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Abstract

By 2050, it is estimated that the annual cereal production would need to increase by about
140% and total global food production increase by 70%. Meanwhile, total water withdrawals
for irrigation is projected to increase by 11%. In contrast, poor management of existing water
resources, pollution and climate change has resulted in limited freshwater resources. The aim
of this paper is to assess how improved irrigation efficiency and renewable energy based
desalination maybe used to secure future water supplies for the growth of rice, wheat and

maize.

The efficiencies of the existing irrigation sites were obtained and improved based on a logistic
curve. The growth was projected such that by 2050, all existing irrigation sites would have an
efficiency of 90%. The new irrigation efficiencies were used to obtain the reduced irrigation
demand for the years 2030 and 2050. The desalination demand was estimated and an energy

system model used to optimise the corresponding renewable energy based power system.
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It was found that improving the average irrigation efficiency to 60% by 2030, led to a 64%
reduction in total desalination demand. Similarly, an improvement towards 90% irrigation
efficiency, by 2050, translates to an 80% reduction in global desalination demand. In 2030, the
total water cost is mostly within 0.7 €/m® — 2 €/m? including water transportation costs.
Literature reports that farmers may be willing to pay up to 0.63 €/m? for their irrigation water.
The global range in 2050 is estimated to be 0.45 €/m® — 1.7 €/m? reflecting the lower system

costs in 2050.

The above results indicate that as conventional water prices increase, renewable energy based
seawater reverse osmosis desalination, offers a cost effective water supply for the irrigation
sector. Adoption of high efficiency irrigation systems alleviate water stress and can eliminate

need for additional water supply.

Keywords

irrigation efficiency, water stress, seawater reverse osmosis, solar photovoltaics, wind power

plants

1 Introduction

The conundrum of how to provide food security, at affordable prices, for an increasing global
population, on a planet with finite resources, has been addressed by various researchers and

organisations [1,2,3]. The recent IPCC SR1.5 report [1] explains that with the inevitable
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temperature rise of 1.5°C above pre-industrial levels, extreme weather events will become
common, threatening water and land availability for food production. Failing to achieve net
zero emissions by 2050 and thereby overshooting the 1.5°C limit, will result in even more dire
consequences. Therefore, it is crucial to secure land and water resources required for global

food production [1,2,3].

Irrigated agriculture accounts for 70% of the total global water withdrawals and meets 45% of
the global food demand [2]. Steduto et al. [2] explain the crucial role that irrigation and water
management has played in the last 50 years to enable countries to grow food crops in drier
conditions and improve livelihoods. By 2050, the Food and Agricultural Organisation of
United Nations (FAO) predicts that annual cereal production should increase by about 140%
and total global food production increase by 70% [4]. Total water withdrawals for irrigation
are projected to increase by 11% [2]. The challenge is meeting the water demand, in the face
of depleting freshwater resources, climate change and increasing demand from the municipal
and industrial sectors [2]. It is reported that in the 20" century the global water demand has

been growing more than twice the rate of the population growth [2].

Seawater desalination offers a climate-independent alternative to global freshwater resources
and is projected to play a crucial role in future water supplies [5]. The seawater reverse 0Smosis
(SWRO) technology accounts for 30% of the installed global desalination capacities and is
projected to retain most of the market share. Literature explains that the increase in SWRO
desalination capacities globally is due to improved technologies, decreasing capital costs,
energy consumption and increasing water scarcity [5,6,7]. However, according to Jones et al.
[5], 62% of the desalinated water is used for the municipal sector, 30% is used for the industrial
sector, and only 1.8% is used for irrigation. Burn et al. [8] notes that, despite the advancements
made, seawater desalination for irrigation is still expensive compared to traditional freshwater
sources. However, due to the reducing costs of desalination, potable water is considered

3
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economically feasible for cash crops such as vegetables, flowers and fruits. In addition, Burn
et al. [8] summarises the benefits of the use of desalinated water that include reliable supply,
consistent quality and recovery of saline soils. Countries that currently use desalination for
irrigation are Spain, Canary Islands and Israel [8,9]. The implementation of desalination for

irrigation is also being considered by Chile, China and Australia [8].

Burn et al. [8] report that farmers in Australia are willing to pay up to 0.68 €/m® (1 AUD/m? at
1.48 AUD/€ exchange rate) for their irrigation water. According to data collected by the FAO
[10], the price paid for irrigated water, based on volume, can be as little as 15.3 €/1000 m® (20
USD/1000 m? at 1.3 USD/€ exchange rate) or as high as 1243/1000 m® (1330 USD/1000 m? at
1.07 USD/€ exchange rate). The article also notes that in most countries the full cost of water
pumping is never recovered. OECD countries, such as Japan, parts of Australia, France, Spain
and the Netherlands, are the few exceptions where 100% of the operation and maintenance
costs are retrieved. Fischer et al. [11] show that, due to climate change and increased
agricultural withdrawals, the subsidised costs for irrigation water will increase, at a minimum,
by 23.8 €/m® (30 USD/m®) to 39.6 €/m® (50 USD/m?®). Fischer et al. [11] note that due to
increased competition for water, energy and decreasing subsidies, the future increase in water
and energy costs will be much higher than what their research estimates. As freshwater
resources become more scarce, the true cost of using water increases. Takatuska et al. [12]
show how the increased use of ground or surface water in South Florida for irrigation will
increase the economic losses. A recent study by Qiu et al. [13] analyses the economic and
environmental impacts of decreasing groundwater levels in the North China Plain (NCP) —one
of China’s most important agricultural regions. It was found that energy consumption for
pumping water has doubled in seven years, rendering irrigation not viable for the farmer. In
addition, the total economic cost for energy consumption and corresponding emission

