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Abstract 8 

This review article positions water front-and-center as a key enabler of water-energy-food nexus 9 

systems. It demonstrates the critical role of water in human civilization, progress, and development, 10 

including how water is central to the achievement of many of the United Nations Sustainable 11 

Development Goals (SDGs). It is suggested that water may in fact be the most important resource 12 

needed in a broader water-energy-food nexus context, as well as in the broader scope of human 13 

development. The review shows the consequences of ‘water going wrong’ – when there is too much 14 

or too little, and the global impacts of increasing frequency of such events, largely due to an ever 15 

more ‘hyperconnected’ world. The review concludes by urging greater ‘nexus awareness’ and 16 

systems thinking, especially in policy and decision making, while cautioning against the potentially 17 

ironic situation of returning to a sectoral, water-centric view of resources management. 18 

 19 

Introduction: the water-energy-food nexus 20 

Water (W) supply and demand, energy (E) generation and consumption, and food (F) demand and 21 

production, linked to land availability and land use, form a coherent ‘hyperconnected’ global 22 

network, referred to as the WEF nexus (Hoff, 2011) governed by complexity and feedback (WEF, 23 

2013, 2016; Bleischwitz et al. 2018), and pressured by population growth, climate change, policy 24 
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implementation, and socio-economic development. The effective functioning and sustainability of 25 

nexus resources is essential for human wellbeing, and human development demands abundant, 26 

high-quality, easily accessible resources (cf. Sušnik and van der Zaag, 2017). Yet about 1 billion 27 

people lack access to clean water, 2.5 billion people lack basic sanitation, 1.4 billion have no 28 

electricity and over 850 million are chronically malnourished while global food waste is estimated at 29 

30% of production (Moe and Rheingans, 2006; IMechE, 2013; World Bank, 2013a, b; World Hunger, 30 

2013). At the same time, demands for water, food (i.e. land), and energy (including fossil fuel 31 

resources) are expected to increase over the coming century (RAEng, 2010). Overexploitation of WEF 32 

resources is a critical global issue, gaining attention in policy and academia (IMechE, 2013; WEF 33 

2013, 2015, 2016; World Bank, 2013a, b; WWF, 2014; EEA, 2015; UNISDR, 2015; Carmona-Morena et 34 

al. 2018; Sood et al. 2019). Nexus impacts may be non-linearly related to the shock (e.g. climate 35 

change, a sudden policy switch) and may not be anticipated (cf. Purwanto et al. 2019). Impacts are 36 

being felt in global economic systems, in water (supply) crises (Cape Town and Maputo 2018, 37 

Chennai, 2019, European and Chinese droughts in 2022, Pakistan floods in 2022), energy shortages 38 

(global energy crises 2021-22; Cozzi et al. 2022; Zakeri et al. 2022), and in food supply and fuel/food 39 

price surges (the spring/summer of 2011). Despite the life supporting nature of WEF resources, there 40 

are obvious signs of stress. Globally, aquifers are overexploited (Gleeson et al. 2012). Atmospheric 41 

CO2 concentrations reached 400ppm in early 2015 (http://www.esrl.noaa.gov) and it is suggested 42 

that remaining below the Paris Agreement’s 2-degree warming target may now be unrealistic (Rogelj 43 

et al. 2016; Wollenberg et al. 2016), even though 1.5-degrees of warming is recommended as a safe 44 

maximum (IPCC, 2018). Water is increasingly moved between basins and countries, whether 45 

physically or through the 'virtual water trade' (Chapagain and Hoekstra, 2004; Konar et al. 2011; 46 

McDonald et. al. 2014; Jiang, 2015; Chen et al. 2018). This leads to a physical shifting of the 47 

resources stress burden between locations. Fossil fuel resources are finite and being depleted (see 48 

https://ourworldindata.org/fossil-fuels), while land is a finite resource, with some arguing that 49 

certain proportions of the ice-free land-cover should remain unexploited (Henry et al 2018). Due to 50 

WEF resource interconnectedness, shortage or collapse in the functioning of any WEF sector has the 51 

potential to cause dramatic changes in: availability of essential resources; production/distribution of 52 

goods; social and geopolitical instability; and irreparable environmental damage. Here, it is posited 53 

that water is centrally important in the wider functioning of the WEF nexus, and in the ability to 54 

provide other services to humanity. This review analyses this ‘water centrality’, arguing it to be one 55 

of, if not the, critical resources enabling wider resources provision and human development. 56 

 57 

Water in the WEF nexus 58 
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Water is arguably central to enabling WEF nexus activities, human development, and progress 59 

towards the Sustainable Development Goals (SDGs). Water is a critical enabler in the energy sector, 60 

being used for fuels extraction and processing, and for energy conversion, including electricity 61 

generation (Olsson, 2012). For extraction and processing, water use depends on the extraction type 62 

as well as the fuel. Apart from the volume of water use, wastewater produced from these processes 63 

must be properly treated. Failing to do so can lead to harmful impacts on ecosystems and on 64 

drinking water supplies. For oil production, water use depends on geology, the recovery technique, 65 

and on reservoir depletion techniques (Mielke et al. 2020). Secondary and tertiary recovery 66 

techniques are water intensive due to the need for water (re-)injection as well as handling and 67 

treatment facilities for produced wastewater. Average values of water use for primary fuel 68 

production range from 0.1 l MJ-1 for natural gas to 45 l MJ-1 for biomass (World Energy Council, 2010; 69 

Olsson, 2012). Water is essential in subsequent fuels processing. For example, coal washing in the US 70 

uses 13-26 l GWh-1 (Mielke et al. 2020). Petroleum refineries use considerable water volumes for 71 

cooling, distillation, cracking and reforming, ranging between 25-65 m3 TJ-1 thermal energy produced 72 

(Gleick, 1994). Biofuels (e.g. ethanol, methanol, biodiesel), while often seen as relatively clean, are 73 

very water intensive, with water use depending on crop type, climate, soil conditions, farm practices, 74 

etc. (Gerbens-Leenes et al., 2009). Biofuel crops also compete for land with food crops. An 75 

interesting future bio-based fuel is that derived from algae, with a much lower water demand than 76 

from ‘traditional’ bio-based fuel sources and does not compete for land resources (Gerbens-Leenes 77 

et al., 2014).  78 

Aside from fuels extraction and processing, water is central to electricity generation. In Europe, 79 

thermal power plant cooling for electricity production accounts for over 40% of water withdrawals, 80 

with a similar fraction in the USA (WWAP, 2014). For thermal power plant cooling, a distinction must 81 

be made between the water withdrawn (i.e. the total amount of water physically removed from 82 

supply) and the water consumed (i.e. the part of withdrawn water that is ‘lost’ for near-term future 83 

use, in this case mainly evaporation from cooling towers). In many thermal power plants, the 84 

withdrawn volume can be very high, while the consumptive use is very low (i.e. only a small 85 

percentage gets evaporated, with most water being returned to the environment, albeit often with 86 

differing quality). Both cooling technology and water source have a significant impact on 87 

withdrawals and consumption. Close-loop cooling reduces withdrawals but increases water 88 

consumption, while dry cooling, which relies entirely on air to cool, considerably lowers the amount 89 

of water used while increasing energy demand and capital costs. Installing carbon capture and 90 

storage (CCS) systems within power plants to lower CO2 emissions might increase water usage by up 91 

to 90% (Hoff, 2011). A comprehensive review of the differences between operational water 92 
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withdrawals and consumption across a range of electricity generating technologies is given in 93 

Macknick et al. (2012) and Olsson (2012).  94 

Solar electricity and wind power have almost zero operational water requirements. However, it 95 

should be recognised that water is heavily involved in the minerals and metals extraction and 96 

processing stages to produce the materials needed for the solar panels themselves and wind turbine 97 

shafts and blades (cf. Mekonnen et al. 2015; Ding et al. 2018). On average, across all electricity-98 

generating sources, it is reported that in the USA about 7.6 m3 water is used to generate 1 kWh of 99 

electricity, while in China, this value is 1.9-2.4 m3 kWh-1 (Feng et al. 2014). The lower Chinese value 100 

may reflect the increasing use of solar power. In hydropower reservoirs, water is lost via evaporation 101 

(e.g. Destouni et al. 2012; Scherer and Pfister, 2016), and can be globally substantial, but is often 102 

ignored. Mekonnen and Hoekstra (2012a) demonstrate that for a sample of 35 reservoirs, the water 103 

footprint was 90 Gm3 yr-1, equal to 10% of the blue water footprint (i.e. irrigated global crop 104 

production water withdrawals). Given the sample size, the global total must be significantly larger. 105 

Globally, it is estimated that 1500 km3 water is withdrawn and 300 km3 consumed for energy 106 

production, with these number expected to approximately double by 2100 (Bijl et al. 2016). Water is 107 

therefore intrinsically ‘embodied’ in the energy that human society consumes (cf. Liu et al. 2020; Liu 108 

et al. 2021).  109 

Water is crucial for enabling food production (cf. Rodell et al. 2018), being withdrawn for use in 110 

irrigated agriculture, which accounts for c. 69% of freshwater withdrawals globally (Gleick, 2011). It 111 

is therefore implicitly connection to land use and land cover, with water demand and impacts to 112 

water quality being impacted by how land is utilized, including that for agricultural production. 113 

About 7100 km3 water is consumed by crop production annually (green and blue water combined, 114 

where green water is that held as soil moisture and not using additional withdrawn water from 115 

surface or groundwater sources; de Fraiture et al., 2018). This could rise to 13 500 km3 by 2050 (de 116 

Fraiture et al., 2018). Sufficient water and appropriate, well-maintained, and organized irrigation 117 

systems can lead to significant improvements in food production. While about 19% of agricultural 118 

land is irrigated, irrigated agriculture supplies 40% of the world’s food (Hanjra and Qureshi, 2010). 119 

The amount of water used for food production is influenced by supply and demand factors. On the 120 

supply side, the water requirements for irrigation differ widely, depending on the type of crops or 121 

crop varieties, the irrigation method and efficiency, local climate conditions, cropping and irrigation 122 

scheduling, soil conditions, and on-farm water management practices (Allen et al., 1998; Hoekstra, 123 

