sustainability
Review

Sustainability Considerations in Water–Energy–Food
Nexus Research in Irrigated Agriculture
Ahmad Hamidov 1,2, *
1
2
3

*

and Katharina Helming 1,3

Leibniz Centre for Agricultural Landscape Research (ZALF), Eberswalder Straße 84, 15374 Müncheberg,
Germany; helming@zalf.de
Tashkent Institute of Irrigation and Agricultural Mechanization Engineers (TIIAME), Kary-Niyaziy 39,
Tashkent 100000, Uzbekistan
Faculty of Landscape Management and Nature Conservation, Eberswalde University for Sustainable
Development (HNEE), Schickler Straße 5, 16225 Eberswalde, Germany
Correspondence: ahmad.hamidov@zalf.de; Tel.: +49-33-4328-2166

Received: 8 July 2020; Accepted: 31 July 2020; Published: 4 August 2020




Abstract: Irrigated agriculture is essential to satisfying the globally increasing demand for food and
bio-based products. Yet, in water scarce regions, water-use for irrigation aggravates the competition
for the use of water for other purposes, such as energy production, drinking water and sanitation.
Solutions for sustainable food production through irrigated agriculture require a systemic approach
to assess benefits and trade-offs across sectors. Here, the water–energy–food (WEF) nexus has become
an important concept in natural resource management. It has been conceptualized to analyze linkages
and trade-offs between the three sectors, across temporal and spatial scales. However, the concept
has so far mainly been conceptual, with little empirical evidence or proof of concept in real world
cases. The objective of this paper was to take stock of the rapidly advancing literature on the
WEF nexus in irrigated agriculture, and to analyze how the concept was actually implemented
in research studies, and how the nexus between water, food and energy was actually dealt with.
The study period ranges from 2011 to 2019, and includes 194 articles. Results showed that the
WEF nexus is indeed very relevant in irrigated agriculture, and the respective literature makes
up one third of all WEF nexus papers. Modeling and empirical research have caught up with
conceptual synthesis studies during the last four years, thereby indicating that the WEF nexus concept
is indeed increasingly operationalized. However, most studies addressed the WEF nexus from a
perspective of either socioeconomic, technological or environmental categories, and they place one of
the dimensions of water, food or energy into the foreground. To address sustainable development,
there is a need to fully integrate across research disciplines and thematic dimensions. Such studies are
only starting to emerge. These findings are an important evidence-base for future WEF nexus research
on irrigated agriculture, in support of sustainable solutions for water scarce regions, especially in
settings undergoing transformations.
Keywords: sustainability; water resources; food security; energy production; soil services; transformation;
governance; sustainable development goals