reduction is estimated to cost 10.3% of the local GDP. Therefore, the increasing dependence
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on diminishing groundwater poses a major threat to China’s agricultural development. Qiu et
al. [13] suggest to substantially reduce the water withdrawn by using more efficient irrigation
technologies, such as pressurized systems which can reduce water consumption by 10% - 66%.
In addition, the authors propose the use of solar pumps to overcome the fuel costs and
greenhouse gas emissions produced by conventional electrical or diesel pumps. Nevertheless,
this would still lead to declining groundwater levels, although at reduced rates compared to the
present situation. The increments in irrigation efficiency are supported by the United Nations’
Sustainable Development Goal 6.4, which targets a substantial increase in water use efficiency

across all sectors by 2030 [14].

The conducted literature review highlights the trends of increasing water costs and movement
towards improved irrigation to limit the rise in global water demand and costs [14]. Jagermeyr
et al. [15] describe the generic concept of irrigation efficiency as the ratio of the water
consumed through transpiration, evaporation and interception to the total water withdrawn
from the water source. Therefore, irrigation efficiency may imply several definitions in
different sources. Beneficial irrigation efficiency is a concept introduced by Jagermeyr et al.
This measure of irrigation efficiency is the ratio of the water transpired to the total water
withdrawn from the source. Thus, beneficial irrigation efficiency is a precise indicator, but does
not account for lost water that may be reused from the basin. The global area weighted
beneficial irrigation efficiency, based on the current distribution of different irrigation systems
and crops grown, is estimated to be 33%. Jagermeyr et al. [15] conducted a study on the global
water saving potential of improved irrigation systems and noted that water withdrawals can be
reduced by up to 68%. It is suggested that changing from the extensive surface irrigation
systems to pressurized irrigation systems, namely sprinkler and drip technology, will result in
higher irrigation efficiency and increased water savings. The efficiency of surface irrigation

systems can lie between 30 — 60%, while that of sprinkler and drip is between 50 — 70% and
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70 — 90% respectively. Drip irrigation is considered the most efficient and cost effective,
particularly in water stressed areas. Fyles et al. [16] report that 86% of the global irrigated area
has adopted surface irrigation systems, while 11% and 3% of the total area use sprinkler and
drip irrigation systems respectively. High shares of surface irrigation are mainly found in

Central, South and Southeast Asia due to widespread rice cultivation with low efficiency [15].

Qiu et al. [14] posit that even with improved irrigation efficiency, there are still declining
groundwater levels and increasing water demand from other sectors [2]. Multsch et al. [17]
share similar views regarding the availability of water in the Nile Basin. The widening gap
between water supply and demand and declining costs present a new role for seawater
desalination in the irrigation sector. Vanham et al. [14] explain that the exclusion of
desalination from the definition of the SDG target 6.4 is a drawback and should be accounted
for to realistically assess water scarcity. Vanham et al. also note the increasing energy
consumption of desalination plants. Conventional desalination plants are heavily dependent on
diminishing and costly fossil fuels, while also resulting in greenhouse gas emissions [6]. Prior
work done by the authors of this manuscript has shown how renewable energy based SWRO
desalination can produce potable water at costs comparable with that of current fossil powered
SWRO desalination plants [18]. This renders SWRO desalination an attractive water supply
source for regions with high water scarcity and increasing demand, while overcoming concerns
about greenhouse gas emissions. Furthermore, the rapidly dropping costs of renewable energy
power plants portends a reduction in electricity costs, which translate to a corresponding
reduction in water production costs. Ghaffour et al. [6] illustrate the decline in desalinated

water costs and the increase in the cost of the use of conventional freshwater resources.

The purpose of this work is to link and establish solutions to meet the increasing water
withdrawals for irrigation via improved irrigation efficiency technologies and use of renewable
energy (RE) based SWRO plants. The objectives of this study are to: (1) determine the impact
of substantial increases in irrigation efficiency on the future water demand; (2) project the
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SWRO capacities required to supplement the water demand for irrigation sites after improved
irrigation efficiency; (3) model the energy system required to power the global SWRO
capacities required as supplemental water supply for current irrigation sites; (4) project water
production costs with the proposed system. The objectives are analysed for the years 2030 and
2050 to understand the potential for RE-based SWRO desalination in the irrigation sector over
time.

2 Methods

The approach utilised for this research can be summarised in the following points:

1. Determine the irrigation efficiency of existing irrigation sites and project efficiency up
to 2050.

2. Estimate water withdrawals for irrigation before and after improved irrigation
efficiency. Use irrigation site-specific water stress and demand values to project the
desalination capacity necessary to augment existing renewable water supplies. The
desalination demand for irrigation is projected for the years 2030 and 2050.

3. After establishing the global desalination demand for irrigation sites, the energy system
required for the SWRO desalination capacities is modelled and the cost of water

production for the irrigation sites projected for the two time periods.