2005; IAASTD, 2009; WWAP, 2012; Masia et al. 2021). It is shown that irrigation and farm 124 

management practice improvements could lead to significant water savings (Jagermeyer et al., 2015, 125 

2016). On the demand side, the water ‘embodied’ in food production is highly dependent on dietary 126 
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preferences, with vegetarian and vegan diets being less water-demanding than meat-intensive diets 127 

(Mekonnen and Hoekstra, 2012b). The fraction of food wasted, estimated as about one-third of the 128 

total production (Moe and Rheingens, 2006; IMechE, 2013) represents a considerable water ‘loss’ 129 

through the water embodied in the production of that food. International trade in food products 130 

implies trade in ‘virtual water’ (the water directly or indirectly needed for the production; cf. 131 

Chapagain and Hoekstra, 2004; Konar et al. 2011; Chen et al. 2018), allowing the calculation of 132 

‘water footprints’ and showing, for different food products, which countries are implicit water 133 

‘importers’ or water ‘exporters’ (Chapagain and Hoekstra, 2004). It is clear of the critical role that 134 

water plays in global food production systems that support human activity and socio-economic 135 

development. 136 

The central role of water in modulating energy and food provision can be illustrated through case 137 

studies. Elsayed et al. (2022) develop a system dynamics model (cf. Sterman, 2000; Ford, 2009) to 138 

assess how hypothetical governance approaches of the Grand Ethiopian Renaissance Dam (GERD) in 139 

Ethiopia could lead to water, energy, and food implications in Nile-basin countries. The case study 140 

serves to illustrate firstly the role of water in energy and food production in this vast river basin, and 141 

secondly how different approaches to reservoir (i.e. water) management can affect the outcomes of 142 

this role. The analysis shows that differing reservoir operation rules would lead to differing levels of 143 

water security, food production, and hydropower production, and interestingly that the benefits are 144 

unequally distributed among riparian nations. Specific outcomes depend somewhat on the 145 

governance position adopted (e.g. unilateral vs cooperative modes of operation) and on the country 146 

being considered. The research shows how central water, and in particular the GERD, might be in 147 

wider Nile basin regional development issues in the near future. 148 

Payet-Burin et al. (2019) develop a nexus model for the Zambezi River Basin, in which the 149 

connections between water and the food and energy sectors are critical, especially in considering 150 

the basin-wide impacts of climate change in the three sectors. From a water perspective, the 151 

benefits of hydropower development which include energy production increases, agricultural 152 

production benefits, and CO2 emissions reductions, are nonetheless mediated in part by exogeneous 153 

factors such as fuel prices and carbon offset policies. While water in this basin is indeed key to 154 

enabling nexus sectors’ developments, it (in the form of reservoir storage) is influenced by wider 155 

systems. 156 

Bakhshianlamouki et al. (2020) explore WEF nexus wide impacts resulting from the potential 157 

implementation of restoration measures in Urmia Lake, Iran. Water (lake level and extent, irrigation 158 

water demand), energy (diesel demand), and food (crop production and income) are considered. 159 
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While restoration measures might meet their goal of (partially) restoring Urmia Lake water levels, 160 

there may be unintended consequences for energy demand as irrigated areas expand. To combat 161 

this effect, cropland retirement and yield improvement via upgrades to irrigation technologies, could 162 

counter-act this negative effect. This highlights the need for systems thinking not just in food 163 

production, but also in the way that land is used. As with the studies above, this work demonstrates 164 

the interconnected nature of WEF systems, the central role of water, also in enabling livelihoods, 165 

and the potential for well-meaning policies to have unintended consequences. 166 

As a part of the Zambezi River Basin, Masia et al. (2022) analyze the WEF nexus in the Songwe River 167 

Basin (SRB) bordering Tanzania and Malawi where the increasing competition for resources is 168 

leading to basin degradation (SRBDP, 2019). The two countries collaborate on a development 169 

programme whose main outcome is the construction of a multipurpose reservoir with water storage 170 

and hydropower plant capacity of 330 Mm3 and 180.2 MW respectively (SRBDP, 2018; SRBDP, 2019). 171 

The programme is expected to contribute to reducing the number of people currently lacking access 172 

to water and electricity (30-50% and 75% of the total basin population, respectively; OECD, 2019), 173 

and to accelerate the achievement of SDGs, especially SDGs 2, 6, 7, and 13, thanks to the expected 174 

increase in water storage, and consequent food and renewable energy production, demonstrating 175 

the central role that water plays. However, the downstream impacts of these interventions are not 176 

assessed, but should be taken into account. Increasing water storage is essential to ensure water 177 

security (SDG 6), especially during droughts, and to make possible the extension of irrigated land 178 

with a consequent benefit in terms of food availability, access, and diversification (SDG 2), human 179 

health (e.g. nutrition) and socio-economic targets (e.g. employment and income generation; SDG 8). 180 

The infrastructure is expected to improve livelihoods, human and ecosystem health (although the 181 

downstream consequences are not known), alleviate poverty (SDG 1), and mitigate climate change 182 

impacts (SDG 13), especially mitigating damages caused by floods and droughts (SRBDP, 2018, 2019; 183 

SIWI, 2019). Although the programme has several benefits, some downsides are apparent. Increases 184 

in crop production might increase water pollution due to fertilizer and pesticide loads. The rapid 185 

expansion of agricultural activities and land use change, if not regulated by policies, might adversely 186 

impact WEF resource quantity and quality, ecosystem goods and services provisioning, biodiversity, 187 

soil fertility, and human health. Additionally, downstream communities might be negatively affected 188 

by the upstream dam-induced shifts in river flows (e.g. Ritcher et al. 2010). The application of the 189 

WEF nexus approach is essential in highlighting the critical role that water plays, and the 190 

interlinkages between the WEF sectors to identify synergies and trade-offs. The work outcomes 191 

provide a means to support decision-making in the basin and track the progress in the SRB toward 192 

SDGs (Masia et al., 2022). 193 
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From the above discussion and examples, it is clear how water is intimately connected in enabling 194 

both energy and food provision, thereby playing a central role in supporting human activities and 195 

socio-economic development. Despite this centrality, recent global data show that c. 4000 km3 196 

water was withdrawn in 2014, with 2500 km3 consumed. This needs to be placed in the context of 197 

‘planetary boundaries’ (Steffan et al., 2015) which places sustainable global limits or thresholds on 198 

various parameters, which if exceeded may lead to serious and potentially irreversible 199 

environmental impacts. For water withdrawal, the planetary boundary has been proposed as 4000 200 

km3 yr-1, suggesting that withdrawal volumes are very close to the safe boundary. As water demand 201 

is expected to increase by 20-30% (Burek et al., 2016; WWAP, 2019), the safe planetary boundary is 202 

likely to be exceeded, something also suggested by Sušnik (2018), with unknown consequences on 203 

water supply security, water availability for food production, and water availability for energy 204 

generation. Considering the key role of water and the potential future of water demand, the next 205 

section goes further, suggesting that water is at the very heart of civilization, human development, 206 

and progress towards multiple SDGs, and therefore a truly critical and central enabler of nexus 207 

systems. 208 

 209 

The role of water in enabling civilization, human development, and progress towards the SDGs  210 

Water could be argued to be the resource most critical for enabling society, civilization, and human 211 

development. This section explores these themes from the viewpoint of the central role of water at 212 

three stages of human history, showing that the role of water in energy, food, and development has 213 

a long history: i) the dawn of agriculture and sedentary life; ii) the industrial revolution; and iii) 21st 214 

Century challenges in human development gains. 215 

i) The role of water in agriculture (food) and settlement. Water has been integral to enabling the 216 

nexus since antiquity. As early foragers experimented with and refined (irrigated) agriculture to 217 

enhance crop yields and mediate the uncertainty of local rainfall patterns, food surplus grew, 218 

nutrition improved, and the shift to a sedentary lifestyle and the development of organized 219 

settlements followed, exemplified by early Mesopotamian culture and early Chinese civilisation (cf. 220 

Adams, 1981; Hassan, 2011; Wilkinson, 2012; Rost, 2017; Wu et al. 2019; Boccaletti, 2021). The 221 

ancient Maya in Central America, survived in a water-limited environment by their ability to store 222 

and manage water. Large centers built reservoirs to guarantee year-round water supply, while 223 

smaller settlements were often found at locations with high annual precipitation and near rivers 224 

(Lucero, 2002). These water stores supplied drinking water as well as water for crop irrigation to 225 

boost yields and provide food surplus. Several long-term drought events compromised water 226 
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availability, leading to reservoirs emptying and declines in crop yields. Ultimately, this resulted in the 227 

downfall of the Maya civilization (Lucero, 2002). This case of the Maya illustrates an example of 228 

overshoot of limits (water availability) and collapse (of the civilization; cf. Diamond, 2011). Shifts to 229 

sedentary irrigated agriculture led to detrimental ecological impacts (Holdren and Erlich, 1974). 230 

Although absolute water volumes utilised were likely small, agricultural organization and trade led to 231 

increasing technological, managerial, and institutional complexity over time (cf. Rost, 2017; Smith, 232 

2020; Boccaletti, 2021). The societal impacts were transformative, starting humanity’s path towards 233 

urbanisation. Water played a central role in this transformation. 234 

ii) The industrial revolution and how water enabled transformational gains in energy and work. The 235 

second transformational leap in which water was a key enabler was the industrial revolution, being 236 

essential to producing the energy that powered new technology and machines. Especially important 237 

was the invention of the steam engine (cf. Hassan, 2011; Smil, 2019), with water wheels and water 238 

turbines (e.g. for hydropower) contributing to energy generation and technological advance (e.g. 239 

