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A B S T R A C T   

Over the years, desalination has become integral to water resources management, primarily in coastal semi-arid 
to arid regions. While desalinated seawater has mainly been supplied to municipal and high-revenue industries, 
the agriculture sector faces increasing irrigation demands, making it a potential user. This review assesses the 
sustainability of using desalinated seawater for irrigation, shedding light on its limitations and potential. Using 
desalinated water for irrigation presents challenges, including its high energy consumption, potential contri
bution to climate change, and agronomy-related concerns. However, evidence suggests that these challenges can 
be addressed effectively through tailor-fitted strategies. That said, conventional binary decision-making para
digms that label practices as good or bad and focus on a singular, isolated aspect are insufficient for evaluating 
the sustainability of desalination due to the complex and interconnected nature of the issues involved. To 
overcome this, the climate-water-energy-food (CWEF) nexus concept is proposed as a comprehensive framework 
for sustainability assessment. Adopting the CWEF nexus approach allows for a better understanding of the po
tential challenges associated with using desalinated water for irrigation, encompassing social, economic and 
environmental concerns. To ensure effective management of these challenges, it is crucial to tailor desalination 
projects to specific regional conditions and employ either prophylactic or corrective strategies. By embracing the 
CWEF nexus approach, informed decisions can be made regarding the future utilization of desalinated water for 
irrigation, contributing to broader sustainability goals.   

1. Introduction 

While recently gathered data suggest a notable decline in worldwide 
fossil fuel production, these resources, most notably oil and coal, are still 
dominating the energy market by a considerable margin. It is estimated 
that fossil fuels accounted for more than 81 % of world energy pro
duction in 2019, similar to the value reported in 2018 (IEA, 2021). In 
addition to the adverse environmental impacts of resorting to these re
sources due to greenhouse gas (GHG) emissions, the alarming de
pendency on fossil fuels signals a developing energy crisis as these 
resources are, by nature, non-renewable. All in all, continuing this tra
jectory would create devastating future socio-economic and 

environmental problems. 
On the other hand, global hunger levels remain alarmingly high, and 

the world continues to struggle with an ongoing food crisis. It is esti
mated that in 2021, nearly 193 million individuals faced the challenges 
of acute food insecurities and required immediate assistance across 53 
countries/territories, a tragic all-time high record that captures the 
sheer magnitude of the impending food crisis (FSIN, 2022). Given the 
stresses on the global food system, the frequency and severity of the said 
crisis are expected to rise in the upcoming years (Puma et al., 2018). 

Lastly, an ongoing water crisis has been looming over the world for 
quite some time now. One of the most notable roots of this problem is 
that the global water demand has been steadily increasing over the years 
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and is expected to continue the said trajectory (Ritchie and Roser, 2017). 
Of course, one should consider that water is not distributed evenly 
throughout the globe, leaving some regions with less accessibility to 
readily available water resources. As a result, regions such as the Middle 
East have been struggling with an ongoing water crisis, which is ex
pected to be exacerbated by the adverse impacts of climate change 
(Bozorg-Haddad et al., 2020). 

The looming crises raise challenges for the agriculture industry. As 
stated, the challenge of reliable food production, most notably in semi- 
arid and arid regions, coupled with the ever-increasing demand for new 
food products, drives the industry to expand its operations including 
extended use of water for irrigation (Valipour and Singh, 2016). Doing 
so would pressure the already vulnerable water sector. Furthermore, 
accessing new water resources can be an energy-demanding procedure 
that may induce further stress on the energy sector (Kenway et al., 
2011). Climate change is projected to complicate the situation even 
further, as not only does it directly impact the agriculture sector, but it 
can also affect and be affected by solutions to the water and energy crises 
(Zolghadr-Asli et al., 2019). This situation is direr in semi-arid to arid 
regions, where lack of water has already taken its toll on the water, food, 
and energy sectors. 

In light of all these crises, over the years, desalination has emerged as 
a reasonable practice to secure water resources, most notably in semi- 
arid and arid regions. By convention, desalination is defined as the 
process of removing dissolved solids, such as salts and minerals, from water 
(Kucera, 2019). In addition to its prominent role in augmenting water 
resources, what distinguishes desalinated water from other conventional 
alternatives is that it can buffer natural hydro-climatic volatility, making 
water resources management relatively independent from the hydro
logical cycle. As such, desalination has been playing a vital role in the 
current landscape of water planning and management, including and 
perhaps most notably, meeting municipal water demands since the 
1960s (Angelakis et al., 2021). 

For the most part, on a global scale, use of desalinated water in the 
agriculture industry has been limited. As such, while a good deal of 
experience and knowledge has been accumulated collectively about 
applying desalination to meet municipal demands, the same cannot be 
said about application to the agriculture sector. In fact, at the moment, 
based on currently available data, the only countries committed to this 
practice under a nationwide and publicly supported program at a 
notable scale are Spain and Israel (Martin-Gorriz et al., 2021). The 
application of desalinated water in the Spanish agriculture sector dates 
to 1995 when a private desalination plant was installed to guarantee the 
irrigation requirements of the Mazarrón Irrigation District (Martíne
z-Alvarez et al., 2018). In 2004, however, the Spanish government 
committed to a long-term plan to invest in desalinated water for the 
agriculture industry (Martínez-Alvarez et al., 2018; Navarro, 2018). As 
for Israel, while the country had been contemplating using desalinated 
water for irrigation since the mid-1960s, 2006 marks the milestone in 
which the nation committed to a long-term plan to support this practice 
(Lahav and Birnhack, 2007). That said, it should be noted that given 
current circumstances and projected challenges in the water and food 
industry, other regions, including Australia, Chile, China, Egypt, Saudi 
Arabia, and the United States, are entertaining the idea of implementing 
desalination for the agriculture industry (Lattemann et al., 2010; Mar
tínez-Alvarez et al., 2018). 