The following sub-sections describe the approach, data input and the model used in detail.
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2.1 Global irrigation efficiency

Jagermeyr et al. [15] model the beneficial irrigation efficiency for different crops on a gridded
scale of 0.5°x0.5°. The efficiency is dependent on the irrigation technology (surface, sprinkler

or drip) in use and the crops being planted.

For this research, the beneficial irrigation efficiency values of irrigation sites growing the major
cereals wheat, maize and rice [19] are obtained from Jagermeyr et al. It is assumed that rice is
grown with surface irrigation systems while wheat and maize are grown with sprinkler
irrigation systems [19]. If a node has both wheat and maize irrigation, it is assumed that the
sprinkler area is equally utilised by both wheat and maize. The available data is ina 0.5° x 0.5°
spatial resolution, whereas our research is conducted on a spatial resolution of 0.45° x 0.45°.
Therefore, based on the latitude and longitude values of the 0.5° x 0.5° grid, the irrigation
efficiency values were redistributed to the required 0.45° x 0.45° grid structure. When the
latitude and longitude values in the two grid structures did not match, the irrigation efficiency
in the nearest 0.5° x 0.5° node was taken. Nodes that had a spatial difference greater than 0.5°,

in both latitude and longitude, were not considered.

Figure 1 presents the area weighted average of the beneficial irrigation efficiency for the crops
rice, wheat and maize. The prominent irrigation efficiency range is low and between 20% -

40%.
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Figure 1 Global beneficial irrigation efficiency for irrigation sites growing rice, wheat and maize [19]

To understand the historical and projected growth in irrigation efficiency for existing irrigation
sites, a literature review was done. Hanasaki et al. [20] collected literature on irrigation
efficiency development and suggested the highest growth rate to be 0.3% per year, relative to
the respective basis. This helps to explain the currently low irrigation efficiencies found in
many regions. Wada et al. [21] estimate that a linear 1% increase in irrigation efficiency per
annum will reduce the water stressed global population by 2% in 2050, compared to a business
as usual scenario. For this research, a logistic curve is used to derive a possible development
scenario of irrigation efficiency up to 2050, as show in Figure 2. The scenario is labelled the
highest possible irrigation efficiency (HPIE) scenario. Reflecting the use of drip irrigation
technology today and the corresponding high efficiencies available, it is assumed that by 2050
all sites will be able to achieve an irrigation efficiency of 90% [19]. The efficiency may be
higher in some places depending on the implementation and use, but a more conservative value
was adopted to be applied globally. Companies like Netafim [22] show that highly efficient
irrigation systems can already be used to grow thirsty crops such as rice and wheat. The
compound annual growth rate of the drip irrigation market is estimated to be 15.6%, with
marked growth in countries like India and China [23]. India is reported to have started using
drip irrigation systems for rice production, on a small scale [24]. Furthermore, Steduto et al.

9
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213 Figure 2 Projected irrigation efficiency up to 2050 for the HPIE scenario

214  The logistic growth of the irrigation efficiency was based on the approach of Breyer et al. [25]
215  for the development of renewable energy electricity production globally. Equation 1 defines

216  the logistic function used for this research.

217
. . K—-A
218 irrigEf fHPIE yoqry = A+ ——————
(1+Qe—B><(t—M))§
219

220  Equation 1 where A is the maximum value of efficiency (90%), K is the minimum value of
221 efficiency (20%), B is the growth rate (20%), t is the time in years, v is the factor affecting
222 near which asymptote the maximum growth occurs (14), Q is the scaling parameter

223 depending on f(0) (75) and M is time of maximum growth (2020).
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2.1.1 Global water withdrawals for irrigation and corresponding desalination demand

Caldera et al. [18] estimate the desalination demand for regions based on the water stress and
demand values obtained from the Aqueduct Water Risk Atlas [26]. The Aqueduct Water Risk
Atlas projects the decadal water stress, supply and demand values for 15,006 global water
catchments. General circulation models and socioeconomic variables drive the climate
variables used in the Atlas. Caldera et al. [18] use the water stress and demand values from the
Atlas to determine the desalination demand for regions with water stress greater than 40%. The

study was done for the year 2030.

The Aqueduct Water Risk Atlas projects the future water demand using irrigation efficiency
based on the historically low growth rates. The change in water demand and stress factors are
presented for global water catchments for the decades 2020, 2030 and 2040. The water demand
change factor accounts for the increase in water withdrawals from 2010 [27] for the municipal,
industrial and agricultural sectors. To obtain the change in demand in 2050 for every
catchment, the respective data from 2030 to 2040 is extrapolated. For the purpose of this work,

the water demand and stress values projected by the Atlas is considered to be a Base scenario.

Table 1 illustrates the total water withdrawals assumed for the period from 2020 to 2050. The
compound annual growth rate of 4% from 2030 to 2040 is also observed for the period from

2040 to 2050.

Table 1 Total water demand projections from 2020 to 2050 in the Base scenario

2020 2030 2040 2050
Total water demand | billion 14 16 17 19
m/day

11
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To project the desalination demand after substantial improvements in irrigation efficiency of
existing sites — the HPIE scenario - the following approach was taken. The analysis was carried

out for the years 2030 and 2050 :

1. Current irrigation water withdrawals of each country are obtained from the FAO Aquastat

database [27] and assumed to be distributed equally amongst the current irrigation sites.