Clavering, 1995; Smil, 2019), with some modern hydropower plants having installed capacities 240 

exceeding 20 GW. Water was crucial for large-scale hydropower plant developments that provide 241 

electricity to large portions of the global population and industry, facilitating rapid industrial, 242 

technical and human development progress (cf. Severnini, 2014; Boccaletti, 2021). Apart from the 243 

role of water in hydroelectric generation, it constituted a critical ingredient in the development of 244 

the steam engine, leading to transformational changes in how work was accomplished, as well as the 245 

efficiency, replicability, and scale of that work. Early innovations were related to transport 246 

applications, though applying the technology to steam-powered electricity generation (requiring 247 

increasing volumes of water as input) soon followed (Smil, 2019). The freshwater withdrawal for 248 

thermal power generation is significant globally, estimated at 290 km3 in 2015, with about 18 km3 of 249 

this being consumed (Lohrmann et al. 2019). This goes some way to demonstrating the role of water 250 

in enabling the industrial revolution energy transformation as well as the current role of water in 251 

providing energy, especially in the form of electricity, to enabling modern society and contributing to 252 

broader human development ambitions. 253 

iii) The role of water in enabling human development gains. It is well known that water contributes 254 

to human well-being by helping ensure good human health, thereby enabling productive activities 255 

(cf. Chenoweth, 2008; Metha, 2014). It has been shown that lack of access to safe drinking water 256 

inhibits health and well-being advances (United Nations, 2010), and that water supply and sanitation 257 

infrastructure are preconditions for human development (Arimah, 2017). Despite this awareness, 258 

there are still significant global challenges relating to both water supply and sanitation access (WHO 259 

& UNICEF, 2017). Using data from over 150 countries for the period covering 2000-2017, Amorocho-260 
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Daza (2021) and Amorocho-Daza et al. (Accepted) quantitatively explore the relationship between 261 

human development as measured by the UN Human Development Index (HDI) and water-related 262 

variables including access to water supply and sanitation, intra- and inter-seasonal rainfall variability, 263 

and water storage. It is shown that access to water supply and sanitation are positively correlated 264 

with HDI gains, while increasing seasonal precipitation variability hinders HDI progress. Countries 265 

with the highest HDI scores have the greatest levels of supply and sanitation access, and generally 266 

lower seasonal variation in precipitation. The relationships found are statistically significant and 267 

stable over the 21st Century (2000-2017). Although the development of dams and reservoirs often 268 

enables agricultural expansion and urban growth (di Baldassarre et al. 2021), water storage variables 269 

were shown to have no statistical influence on HDI progress (Amorocho-Daza, 2021; Amorocho-Daza 270 

et al. Accepted), suggesting that simply storing large volumes of water is insufficient to boost human 271 

development opportunities. Rather it is the widespread access to that water and its services via 272 

supply and sanitation infrastructure that have much larger human development benefits. This 273 

represents an important policy and financing message for human development gains in general, and 274 

for helping meeting SDG 6 in particular. 275 

Closely related to this last theme is the role that water plays in ambitions towards meeting the UN 276 

SDGs and their respective targets. The SDGs have been shown to form a highly interconnected 277 

system in themselves (Pham-Truffert et al., 2020), this being built into their very design (Le Blanc, 278 

2015). From a water standpoint, Pham-Truffert et al. (2020) show that water (SDG 6) represents a 279 

“safe” SDG to achieve, meaning that achieving targets therein would lead to multiple co-benefits in 280 

other SDGs without risk of significant trade-offs (Pradhan et al. 2017; Fader et al. 2018). While this is 281 

a potentially positive aspect regarding the attainment of SDG 6, it is suggested that SDG 6 is one 282 

most at risk of not being achieved (Dawes, 2022), which may lead to widespread co-benefits not 283 

being realized. In addition, water was found to play a key role in a potentially important feedback 284 

loop: climate influences water which influences energy (production). Energy production typologies 285 

then feedback to influence the climate (Pham-Truffert et al., 2020). This central, and multiple, role of 286 

water in enabling not just the WEF nexus but attainment of many SDG goals is also highlighted in the 287 

analysis of Dawes (2022). Zelinka and Amadei (2019) present a system dynamics approach to model 288 

the interactions between SDGs, but do not go as far as to quantitatively assess these relationships. 289 

This could be a fruitful future avenue for quantitatively assessing the relative contribution of each 290 

SDG to achieving others, as well as for identifying critical feedback relationships within the SDG 291 

framework (e.g. Zhang et al. 2022). From a water lens, Bhaduri et al. (2016) highlight how water is 292 

linked to many SDGs, some more explicitly than others. For example, groundwater abstraction is 293 

linked to food production (SDG 2), energy demand (SDG 7), climate (SDG 13; via emissions from 294 
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pumping), and land (SDG 15; via potential land transformations as a result of exploiting 295 

groundwater). As a result of this water centrality within the SDGs, Bhaduri et al. (2016) go as far as 296 

to argue that attaining SDG 6 targets is a precondition to meeting targets in other SDGs, similar to 297 

the central thesis of this review. Similarly, Brengtsson and Shivakoti (2015) highlight the role of 298 

water in enabling the achievement of multiple SDGs, but also show how governance of other 299 

resources can feedback to influence the water SDG. For example, efforts to meet food production or 300 

clean energy generation goals could lead to greater levels of water abstraction. Brengtsson and 301 

Shivakoti (2015) go on to stipulate the achievement of any SDG, including SDG 6, is context-specific, 302 

with approaches needing to be tailored to each situation. In an African context, Mugagga and 303 

Nabaasa (2016) stress the importance of water in reaching many SDG targets on the continent, 304 

especially given the vast water resources available. Water across Africa can contribute to agricultural 305 

production, energy generation, manufacturing, tourism, health advancement, fisheries, trade, and 306 

economic cooperation, in particular being a key leverage point for the achievement of SDGs 1, 2, 3, 307 

14 and 15 (Mugagga and Nabaasa, 2016). This centrality will be critical as Africa is expected to 308 

develop rapidly during the next 30-50 years and beyond, with high levels of economic growth 309 

currently observed (AfDB et al. 2015). 310 

While water is shown to be central to the successful achievement of many SDGs, others have 311 

demonstrated that simultaneous achievement of all 169 SDG targets is not likely to be possible due 312 

to inherent trade-offs. Fader et al (2018) analysed the water, energy, and food-related SDGs, and 313 

show that some targets have little to no interactions with other targets, and are therefore “safe”. On 314 

the other hand, targets in SDG 2 may impinge on other SDG targets, while water was shown to have 315 

the greatest number of synergies, reflected in the analysis of Pham-Truffert et al. (2020), once again 316 

demonstrating the central, and critical role of water within the SDG framework. In a similar manner, 317 

Scherer et al. (2018) assess trade-offs between social and environmental SDGs (including SDG 6), 318 

showing that prioritizing social goals can increase environmental impacts, and that water-related 319 

impacts are relatively large. All these studies demonstrate that: (a) water is absolutely critical to 320 

enabling achievement of many SDGs, and may even be a precondition before other SDGs can be 321 

met; and (b) that due to inherent trade-offs, SDG achievement and their prioritization, must be 322 

carefully thought through to help maximise attainment in other SDGs, something that will need 323 

tailoring for each country.  324 

The above discussion demonstrates how water has played a key WEF-enabling role through much of 325 

human history, how it connects to the ability to achieve SDG goals, and case examples have shown 326 

the interconnected nature of the WEF nexus and the role of water therein. The next section uses the 327 

unprecedented dry European spring and summer of 2022 to make more concrete the real-world role 328 
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of water in everyday lives especially when it ‘goes wrong’, highlighting that studies as those above 329 

are more than academic exercises. 330 

 331 

The multi-sector impacts of water going “wrong” 332 

To further underscore the central role that water plays in enabling nexus resources, it is necessary to 333 

consider some of the global consequences of ‘water going wrong’ that occurred throughout 2022. 334 

The 2022 drought event in Europe was unprecedented, with suggestions that the continental-wide 335 

event could be the most severe for 500 years1. The impacts of this drought (i.e. long-term water 336 

deficit) event highlight the critical role of water in enabling WEF nexus resource provision, often in 337 

ways overlooked when the climate is benevolent. For example, months of extremely dry conditions 338 

led to significant reductions in soil moisture throughout much of Europe (Toreti et al. 2022). Low soil 339 

moisture, along with water use restrictions in many locations, contributed to agricultural production 340 

losses throughout northern, central, and western Europe. Food production in France, Spain, 341 

Portugal, and the Netherlands was negatively impacted, amongst others, with wheat production in 342 

southern Europe c. 5% below usual levels (JRC, 2022), with much of Spain, southern France, and part 343 

of Germany, Italy, and eastern Europe classified as ‘areas of concern’ for summer and winter crop 344 

production, an impact still being felt in early 20232. Together with the extraordinary outbreak of fires 345 

in Europe, which burned over 780,000 ha (data from European Forest Fire Information Service, 346 

August 2022; https://effis.jrc.ec.europa.eu/), this highlights the role of water in crop production, 347 

serving human consumption needs, as well as the needs of animal feed and crops for biofuels. Water 348 

levels in many rivers fell to historical low levels, with water levels on many major EU rivers 349 

experiencing extremely low flows (Toreti et al. 2022). This situation directly impacted on shipping 350 

and the wider EU economy, (hydro-)power generation, and ecosystems. In terms of shipping, by 351 

August 2022 ships on the Rhine were transporting as little as one-sixth of normal capacity to avoid 352 

running aground on the river bed (cf. Vinke et al. 2022). In 2018, another year when Rhine levels 353 

were low, German industry lost c. €3bn as not all goods could be delivered by river barge. In 2022, 354 

reduced shipping loads led to lower output in German coal-fired power stations due to lack of coal 355 

supply to power stations, which is almost entirely by river barge. This in turn had an impact on the 356 

German economy3. These examples illustrate the wider cascade impacts (Lawrence et al. 2020; 357 

                                                             
1 https://news.sky.com/story/europes-drought-on-course-to-be-worst-for-500-years-european-commission-
researcher-warns-12669153 (accessed September 2022) 
2 https://www.theguardian.com/world/2023/feb/17/italy-faces-another-year-severe-drought-little-winter-
rain-snow-po-river 
3 https://www.npr.org/2022/08/17/1117861780/germany-rhine-low-water-level-shipping?t=1661175463673 
(accessed September 2022) 
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Vinke et al. 2022) resulting from severe water shortages. In terms of hydropower generation, Italy, 358 