In light of the impending crises stated earlier, it is critical to under
stand the potential role of desalination in the agriculture industry, in 
particular for irrigation purposes. Significant relevant research has been 
undertaken in the last decade or so to shed light on this subject (e.g., 
Burn et al., 2015 Martínez-Alvarez et al., 2016; Kumar et al., 2018). 
Notwithstanding the necessity and value of such research, what is 
lacking in such analyses is the acknowledgement and, in turn, explora
tion of the multifaceted nature of the problem. Furthermore, any 
attempt to investigate this topic without exploring the impacts of 
climate change is arguably moot. With this in mind, through the concept 

of the climate-water-energy-food (CWEF) nexus, the current review aims 
to provide a fresh and more holistic approach to interpreting the role of 
desalination within the context of the agriculture industry. Similar to the 
well-established water-energy-food (WEF) nexus, the underlying 
concept of the CWEF nexus is to emphasize the interconnectedness of 
water, energy, food, and, in this case, climate security. This paradigm of 
thinking has played a vital role in contemporary sustainable water 
planning and management (e.g., Duan et al., 2019; Qin et al., 2022). 
CWEF-based frameworks have been used to evaluate the merits and 
drawbacks of water management techniques (e.g., Sun et al., 2020; Ren 
et al., 2022). This can ultimately help decision-makers and engineers 
better understand the nexus and what the future may hold should large 
elements of the agriculture industry resort to desalination as a new 
water resource. Ultimately, this review aims to explore how sustainable 
desalinated water can be within the context of the agriculture industry, 
which from this point onward, exclusively refers to the irrigation prac
tices that rely on desalinated water unless explicitly stated otherwise. 

2. Role of desalination from the water resources angle 

In order to evaluate the potential future role of desalination in the 
agriculture industry, it is crucial to understand its current role in water 
resources management. Generally speaking, the practice of desalination 
has been expanding steadily on a global scale. As can be seen in Fig. 1, 
the industry is showing a steady growth both in terms of installed 
desalination plants and overall capacity. That said, because water re
sources and socio-economic conditions vary from region to region, so 
has the development of desalination projects. As can be seen in Fig. 2, 
the Middle East region (47.5 %) alone accounts for the majority of 
available global capacity for desalination, with North America (14.9 %) 
and southern and western Europe (10.0 %) being the next biggest 
investors. 

As well as varying between regions, the reliance on desalination 
varies drastically from one sector to another. Based on Kucera (2019),  
Fig. 3 depicts each sector’s relative share of desalinated water globally in 
2015. The municipal (60 %) and industry (28 %) sectors are by a 
considerable margin the most notable users. These uses dwarf 
irrigation-related water demands, which account only for 2 % of desa
linated water globally. Given the ever-increasing water demands of the 
agriculture sector and the ongoing water crisis, one can surmise that 
these numbers are going to change. As such, it would not be unexpected 
to see more countries incorporate desalinated water in their agricultural 
systems, similar to previous developments in Spain and Israel. However, 
as we will explore in the upcoming sections, some pressing matters, most 
notably environmental and economic concerns, could potentially delay 
or halt such long-term commitments. 

3. A closer look at desalination from the energy sector 
perspective 

The water and energy sectors are interconnected on various levels to 
the point that addressing the issues of one sector without at least 
considering the other sector is impossible (Zolghadr-Asli et al., 2019). 
While water is actively contributing to the energy sector, for example 
through fuel extraction and processing operations, thermoelectric 
cooling and hydropower generation, the energy sector is providing 
power to run the water sector. Extraction, distribution, conveyance, and 
wastewater collection and treatment are merely examples of how the 
water sector relies heavily on the energy sector (Saleh et al., 2019). 

The reliance of water supply on energy supply is particularly pro
nounced in the desalination industry. The energy demands of desali
nated water relate to how and where it is used, with additional pre- and 
post-treatment processes generally required to ensure water quality 
standards can be met, and in some cases pumping of the product over 
considerable distances and elevation gains is also required. Studies 
suggest that, on average, desalination requires four times as much 
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energy as water produced in water reuse plants, ten times as much en
ergy as a traditional treatment for surface water, and nearly twenty 
times more energy than pumping groundwater (McEvoy and Wilder, 
2012). As a result, reliance on desalination exposes water sellers and 
buyers to the energy market’s notorious volatilities (Hussey and Pittock, 
2012; Tubi and Williams, 2021). Furthermore, the energy consumption 
of desalinated water supply could, in turn, be ultimately reflected in 
GHG emissions. 

In response to the economic and environmental disadvantages of 
desalinated water supply, there has been a gradual decline in the power 
consumption of desalination units over the years. Fig. 4, for instance, 
depicts how the power consumption of seawater reverse osmosis (RO) 
desalination units, currently the most relevant and efficient technology 
available in the market, has improved over time. The power demand for 
such units ranged from 10 to 16 kWh/m3 to today’s state-of-the-art RO 
units that require approximately 3–5 kWh/m3 (Baten and Stummeyer, 
2013; Palmer, 2015; Kim et al., 2019). Ideally, the ultimate goal would 
be to cut down the energy consumption of the desalination units as much 
as possible. It should be noted, however, that there is a minimum 
theoretical limit as desalination is fundamentally energy demanding. 
Based on thermodynamic principles, for instance, the theoretical energy 
requirement for an RO unit that desalinates seawater with total dis
solved solids of 35,000 ppm and with temperature 25 ◦C, assuming 50 % 
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Fig. 1. The evolution of the desalination industry across the globe over the years (based on Angelakis et al., 2021).  