2. Current irrigation efficiency for the irrigation site is obtained, as shown in Figure 1.

3. Water withdrawals for irrigation in the years 2030 and 2050 are projected using the demand

change factors presented in the Aqueduct Water Risk Atlas.

4. Theirrigation efficiency is increased based on Figure 2.

5. New irrigation water withdrawals are calculated for the higher irrigation efficiency, as

illustrated in Equation 2.

6. The municipal and industrial sector water withdrawals are the numbers estimated for the

specific year in the Base scenario.

7. The corresponding total water demand, is the sum of the municipal, industrial and new

irrigation water withdrawal numbers estimated for the specific year.

8. New water stress is found from the Base water stress, Base total water demand and reduced

new total demand.

9. Desalination demand for irrigation node is calculated as a logistic function of the new water

stress and new irrigation water demand, as described in Caldera et al. [18].

origirrigDemand

1+ (irrigEf fHPIE, — irrigEff (i)
< irrigEff (i) >

irrigDemandNew(i,y) =

Equation 2 where i and y are the 0.45° x 0.45° node and year under consideration respectively,
irrigDemandNew is the water withdrawal for irrigation at the node i after improved
efficiency, origirrigDemand is the water withdrawal for irrigation at the node i before
improved efficiency, irrigEf fHPIE ,, is the irrigation efficiency in the HPIE scenario for the

yeary, irrigEf f (i) is the initial irrigation efficiency for the node obtained from [15].

12
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2.1.2 Desalination demand and Energy System Model

The energy system, based solely on renewable energy resources, required to run the SWRO
desalination capacities for irrigation are modelled using the LUT Energy System model. The
modelling approach is similar to that described in [18]. The results of the modelling will
provide the levelised cost of electricity (LCOE), or the cost of electricity production, for each
node with desalination demand. The LCOE values can be used, as presented in Equation 3, to
determine the levelised cost of water (LCOW) for nodes with desalination demand. Equation
3 has been summarised from [18] and [28]. The LCOW includes the cost of water pumping

from the desalination plant on the coast to the irrigation site.

LCOW. _ (capexgesaiXcrfaesait capeXyater storageXCT fwater storage)t OP€Xfixed
desal Total water produced in a year

+ 0peXyar desal X SEC

LCOW = LCOWgps0; + LCOT gosa

Equation 3 capexg.sq; i the capital expenditures of the SWRO desalination plant in €/m?,
capeXyater storage 15 the CAPEX of the water storage tank at the desalination site in €/m3,
CTfaesa 1S the annuity factor for the desalination plant, crfy,qter storage 1S the annuity factor
for water storage, Total water produced in a year is in m® and opexgixeq 1S the total fixed
annual operational expenditures of the desalination system in €/m3. The total fixed OPEX is
the sum of the fixed OPEX of the desalination plant in €/m? and the OPEX of the water storage
tank in €/m°. The value opex,q, gesq: 1S the variable OPEX of the desalination plant and is
equal to the levelised cost of electricity (LCOE) of the plant in €kWh. SEC is the specific
energy consumption in kWh/m?2. The product of the LCOE and SEC is the energy cost of the
desalination plant in €/m3. LCOTgesa is the levelised cost of water transportation from the
desalination plant to the irrigation site in €/m3, LCOW is the resulting levelised cost of water
in €/m®. The horizontal pumping distance is the shortest path from the irrigation site to the coast
where the SWRO desalination plants are located. The highest elevation on the path is found
using the ETOPO1 global relief model [29] and considered to be the vertical pumping distance.
For landlocked countries, the desalinated water may have to be transported through other
countries.

Table 2 defines the key cost assumptions made for the SWRO desalination system in 2030 and
2050. The costs projections are based on the SWRO capex learning curve defined in [7]. The
energy consumption projections of SWRO plants are based on [30]. The cost for

13



307

308

309

310

311

312

313

314

remineralisation of the desalinated water with Magnesium has been considered as discussed by

Yermiyahu et al. [31]. Water storage is located at the site of the desalination plant and allows

the SWRO plants to store excess water that may be utilized during times of low electricity

production.

Table 2 Key assumptions for the SWRO desalination system in 2030 and 2050

SWRO Desalination System
2030 2050
CAPEX €/(m*-a) 2.75 1.17
. 4% of 4% of

3.
Fixed OPEX €/(m>-a) CAPEX CAPEX
Mg
remineralisation €/m® 0.035
cost
Energy KWhe/m? 3.15 2.6
consumption
Lifetime yrs 30
Water Storage |
CAPEX €/m® 65
Fixed OPEX €/(m®) 2% of CAPEX
Lifetime yrs 30
Horizontal pumping and piping
Horizontal pipes 3.
CAPEX €/(m*a-km) 0.053
Horizontal pipes 3.
Fixed OPEX €/(m*a-100 km) 0.023
Horizontal 30
oump CAPEX €/(m>hr-km) 19.23
Horizontal
pump Fixed €/(m®-hr-km) 2% of CAPEX
OPEX
Energy KWhei/(m®hr-100km) 0.04
consumption
Lifetime yrs 30
Vertical pumping and piping
Vertical pipes 3.
CAPEX €/(m*a-km) 0.053
Vertical pipes 3.
Fixed OPEX €/ (m3-a-100 km) 0.023
Vertical pump 3
CAPEX €/(m°>-hr-m) 15.40
Vertical pump 3. 0
Fixed OPEX €/(m>hr'm) 2% of CAPEX
Energy KWhey/(m®hr100m) 0.36
consumption
Lifetime yrs 30

The LUT Energy System model is a linear optimisation model that uses the MOSEK ApS

optimisation software to determine the least cost renewable energy system required to meet the

14
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defined energy demand. The system optimisation is done on an hourly resolution so that the
energy demand of every hour is met by renewable energy resources at a minimum cost. In
addition, a spatial resolution of 0.45° x 0.45° is considered. The system optimisation minimises
the total annual cost of the installed capacities of the different technologies, cost of energy
generation and cost of generation ramping. Detailed description of the complete model can be

found in [30], [32].