France and Portugal saw substantial reductions (c. 5000, 4000, and 2200 GWh respectively; Toreti et 359 

al. 2022) as a result of low water levels. Coupled with low water storage in reservoirs, this situation 360 

disrupted energy provision and water for irrigation throughout western and central Europe. Closely 361 

connected to the low water levels is the issue of high water temperatures and the concomitant 362 

effects on ecosystems. The link between the WEF nexus and ecosystems has been shown to be 363 

underrepresented in the literature, with the 2022 events demonstrating further the crucial need to 364 

better integrate ecosystems and their services into nexus studies (Hülsmann et al. 2019; Sušnik and 365 

Staddon, 2021). Outside of the EU, a concurrent drought in China threatened hydropower 366 

production, food production, inland shipping, and led to direct economic losses of c. €350 million in 367 

one month alone4. These events highlight the criticality of water as a central component in enabling 368 

food production, energy/power generation, logistics and supply chains, and maintaining healthy 369 

ecosystems functioning. These water-supported roles often go under-appreciated until periods of 370 

severe stress, shortage, and resource competition occur, situations that are expected to become 371 

more frequent and acute in the future, with increasingly global consequences (Byres et al. 2018; 372 

IPCC, 2021; World Economic Forum, 2022). Despite the challenges, recent research has shown that a 373 

rapid transition to a net-zero emissions pathway would reduce the physical (e.g. heatwave 374 

frequency, lost crop days) and economic (losses) risks associated with climate change, meaning that 375 

society would be less vulnerable and more able to deal with increasing resources competition 376 

(Drouet et al. 2021).   377 

On the other extreme are large-scale, widespread flood events that also threaten food and energy 378 

security. In New Zealand in August 2022, intense rainfall after a period of wet conditions led to 379 

widespread flooding, with critical infrastructure coming under severe pressure, and a high 380 

occurrence of wastewater overflows, threatening public supply access as well as public health (e.g. 381 

Blake et al. 2022). In Pakistan, the flooding was worse, with over 30% of the country inundated, 382 

thousands dead and millions displaced (Iqbal et al. 2022). At least one million people were forced 383 

into food insecurity due to crop production disruption, and failures in supply chains5. A water quality 384 

related impact was that cases of cholera increased due to large areas of stagnant, low-quality water 385 

coupled with disrupted fresh drinking water supplies. As of November 2022, large swathes of the 386 

country were still underwater, posing a significant local and regional threat to food supply and 387 

security. The flooding events serve to demonstrate the central role that water plays in enabling 388 

                                                             
4 https://www.theguardian.com/world/2022/aug/22/china-drought-causes-yangtze-river-to-dry-up-sparking-
shortage-of-hydropower (accessed September 2022) 
5 https://reliefweb.int/disaster/fl-2022-000254-pak (accessed September 2022) 
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myriad related service and functions including food provision, energy generation, ecosystem service 389 

support (van den Heuvel et al. 2020), and contributing to overall human health and wellbeing. 390 

 391 

Discussion: water in an increasingly connected world 392 

This review article has highlighted the intricately interconnected nature of the water-energy-food 393 

(WEF) nexus, and of the centrality of water within the nexus to enabling food and energy provision. 394 

The connectedness of nexus sectors, and of the central role of water, is becoming ever more 395 

apparent as society becomes increasingly connected (cf. WEF, 2015). Taking this into consideration, 396 

there is a greater need than ever for a systems perspective (cf. Sterman, 2002; Capra and Luisi, 2014; 397 

Sušnik and Staddon, 2021) that accounts for the interconnections within and between sectors, 398 

including the way land is used. This marks a departure from prevailing silo-thinking, and recognises 399 

that actions (e.g. implementation of policy objectives) are rarely contained within the sector for 400 

which they were intended (Purwanto et al. 2019). For example, objectives related to food self-401 

sufficiency (i.e. land use changes) will likely impact on water quality, water quantity, ecosystems, 402 

biodiversity, and potentially on green energy objectives. Often, objectives between sectors may be 403 

synergistic, helping each other to meet their goals (Blicharska et al. Under Review), but in some 404 

cases, the opposite may be true, with trade-offs meaning that certain objectives might be met at the 405 

expense of others (e.g. Munaretto et al. 2017), something also apparent in the SDG targets.  406 

It is worth noting that the WEF nexus and the myriad relationships that constitute it, operates across 407 

a vast range of spatial scales from households up to global. Different scales may interact and impact 408 

on each other. A review of the spatial scales in the WEF nexus, as well as their interactions, is given 409 

in Sušnik et al. (2022a). Difference in temporal scaling also exists, though this aspect is much less 410 

covered in nexus research. At present, it is common to focus on single-scale case studies, for 411 

example at household (Hussein et al., 2017), river basin (Masia et al., 2022), regional (Wang et al. 412 

2023), national (Sušnik et al. 2021), or global (Meadows et al., 1972) level. Much less common is 413 

representing and dealing with multi-scalar interaction in quantitative modelling studies. Interactions 414 

between scales have however been extensively assessed in policy coherence studies across the WEF 415 

nexus (e.g. Munaretto et al., 2017, 2018). 416 

When attempting to model WEF nexus interaction and system trends, a wide variety of approaches 417 

are available, some of which are outlined in Endo et al. (2015) and Sušnik et al. (2022b). Some 418 

appropriate methodological approaches include conceptual mapping and casual loop diagrams, 419 

system dynamics modelling, agent-based modelling, (multi-region) input-output modelling, life-cycle 420 
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assessment, cost-benefit analysis, and integrated assessment modelling. Each approach has its own 421 

advantages and drawbacks, and the method(s) chosen should be those best suited to the issues 422 

being addressed, the desired outcomes of the study, and the capabilities of the approach to deal 423 

with specific study requirements. There is no one-size-fits-all methodological approach that can 424 

study ‘the nexus’ as an entity. This is largely due to the huge diversity in study regions, issues, scales, 425 

challenges, and requirements of local stakeholders. Therefore, methods must be chosen tailored to 426 

the circumstance. 427 

Although substantial progress has been made in understanding the WEF nexus over the past decade, 428 

much remains to be done, especially in relation to the ongoing challenge in integrating the role of, 429 

and impact upon, ecosystems and their services in nexus assessments (Hülsmann et al., 2019; van 430 

den Heuvel et al. 2020), and frontier research seeking to explore the links between WEF nexus 431 

resources security and accessibility and human health consequences. The role of water in supporting 432 

and enabling ecosystem services is gaining prominence, but still largely under-represented in nexus 433 

assessments (Sušnik and Staddon, 2021). Perhaps one reason for the difficulty is a lack of consensus 434 

on which terminology to use (ecosystems, ecosystem services, biodiversity, etc.), as well as the 435 

extraordinary diversity in ecosystems and their services around the world (Keith et al. 2020). This 436 

diversity largely precludes a single overarching methodological approach as to their valuation 437 

(monetary or not). For example, how can southern African Savannah be compared to northern 438 

European grasslands, or to equatorial rainforest? How can these ecosystems and their services be 439 

equally and fairly compared and valued? How can resource exploitation impacts on ecosystems be 440 

assessed, and indeed are the impacts even the same across ecosystems and their services? In one 441 

location, water temperature may be a critical variable as a proxy for the health and functioning of an 442 

ecosystem, whereas in another it may be above-ground biomass or soil-based carbon. This is saying 443 

nothing about the intricacies of aquatic and oceanic ecosystems. This leads to the comment in 444 

Sušnik and Staddon (2021) that ecosystems lack a common ‘currency’, especially for non-material 445 

benefits such as cultural or aesthetic services, further hampering their inclusion in nexus 446 

assessments (Farber et al., 2002; Small et al., 2017). Recently, tools and models such as InVEST (Tallis 447 

and Polasky, 2009) have been developed to help assess and value ecosystem services. Integrating 448 

InVEST concepts and modelling in nexus assessments could be a useful way forward in the WEF 449 

nexus field, which has been attempted in recent studies (Ding et al. 2023). 450 

As this article has demonstrated, water is at the heart of enabling progress in modern food and 451 

energy sectors. This strong relationship is argued to stretch back far in time, with the ever-more 452 

sophisticated exploitation of water being crucial to the development of agriculture, settlements, 453 

large-scale and efficient energy generation, poverty eradication, economic growth, and ultimately to 454 
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enabling modern society. It is shown that water plays an important role in human development 455 

gains, and that access to water-related services appears to be a critical driver in this regard. 456 

Recognizing this centrality and the impact that water plays in enabling everyday life, is a key part of 457 

the systems thinking perspective. Following the unprecedented 2022 events, it is likely that the 458 

wider role of water in enabling society through a nexus lens will be increasingly recognized and 459 

accounted for in policy making and resources management decisions. As such, water may well 460 

receive an even greater level of ‘centrality’ in the nexus. 461 

At the same time, it will be crucial not to, somewhat ironically, fall into the trap of reverting to a 462 