Fig. 2. Relative regional share in capacity for desalination (based on Lattemann et al., 2010).  

Fig. 3. The relative share of each sector from total desalinated water in 2015 
(based on Kucera, 2019). 
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energy recovery, is approximately 1.06 kWh/m3 (Baten and Stummeyer, 
2013; Palmer, 2015). The stated value is, of course, based on pure 
theoretical conditions, and in practice, often, we cannot achieve this 
level of efficiency. Furthermore, incorporating pre- and post-treatment 
measures to enhance water quality for a specific sector would increase 
this power consumption. In the agriculture sector, this may include 
reducing the concentration of phytotoxic elements such as Boron and 
Chloride or reintroducing nutrition elements back to the water. Based on 
data gathered in Spain and Israel, such additional power consumptions 
are estimated to range between 0.50 and 0.77 kWh/m3, which brings the 
total energy consumption of state-of-the-art large seawater desalination 
units that supply the agriculture sector to somewhere between 2.9 and 
4.3 kWh/m3 (Martínez-Alvarez et al., 2018). 

From a planning and management perspective, a practical approach 
to reducing energy consumption of the desalination process is to opti
mize its planning, design, layout, and operation. For instance, knowing 
that larger desalination units can be more energy efficient (Martíne
z-Alvarez et al., 2019), having a clear long-term plan about water re
quirements, including possible expansion to include the demands of 
different parties and perhaps even different sectors, while planning and 
designing these systems can help increase their overall energy effi
ciency. It should also be noted that a significant amount of energy 
infrastructure and water supply infrastructure is required to power 
desalination and transport water in and out of the desalination units 
(DeNicola et al., 2015). As such, optimally locating the units with 
respect to the water source and the end user can significantly reduce 
both capital cost and energy requirements. Maintenance of the system is 
another way to uphold energy performance of these units over their 
operation horizon (Lapuente, 2012; Cornejo et al., 2014; Leon et al., 
2021). 

Nevertheless, the most notable principal factor determining a desa
lination unit’s energy consumption is the core technology used for the 
desalination process. Since thermal process-based technologies such as 
multi-effect desalination (MED) and multistage flash (MSF) fundamen
tally require large amounts of thermal energy, RO is often cited as the 
most energy-efficient technology (Leon et al., 2021). Incorporating en
ergy recovery devices (e.g., isobaric chambers and 
positive-displacement pumps), in general, is another alternative that can 
ultimately help offset the overall energy consumption of desalination 
units (Lapuente, 2012; Cornejo et al., 2014; Leon et al., 2021). Recent 
advancements in the desalination industry may also open the door to a 
whole new approach for energy-conservative desalination. Though still 
in the testing phase, state-of-the-art technologies such as nano
membranes or batch desalination may be the key to a more efficient 
process (Palmer, 2015). 

A complementary way to address the challenges associated with the 
energy consumption of the desalination industry is to take a critical look 
at the energy supply, that is, employing a more environmentally friendly 

and possibly cheaper energy resource. Reportedly, global use of 
renewable energy has experienced a 3 % increase in 2020, while de
mand for all other fuels has declined (IEA, 2021). It was estimated that 
the share of renewable energy resources in global electricity generation 
in 2020 was around 29 % (IEA, 2021). While renewable energy re
sources are markedly perceived as more environmentally friendly than 
fossil fuels as they have less GHG emissions, they are considered to be 
expensive for large-scale industrial applications. This notion has been 
challenged recently (Pistocchi et al., 2020). Studies show, for instance, 
that commercial implementation of renewable energy to run large-scale 
desalination units could be considered economically feasible, should 
fossil fuel subsidies be removed from the equation (Baten and Stum
meyer, 2013). Currently, the most notable practical attempts to address 
this issue take advantage of a hybrid format where both fossil fuels and 
renewable energy alternatives are simultaneously used to power a 
desalination unit (Tubi and Williams, 2021). 

Many options are available for linking renewable energy sources and 
desalination technology. Scalability, costs, suitability to specific climatic 
and environmental conditions, and feedwater quality are the main fac
tors that help decide the most fitting option. The most common 
renewable and carbon dioxide-free energy resources implemented in the 
desalination industry are geothermal, nuclear, solar, wave, and wind 
(Kucera, 2019). Among these options, currently, solar-based desalina
tion is the most prevalent. The relative predictability of sunshine makes 
this option easier to plan and manage than alternatives like wave or 
wind power (Leon et al., 2021). Furthermore, it is becoming progres
sively more affordable to implement at larger scales (Pistocchi et al., 
2020). 