Figure 3 is a block diagram of the LUT Energy System model used for this research and
illustrates the renewable energy generation technologies, energy storage technologies and
energy sector bridging technologies. The hybrid RE power plants modelled are comprised of
single-axis tracking PV, fixed-tilted PV, wind, batteries and power-to-gas (PtG) power plant.
The hourly and spatially resolved profiles for the RE resources, solar photovoltaics (PV) and

wind, are calculated as discussed in [30] & [32].

i

RO

Desalination Demand
PV
fixed-tilted | ==
AC Grid

PV single-axis . %6) /
- >

Wind onshore :l:

Battery

Figure 3 Block diagram of the LUT Energy System model

The key technical and financial parameters of the technologies that are used in the LUT Energy
System model are listed in Table 3Table 3. The learning curves, based on the historical trends
of the relevant technologies, are utilised to project the financial and technical assumptions for

2030 and 2050.

15
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Table 3 Key assumptions for the renewable energy technologies used in the LUT Energy System

model [30]

Fixed-tilted PV plant

2030 2050
CAPEX €/kW 390 246
OPEX €/(kW-a) 3% of capex 3% of capex
Lifetime yrs 35 40
Single-axis tracking PV plant
CAPEX €/kW 429 271
OPEX €/(kW-a) 3% of capex 3% of capex
Lifetime” yrs 35 40
Wind plant
CAPEX €/kW 1000 900
OPEX €/(kW-a) 2% of CAPEX
Lifetime yrs 25
Battery system
CAPEX €/kWhcap 150 75
Fixed OPEX €/(kWh-a) 2.5% of CAPEX
Lifetime yrs 20
PtG
Water
electrolysis €/kWh2 363 248
CAPEX
Water
electrolysis Fixed €/(kWhz-a) 13 8.7
OPEX
Lifetime yrs 30
COg2 direct air
capture CAPEX €1CO2 356 154
COg2 direct air
capture OPEX €/(tCO2-a) 9.1 5.7
Lifetime yrs 30
pethapation E/kWsno 278 190
pethanation €/(KWsno-a) 11.1 7.6
Lifetime yrs 3|0
Gas storage €/kWh 0.05
Lifetime yrs 50

16



338 3 Results

339 3.1 Projected Impact of Improved Irrigation Efficiency
340
341 Increasing the irrigation efficiency reduces the total water demand and consequently the water

342  stress across the basins. Figure 4 provides insights into the relationship between irrigation

343  efficiency and water stress in 2030 and 2050.

Water Stress (Base Scenario) 2030
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Water Stress (HPIE Scenario) 2030
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Figure 4 Water stress of irrigation sites in the year 2030 base scenario (top), water stress of irrigation
sites in 2030 HPIE scenario (centre) and water stress of irrigation sites in 2050 HPIE scenario
(bottom)

Figure 4 (top) presents the water stress in 2030 for a base scenario, where there are no
significant improvements in irrigation efficiency. The dependence on fossil groundwater is
highlighted in regions where water stress is greater than 100%, such as regions in Northeast
China and Central United States. Figure 4 (center) illustrates the situation in 2030 if the
average beneficial irrigation efficiency is improved to about 60%. Marked decreases in water
stress levels are observed in India, China, Central Asia, Mediterranean and North America.
However, there are still regions of high or extremely high stress in central United States and
Northeast China. This could be attributed to the fact that the regions face high water demand
from the other sectors, namely industrial and municipal. Figure 4 (bottom) shows the declining
water stress trends in the 2050 HPIE scenario. By this year the beneficial irrigation efficiency

is expected to be 90%.

Figure 5 illustrates the desalination demand for irrigation sites in the HPIE scenario for the
years 2030 and 2050. The desalination demand for irrigation sites in 2030 is found to be
8.32-108 m%/day. China, Iran and Pakistan account for approximately 55% of the total demand.

In 2050, the total desalination demand decreases to be 6.25-108 m®day due to the higher
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367 irrigation efficiency, illustrated in Figure 2. The countries China, Iran and Pakistan account

368  for 50% of the total demand.

369

Desalination demand 2030

120 E

370

Desalination demand 2050
371
372 Figure 5 Desalination demand for irrigation sites in the HPIE scenario for the year 2030 (top) and
373 2050 (bottom)

374  Table 4 presents the total irrigation water and desalination demand values for 2030 and 2050,
375 in a base and HPIE scenario. If the irrigation efficiency is improved to 60% by 2030, a 27%
376  reduction in total water demand and 64% reduction in total desalination demand is observed.

377  Similarly, an improvement towards 90% irrigation efficiency, by 2050, will result in 36%
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reduction in total water demand for irrigation. This translates to an 80% reduction in global
desalination demand. The remaining demand for desalination can be explained by the

increasing total water withdrawals for irrigation in regions of high water stress.