1. Introduction
Irrigated agriculture is a key example of the water–energy–food (WEF) nexus, due to the strong
competition over water used for energy generation and water used for food production in water-scarce
areas of the world [1–3]. Societies need to choose, for instance, between using land for food production
or for renewable energy production, and between using freshwater for energy production or for
irrigating crops. The components of the WEF nexus are intertwined in irrigated agriculture systems,
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and the sustainable development of the system requires an effective and coordinated management of
the nexus [4]. Here, we understand the nexus as an approach whereby improved water, energy and
food security can be achieved by integrating management and governance across WEF sectors and
scale [5,6].
Seeking to understand the interconnectedness of the three sectors of water, energy and food so as
to improve cross-sectoral coordination in support of sustainable development, the WEF nexus has
become an important concept in natural resource management. It has especially been operationalized to
indicate the importance of the linkages between different sectors, as well as trade-offs across temporal
and spatial scales in large river basins. The main findings of these studies indicate the need for
robust governance [7], and the importance of state actors and politics at national and transboundary
levels in reducing cross-sectoral tensions [8,9], as well as the effectiveness of formal institutions
that manage trade-offs and interdependencies within the nexus approach [10]. Integrating different
modeling tools has also been proposed to provide a sustainable WEF nexus at a transboundary
watershed scale [11]. However, a critique has arisen regarding the rapidly spreading attention that
WEF has been attracting, since it is not yet a clearly defined concept with an agreed-upon and tested
framework [12]. Existing WEF studies have hardly addressed three key sustainability issues related
to irrigated agriculture, namely soil degradation, nutrient loading and the application of pesticides
and chemical fertilizers [13,14]. For instance, agricultural soil quality is the cornerstone of food and
biomass production, for storing, filtering, transforming and recycling water and nutrients [15], and is
the core component of the WEF nexus [16]. The maintenance of quality is particularly important in
water-scarce dryland areas, because of these areas’ vulnerability to soil salinization, a soil degradation
process that is reinforced by improper irrigation practices. Soil scientists often recognize soil quality as
a critical component of water, energy and food security; however, the translation of that awareness
into action to enhance public recognition of the importance of soil resources is lacking [17,18].
Since the introduction of the WEF nexus concept in 2011, several important critical review studies
have been published focusing on different aspects of the nexus. For instance, taking a quantitative
approach, Endo et al. [19] analyzed the current state of nexus research and the involvement of
stakeholders from a hydrological perspective. Albrecht et al. [20] provided a comprehensive analysis
of the methods employed for nexus assessments and the identification of key features for promising
analytical tools. Zhang et al. [21] analyzed the current concepts and methods of the WEF nexus for
urban sustainability. Roidt and Avellan [22] assessed the intended goals and features of different
integrated management approaches. In this review study, we take a thematic approach, and focus on
WEF studies addressing irrigated agriculture.
While scientific studies on the WEF nexus have increased notably in recent years, there are very
few scientists who have tried to link the nexus with a number of sustainable development goals
(SDGs). For instance, Boas et al. [23] critically examined the SDGs, proposing that the connections
between many of the goals are weak and rarely structural, and do not recognize interconnections
among different sectors. In contrast, for the case of South Asia, Rasul [24] suggests that the SDGs
are critically important for enabling food, water and energy security in ways that do not undermine
sustainability for future generations.
The primary objective of this paper was to analyze current international literature on the WEF
nexus for irrigated agriculture, and its relevance to SDGs. The paper explores the state of knowledge
with regard to the use of the WEF nexus for irrigated agriculture. Through a systematic qualitative
review of the literature, the main added value of this research includes a determination of whether
the studies follow an integrated approach across WEF sectors and consider sustainable development.
Furthermore, the scope of this paper is to adopt a comprehensive viewpoint and integrate additional
sustainability challenges related to irrigated agriculture, such as climate change (SDG 13) and terrestrial
ecosystems (SDG 15). Finally, by building upon this review, we aim to synthesize existing knowledge,
and identify existing knowledge gaps and the need for future research on sustainable WEF nexus for
irrigated agriculture.
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resource-use efficiency, building synergies (mutually beneficial outcomes), minimizing trade-offs
(which may potentially include non-optimal outcomes) and improving governance across sectors [5].
As a result of this conference, energy was introduced as a key aspect of the nexus. There are
well-known cases where reservoir operations for hydroelectricity production might support irrigation,
but hydroelectricity production may also reduce water availability for irrigated food production.