‘water-centric’ worldview. Despite the role of water, following the philosophy of the nexus approach 463 

all WEF sectors should stand on an equal footing in nexus assessments and during policy design if a 464 

true systems-thinking mentality is to be encouraged and promoted (cf. Capra and Luisi, 2014). In this 465 

way, integrated resources management, planning and security is supported, and future threats 466 

arising from rapidly growing resource demand within the interconnected WEF nexus can be 467 

anticipated and mitigated in a systemic way, minimizing detrimental trade-offs. Likewise, synergies 468 

can be leveraged, enhancing the effectiveness of policy actions across nexus resources, and possibly 469 

pointing to new ways for living in a more sustainable way. Ultimately, the central role of water in 470 

enabling the WEF nexus is here to stay, and managing it appropriately in a ‘thirstier’ world will only 471 

grow in importance to satisfy societal progress. 472 

 473 

Implications for water management practice 474 

This review has shown extensively and explicitly how water is central in enabling the food and 475 

energy provisioning sectors, how it is essential in many modern human societal developments 476 

including human development, and how it has a long history in enabling human progress. At the 477 

same time, it is cautioned not to revert back to a water-centric view of the world, returning to a 478 

fragmented and isolationist academic and practical landscape. This is important for water 479 

management practice. Water managers everywhere should be aware of the intimate connections 480 

that their sector has with other sectors of the economy, and vice versa. For example, as shown here, 481 

it should be realized that water plays a central role in energy generation (e.g. water volumes needed 482 

for thermal power generation) and in food production (for irrigation particularly at certain times of 483 

the year). Water managers should be acutely familiar with the local situation, tailoring water 484 

planning and management to ensure that all sectors are adequately served. Likewise, the reverse is 485 

true, with food production, land utilization, and the energy sector impacting on the water sector, in 486 

terms of demand patterns and quality impacts. For example, energy generation shortages may lead 487 
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to a breakdown in water supply and/or treatment. Such feedback connections must be recognized 488 

and planned for. In emerging economies, the link between extending water supply and sanitation 489 

services and the benefits to human health and wider socioeconomic considerations should be 490 

considered when planning investment and maintenance in order to leverage potential benefits. 491 

Engaging in cross-sectoral dialogue to “map” and understand intersectoral linkages can help in this 492 

regard, with it being necessary to involve stakeholders, planners, and managers across resource 493 

sectors and disciplines to co-develop such resource-linkage maps. In doing so, potential trade-offs in 494 

policy or planning goals can be identified and avoided, while synergistic actions can be exploited to 495 

boost impact and increase efficiency in terms of resources utilization, of financial commitment, and 496 

in terms of policy effectiveness across the economy. 497 

 498 

Acknowledgements 499 

The work in this paper has been conducted within the project “Facilitating the next generation of 500 

effective and intelligent water-related policies, utilizing artificial intelligence and reinforcement 501 

learning to assess the water-energy-food-ecosystem (WEFE) nexus” - NEXOGENESIS 502 

(www.nexogenesis.eu). This project has received funding from the European Union’s Horizon 2020 503 

research and innovation programme under Grant Agreement No. 101003881 NEXOGENESIS. This 504 

paper and the content included in it do not represent the opinion of the European Union, and the 505 

European Union is not responsible for any use that might be made of its content. 506 

 507 

References 508 

Adams RM. 1981. Heartland of Cities: Surveys of ancient settlement and land use on the central 509 

floodplain of the Euphrates. 162pp. University of Chicago Press, Chicago, USA. ISBN: 0-226-00544-5 510 

AfDB, OECD, UNDP. 2015. African Economic Outlook 2015. Regional Development and Spatial 511 

Inclusion. 397pp. Available at: https://read.oecd-ilibrary.org/development/african-economic-512 

outlook-2015_aeo-2015-en#page1 513 

Allen, RG., Pereira LS., Raes D., Smith M. 1998. Crop evapotranspiration – Guidelines for computing 514 

crop water requirements. FAO Irrigation and Drainage Paper 56. Rome, Italy. ISBN: 92-5-104219-5. 515 

Amorocho-Daza H. 2021. A cross-country quantitative exploration of the linkages among water 516 

infrastructure, freshwater variability, and human development. MSc Thesis. IHE Delft. 517 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Amorocho-Daza H., van der Zaag P., Sušnik J. Accepted. Access to Water-Related Services Strongly 518 

Modulates Human Development. Earth’s Future. 519 

Arimah B. 2017. Infrastructure as a Catalyst for the Prosperity of African Cities. Procedia Engineering, 520 

198: 245–266. DOI: 10.1016/j.proeng.2017.07.159 521 

Bakhshianlamouki E., Masia S., Karimi P., van der Zaag P., Sušnik J. 2020. A system dynamics model 522 

to quantify the impacts of restoration measures on the water-energy-food nexus in the Urmia Lake 523 

Basin, Iran. Science of the Total Environment. 708: 134874. DOI: 10.1016/j.scitotenv.2019.134874 524 

Bhaduri A., Bogardi J., Siddiqi A., Voigt H., Vörösmarty C., Pahl-Wostl C., Bunn SE., Schrivastava P., 525 

Lawford R., Foster S., Kremer H., Renaud FG., Bruns A., Osuna VR. 2016. Achieving Sustainable 526 

Development Goals from a water perspective. Frontiers in Environmental Science. 4: 64. DOI: 527 

10.3389/fenvs.2016.00064 528 

Blake D., Hodgetts D., Thompson J., Johnston D. 2022. Mataura flood 2020, Aotearoa New Zealand: 529 

A case study highlighting resilience through community spirit. International Journal of Disaster Risk 530 

Reduction. 82: 103347. DOI: 10.1016/j.ijdrr.2022.103347 531 

Bleischwitz, R., Hoff, H., Spataru, C., van der Voet, E., VanDeveer, S.D. (Eds). 2018. Routledge 532 

Handbook of the Resource Nexus. Routledge, London and New York. 517pp. 533 

Blicharska M., Kuchler M., Munaretto S., Smithers RL., van den Heuvel L., Teutschbein C. Under 534 

Review. The water-energy-food-land-climate nexus: policy coherence for sustainable resource 535 

management in Sweden. Environmental Policy and Governance (in review). 536 

Bijl DL., Bogaart PW., Kram T., de Vries BJM., van Vuuren DP. 2016. Long-term water demand for 537 

electricity, industry, and households. Environmental Science and Policy. 55: 75-86. DOI: 538 

10.1016/j.envsci.2015.09.005 539 

Boccaletti G. 2021. Water: A Biography. 378pp. Pantheon Books, New York, USA. ISBN: 540 

9781524748234 541 

Brengtsson M., Shivakoti BR. 2015. The role of water security in achieving the SDGs: Realising 542 

synergies, balancing trade-offs. In: Achieving the Sustainable Development Goals: From Agenda t 543 

Action. Institute of Global Environmental Strategies. Kanagawa, Japan. 230pp. Available at: 544 

www.jstor.org/stable/resrep00786 545 

Burek P., Satoh Y., Fischer G., Kahil MT., Scherzer A., Tramberend S., Nava LF., Wada Y., Eisner S., 546 

Flörke M., Hanasaki N., Magnuszewski P., Cosgrove B., Wiberg D. 2016. Water Futures and Solution: 547 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Fast Track Initiative (Final Report). IIASA Working Paper. Laxenburg, Austria, International Institute 548 

for Applied Systems Analysis (IIASA). Available at: pure.iiasa.ac.at/13008/ 549 

Byers, E., Gidden, M., Leclere, D., Balkovic, J., Burek, P., Ebi, K., Greve, P., Grey, D., Havlik, P., Hillers, 550 

A., Johnson, N., Kahil, T., Krey, V., Langan, S., Nakicenovic, N., Novak, R., Obersteiner, M., Pachauri, 551 

S., Palazzo, A., Parkinson, S., Rao, N., Rogelj, J., Satoh, Y., Wada, Y., Willaarts, B., Riahi, K. 2018. 552 

Global exposure and vulnerability to multi-sector development and climate change hotspots. 553 

Environmental Research Letters. 13: 055012. DOI: 10.1088/1748-9326/aabf45 554 

Capra, F., Luisi, P.L. 2014. The Systems View of Life: A Unifying Vision. Cambridge University Press, 555 

Cambridge, UK. 510pp. 556 

Carmona-Morena, C., Dondeynaz, C., Biedler, M. 2019. Position paper on water, energy, food, 557 

ecosystems (WEFE) nexus and sustainable development goals (SDGs). EUR 29509 EN. Publications 558 

Office of the European Union, Luxembourg. ISBN 978-92-76-00159-1. DOI: 10.2760/31812, 559 

JRC114177. 560 

Chapagain, A.K., Hoekstra, A.Y. 2004. Water footprint of nations. UNESCO-IHE Research Report 561 

Series No. 16. 80pp. 562 

Chen, B., Han, M.Y., Peng, K., Zhou, S.L., Shoa, L., Wu, X.F., Wei, W.D., Liu, S.Y., Li, Z., Li, J.S., Chen, 563 

G.Q. 2018. Global land-water nexus: Agricultural land and freshwater use embodied in worldwide 564 

supply chains. Science of the Total Environment. 613-614: 931-943. DOI: 565 

10.1016/j.scitotenv.2017.09.138 566 

Chenoweth J. 2008. Minimum water requirement for social and economic development. 567 

Desalination. 229: 245–256. DOI: 10.1016/j.desal.2007.09.011 568 

Clavering E. 1995. The coal mills of northeast England: The use of waterwheels for draining coal 569 

mines, 1600-1750. Technology and Culture. 36: 211-241. 570 

Cozzi L., Wetzel D., Tonolo G., Hyypolie III, J. 2022. For the first time in decades, the number of 571 

people without access to electricity is set to increase in 2022. IEA: International Energy Agency. 572 

Retrieved from https://policycommons.net/artifacts/3158105/for-the-first-time-in-decades-the-573 

number-of-people-without-access-to-electricity-is-set-to-increase-in-2022/3955979/. Accessed on 574 

09 December 2022. 575 

de Fraiture C., Wichlens D., Rockstrom J., Kemp-Benedict E., Eriyagama N., Gordon LJ., Hanjra MA., 576 

Hoogeveen J., Huber-Lee A., Karlberg L. 2018. Looking ahead to 2050: scenarios of alternative 577 

investment approaches. In: Viala, E (ed) (2018). Irrigation Drainage Systems. 22: 127. 578 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

di Baldassarre G., Mazzoleni M., Rusca M. 2021. The legacy of large dams in the United States. 579 

Ambio. 50: 1798-1808. DOI: 10.1007/s13280-021-01533-x 580 

Dawes JHP. 2022. SDG interlinkage networks: Analysis, robustness, sensitivities, and hierarchies. 581 