Though it has been under development since 1982, wind energy is 
mainly used to power relatively small-scale RO units (Kucera, 2019). 
Similarly, wave energy is usually paired up with small-scale RO desali
nation units (Palmer, 2015). Naturally, the latter approach is deemed 
more suitable for near-coastline cities, for example it has been employed 
in Perth, Australia (Palmer, 2015). Nuclear energy can also be used as a 
carbon dioxide-free energy source (Belessiotis et al., 2010). Often this is 
paired with thermal desalination technology, and it is estimated that by 
doing so, one can reduce the GHG of the desalination process by up to 90 
% (Kucera, 2019). Geothermal energy is another renewable energy 
source that can directly power a thermal desalination unit or indirectly 
provide the electricity needed for RO units (Kucera, 2019). Similarly, 
solar power can be coupled with thermal desalination units using solar 
stills, solar multi-effect humidification (MEH), or concentrating solar 
plant–multi-effect distillation (CSP-MED). The other option is to convert 
solar radiation into electric energy using semiconducting materials in 
the form of photovoltaic (PV) panels (Rothwarf and Böer, 1975), with 
photovoltaic reverse osmosis (PV-RO) and photovoltaic electrodialysis 
(PV-ED) being the two main approaches. While these are considered to 
be promising technologies, one of the known drawbacks of PV-based 

Fig. 4. The evolution in power consumption of RO desalination units over time, excluding any pre- and post-treatment procedures (based on Baten and Stummeyer, 
2013; Palmer, 2015). Note The theoretical energy requirement here corresponds to the desalination of 35,000 ppm of seawater at 25 ◦C with 50 % energy recovery 
(1.06 kWh/m3). 
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desalination is the high cost of PV cells and batteries for electricity 
storage (Kucera, 2019). 

All in all, replacing conventional resources with desalinated water in 
the agriculture sector, solely from the energy side of things, may impose 
additional challenges, including economic and environmental concerns. 
That said, there seem to be some strategies that can mitigate or perhaps 
resolve these issues altogether. Substituting fossil energies with renew
able and carbon dioxide-free energy resources, for instance, can be a 
game-changer for the sustainability of irrigating with desalinated water. 
With these in mind, it is time to evaluate the practice of desalination 
within the context of the food and agronomic sector. It should be noted 
that the scope of this review was limited to the application of desalinated 
water for agronomic purposes and, more specifically, the irrigation of 
crops due to its immense role as one of the primary food supplies around 
the world. As such, from this point onward, the terms agriculture and 
agronomy solely refer to crop farming and the practice of irrigation, 
unless explicitly stated otherwise. 

4. A closer look at desalination from the food and agronomy 
sector 

When it comes to implementing desalination technology to meet 
agricultural water demand, the most significant incentive is the oppor
tunity it provides to expand agronomical activities and, in turn, increase 
food production. In light of the ongoing food production deficiency, 
markedly in semi-arid and arid regions, this in and of itself could be a 
compelling-enough argument to at least entertain this idea. Despite this, 
relying on desalinated water for irrigation purposes is a more limited 
practice but has been attracting more attention in the last two decades. 
As a result, some of the mid-to-long-term impacts of this practice are still 
unclear. That said, reportedly, this practice could cause some concerns 
and has done so in some cases. Broadly speaking, the potential agro
nomic concerns are lack of essential nutrients, phytotoxicity of chemical 
components such as Boron (B), Chloride (Cl), and Sodium (Na); risk of 
soil sodicity, and low alkalinity and buffering capacity of the said water 
(Martínez-Alvarez et al., 2016). These potential issues could be, in turn, 
reflected in the crop quality, crop yield, and plants’ disease resistance. 
However, the potential for such impacts depends on multiple factors and 
ultimately needs to be determined on a case-by-case basis. 

Before diving into the agronomic concerns about irrigating with 
desalinated water, it is essential to appreciate why such concerns could 
arise in the first place. Often the desalinated water from RO units is 
associated with a total dissolved solids concentration (TDS) below 
250 mg/L, very low hardness and buffering capacity, and an acidic pH 
(Martínez-Alvarez et al., 2016). These conditions are not quite suitable 
for most agricultural-related applications and can even be aggressive 
towards the materials used in the distribution and conveyance systems 
(Martínez-Alvarez et al., 2018). The general quality of the feedwater and 
desalination technology dictates the chemical composition of the desa
linated water. That said, predominate minerals in desalinated water are 
Na and Cl ions, with a very low concentration of other elements such as 
Calcium (Ca), Magnesium (Mg), Sulfate (SO4), as well as high concen
tration of Boron (B) (Martínez-Alvarez et al., 2016). While some of these 
elements can potentially cause phytotoxicity at high concentrations, the 
concentrations in water treated by RO tend to be so low that it lacks the 
nutrition components necessary for the plant growth and productivity. 
What is also crucial to note here is that desalination not only removes 
the undesirable minerals from the feedwater but also somewhat sepa
rates most minerals with an ionic charge, some of which have nutritional 
value for the plants. Furthermore, elements with no ionic charge, such as 
B, found with high concentrations in seawater, would easily pass the 
membrane with little to no filtration. Therefore, determining the agro
nomic impacts depends on the quality of the desalinated water relative 
to alternative sources. For instance, studies revealed that using desali
nation could be agronomically beneficial in a region in Israel, where 
generally, the quality of water that was replaced with desalinated water 

was relatively poor (Martínez-Alvarez et al., 2016). Other studies 
arrived at the opposite conclusion for a region in southeast Spain, where 
the conventional resources used prior to desalinated water were of high 
quality (Martínez-Alvarez et al., 2018). 

The relation of crop growth to quality of the source water also de
pends on type of irrigation practice, local climate, soil condition, and 
crop type. Crop type is a crucial factor that determines how a given plant 
would react to desalinated water. Fig. 5, for instance, shows how 
different plants would generally react to B and salinity. Soil type is 
another key factor, for instance, soils with high clay content are more 
prone to sodicity hazards (Martínez-Alvarez et al., 2018). The irrigation 
practice is another element that needs to be taken into consideration. Cl 
and Na, for instance, can cause a more pronounced problem should one 
use sprinkler irrigation, as these elements can be absorbed directly 
through the leaves, markedly during periods of high temperatures and 
low humidity (Bernstein, 1975). Hydro-climatic conditions of a region 
can also be a decisive factor. For instance, higher feedwater temperature 
would result in a higher B passage rate (Martínez-Alvarez et al., 2016). 
Higher precipitation rates, as another example, can enhance the toler
ance for salinity in the irrigation water, as the soil in such regions is 
exposed to a natural leaching process (Martínez-Alvarez et al., 2018). 