Table 4 Global Irrigation Water Demand in Base and HPIE scenarios

Base Base HPIE HPIE
Scenario Scenario Scenario Scenario
2030 2050 2030 2050
Water demand | m®/day | 1.10-10%° 1.30-10% 8.06-10° 8.32-10°
for irrigation
Desalination m3/day | 2.31-10° 3.10-10° 8.32:108 6.25-108
demand for
irrigation

3.2 The modelled RE-based SWRO desalination system

As mentioned in Section 2, the optimal system to produce water from the SWRO capacities
show in Figure 5, is modelled using the LUT Energy System model. Figure 6 (top) illustrates
the estimated LCOW range for the irrigation sites in 2030. The global range is from 0.7 €/m?®
— 6 €/m°, while the prevalent range is 0.7 €/m® — 2 €/m®. Figure 6 (bottom) shows the
corresponding LCOW diagram for 2050. The global range in 2050 is estimated to be 0.45 €/m®
— 6 €/m® reflecting the lower costs of the SWRO and renewable energy power plants in 2050.
The prevalent LCOW range is found to be 0.45 €/m® — 1.7 €/m?®, and particularly low in the
sites closer to the coast where water transportation costs are low. Some nodes, such as in central

United States, experience an increase in desalination demand, compared to 2030. This requires

more pumping capacities, contributing to a slightly higher LCOW in 2050 compared to 2030.
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Levelized cost of water for cost year 2030
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400 Figure 6 LCOW in the year 2030 (top) and 2050 (bottom)

401  Figure 7 shows the optimised levelised cost of electricity at the irrigation sites for 2030 and
402  2050. As illustrated, the LCOE range reduces from 0.08 €/kWh — 0.13 €/kWh in 2030 to 0.05
403  €/kWh—0.10 €kWh in 2050. The least cost combination of RE power plants for the irrigation
404  sites comprised of single-axis tracking PV, fixed-tilted PV and wind power plants, highlighting
405  the solar and wind resources at the sites. Battery and power-to-gas plants are used to ensure
406  continuous running of the SWRO desalination plants, which would technically not be required,

407  but had been found the least cost operation mode [33]. Figure 8 (top) shows the contribution
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408  of PV and wind power plants to the total electricity generated for the year 2050. The global
409  range is from as little as 26% in central regions of North America to as high as 96% in South
410  Asia. The steeper reduction in solar PV costs and the location of most irrigation sites in regions
411  with abundant solar resources can explain the higher share of PV generation. Similar generation

412  shares are observed in 2030.

413  Figure 8 (bottom) illustrates the extent to which the electricity cost contribute to the final
414  LCOW. The range is not varied and all values lie between 23% to 42%. Regions that have large
415  desalination demand or have large water pumping distances have higher contribution from the
416  electricity cost. In 2030, the range is larger from 25% to 60%. The higher shares can be

417  attributed to the higher cost of electricity in 2030, compared to 2050.
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Ratio of PV to hybrid PV-Wind plant generation for desalination for cost year 2050
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Figure 8 Ratio of PV to PV-Wind plant generation (top) and ratio of total electricity cost to the
LCOW (bottom) both for the year 2050 and the HPIE scenario

Table 5 presents key parameters of the modelled system for the countries with the highest
desalination demand in 2030 and 2050. China, Iran and United States have higher average
LCOW due to the larger pumping distances, in both vertical and horizontal directions. The
longer pumping distances are reflected in the slight increase in LCOW from 2030 to 2050,
despite the decrease in LCOE. China, Iran and Pakistan account for 53% of the global

investment costs.
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Table 5 Overview of the RE-based SWRO desalination system required for countries with the largest

desalination demand in 2030 and 2050

2030
Country Demand | LCOE LCOW | Total PV Total Wind | Total investment
capacity capacity cost
m®/day €/kWh €/m® GW GW b€
China 2.25E+08 0.09 2.23 650 68 1570
India 5.53E+07 0.08 1.53 93 2 249
Iran 1.26E+08 0.07 2.16 349 47 852
Pakistan 1.11E+08 0.07 1.42 185 5 477
United States | 4.91E+07 0.07 2.01 82 31 297
2050
Country Demand | LCOE LCOW Total PV Total Wind | Total
capacity capacity investment
cost
m®/day €/kWh €/m® GW GW b€
China 1.23E+08 0.08 2.66 391 29 812
India 2.79E+07 0.07 1.51 45 0.20 102
Iran 8.98E+07 0.06 2.65 257 29 566
Pakistan 9.41E+07 0.06 1.36 146 3 317
United States | 4.06E+07 0.06 2.14 71 22 215

The technical and financial aspects of the RE systems required to power the SWRO capacities

in 2030 and 2050 are summarised in Table 6. The results show that adopting RE-based SWRO

systems for the irrigation sector will require 32% and 18% less investment and annualised costs

respectively in 2050, relative to 2030. This is due to the projected lower costs in RE and SWRO

systems by 2050, compared to 2030. The higher total opex costs in 2050 are due to the increase

in demand and pumping distances in some regions.