World Development. 149: 105693. DOI: 10.1016/j.worlddev.2021.105693 582 

Destouni G., Jaramillo F., Prieto C. 2012. Hydroclimatic shifts driven by human water use for food 583 

and energy production. Nature Climate Change. 3: 213-217. DOI: 10.1038/nclimate1719 584 

Diamond J. 2011. Collapse: How societies fail or succeed. Ballantine Books. 589pp. 585 

Ding N., Liu J., Yang J., Lu B. 2018. Water footprints of energy sources in China: Exploring options to 586 

improve water efficiency. Journal of Cleaner Production. 174: 1021-1031. DOI: 587 

10.1016/j.jclepro.2017.10.273 588 

Ding T., Fang L., Chen J., Ji J., Fang Z. 2023. Exploring the relationship between water-energy-food 589 

nexus sustainability and multiple ecosystem services at the urban agglomeration scale. Sustainable 590 

Production and Consumption. 35: 184-200. DOI: 10.1016/j.spc.2022.10.028 591 

Drouet L., Bosetti V., Padoan SA., Aleluia Reis L., Bertram C., Dalla Longa F., Despres J., Emmerling J., 592 

Fosse F., Fragkiadakis K., Frank S., Fricko O., Fujimori S., Harmsen M., Krey V., Oshiro K., Nogueria LP., 593 

Paroussos L., Piontek F., Riahi K., Rochedo PRR., Schaeffer R., Takakura J., van der Wijst K.-I., van der 594 

Zwaan B., van Vuuren D., Vrontisi Z., Weitzel M., Zakeri B., Tavoni M. 2021. Net zero-emisson 595 

pathways reduce the physical and economic risks of climate change. Nature Climate Change. DOI: 596 

10.1038/s41558-021-01218-z 597 

EEA. 2015. The European Environment State and Outlook 2015. Assessment of Global Megatrends. 598 

European Environment Agency, Copenhagen. 140pp. 599 

Elsayed H., Djordjevic S., Savić DA., Tsoukalas I., Makropoulos C. 2022. Water-food-energy nexus for 600 

transboundary cooperation in East Africa. Water Supply. 22: 3567-3587. DOI: 10.2166/ws.2022.001 601 

Endo A., Burnett K., Orencio PM., Kumazawa T., Wada CA., Ishii A., Tsurita I., Taniguchi M. 2015. 602 

Methods of the water-energy-food nexus. Water. 7: 5806-5830. DOI: 10.3390/w7105806 603 

Fader M., Cranmer C., Lawford R., Engel-Cox J. 2018. Towards an understanding of synergies and 604 

trade-offs between water, energy, and food SDG targets. Frontiers in Environmental Science. 6: 112. 605 

DOI: 10.3389/fenvs.2018.00112 606 

Farber SC., Costanza R., Wilson MA. 2002. Economic and ecological concepts for valuing ecosystem 607 

services. Ecological Economics. 41: 375-392. 608 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Feng K., Hubacek K., Ling Siu Y., Li X. 2014. The energy and water nexus in Chinese electricity 609 

production: A hybrid life cycle analysis. Renewable and Sustainable Energy Reviews. 39: 342-355. 610 

DOI: 10.1016/j.rser.2014.07.080 611 

Ford A. 2009. Modeling the Environment (2nd Edition). 488pp. Island Press, Washington DC, USA. 612 

ISBN: 9781597264730 613 

Gerbens-Leenes PW., Hoekstra AY., van der Meer TH. 2009. The water footprint of bioenergy. PNAS. 614 

106: 10219-10223. DOI: 10.1073/pnas.081261910 615 

Gerbens-Leenes PW., Xu L., de Vries GJ, Hoekstra AY. 2014. The blue water footprint and land use of 616 

biofuels from algae. Water Resources Research. 50: 8549-8563. DOI: 10.1002/2014WR015710 617 

Gleeson, T., Wada, Y., Bierkens, M.F.P., van Been, L.P.H. 2012. Water balance of global aquifers 618 

revealed by groundwater footprint. Nature. 488: 197-200. DOI: 10.1038/nature11295 619 

Gleick PH. 1994. Water and Energy. Annual Reviews of Energy and the Environment. 19: 267-99. DOI: 620 

10.1146/annurev.eg.19.110194.001411. 621 

Gleick PH. 2011. The World’s Water Volume 7. The Biennial Report on Freshwater Resources. 424pp. 622 

Island Press, Washington DC, USA. DOI: 10.1007/978-1-59726-228-6 623 

Hanjra MA. Qureshi ME. 2010. Global water crisis and future food security in an era of climate 624 

change. Food Policy. 35: 365-377. 625 

Hassan F. 2011. Water history for our times. United Nations International Hydrological Programme. 626 

IHP Essays on Water History #02. 122pp. Paris, France. Available at: 627 

https://unesdoc.unesco.org/ark:/48223/pf0000210879 628 

Henry RC., Engström K., Olin S., Alexander P., Arneth A., Rounsevell MDA. 2018. Food supply and 629 

bioenergy production within the global cropland planetary boundary. PLOS One. 13: e0194695. DOI: 630 

10.1371/journal.pone.0194695 631 

Hoekstra AY. 2005. Globalization of Water. Water Encyclopedia. John Wiley & Sons, Inc. 632 

Hoff, H. 2011. Understanding the nexus: Background paper for the Bonn2011 Nexus Conference. 633 

51pp. Available at: www.sei-international.org/publications?pid=1977 634 

Holdren JP., Erlich PR. 1974. Human population and the global environment: population growth, 635 

rising per-capita material consumption, and disruptive technologies have made civilization a global 636 

ecological force. American Scientist. 62: 282-292. 637 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Hülsmann S., Sušnik J., Rinke K., Langan S., van Wijk D., Janssen A.B.G., Mooij W.M. 2019. Integrated 638 

modelling of water resources: the ecosystem perspective on the nexus approach. Current Opinion in 639 

Environmental Sustainability. 40: 14-20. DOI: 10.1016/j.cosust.2019.07.003 640 

Hussein WA., Memon FA., Savić, DA. 2017. An integrated model to evaluate water-energy-food 641 

nexus at a household scale. Environmental Modelling and Software. 93: 366-380. 642 

IAASTD. 2009. Agriculture at a crossroads - the global report. International Assessment of 643 

Agricultural Knowledge, Science, and Technology. Island Press, Washington DC. 606pp. Available at: 644 

https://wedocs.unep.org/handle/20.500.11822/8590 645 

IMechE: Institute of Mechanical Engineers. 2013. Global food: Waste not, want not. 33pp. 646 

IPCC. 2018. Global Warming of 1.5 ̊ C: an IPCC special report on the impacts of global warming of 1.5 647 

°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context 648 

of strengthening the global response to the threat of climate change, sustainable development, and 649 

efforts to eradicate poverty. Available at: http://www.ipcc.ch/report/sr15/ 650 

IPCC. 2021. Summary for Policymakers. In: Climate Change 2021: The Physical Science Basis. 651 

Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on 652 

Climate Change. Masson-Delmotte V., Zhai P., Pirani A., Connors SL., Péan C., Berger S., Caud N., 653 

Chen Y., Goldfarb L., Gomis MI., Huang M., Leitzell K., Lonnoy E., Matthews JBR., Maycock TK., 654 

Waterfield T., Yelekçi O., Yu R., Zhou B. (eds.). Cambridge University Press. 3949pp. Available at 655 

ipcc.ch 656 

Iqbal M., Rabbani A., Haq F., Bhimani S. 2022. The floods of 2022: Economic and health crisis hits 657 

Pakistan. Annals of Medicine and Surgery. 84: 104800. DOI: 10.1016/j.amsu.2022.104800 658 

Jägermeyer J., Gerten D., Heinke J., Schaphoff S., Kummu M., Lucht W. 2015. Water savings 659 

potentials of irrigation systems: global simulation of processes and linkages. Hydrology and Earth 660 

System Sciences. 19: 3073-3091. DOI: 10.5194/hess-19-3073-2015 661 

Jägermeyer J., Gerten D., Schaphoff S., Heinke J., Lucht W., Rockström J. 2016. Integrated crop water 662 

management might sustainably halve the global food gap. Environmental Research Letters. 11: 663 

025002. DOI: 1 0.1088/1748-9326/11/2/025002 664 

Jiang, Y. 2015. China's water security: current status, emerging challenges and future prospects. 665 

Environmental Science and Policy. 54: 106-125. DOI: 10.1016/j.envsci.2015.06.006 666 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

JRC. 2022. JRC MARS bulletin. Crop monitoring in Europe June 2022. Vol. 30, No. 6. 57pp. DOI: 667 

10.2760/81945. Available at: https://ec.europa.eu/jrc/en/mars/bulletins 668 

Keith DA., Ferrer-Paris JR., Nicholson E., Kingsford RT (eds). 2020. The IUCN Global Ecosystem 669 

Typology 2.0: Descriptive profiles for biomes and ecosystem functional groups. 192pp. Gland, 670 

Switzerland: IUCN. DOI: 10.2305/IUCN.CH.2020.13.en 671 

Konar, M., Dalin, C., Suweis, S., Hanasaki, N., Rinaldo, A., Rodriquez-Irtube, I. 2011. Water for food: 672 

The global virtual water trade network. Water Resources Research, 47, W05520. 673 

Lawrence J., Blackett P., Cradock-Henry NA. 2020. Cascading climate change impacts and 674 

implications. Climate Risk Management. 29: 100234. DOI: 10.1016/j.crm.2020.100234 675 

Le Blanc D. 2015. Towards integration at last? The sustainable development goals as a network of 676 

targets. Sustainable Development. 23: 176–187. DOI: 10.1002/sd.1582 677 

Liu Y., Chen B., Chen G., Li Z., Meng J., Tasawar H. 2020. Globalized energy-water nexus through 678 

international trade: The dominant role of non-energy commodities for worldwide energy-related 679 

water use. Science of the Total Environment. 736: 139582. DOI: 10.1016/j.scitotenv.2020.139582 680 

Liu X., Peng R., Li J., Wang S., Li X., Guo P., Li H. 2021. Energy and water embodied in China–US trade: 681 