This may lead to increased trade-offs between irrigation and hydropower due to reduced water
availability in regions with arid and semiarid climates [35].
In terms of sustainable development, the implementation of SDGs has the potential to be a
coproduct of science and policy [36,37]. The WEF nexus approach is acknowledged in three specific
SDGs—SDG 2 (food security), SDG 6 (clean water) and SDG 7 (modern energy)—thus promoting
the consistent integration of the nexus approach in the analysis of sustainable development [38].
In addition, SDG 13 (climate change) and SDG 15 (terrestrial ecosystems) are closely interconnected,
and pertain to the use of natural resources.
3. Methods
We analyzed scientific publications dealing with the water–energy–food nexus and related to
irrigated agriculture around the world. A systematic database search of peer-reviewed articles was
conducted using the Science Citation Index Expanded (SCI-Expanded) and Social Sciences Citation
Index (SSCI) database of the Web of Science (WoS) from Thomson Reuters. This database was chosen
because of its comprehensiveness and high-quality records [39]. The search was conducted in January
2020, and only peer-reviewed journal articles in the English language were considered. We only selected
international journal articles, to stay within the boundaries of internationally accepted scientific quality
management. The study period covered nine years from 2011 to 2019. The year 2011 was selected as
the start year because of the introduction of the concept for the first time. We used the following search
terms in the database: “water–energy–food nexus” AND agriculture, irrigation, and soil. The latter term
was chosen because of the high importance soil quality has in irrigated food production in the long
term. The WEF nexus terms were used in different combinations to obtain all potential nexus-related
papers, i.e., “water-energy-food” OR “water, energy, food” OR “water-food-energy” OR “water, food,
energy” OR “energy-water-food” OR “energy, water, food” OR “energy-food-water” OR “energy, food,
water” OR “food-water-energy” OR “food, water, energy” OR “food-energy-water” OR “food, energy,
water” AND “agriculture” OR “irrigation” OR “soil”. Documents were considered relevant if they
matched at least one of the search terms in the title, abstract or keywords. Articles were selected if they
included all three resource sectors: water, energy and food. Downloaded documents were transferred
to an open EndNote library, which included information about authors, titles, abstracts, keywords,
publication year, journals, page numbers, contact addresses, countries/territories and institutions.
After identifying the relevant papers, we further reviewed all abstracts, and those that were deemed
irrelevant to the research themes were discarded from the database. Figure 2 shows the analytical
approach on which this study was based.
To understand the types of scientific methods employed in the papers, we analyzed the research
methods of each paper. After a detailed review of individual papers, we divided them into two
categories: review analysis and original (case study) research (participatory studies, modeling,
field experiments and remote sensing analysis). We further reviewed the papers and grouped them into
three research perspectives: socioeconomic and institutional perspectives, technological perspectives,
and environmental management perspectives. This categorization was chosen based on the suggestion
by Albrecht et al. [20] that it helps one to better understand complex interactions among multiple
resource systems and policy needs.
The review also included the geographic scope of the studies and SDGs being addressed by the
studies. In the former case, we followed the Food and Agriculture Organization of the United Nations’
(FAO) country classification by geographical group (i.e., Australia and New Zealand, central Asia,
eastern Asia, Europe, northern Africa, northern America, southern America, southern Asia and
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The types of scientific methods used in the WEF nexus papers over time showed that review
analyses were dominant in the first years, while modeling approaches emerged in constantly increasing
numbers from 2013 onwards (Figure 5). This indicates that the WEF nexus was initially a conceptual
approach, with little evidence about its operationalization. During the few last years, papers addressing
empirical approaches, including participatory research and field experiments, have emerged in
addition to modeling approaches. This follows the suggestion by Leck et al. [42], who reiterated
that more sophisticated modeling systems designed to assess and quantify WEF linkage could help
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observation that the adoption of drip irrigation by local farmers in Morocco does not necessarily
reduce overall water consumption. Supporting policies for its use should be carefully addressed in
order to avoid rebound effects [63]. Recent empirical evidence suggests that efficiency improvements
by means of adopting water-saving irrigation technologies may, in fact, increase water consumption
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per unit area [64,65]. These studies highlight the proposal that the nexus approach can enhance the
understanding of the interconnectedness of the sectors, and strengthen coordination among them.
A bottom-up perspective, linking households, farmers and industries to WEF systems, can provide
useful insights when operationalizing the WEF nexus concept [66].
Table 1. Water, energy and food themes addressed in WEF publications related to irrigated agriculture.
WEF Nexus

