsaw, E., Temesegn, H., 2021. Indicators of land, wa-

ter, energy and food (LWEF) nexus resource drivers: a perspective on environmental

degradation in the Gidabo Watershed, Southern Ethiopia. Int. J. Environ. Res. Public

Health 18, 5181. doi: 10.3390/ijerph18105181 . 

ang, J., Yang, Y.C.E., Chang, J.X., Zhang, J.R., Yao, J., 2019. Impact of dam develop-

ment and climate change on hydroecological conditions and natural hazard risk in the

Mekong River Basin. J. Hydrol. 579, 124177. doi: 10.1016/j.jhydrol.2019.124177 . 

u, H.W., Li, Z.H., Deng, X.Z., Zhao, Z., 2025. Enhancing agricultural sustain-

ability: optimizing crop planting structures and spatial layouts within the

water-land-energy-economy-environment-food nexus. Geogr. Sustain. 6, 100258.

doi: 10.1016/j.geosus.2024.100258 . 

ang, K., Han, Q., de Vries, B., 2024. Urbanization effects on the food-water-energy nexus

within ecosystem services: a case study of the Beijing-Tianjin-Hebei urban agglomer-

ation in China. Ecol. Indic. 160, 111845. doi: 10.1016/j.ecolind.2024.111845 . 

ang, Y.C.E., Wi, S., Ray, P.A., Brown, C.M., Khalil, A.F., 2016. The future nexus of the

Brahmaputra River Basin: climate, water, energy and food trajectories. Glob. Environ.

Change 37, 16–30. doi: 10.1016/j.gloenvcha.2016.01.002 . 

igitcanlar, T., Dur, F., Dizdaroglu, D., 2015. Towards prosperous sustainable cities:

a multiscalar urban sustainability assessment approach. Habit. Int. 45, 36–46.

doi: 10.1016/j.habitatint.2014.06.033 . 

hang, C., Chen, X.X., Li, Y., Ding, W., Fu, G.T., 2018. Water-energy-food

nexus: concepts, questions and methodologies. J. Clean. Prod. 195, 625–639.

doi: 10.1016/j.jclepro.2018.05.194 . 

hang, L., Jiang, X.H., Li, Y.H., Xu, F.B., Huang, X., 2024. Analysis of coupling coordina-

tion structural characteristics of water-energy-food-ecosystems based on SNA model:

a case study in the nine provinces along the Yellow River, China. Phys. Chem. Earth

135, 103654. doi: 10.1016/j.pce.2024.103654 . 

hang, P.P., Zhang, L.X., Chang, Y., Xu, M., Hao, Y., Liang, S., Liu, G.Y.,

Yang, Z.F., Wang, C., 2019. Food-energy-water (FEW) nexus for urban sus-

tainability: a comprehensive review. Resour. Conserv. Recycl. 142, 215–224.

doi: 10.1016/j.resconrec.2018.11.018 . 

huang, C.W., Jiang, C., Chen, W.L., Huang, W.M., Yang, J., Zhao, Y., Yang, Z.Y.,

2021. Policy-driven co-evolution of the food-water-ecosystem-livelihood nexus in two

ecosystem conservation hotspots in southern China. Glob. Ecol. Conserv. 30, e01789.

doi: 10.1016/j.gecco.2021.e01789 . 

hang, X.Q., 2016. The trends, promises and challenges of urbanisation in the world.

Habit. Int. 54, 241–252. doi: 10.1016/j.habitatint.2015.11.018 . 

https://doi.org/10.1016/j.ecolind.2023.111513
https://doi.org/10.1021/acs.est.6b01065
https://doi.org/10.1126/sciadv.1400039
https://doi.org/10.1088/1748-9326/ace375
https://doi.org/10.1029/2023WR035166
https://doi.org/10.1016/j.apenergy.2017.09.022
https://doi.org/10.1038/ncomms9946
https://doi.org/10.3390/w16050658
https://doi.org/10.1016/j.jclepro.2021.128060
https://doi.org/10.1073/pnas.1008475107
https://doi.org/10.1016/j.geoforum.2013.05.014
https://doi.org/10.1038/s41893-020-00608-z
https://doi.org/10.3390/w11091835
https://doi.org/10.1016/j.jclepro.2023.137350
https://doi.org/10.3390/\penalty -\@M w13091282
https://doi.org/10.3390/su14074100
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1016/j.scitotenv.2023.169405
https://doi.org/10.1186/s13717-017-0087-3
https://doi.org/10.1016/j.rser.2021.112061
https://doi.org/10.1080/14693062.2015.1029865
https://doi.org/10.1016/j.crm.2024.100608
https://doi.org/10.1126/sciadv.aaz6031
https://doi.org/10.3390/su16177398
https://doi.org/10.1007/s10668-021-01580-0
https://doi.org/10.1016/j.jenvman.2023.118674
https://doi.org/10.1016/j.resconrec.2018.02.023
https://doi.org/10.1016/j.scitotenv.2021.145827
https://doi.org/10.1016/j.ejrh.2017.06.004
https://doi.org/10.1016/j.jhydrol.2022.128963
https://doi.org/10.1016/j.cosust.2018.04.003
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1016/j.ecoser.2020.101141
https://doi.org/10.1016/j.scitotenv.2016.04.172
https://doi.org/10.1016/j.ecolind.2013.02.020
https://doi.org/10.1007/s11783-012-0445-4
https://doi.org/10.1016/j.jenvman.2024.122532
https://doi.org/10.1139/er-2022-0041
https://doi.org/10.3390/ijerph18105181
https://doi.org/10.1016/j.jhydrol.2019.124177
https://doi.org/10.1016/j.geosus.2024.100258
https://doi.org/10.1016/j.ecolind.2024.111845
https://doi.org/10.1016/j.gloenvcha.2016.01.002
https://doi.org/10.1016/j.habitatint.2014.06.033
https://doi.org/10.1016/j.jclepro.2018.05.194
https://doi.org/10.1016/j.pce.2024.103654
https://doi.org/10.1016/j.resconrec.2018.11.018
https://doi.org/10.1016/j.gecco.2021.e01789
https://doi.org/10.1016/j.habitatint.2015.11.018

	Mapping the evolution of the water-energy-food-ecosystem (WEFE) nexus: A comprehensive review of the methods, scales, and sustainability challenges
	1 Introduction
	2 Materials and methods
	2.1 Literature search strategy
	2.2 Literature screening
	2.2.1 Inclusion and exclusion criteria
	2.2.2 Screening process

	2.3 Data analysis and synthesis

	3 Results
	3.1 Keyword analysis of WEFE nexus
	3.2 Four stages of WEFE nexus evolution
	3.3 Application and development of WEFE nexus analytical methods
	3.3.1 Quantitative assessment methods
	3.3.2 Modelling prediction methods
	3.3.3 Modelling integration methods

	3.4 Case studies of WEFE nexus applications at different spatial scales
	3.4.1 Urban scale
	3.4.2 Regional scale
	3.4.3 National scale
	3.4.4 Transboundary scale


	4 Discussion
	4.1 Evolution of the WEFE nexus conceptual framework
	4.2 Critical role of ecosystems within the WEFE nexus
	4.3 Challenges in data integration and dynamic modelling
	4.4 Complexity and variation of governance across different geographical scales

	5 Conclusions
	Declaration of competing interests
	CRediT authorship contribution statement
	Acknowledgements
	References