Regional disparities and drivers. Journal of Cleaner Production. 328: 129460. DOI: 682 

10.1016/j.jclepro.2021.129460 683 

Lohrmann A., Farfan J., Caldera U., Lohrmann C., Breyer C. 2019. Global scenarios for significant 684 

water use reduction in thermal power plants based on cooling water demand estimation using 685 

satellite imagery. Nature Energy. 4: 1040-1048. DOI: 10.1038/s41560-019-0501-4 686 

Lucero LJ. 2002. The collapse of the Classic Maya: A case for the role of water control. American 687 

Anthropologist. 104: 814-826. DOI: 10.1525/aa.2002.104.3.814 688 

Macknick J., Newmark R., Heath G., Hallett KC. 2012. Operational water consumption and 689 

withdrawal factors for electricity generating technologies: a review of existing literature. 690 

Environmental Research Letters. 7: 045802. DOI: 10.1088/1748-9326/7/4/045802 691 

Masia S., Trabucco A., Spano D., Snyder R.L., Sušnik J., Marras S. 2021. A modelling platform for 692 

climate change impact on local and regional crop water requirements. Agricultural Water 693 

Management. 255: 107005. DOI: 10.1016/j.agwat.2021.107005 694 

Masia S., Sušnik J., Jewitt G., Kiala Z., Mabhaudi T. 2022. Transboundary WEF Nexus analysis: A case 695 

study of the Songwe River Basin. 91-109. In: Mabhaudi T., Senzanje A., Modi A.T., Jewitt G., Massawe 696 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

F. (Eds). Water-Energy-Food nexus narratives and resource security: a global South perspective. 697 

Elsevier. 332pp. DOI: 10.1016/B978-0-323-91223-5.00003-4. ISBN: 978-0-323-91223-5 698 

McDonald, R.I., Weber, K., Padowski, J., Florke, M., Schneider, C., Green, P.A., Gleeson, T., Eckman, 699 

S., Lehner, B., Balk, D., Boucher, T., Grill, G., Montgomery, M. 2014. Water on an urban planet: 700 

Urbanization and the reach of urban water infrastructure. Global Environmental Change. 27: 96-105. 701 

DOI: 10.1016/j.gloenvcha.2014.04.022 702 

Meadows DH., Meadows DL., Randers J., Behrens WW. 1972. The Limits to Growth. 205pp. Universal 703 

Books. 704 

Mekonnen MM., Hoekstra AY. 2012a. The blue water footprint of electricity from hydropower. 705 

Hydrology and Earth System Sciences. 16: 179-187. DOI: 10.5194/hess-16-179-2012 706 

Mekonnen MM. Hoekstra AY. 2012b. A Global Assessment of the Water Footprint of Farm Animal 707 

Products. Ecosystems. 15: 401-415. 708 

Mekonnen MM., Gerbens-Leenes PW., Hoekstra AY. 2015. The consumptive water footprint of 709 

electricity and heat: a global assessment. Environmental Sciences: Water Resources Technology. 1: 710 

285-297. DOI: 10.1039/C5EW00026B 711 

Mehta L. 2014. Water and human development. World Development. 59: 59–69. DOI: 712 

10.1016/j.worlddev.2013.12.018 713 

Mielke E., Diaz Anadon L., Narayanamurti V. 2010. Water Consumption of Energy Resource 714 

Extraction, Processing, and Conversion: A review of the literature for estimates of water intensity of 715 

energy-resource extraction, processing to fuels, and conversion to electricity. Energy Technology 716 

Innovation Policy Discussion Paper No. 2010-15. Belfer Center for Science and International Affairs, 717 

Harvard Kennedy School, Harvard University. Available at: 718 

http://belfercenter.ksg.harvard.edu/files/ETIP-DP-2010-15-final-4.pdf. 719 

Moe CL, Rheingans RD. 2006. Global challenges in water, sanitation and health. J. Water Health, 4, 720 

41-57. doi: 10.2166/wh.2005.039 721 

Muggaga F., Nabaasa BB. 2016. The centrality of water resources to the realization of Sustainable 722 

Development Goals (SDG). A review of potentials and constraints on the African continent. 723 

International Soil and Water Conservation Research. 4: 215-223. DOI: 10.1016/j.iswcr.2016.05.004 724 

Munaretto S., Witmer M., Sušnik J., Teutschbein C., Sartori M., Hanus A., Terluin I., van Duijvendijk 725 

K., Papdimitriou D., Hole N., Oaks R., Avgerinopoulos G., Marinissen R., Janse J., Kram T., Westhoek 726 

H. 2017. Water-land-energy-food-climate nexus: Policies and policy coherence at European and 727 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

International scale. 136pp. SIM4NEXUS Deliverable 2.1. Available at: 728 

https://sim4nexus.eu/page.php?wert=Deliverables 729 

Munaretto S., Negacz K., Witmer M. 2018. Nexus-relevant policies in the transboundary, national, 730 

and regional case studies. 1654pp. SIM4NEXUS Deliverable 2.2. Available at: 731 

https://sim4nexus.eu/page.php?wert=Deliverables 732 

OECD. 2019. Making Blended Finance Work for Water and Sanitation: Unlocking Commercial Finance 733 

for SDG 6. OECD Studies on Water. OECD Publishing, Paris. DOI: 10.1787/5efc8950-en. 734 

Olsson G. 2021. Water and Energy: Threats and Opportunities. 294pp. IWA Publishing, London, UK. 735 

ISBN: 9781780400266 736 

Payet-Burin R., Kromann M., Pereira-Cardenal S., Strzepek K., Bauer-Gottwein P. 2019. WHAT-IF: an 737 

open-source decision support tool for water infrastructure planning within the water-energy-food-738 

climate nexus. Hydrology and Earth System Science Discussions. DOI: 10.5194/hess-2019-167 739 

Pham-Truffert M., Metz F., Fischer M., Rueff H., Messerli P. 2020. Interactions among the 740 

Sustainable Development Goals: Knowledge for identifying multipliers and virtuous cycles. 741 

Sustainable Development. 28: 1236-1250. DOI: 10.1002/sd.2073 742 

Pradhan P., Costa L., Rybski D., Lucht W., Kropp JP. 2017. A Systematic Study of Sustainable 743 

Development Goal (SDG) Interactions. Earth’s Future. 5: 1169-1179. DOI: 10.1002/2017EF000632 744 

Purwanto A., Sušnik J., Suryadi F.X., de Fraiture C. 2019. The use of a group model building approach 745 

to develop causal loop diagrams of the WEF security nexus in a local context: A case study in 746 

Karawang Regency, Indonesia. Journal of Cleaner Production. 240: 118170. DOI: 747 

10.1016/j.jclepro.2019.118170 748 

RAEng (Royal Academy of Engineering). 2010. Global Water Security: an engineering perspective. 749 

London. 42pp. 750 

Ritcher BD., Postel S., Revenga C., Scudder T., Lehner B., Churchill A., Chow M. 2010. Lost in 751 

Development’s Shadow: The Downstream Human Consequences of Dams. Water Alternatives. 3: 14-752 

42. 753 

Rodell M., Famiglietti JS., Wiese DN., Reager JT., Beaudoing HK., Landerer FW., Lo M.-H. 2018. 754 

Emerging trends in global freshwater availability. Nature. 557: 651-659. DOI: 10.1038/s41586-018-755 

0123-1 756 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Rogelj, J., den Elzen, M., Höhne, N., Fransen, T., Fekete, H., Winkler, H., Schaeffer, R., Sha, F., Riahi, 757 

K., Meinshausen, M. 2016. Paris Agreement climate proposals need a boost to keep warming well 758 

below 2 ̊C. Nature. 534: 631-639. DOI: 10.1038/nature18307 759 

Rost S. 2017. Water management in Mesopotamia from the sixth till the first millennium B.C. WIREs 760 

Water. 4: e1230. DOI: 10.1002/wat2.1230 761 

Scherer L., Pfister S. 2016. Global water footprint assessment of hydropower. Renewable Energy. 99: 762 

711-720. DOI: 10.1016/j.renene.2016.07.021 763 

Scherer L., Behrens P., de Koning A., Heijungs R., Sprecher B., Tukker A. 2018. Trade-offs between 764 

social and environmental Sustainable Development Goals. Environmental Science and Policy. 90: 65-765 

72. DOI: 10.1016/j.envsci.2018.10.002 766 

Severnini ER. 2014. The power of hydroelectric dams: Agglomeration spillovers. IZA Discussion Paper 767 

Series. IZA DP No. 8082. 70pp. Available at: https://docs.iza.org/dp8082.pdf 768 

SIWI. 2019. Invitation to tender: Consultancy services to conduct an agribusiness case feasibility 769 

study in the Songwe River Basin Development Programme, both in the designated areas of Malawi 770 

and Tanzania. Available at: https://www.siwi.org/wp-content/uploads/2019/03/Invitation-to-771 

tender-Songwe-Agri_Consultant-15.03.2019.pdf? 772 

Small N., Munday M., Durance I. 2017. The challenge of valuing ecosystems services that have no 773 

material benefits. Global Environmental Change. 44: 57-67. DOI: 10.1016/j.gloenvcha.2017.03.005 774 

Smil V. 2019. Growth: From microorganisms to megacities. MIT Press, Cambridge, MA, USA. 634pp. 775 

ISBN: 9780262042833. 776 

Smith LC. 2020. Rivers of Power. How a natural force raised kingdoms, destroyed civilizations, and 777 

shapes our world. 356pp. Penguin. London, UK. ISBN:978-0-141-98723-1 778 

Sood, A., Nicol, A., Arulingam, I. 2019. Unpacking the water-energy-environment-food nexus: 779 

working across systems. International Water Management Institute (IWMI) Working Paper 186. 780 

Colombo, Sri Lanka. 43pp. DOI: 10.5337/2019.210 781 

SRBDP. 2018. Presentation on the status of the Songwe river basin development programme to 782 

districts prior to the project preparation mission by AfDB. Available at: 783 

http://www.ilejedc.go.tz/storage/app/uploads/public/5b2/fe2/754/5b2fe275431d2616024163.pdf 784 