Themes

Geographic Coverage 1

Water availability
for agriculture

Central Asia, eastern Asia,
Europe, southern America,
southern Asia,
Sub-Saharan Africa, World

Groundwater
management

Central Asia, Europe,
northern Africa,
northern America,
southern Asia, World

Floods and droughts

Europe, northern Africa,
northern America, World

Water-use efficiency

Europe, northern Africa,
southern Asia, World

Wastewater treatment

Northern America,
southern America,
southern Asia, World

Water footprint

Europe, northern Africa,
northern America,
southern Asia,
Sub-Saharan Africa, World

Water pollution

Eastern Asia,
northern America, World

Water

Water infrastructure
Water-related diseases

Central Asia,
Sub-Saharan Africa
Southern Asia

Renewable energy (solar
power) infrastructure

Europe, northern Africa,
northern America,
southern Asia,
Sub-Saharan Africa, World

Energy productivity

Europe, northern Africa,
southern Asia

Energy footprint
Energy
Energy efficiency

Eastern Asia, Europe,
northern Africa,
northern America,
southern Asia
Eastern Asia, northern
Africa, northern America

Energy for
water supplies

Central Asia, southern Asia

Hydropower
development

Central Asia, eastern Asia,
northern Africa,
southern Asia, World

Bioenergy production

Europe, World

Subsidized energy

Northern Africa,
southern Asia

References
Closas and Rap [69], Damerau et al. [76],
Dhaubanjar et al. [77], Djumaboev et al. [78],
Guillaume et al. [79], Jalilov et al. [80],
Jiang [81], Karabulut et al. [46],
Khan et al. [11], Olsson et al. [57],
Paim et al. [82], Sishodia et al. [83],
Zamft and Conrado [84], Zeng et al. [35]
Barik et al. [85], Bekchanov and Lamers [41],
Closas and Rap [69], Mukherji and Das [49],
Pradeleix et al. [86], Sishodia et al. [83],
Sishodia et al. [87], Smidt et al. [88],
Turner et al. [89], Talozi et al. [50]
Berardy and Chester [75], Daccache et al. [67],
DeLonge and Basche [90], Holt et al. [45],
Lal [91], Saladini et al. [92],
Van Ginkel et al. [93], Wong [94],
Zeng et al. [35]
Aguilera et al. [95], Jobbins et al. [63],
Rasul [96], Ravi et al. [97], Walsh et al. [72]
Holt et al. [45], Miller-Robbie et al. [70],
Mohareb et al. [71], Mortensen et al. [53],
Pan et al. [98], Rosa and D’Odorico [99],
Wolfe and Richard [100]
Chini et al. [59], Daccache et al. [67],
de Vito et al. [101], Gusha et al. [102],
Ramaswami et al. [103], Vanham [104],
Zhang et al. [105], Zhang et al. [106]
Avellan et al. [107], Chen and Zhang [108],
DeLonge and Basche [90], Ghani et al. [109],
Jiang [81]
Bekchanov and Lamers [41],
Payet-Burin et al. [110], Yapiyev et al. [61]
Rasul [24]
Bieber et al. [111], Closas and Rap [69],
Kilkis and Kilkis [112], Ravi et al. [97],
Salah et al. [113], Schwanitz et al. [114],
Serrano-Tovar et al. [115], Taseli and Kilkis [116],
Wong and Pecora [117]
AbdelHady et al. [118],
Perrone and Hornberger [119],
Villamayor-Tomas et al. [120],
Zanon et al. [121]
Daccache et al. [67], Holt et al. [45],
Li et al. [122], Ramaswami et al. [103],
Talozi et al. [50]
Foran [123], Intralawan et al. [124],
Jobbins et al. [63], Mohareb et al. [71]
Djumaboev et al. [78],
Siddiqi and Wescoat [60]
Allam and Eltahir [125], Amjath-Babu et al. [126],
Dhaubanjar et al. [77], Hatamkhani and
Moridi [127], Intralawan et al. [124],
Jalilov et al. [128], Jalilov et al. [80],
Rasul [96], Uen et al. [129], Zeng et al. [35]
Franz et al. [130], Moioli et al. [131],
Villamayor-Tomas et al. [120]
Doukkali and Lejars [68], Sishodia et al. [87]
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Table 1. Cont.
WEF Nexus

Food

Themes

Geographic Coverage 1

Maintenance of
food security

Eastern Asia, Europe,
northern America,
southern Asia,
Sub-Saharan Africa, World

Increase in
food production

Eastern Asia, Europe,
northern Africa,
northern America, World

Food supply chains

Northern America, World

Crop patterns

Europe, northern Africa,
southern Asia, World

Food trade networks

Northern America

1

References
Barik et al. [85], De Fraiture et al. [73],
De Laurentiis et al. [132], Hurford and
Harou [133], Kattelus et al. [134],
Kopittke et al. [135], Lamalice et al. [136],
Mirzabaev et al. [137], Olsson et al. [57],
Rasul and Sharma [138], Wallington and
Cai [139], Zhang and Vesselinov [140]
Bremer et al. [141], King and Jaafar [142],
Rosa et al. [143], Sanjuan-Delmas et al. [144],
Wang et al. [145]
Abumhadi et al. [146], Berardy and
Chester [75], Damerau et al. [76],
Turner et al. [89]
Amjath-Babu et al. [126], Campana et al. [147],
El-Gafy et al. [74], Pellegrini and
Fernandez [148]
D’Odorico et al. [149], Vora et al. [150]

Food and Agriculture Organization of the United Nations (FAO) classification.