All in all, desalinated water, solely from the agronomic side of things, 
appears to be a suitable choice to meet the ever-increasing water de
mands of the agriculture sector. That said, resorting to desalinated water 
for irrigation could have adverse agronomic side effects, varying from 
one case to another. This sheds light on the importance of regional and 
even local studies on the agronomical impacts of desalination. However, 
it is essential to note that observing the full effect of such practice on 
crop quality and yield may take a while, as was demonstrated by Silber 
et al. (2015). However, before reaching the overall verdict with regard 
to the permissibility of desalination in the context of the agriculture 
industry, it is crucial to look at the last piece of the puzzle, which is how 
this practice would influence and be influenced by climate change. 

5. Climate change and desalination 

There is staggering scientific evidence to prove that human activities 
have altered global climate over the years, most notably a steady up
ward trend in the global average temperature with a rate unprecedented 
in the last two millennia (IPCC, 2021). In fact, thanks to the recent ad
vancements in paleoclimate data assimilation, new studies were able to 
demonstrate that, indeed, one of the primary drivers of the global 
temperature variability within the last 24 millennia was GHG emissions 
(Osman et al., 2021). Through tampering with the hydrologic cycle, 
climate change is altering the status quo of water resources worldwide. 
That said, how these alterations are manifested varies from region to 
region (Zolghadr-Asli, 2017). With that in mind, the general perception 
about the advent of these new hydro-climatic patterns is that these 
changes may exacerbate the situation of water resources in semi-arid 
and arid regions, including the Middle East, which, needless to say, 
are already experiencing mild to severe water stress (Bozorg-Haddad 
et al., 2020). Forming a sustaining adaptation strategy has become one of 
the last lines of defense to ultimately secure the integrity of water re
sources (Enayati et al., 2021; Zolghadr-Asli et al., 2021). In current 
context, this introduces the question, can desalination be genuinely seen 
as an adaptive strategy against the impacts of climate change? 

Addressing this question requires us to capture the dynamic and 
intricate relationship between desalination and climate change. As 
stated, desalination is, in essence, an intensive energy-driven technology 
to augment conventional water resources (Heihsel et al., 2019). 
Notwithstanding the positive contribution of this practice to remedy the 
water and food crisis, the fact that it is energy-intensive implies that it 
can exacerbate global climate change. A common approach to under
standing how desalination, or any human activity, can contribute to 
climate change is to measure its cumulative GHG emission. To that end, 
scholars employ a metric called carbon footprint equivalent. The carbon 
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footprint equivalent of an activity, often denoted by CO2eq, is defined as 
the global warming effects of all the GHG emissions of that activity 
(Cornejo et al., 2014; Saleh et al., 2019). Note that the CO2eq metric 
reflects both direct emissions, say on-site sources, and indirect GHG 
contributions associated with the activity, such as off-site energy pro
duction, production of raw materials, and chemical components, and 
fuels. For a more detailed review of this subject, interested readers are 
referred to Cornejo et al. (2014). 

In the context of climate change, using the concept above, each 
practice can be labeled as either a source or sink of GHG emission, where 
the former contributes to amplifying climate change effects while the 
latter subtracts or mitigates such impacts. The mainstream perception 
concerning the overall contribution of crop farming is that it can be seen 
as a sink of GHG emissions (Martin-Gorriz et al., 2021). The implication 
is that this industry is, in and of itself, an adaptive way to alleviate the 
impacts of climate change. That said, introducing desalinated water for 
irrigation purposes could drastically change the narrative, as the prac
tice of desalination is generally a source of GHG emissions and, as such, 
can counterbalance the positive contribution of the agriculture industry. 

The impact of desalination on the agriculture industry’s GHG emis
sion seems to vary from one case to another (e.g., Martin-Gorriz et al., 
2021). Recent studies, however, suggest that generally, most 
plant-based agricultural practices can still be regarded as a sink for GHG 
emissions, despite the negative impacts of desalination. That said, 
theoretically, this practice can also present some potential nuances, as 
desalination creates an augmented and reliable water source with often 
acceptable quality that can be used to expand the farmed areas or 
initiate new irrigation projects with more environmentally suitable and 
economically profitable crops. 

Theoretically speaking, how and to what extent desalination can 
influence climate change is rooted in a series of factors, including but not 
limited to desalination plant type, pre-and post-treatment process, irri
gation practice, system efficiency in terms of distribution, and convey
ance, desalination plant size, construction, maintenance, and operation 
of the system, source and demanded water quality, and hydro- 
geographic conditions (Lyons et al., 2009; Fine and Hadas, 2012; Cor
nejo et al., 2014; Saleh et al., 2019). Crop type is another decisive factor 

(Martin-Gorriz et al., 2021). Recent studies have illustrated how the type 
of crop can switch the irrigation from a sink to a source for GHG emis
sion (Martin-Gorriz et al., 2021). Perhaps the most notable contributing 
factor is the energy source that fuels the entire process (Baten and 
Stummeyer, 2013). As explored earlier, the transition into renewable 
energy-based desalination plants could substantially reduce the carbon 
footprint of this practice, making it practically a zero-carbon footprint 
source for water resources (Pistocchi et al., 2020). 