SRBDP. 2019. Tanzania/Malawi: Strengthening transboundary cooperation and integrated natural 785 

resources management in the Songwe river basin. African Development Bank Group. Available at: 786 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

https://www.afdb.org/en/documents/document/multinational-strengthening-transboundary-787 

cooperation-and-integrated-natural-resources-management-in-the-songwe-river-basin-project-788 

summary-109895 789 

Steffan W., Richardson K., Rockstrom J., Cornell SE., Fetzer I., Bennett EM., Biggs R., Carpenter SR., 790 

de Vries W., de Wit CA., Folke C., Gerten D., Heinke J., Mace GM., Persson LM., Ramanathan V., 791 

Reyers B., Sorlin S. 2015. Planetary boundaries: Guiding human development on a changing planet. 792 

Science. 347. DOI: 10.1126/science.1259855 793 

Sterman JD. 2000. Business Dynamics: Systems Thinking and Modeling for A Complex World. 768pp. 794 

Irwin McGraw-Hill. ISBN: 0-07-231135-5 795 

Sterman JD. 2002. All models are wrong: Reflections on becoming a systems scientist. System 796 

Dynamics Review. 18: 501–531. DOI: 10.1002/sdr.261 797 

Sušnik J. 2018. Data-driven quantification of the global water-energy-food system. Resources, 798 

Conservation, and Recycling. 133: 179-190. DOI: 10.1016/j.resconrec.2018.02.023 799 

Sušnik J., van der Zaag P. 2017. Correlation and causation between the UN Human Development 800 

Index and national and personal wealth and resource exploitation. Economic Research (Ekonomska 801 

Istraživanja). 30(1): 1705-1723. DOI: 10.1080/1331677X.2017.1383175 802 

Sušnik J., Staddon C. 2021. Evaluation of water-energy-food (WEF) nexus research: perspectives, 803 

challenges and directions for future research. Journal of the American Water Resources Association. 804 

1-10. DOI: 10.1111/1752-1688.12977. 805 

Sušnik J., Masia S., Indriksone D., Brēmere I., Vamvakeridou-Lyroudia L.S. 2021. System dynamics 806 

modelling to explore the impacts of policies on the water-energy-food-land-climate nexus in Latvia. 807 

Science of the Total Environment. 775: 145827. DOI: 10.1016/j.scitotenv.2021.145827 808 

Sušnik J., Masia S., Jewitt G. 2022a. Scales of application of the WEF nexus approach. 49-65. In: 809 

Mabhaudi T., Senzanje A., Modi A.T., Jewitt G., Massawe F. (Eds). Water-Energy-Food nexus 810 

narratives and resource security: a global South perspective. Elsevier. 332pp. DOI: 10.1016/B978-0-811 

323-91223-5.00007-1. ISBN: 978-0-323-91223-5 812 

Sušnik J., Masia S., Jewitt G., Simpson G. 2022b. Tools and indices for WEF nexus analysis. 67-89. In: 813 

Mabhaudi T., Senzanje A., Modi A.T., Jewitt G., Massawe F. (Eds). Water-Energy-Food nexus 814 

narratives and resource security: a global South perspective. Elsevier. 332pp. DOI: 10.1016/B978-0-815 

323-91223-5.00013-7. ISBN: 978-0-323-91223-5 816 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Tallis H., Polasky S. 2009. Mapping and valuing ecosystem services as an approach for conservation 817 

and natural-resource management. Annals of the New York Academy of Sciences. 1162: 265-283. 818 

DOI: 10.1111/j.1749-6632.2009.04152.x 819 

Toreti A., Masante D., Acosta Navarro J., Bavera D., Cammalleri C., De Felice M., de Jager A., Di Colli 820 

C., Hrast Essenfelder A., Maetens W., Magni D., Spinoni J. 2022. Drought in Europe July 2022. EUR 821 

31147 EN. Publications Office of the European Union, Luxembourg, July 2022. JRC130253. DOI: 822 

10.2760/014884 823 

United Nations. 2010. 64/292. The human right to water and sanitation. General Assembly. 824 

https://documents-dds-ny.un.org/doc/UNDOC/GEN/N09/479/35/PDF/N0947935.pdf?OpenElement 825 

UNISDR. 2015. Making development sustainable: The future of disaster risk management. Global 826 

Assessment Report on Disaster Risk Reduction. Geneva, Switzerland. United Nations Office for 827 

Disaster Risk Reduction. 316 pp. 828 

van den Heuvel L., Blicharska M., Masia S., Sušnik J., Teutschbein C. 2020. Ecosystem services in the 829 

Swedish water-energy-food-land-climate nexus: anthropogenic pressures and physical interactions. 830 

Ecosystem Services. 44: 101141. DOI: 10.1016/j.ecoser.2020.101141 831 

Vinke F., van Koningsveld M., van Dorsser C., Baart F., van Gelder P., Vellinga T. 2022. Cascading 832 

effects of sustained low water on inland shipping. Climate Risk Management. 35: 100400. DOI: 833 

10.1016/j.crm.2022.100400 834 

Wang X., Dong Z., Sušnik J. 2023. System dynamics modelling to simulate regional water-energy-food 835 

nexus combined with the society-economy-environment system in Hunan Province, China. Science 836 

of the Total Environment. 863: 160993. DOI: 10.1016/j.scitotenv.2022.160993. 837 

WEF (World Economic Forum). 2013. Global Risks 2013: Eighth Edition. Available at: 838 

weforum.org/docs/WEF_GlobalRisks_Report_2013.pdf.  839 

WEF (World Economic Forum). 2015. Global Risks 2015: Tenth Edition. Available at: 840 

weforum.org/docs/WEF_GlobalRisks_Report_2015.pdf.  841 

WEF (World Economic Forum). 2016. Global Risks Report 2016. 11th edition. 103pp. Available at: 842 

http://wef.ch/risks2016 843 

WHO & UNICEF. 2017. Progress on drinking water, sanitation and hygiene: 2017 update and SDG 844 

baselines. 845 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Wilkonson TJ. 2012. Hydraulic landscapes and irrigation systems of Sumer. In: Crawford H. (Ed.). The 846 

Sumerian World. 688pp. Routledge, London, UK. DOI: 10.4324/9780203096604 847 

Wollenberg, E., Richards, M., Smith, P., Havlik, P., Obersteiner, M., Tubiello, F.N., Herold, M., Gerber, 848 

P., Carter, S., Reisinger, A., van Vuuren, D.P., Dickie, A., Neufeldt, H., Sander B.O., Wassmann, R., 849 

Sommer, R., Amonette, J.E., Falcucci, A., Herrero, M., Opio, C., Roman-Cuesta, R.M., Stehfest, E., 850 

Westhoek, H., Ortiz-Monasterio, I., Sapkota, T., Rufino, M.C., Thornton, P.K., Verchot, L., West, P.C., 851 

Soussana, J.-F., Baedeker, T., Sadler, M., Vermeulen, S., Campbell, B.M. 2016. Reducing emissions 852 

from agriculture to meet the 2 ̊C target. Global Change Biology. 22(12): 3859-3864. DOI: 853 

10.1111/gcb.13340 854 

World Bank. 2013a. Energy fact-file. Available at http://www.worldbank.org/. 855 

World Bank. 2013b. Water Papers: Thirst Energy (No. 78923). Eds: Rodriquez, D.J., Delgado, A., 856 

DeLaquil, P., Sohns, A. 72pp. 857 

World Economic Forum. 2022. The Global Risks Report 2022, 17th Edition. World Economic Forum. 858 

117pp. ISBN: 978-2-940631-09-4. Available at wef.ch/risks22 859 

World Energy Council. 2010. Water for Energy. World Energy Council, London, UK. ISBN: 978-0-860 

946121-10-6. 861 

World Hunger. 2013. http://www.wfp.org/hunger. 862 

Wu S., Wei Y., Head B., Zhao Y., Hanna S. 2019. The development of ancient Chinese agricultural and 863 

water technology from 8000 BC to 1911 AD. Humanities and Social Sciences Communications. 5. 864 

DOI: 10.1057/s41599-019-0282-1 865 

WWAP (United Nations World Water Assessment Programme). 2012. World Water Development 866 

Report 4: 2012. Paris, UNESCO. 867 

WWAP (United Nations World Water Assessment Programme). 2014. The United Nations World 868 

Water Development Report 2014: Water and Energy. Paris, UNESCO. 869 

WWAP (United Nations World Water Assessment Programme). 2019. The United Nations World 870 

Water Development Report 2019: Leaving No One Behind, UNESCO Publishing, Paris, France. 871 

WWF. 2014. The water-food-energy nexus. Insights into resilient development. 20pp. 872 

Zakeri B., Paulavets K., Barreto-Gomez L., Echeverri LG., Pachauri S., Boza-Kiss B., Zimm C., Rogelj J., 873 

Creutzig F., Ürge-Vorsatz D., Victor DG., Bazilian MD., Fritz S., Gielen D., McCollum DL., Srivastava L., 874 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1


Accepted Manuscript 

Hunt JD., Pouya S. 2022. Pandemic, War, and Global Energy Transitions. Energies. 15: 6114. DOI: 875 

10.3390/en15176114 876 

Zelinka D., Amadei B. 2019. A systems approach for modelling interactions among the Sustainable 877 

Development Goals Part 2: System Dynamics. International Journal of System Dynamics Applications. 878 

8: 41-59. DOI: 10.4018/IJSDA.2019010103 879 

Zhang J., Wang S., Pradham P., Zhao W., Fu B. 2022. Mapping the complexity of the food-energy-880 

water nexus from the lens of Sustainable Development Goals in China. Resources, Recycling, and 881 

Conservation. 183: 106357. DOI: 10.1016/j.resconrec.2022.106357 882 

https://doi.org/10.1017/wat.2023.1 Published online by Cambridge University Press

https://doi.org/10.1017/wat.2023.1