4.2.2. Energy-Related Activities within the WEF Nexus Related to Irrigated Agriculture
In the energy sector we find an increasing trend in the development of bio-based or renewable
energy production. Most bioenergy comes from agricultural crops, forests and waste, while non
bio-based renewable sources of energy are the wind, water and sun. In the WEF literature, energy aspects
were discussed in the context of the energy requirements of irrigation water supply, sustainable energy
solutions for off-grid farmers, the energy footprint of irrigated production, the development of
bioenergy technologies, estimation of energy (CO2 kg−1 ) productivity, the increased use of subsidized
energy, and use of energy for wastewater treatment [67–70]. For instance, Siddiqi and Wescoat [60]
analyzed the evolution of on-farm energy use for agriculture in Pakistan’s Indus Basin irrigation
system, concluding that over the last 15 years, direct energy intensity for agriculture increased by an
estimated 80%. As a result, there is a need to address this issue, since the country is acutely short
of energy and has competing demands from industrial and domestic sectors [60]. In another study,
a literature review was undertaken to provide insights into the energy implications of scaling up urban
agriculture, considering direct/indirect energy pressures and interactions with other components of the
WEF nexus [71]. The authors propose that gains in energy efficiency could be realized through the
colocation of urban agriculture operations with waste streams (e.g., heat, CO2 , graywater, wastewater
and compost), which may increase yields and offset lifecycle energy demands. In terms of bioenergy
production, Walsh et al. [72] focused on the development of terrestrial bioenergy technologies using
algal food production, which can promote reductions in land-use change emissions through the offset
of conventional farming.
4.2.3. Food-Related Activities within the WEF Nexus Related to Irrigated Agriculture
The WEF nexus literature discusses a number of issues related to food, including global food
supply chains, meeting the food demands of humanity, maintenance of food security, increases in
food production, food trade networks, cropping patterns and sustaining livelihoods (Table 1). With a
growing population, it is likely that the role of irrigated agriculture in ensuring food security will
become more important. Particularly, it will be challenging to increase global food supply during
the 21st century given the decreasing water resources and increasing threats from climate change.
For instance, meeting growing food demands in a densely populated country such as India is a major
challenge [24]. The author highlights that in the context of the WEF nexus, greater policy coherence
is critical for increased food production from water and in moving to a sustainable and efficient use
of water and energy resources. Integrated approaches to food production are therefore necessary
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to ensure sustainability, which will also lead to higher benefits per unit of water [73]. Moreover,
El-Gafy et al. [74] compared the nexus and non-nexus approaches in order to identify an optimal
cropping pattern that considers water, energy and economic parameters. The study concluded that the
nexus approach was best for identifying an optimal cropping pattern, because the approach is a holistic
method. In another study, using a dynamic simulation model of the WEF nexus in Arizona, Berardy and
Chester [75] predict that temperature increases of 1 ◦ C, and disruptions to energy and water systems for
irrigation, could decrease yields by up to 12.2% in major Arizona crops, threatening the food security
of Phoenix and Tucson, as well as cities that have a significant amount of food imported from Arizona,
including Los Angeles, San Diego, Las Vegas and El Paso.
4.3. Relevance of the WEF Nexus Publications to Key Challenges of Irrigated Agriculture: Integrated and
Sustainable Development Perspective
Earlier reviews have pointed out that three key sustainability issues in the context of irrigated
agriculture have rarely been considered in WEF studies: (a) soil degradation, (b) nutrient loading,
and (c) the intensive application of pesticides and chemical fertilizers. Our literature revealed that soil
degradation was addressed in nine papers (representing 5% of the sample). For instance, Lal [91] showed
the linkage of the nexus approach to soil resources, and highlighted that soil–water–energy–food are
interactively linked to peace, prosperity, and ecosystem functions and services. The paper concluded
that “myths about the importance of soil must be replaced by facts through research programs which
create a strong credible database.” Surprisingly, although soil salinization is one of the most devastating
environmental problems affecting arid and semiarid regions of the world, only two studies addressed
soil salinization in reference to the WEF nexus for irrigated agriculture. Abumhadi et al. [146] recognized
that the impacts of global climate change on water, energy and food production are already visible,
and are advancing at a higher rate than previously anticipated. More specifically, the salinization of
irrigated areas has caused significant effects on global food production [146]. In another paper, Echchelh