While the above narrative shows how desalination can influence 
climate change, there is another side to this, as climate change can also 
alter how desalination is perceived and practiced worldwide. The most 
obvious and arguably predominant demonstration of this is rooted in 
how climate change alters the hydro-climatic status quo. The common 
perception is that climate change is exacerbating the water crisis in 
semi-arid to arid regions (e.g., Bozorg-Haddad et al., 2020; Mubeen 
et al., 2022). As the demand for a new reliable, and sustainable source of 
water increases, impacted societies would be more receptive toward the 
idea of desalination. This has previously been observed to varying ex
tends in Australia, Israel, Spain, and the United States (Feitelson and 
Rosenthal, 2012; Williams, 2018; Tubi and Williams, 2021). Some au
thors have even gone as far as saying that such shifts may have sub
stantial geopolitical implications in the future, creating a new 
socio-political establishment that leans more heavily on coastal areas 
(Wolf, 2009). 

On the other side of the spectrum of climate change impacts is 
flooding, which is projected to become a more frequent and intense 
phenomenon. This would, in turn, be induced as an additional source of 
risk to desalination infrastructure that needs to be accounted for. Often 
located near the shorelines, desalination networks could also be exposed 
to additional risks as climate change projections signal a significant rise 
in sea levels (DeNicola et al., 2015; Tubi and Williams, 2021). 
Furthermore, recent studies illustrated that the impacts of Tsunamis are 
expected to be more devastating due to such projections for sea level 
rises (Sepúlveda et al., 2021), another risk that could jeopardize the 
safety of coastal desalination infrastructure. 

Last but not least, it is also crucial to note how the latest projections 
for climate change indicate that this phenomenon is adversely affecting 

Fig. 5. The general reaction of different plant types to Boron concentration and salinity (based on Galvani, 2006 & Martínez-Alvarez et al., 2016).  
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marine life, making this ecosystem more fragile than ever (Poloczanska 
et al., 2013). This becomes exceptionally important within desalination 
practice, as improper brine and sludge disposal could further amplify 
these vulnerabilities. The outlook for the dynamic relationship between 
desalination and climate change is depicted in Fig. 6. 

All in all, this section goes to show that climate is another potential 
factor that can influence and be influenced by the practice of desalina
tion. However, the precise nature of this interaction is determined by 
various factors and, as such, requires to be studied on a case-by-case 
base. 

6. Desalination sustainability reinterpretation within the 
context of climate-water-energy-food nexus 

While previous sections demonstrated the potential for the applica
tion of desalinated water to irrigation, they also shed light on some of 
the drawbacks of this practice. Thus far, gathered experience shows that 
while any of the issues stated earlier can cause significant problems if 
not addressed correctly and in a timely fashion, they are still, for the 
most part, manageable. That is to say, they are practical strategies 
available that can mitigate, or even wholly address these negative im
pacts. Naturally, the applicability of these strategies would need to be 
determined on a case-by-case basis. However, evaluating the effective
ness and suitability of these strategies would require a more compre
hensive perspective that looks beyond conventional thinking. Exploring 
this topic and, in turn, evaluating these strategies can be done under the 
umbrella term of the climate-water-energy-food (CWEF) security nexus. 

Simply put, the core idea here is that there is a complex 

interdependency and intertwined network between the water, energy, 
food, and climate to the point that securing one would not be practical 
without addressing or considering other components (Zhang et al., 
2018). As a result, a robust and sustainable planning and management 
paradigm often hinges on the CWEF security nexus (e.g., Rasul and 
Sharma, 2016; Enayati et al., 2021; Zolghadr-Asli et al., 2021). Simi
larly, achieving sustainability within the context of incorporating 
desalinated water for irrigation purposes would require a 
decision-making paradigm that accounts for the CWEF security nexus. 

The decision to evaluate the practice of using desalinated water for 
irrigation under a CWEF nexus-based decision-making paradigm stems 
from the inherent complexity and interconnectedness of its components 
(Serrano-Tovar et al., 2019). By introducing desalinated water for irri
gation, water deficits can be alleviated, facilitating agricultural growth 
and increased food production. However, this comes with the trade-off 
of heightened energy demand, leading to higher operational costs and 
potential exacerbation of climate change through greenhouse gas 
emissions. As discussed earlier, utilizing desalinated water for irrigation 
purposes can help mitigate these adverse effects through selection of the 
right crop or opting for renewable energy resources (Martin-Gorriz et al., 
2014; Caldera and Breyer, 2019). Conversely, climate change itself can 
impact water availability and agricultural productivity due to its influ
ence on the hydro-climatic cycle. This abstract example highlights the 
necessity of comprehensively understanding and evaluating these 
intricate interactions to make sustainable decisions with long-term 
effects. 

Generally speaking, we have categorized strategies towards sus
tainable use of desalination for agriculture into two main classes, 

Fig. 6. Thematic outline of how desalination and climate change could potentially influence one another.  
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namely, prophylactic and corrective strategies. Strategies in the former 
category tend to prevent the problem before any meaningful impact 
appears. These strategies are based on carefully tailored planning and 
management decisions that help optimize the system for specific con
ditions based on regional factors. The idea is that the design, layout, and 
operation of desalination units, and the desalination project in general, 
could be customized to take advantage of unique environmental and 
local factors. Opting for a suitable desalination technology, project site, 
incorporating a cost-effective energy source, operating the system on the 
most suitable time slots to reduce the pressure on power grids, or 
selecting the best environmentally friendly way to intake and discharge 
water are a few examples of passive strategies. Creating a monitoring 
and regular maintenance plan is another prophylactic approach to get
ting the best performance out of desalination units. 