Table 6 Key parameters of the RE-based power system required to meet the global

desalination demand in 2030 and 2050

2030 2050 global
global system
system

Installed PV GW 2107 1650
capacity
Fixed-tilted PV GW 1171 801
Single-axis
tracking PV GW 938 848
Installed _VVlnd GW 264 164
capacity
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Installed Sattery GWhes, 4212 2772
capacity
Installeq PtG GWa 213 200
capacity
Total Capex b€ 5380 3620
Total OPEX b€ 201 249
Annualised costs b€ 644 543

4 Discussion

The results obtained show that RE-based SWRO desalination can be a cost competitive water
supply option for irrigation in many regions in the world. In Australia, where farmers are
reluctant to pay more than 0.63 €/m3 (1 AUD/m3) [9], Figure 6 shows that desalinated water
can be supplied reliably for less than 1 €/m?3. It should be noted that increasing the efficiency
of the irrigation sites on the eastern states decreases the demand for desalination by 50% from
2030 to 2050. This indicates the impact of irrigation on the water stress levels at the sites. The
ongoing drought in Australia, stated to be the longest in recent history, has resulted in an
increase in demand for desalination capacities to ensure reliable water supply to the eastern

states [34].

In the North China Plain (NCP), the cost of water for irrigation can be as little as 1 €/m*in 2030
and 2050. The issues of farmers, about increasing costs due to declining groundwater levels
and fuel costs, can be overcome by the increased irrigation efficiency and RE-based SWRO
desalination systems presented. Similarly, in Colorado, Dolan et al. [35] estimate a cost of 2.4
€/m? for produced water, excluding cost of transportation. Based on Figure 6, the LCOW for

this region can range from 2 — 3 €/m3, including the transportation costs.

The FAO literature survey shows that the prices paid by farmers in countries, in particular

developing countries, do not help to recover the operation and maintenance costs. Rosegrant et

26



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

al. [36] explain that some countries in Asia subsidise up to 90% of the O&M costs of the
irrigation sector. Countries like United States, India, Pakistan and Egypt are reported to spend
billions on subsidies for irrigation water a year. While subsidies are supposed to encourage
equity and ensure people the basic access to water, the lack of recovery of the full costs of
water has resulted in poorly maintained water infrastructure and mismanagement of water for
irrigation. Rosegrant et al. present a sustainable water use scenario, where water resources are
managed and made available for people and the environment. The scenario expects the cost of
water for the agricultural sector in developed countries to double, compared to a business as
usual scenario, by 2025. The cost of water in developing countries is expected to triple. In
contrast, in a water crisis scenario, where there is no regulation of the water price and
groundwater is overdrafted, sharp increases in the cost of rice, wheat and maize is projected.
Ghaffour et al. [6] also discuss the increase in cost of water from traditional water resources

and the growing potential for desalinated water.

Based on the results in Figure 4, countries with most irrigation sites closer to the coast, such as
Algeria, Morocco, Israel, Philippines, Venezuela and Italy, can produce water for costs less
than 0.5 €/m®. Countries with larger desalination demand and pumping distances, such as China
and the United States, experience higher water production costs in the range of 0.5 €/m® — 4.5
€/m®. Countries in Central Asia have the largest average water production costs, ranging from
3 €/m®— 5.8 €/m®. This is due to the absence of a coastline and therefore longer pumping
distances. In addition, desalinated water would need to be transported from regions with access
to the sea, between international boundaries, posing further challenges. For regions such as
these, water demand management, through techniques such as improved irrigation efficiency,
maybe vital to overcoming the water scarcity issues. Figure 2 already indicates marked
decrease in water stress in the regions of Central Asia where rice, wheat or maize is grown.

Karimov et al. [37] provides insights into the ensuing issues between the Central Asian
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countries over the use of shared water resources. For instance, Tajikistan, as upstream water
users, want to use the river water for electricity generation, but this causes conflict with
downstream users in Uzbekistan, who want to use the water for cotton irrigation. To avoid
potential water conflicts, the authors recommend the adoption of solar PV and wind power for

electricity generation and drip irrigation technologies for farming.

The high desalination demand in 2030 and 2050, for some irrigation sites, despite the increase
in irrigation efficiency, suggests that these irrigation sites are located in highly water stressed
hydrological basins. This is owing to the demands from the industrial and municipal sectors
which are projected to experience an even larger growth by 2050 compared to the agricultural
sector. Nevertheless, Figure 4 shows that in most regions, increasing the beneficial irrigation
efficiency results in significant reduction of the water stress and demand for desalination.
Therefore, it is imperative that the beneficial irrigation efficiency is improved if water demand
is to be controlled in the decades to come. The current average global irrigation efficiency is
as little as 33%. The very low growth rates of 0.3% per annum, observed by Hansaki et al. [20],
do not make a significant dent in the future water withdrawals for irrigation. It has to be noted
that the present study only considers the cost of water supply to the irrigation sites and does
not account for investments required to upgrade infrastructure at the sites. VVarious reports have
made estimations on the costs involved for irrigation system upgrades in different parts of the
world [38,39]. For a comprehensive assessment of the costs entailed in high efficiency

irrigation scenarios, the costs of improving the irrigation systems have to be accounted for.

The SWRO plants operate in a baseload manner throughout the year, utilising the combination
of solar PV and battery storage, to minimise the cost of water production. The higher capital
expenditures of SWRO plants entail that the plants are operated at higher full load hours to
minimise the LCOW [33]. To overcome the seasonal requirements of irrigation water demand,
a reservoir maybe used as buffer between the desalination plant and the irrigation site to ensure
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that the irrigation water is supplied as per the demand throughout the year. Such a strategy has
been discussed by Serrano-Tovar et al. [40] for a local desalination plant in the Canary Islands.
This is another aspect that should be considered for a comprehensive cost assessment of

upgrading irrigation infrastructure.