et al. [151] acknowledged that water scarcity severely affects drylands, and explored the potential for
oil- and gas-produced water to irrigate food crops. The study concluded that the inappropriate use
of produced water in irrigation can lead to soil salinization [151]. The issue of nutrient loading in
irrigation and/or drainage water was addressed in 6% of the papers. The topic was treated in reference
to the capacity of plants to take up nutrients and to filter organic matter, closing nutrient loops in
arid-land rivers, the impacts of nutrients on growing fruits and vegetables, the disruption of nutrient
cycles caused by agricultural activities, and the nutrient retention potential of biochar-amended soils.
Avellan et al. [107] discussed the role of constructed wetlands for biomass production and for integrated
management of agricultural water, energy and nutrient cycles. Finally, large applications of fertilizer
and pesticides may cause a deterioration in food quality and the accumulation of heavy metals in
agricultural soils. Within the WEF nexus research for irrigated agriculture, approximately 6% of papers
described a link to the intensive application of pesticides and chemical fertilizers. These papers made
scientific recommendations for shifting towards reduced applications of fertilizers and other inputs.
However, very few papers provided specific evidence of the achievable economic benefits of reducing
pesticides and chemical fertilizers, based on numerical data. Therefore, future research should be
devoted to this shortcoming.
5. Conclusions
Since the 2011 Bonn Conference, the notion of a nexus involving water, energy and food has
steadily gained attention in the literature, as evidenced by a sharp increase in WEF-related publications
during 2018. However, criticism has also risen, since the WEF nexus is not yet a clearly defined
concept with a standardized and tested framework. It is still at the conceptual level, with little
empirical evidence. The WEF nexus literature that has focused on irrigated agriculture revealed a
recently increasing operationalization of the WEF nexus concept in empirical and modeling studies,
which thereby mainly take a socioeconomic perspective.
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However, we conclude that many of the studies lacked a clear cross-sectoral perspective.
Although the WEF nexus research puts emphasis on cross-sectoral integration, most papers had
a single-sector-oriented approach. Even though the WEF nexus is de jure a combination of water,
energy and food, a detailed review of the papers indicated that a comprehensive and integrated
implementation of the WEF concept in empirical research is still rare. In irrigated agriculture, the WEF
concept is particularly relevant for the identification of trade-offs between sectors, and for developing
solutions at the policy and management level. Here, environmental feedbacks, in particular those
related to soil salinization and soil degradation, nutrient loading in irrigation and drainage water,
and the spread of pesticides and other chemicals into sensitive ecosystems, need to be better addressed.
Given the fact that salt-affected soils occupy about 952.2 million ha of land, or nearly 33% of the
potential agricultural land area of the world [152], and is the key sustainability challenge threatening
irrigated agriculture, future research studies dealing with the WEF nexus in irrigated agriculture
should focus more on this challenge.
This review revealed the underrepresentation of onsite research by means of employing
quantitative and/or qualitative methods of collecting data (e.g., participatory research and field
experiments). Most papers were based on review and document analysis, and more recently
complemented by modeling approaches. The specific understanding of the complexity of local
trade-offs and the interconnectedness of the nexus requires in-depth case study research. This direction
should clearly be prioritized in future research. Moreover, the published WEF nexus papers relevant to
irrigated agriculture are disproportionally representative in terms of total irrigated areas. The inclusion
of central Asia and southern America in future studies could further provide a comprehensive overview
of the WEF nexus as related to irrigated agriculture in different geographical zones of the world. It will
also be interesting to analyze whether the regional share of irrigated land reflects the magnitude of
the severity of WEF nexus problems. The inclusion of “ecosystems”, “biodiversity”, “climate” and
other relevant terms in the database search in future studies could further provide a comprehensive
overview of WEF nexus studies relevant to irrigated agriculture.
Finally, our analysis focused exclusively on peer-reviewed, internationally accepted scientific
journals indexed in the Web of Science database, covering the 2011–2019 period. The inclusion of grey
literature is suggested in future research, and would help to increase the validity of the study and
overcome the potential problems of publication bias. In particular, the authors are aware of substantial
synthesis work on the WEF nexus, also in the field of irrigated agriculture, done by international
organizations like the United Nations or FAO, as well as UNU Flores.
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