Socio-economic-oriented strategies can also be seen as a prophylactic 
approach to addressing inherent problems of using desalination for 
irrigation purposes. As stated, for instance, one of the most pressing is
sues when it comes to desalination, in general, is that it is often 
considered a much pricier alternative, markedly in less developed re
gions, than most conventional water resources (Lattemann et al., 2010; 
Pistocchi et al., 2020). As such, expanding the application of desalinated 
water to agriculture may not be attractive because there is less imme
diate urgency than for municipal supplies, and the profit margins are far 
less lucrative than some industrial applications. However, revisiting the 
issue from a CWEF security nexus angle would bring a whole new 
dimension to the urgency of this situation. While it is true that the 
profitability of this practice, at least on a local scale, may not be able to 
compete with conventional resources, it is also crucial to factor in the 
agriculture industry’s role in the context of impending water and food 
crises. The idea is that maintaining a consistent source of food produc
tion in the agriculture industry is becoming more difficult as time goes 
by. Establishing a subsidy mechanism would help desalination for the 
agriculture sector become more luring as an economically formidable 
option (Pistocchi et al., 2020). It is also important to note that, solely 
from a socio-economic standpoint, incorporating desalinated water for 
irrigation could be lucrative as it can bring a new source of revenue to 
the community by creating new job opportunities or increasing the in
come of previously established ones. With that in mind, based on a 
trickle-down economy school of thought, a public-funded tariff on 
desalinated water could balance things toward making this technology 
enticing enough for the agriculture industry, similar to the situation in 
Saudi Arabia for urban use (DeNicola et al., 2015), or Spain at a limited 
scale for irrigation purposes (Lapuente, 2012; Monterrey-Viña et al., 
2020; Ricart et al., 2020). 

Nevertheless, in light of the CWEF security nexus, establishing an 
effective subsidy requires careful planning that also accounts for the 
environmental impacts of the energy sector. The point is that conven
tional energy sources can be a significant source of GHG emissions, not 
to mention that the volatility of the energy market could cause even 
further complications. Investing in renewable energy as an alternative to 
power desalination units, entirely or in a hybrid form, could be a prac
tical approach to mitigate the environmental impacts of desalination. 

An outside-the-box alternative socio-economic strategy would be to 
bring forth the concept of water markets. The core principle here would 
be to look at water, or energy for that matter, as tradable economic 
entities as a way to offset both economic and/or environmental costs 
that are generally associated with the practice of desalination. As such, 
each stakeholder, in this case, irrigators, would be entitled to a certain 
amount of desalinated water. These rights could then be traded among 
the stakeholders or sold to interested parties from other sectors. These 
trades would be a mechanism for the irrigators to concentrate produc
tion in the most profitable locations and crops and reduce the environ
mental impacts by focusing the transfer of desalinated water to fewer 
sites. Trading the right to desalinated water, such as the practice that has 
been executed in Southeast Spain on a very limited scale (Martíne
z-Alvarez et al., 2016; Aznar-Sánchez et al., 2017), could be a creative 

way to mitigate the problems of desalination in the context of the 
agriculture industry. 

Resource recovery, also referred to as seawater mining, is the process of 
extracting valuable minerals from the seawater. Some scholars are of the 
opinion that resource recovery has the potential to offset the economic 
cost of desalination by introducing a new source of revenue that can be 
gained from selling these minerals (Diallo et al., 2015; Quist-Jensen 
et al., 2016; Loganathan et al., 2017). As a result, resource recovery 
can be technically seen as a passive socio-economic strategy to accom
modate the high cost of desalination. The problem from a practical 
standpoint is that the available options for extraction are either mone
tarily high value yet with very low concentration (e.g., Au, Ag), high 
concentration yet low financial value (e.g., sea salt), or low concentra
tion with intermediate value (e.g., Cu, Li) (Pistocchi et al., 2020). 
Perhaps some potentially viable candidates from an economic stand
point would be Mg, K, and B, which often have relatively high mone
tarily value and concentration, though even mining these elements at 
least with current technology, would not be economically justifiable for 
all cases (Pistocchi et al., 2020). All in all, it is often hard to generalize 
this strategy’s economic value as it requires evaluation on a case-by-case 
basis. Logistic matters, local markets, and the intake seawater quality 
are among the many factors that dictate the financial appeal of this 
strategy. 

In addition to the prophylactic strategies, one could opt for a more 
hands-on approach to tackle these problems. The general theme in 
corrective strategies is to devise a tailored procedure to tackle a spe
cifically targeted problem. Corrective strategies can be classified into 
two major classes, namely on-site and off-site strategies. 