Amidst growing global concern over the impacts of climate change, various reports and
literature already highlight the global transition towards renewable energy resources [1]. In
addition, the costs of renewable energy and storage technologies are projected to decline,
securing a cost competitive energy source for desalination plants [30]. Similarly, research has
shown that the increase in desalination capacities globally [7] drive the decline of the capital
costs of SWRO plants. Therefore, SWRO desalination systems coupled to RE power plants
help overcome the environmental concern of greenhouse gas emissions and can be a reliable
water supply for irrigation. Various researchers echo similar views on the need to drive the
uptake of RE- based desalination [5,6,41]. Jones et al. [5] shed light on the issue of increasing
quantities of concentrated brine from desalination plants being discharged into the marine
environment, without proper treatment. This can lead to the pollution of coastal waters, damage
of sensitive marine life that will ultimately threaten the food chain. In order to minimise the
impact on the environment, more complex infrastructure is required, leading to an increase in
the final costs of the project. For instance, in Australia, SWRO plants located in
environmentally sensitive areas required the implementation of suitable outfall structures that
led to a 30% increase in the final cost [42]. Jones et al. [5] acknowledge the increasing
importance of desalinated water in the future global water supply and suggest using the brine
discharge for economic gains. This maybe for new opportunities such as commercial salt

production and recovery of precious metals.

Various literature and reports discuss viable ways to secure water supply for irrigation and to
ensure global food security. Some of the discussed approaches include investments in improved
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technologies, removal of subsidies, the use climate resilient crops, off-grid greenhouses
watered by desalination systems, uptake of plant-based diets, reductions in losses in the global
food systems and efficient usage of nutrients and fertilizers [2,43,44,45]. Other approaches
proposed maybe more radical and redefines the conventional concept of food production. Solar
Foods [46] is a Finnish enterprise, established in 2017, and provides the means to produce
single-cell protein using CO-, renewable electricity and water as raw materials. The protein,
Solein, with a texture similar to that of wheat flour, is reported to consume as little as 10 liters
of water per kg. According to Solar Foods, the technique can be used to produce food
independent of climate, irrigation or soil. These projects highlight the variety of work being

done on the topic of achieving global food security in the decades to come.

The purpose of this research is to shed light on how improved irrigation efficiency and RE-
based SWRO desalination can help the agricultural sector deal with the yawning gap between
water supply and demand. RE-based SWRO can provide water at costs suitable for farmers in
various irrigation sites, particularly closer to the coastline. Improved irrigation efficiency is
crucial to ensure the sustainability of the water supply. Furthermore, as costs of obtaining
ground and surface water increase due to scarcity, fossil fuel-based electricity costs and
removal of government subsidies, RE-based SWRO desalination offers a steady and cost-

effective water supply.

5 Conclusion

By 2050, it is estimated that the annual cereal production would need to increase by about
140% and total global food production increase by 70%. Total water withdrawals for irrigation
is projected to increase by 11%. In contrast, poor management of existing water resources,

pollution and climate change has resulted in limited freshwater resources for irrigation.
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The aim of this paper is to gauge how improved irrigation efficiency and RE-based SWRO
desalination maybe used to secure water supplies for the agricultural sector. Desalination is
currently being used in countries like Israel and Spain for cash crops. In this research, the focus

was on the use of SWRO desalination for growth of the main cereals: rice, wheat and corn.

Estimates of the beneficial irrigation efficiencies of the current locations were obtained. The
irrigation efficiency growth was projected such that by 2050, all existing irrigation sites would
have an efficiency of 90%. This was labelled an HPIE scenario. The new irrigation efficiencies

were used to obtain the reduced irrigation demand for the years 2030 and 2050.

Based on previous research, the desalination demand for the HPIE scenario was estimated. The
LUT Energy System model was used to define a least cost RE power system based on solar PV

and Wind resources, to power the estimated desalination demand.

It was found that improving the average irrigation efficiency to 60% by 2030, led to a 64%
reduction in total desalination demand. Similarly, an improvement towards 90% irrigation
efficiency, by 2050, translates to an 80% reduction in global desalination demand. There was
a marked decrease in water stress across many countries, resulting in the lower desalination
demand. However, regions in China and USA, where there is increasing demand for the

industrial and municipal sectors, still experienced high water stress levels.

In 2030, the global LCOW range is mostly within 0.7 €/m® — 2 €/m? including transportation
costs. Literature reports that farmers may be willing to pay up to 0.63 €/m?® for their irrigation
water. The global range in 2050 is estimated to be 0.45 €/m*® — 1.7 €/m® reflecting the lower
costs of the SWRO and renewable energy power plants in 2050. Countries in Central Asia have
a higher LCOW range of 3 €/m®— 5.8 €/m®due to the absence of a coast and long transportation

distances.
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The above results indicate that as conventional water prices increase, due to scarcity, fossil
fuel-based electricity costs and removal of government subsidies, RE-based SWRO
desalination offers a steady and cost effective water supply. In addition, a fast transition

towards higher irrigation efficiencies will help control the increasing future water demand.
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