There are three main categories when it comes to on-site-oriented 
strategies which are pre-treatment, in-unit, and post-treatment plans. 
The purpose of pre-treatment regimens is often to enhance the intake 
water quality to a minimum pre-required condition, which is necessary 
to uphold the overall performance of the desalination unit. Removing 
solids from intake water is the most common pre-treatment regimen. In- 
unit strategies’ basic idea is to enhance the performance or efficiency of 
the desalination unit, often in terms of energy consumption or 
improving the desalinated water quality. Incorporating energy recovery 
(e.g., isobaric chambers and positive-displacement pumps) is an effec
tive active strategy to offset the overall energy consumption of desali
nation (Lapuente, 2012; Cornejo et al., 2014; Leon et al., 2021). In some 
cases, the chemical composition of the intake water contains a higher 
concentration of components that could be harmful to specific sectors. 
For instance, a common issue with utilizing seawater desalination for 
irrigation is the high concentration of phytotoxicity elements such as B, 
Cl, and Na) (Martínez-Alvarez et al., 2018). Using multi-pass RO is often 
a practical yet energy-taxing way that has proven to help reduce the 
concentration of these elements to acceptable and harmless levels 
(Martínez-Alvarez et al., 2016, 2018). Finally, if need be, the 
post-treatment regimens are there to either minimize the adverse envi
ronmental impacts of desalination or enhance the quality of the desali
nated water cost-effectively. In the former case, a standard course of 
action is imposing more rigorous physical or chemical restrictions, say 
using multi-pass RO, to enhance the quality of brine discharge, which 
could mitigate the known negative impacts of desalting units on eco
systems and marine life. Another post-treatment regimen for incorpo
rating desalinated water for irrigation is reintroducing nutrients that are 
often lacking in desalinated water. As a post-treatment process, these 
minerals, most notably Mg, Ca, and SO4, could be reintroduced to the 
desalinated water, which can reinvigorate the said resource for agri
cultural purposes (Ben-Gal et al., 2009). 

In contrast to on-site treatment regimens where a corrective course 
of action would be selected at the desalination management level, in off- 
site strategies, the consumers, whether individually or perhaps collec
tively, proactively attempt to make the desalinated water more suitable 
to their specific requirements. Within the realm of the agriculture sector, 
the two known examples of these strategies are mixing different water 
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resources to create a more suitable batch on-site and adding fertilizers to 
account for lacking nutritional elements in desalinated water. Consid
ering the often-high cost of desalination, in addition to improving the 
water quality for irrigation purposes, the former strategy could also help 
reduce the overall cost of irrigation with desalinated water. This, how
ever, requires an on-site monitoring system that tracks the chemical 
composition of desalinated water and an additional facility to mix the 
said water with the right proportion. 

As was shown here, evaluating the pressing issues of desalination 
individually would not be sufficient, and may be an ineffective approach 
to resolving or mitigating the disadvantages of desalination. Reinter
preting these problems within the context of the CWEF security nexus 
can, however, help justify the implication of desalination for agricul
tural purposes by shedding light on some hidden yet crucial angles of the 
problem. All in all, experiences in the past suggest that most if not all 
these problems are, for the most part, manageable if addressed in a 
proper and timely manner. This means that if the right course of action is 
selected for a specific problem, it is possible to maintain these adverse 
impacts to an acceptable level. However, the crucial thing to note here is 
that multiple factors often come into play, making it rather impossible to 
render a solution acceptable for all cases and situations. In other words, 
like most water management problems, a universally optimum solution 
may not exist, and the best strategy must be determined on a case-by- 
case basis. 

7. Concluding remark 

With the looming threats of water and food crises, it is crucial to 
rethink how water resources management needs to adapt to emerging 
challenges. Desalination is an established way of alleviating the chal
lenges of increasing water demand in the municipal sector, primarily in 
semi-arid to arid regions where water availability is a pressing problem. 
Gradually, other sectors have started to adopt desalination as techno
logical advances have made it more cost-effective, while the associated 
environmental issues have become better understood and better 
managed. The agriculture sector has tentatively started to use desali
nated water for irrigation purposes. Following the footsteps of Israel and 
Spain, incorporating desalinated water for irrigation could become an 
enticing idea in the future, as more regions started to entertain the idea 
of utilizing this resource in the agriculture industry. 

While the outlook of this strategy, in general, seems to be positive for 
the most part, there are some pressing issues when it comes to utilizing 
desalinated water for irrigation purposes. For one, this technology is, by 
nature, energy-intensive, which, in turn, makes this not quite enticing 
from an economic standpoint compared to conventional sources of 
water. The other problem here is the GHG emissions associated with the 
energy consumption of this technology. In addition to endangering the 
marine ecosystem and possibly spoiling the structure of the irrigated 
soil, perhaps the most pressing environmental issue behind expanded 
use of desalination for irrigation is its potential role in exacerbating 
climate change. 

All in all, understanding how sustainable desalination can be in the 
context of the agriculture industry requires investigating and, in turn, 
mitigating these adverse impacts. Doing so, however, would not be 
possible through conventional assessment frameworks, as this is by 
nature a multi-faceted problem, as it would effectively influence society 
in various ways. This, more than anything, goes to show that when it 
comes to desalination, it might be time to abandon and move on from 
this outdated, and arguably misleading binary perception about this 
practice. Rather the concept is multi-dimensional, intricate, and inter
twined with so many aspects of our modern-day life. As such, it might be 
borderline impossible to summarize or limit the impact of such practices 
by simple labels of being good or bad. As was demonstrated here, rein
terpreting this matter under the umbrella of the CWEF security nexus 
would perhaps provide a more realistic and applicable idea about the 
merits and drawbacks of this technology within the context of the 

agriculture industry. Reevaluating the performance of desalinated water 
for irrigation purposes using the CWEF security nexus would unveil that, 
while there are indeed issues in this practice that require to be addressed 
promptly and adequately, the potential contribution of this technology 
lies in the bigger picture of its contribution to the food, water and 
climate change crises. One should note that over the years, different 
mitigation strategies have been proposed to mitigate the adverse im
pacts of desalination. These are either prophylactic in nature or tend to 
have a more corrective approach. In light of the CWEF security nexus, 
selecting the right combination of these strategies can be a practical way 
to mitigate these problems on a case-by-case basis. 
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