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Abstract: Rapid population growth and urbanization are two main drivers for the over-abstraction
of conventional freshwater resources in various parts of the world, which leads to the situation
of water scarcity (per capita availability <1000 m3/year). Predictions based on the World Bank
projected population data and the FAO AQUASTAT database for freshwater availability show that
by 2050, 2 billion people living in 44 countries will likely suffer from water scarcity, of which 95%
may live in developing countries. Among these, the countries that will likely be most strongly hit
by water scarcity by 2050 are Uganda, Burundi, Nigeria, Somalia, Malawi, Eritrea, Ethiopia, Haiti,
Tanzania, Niger, Zimbabwe, Afghanistan, Sudan, and Pakistan. Currently, these countries have not
yet established desalination to meet their freshwater demand. However, the current global trend
shows that membrane-based desalination technology is finding new outlets for supplying water to
meet growing water demand in most of the water-scarce countries. These 14 water-scarce countries
will demand an additional desalination capacity of 54 Mm? /day by 2050 in order to meet the standard
of current municipal water demand and to compensate for the withdrawal of renewable resources.
Case studies from India, China, and South Africa have highlighted that other countries may apply
the strategy of using desalinated water for industrial users. Moreover, challenges to the widespread
adoption of desalination exist such as expense, significant energy use, the need for specialized staff
training, the large carbon footprint of facilities, environmental issues such as greenhouse gas emission
(GHGs), chemical discharge, and operational problems such as membrane fouling.

Keywords: water scarcity; population growth; desalination; developing countries

1. Current Trends in a Global Desalination Industry

Large-scale seawater desalination began in the 1960s, using thermal distillation pro-
cesses such as multi-stage flash (MSF) and multi-effect distillation (MED), which dominated
the market until 2000 (Figure 1). The membrane-based technology reverse osmosis (RO)
was introduced into the market in the 1970s, mainly to treat brackish water. Since the
1980s, advances in membrane technology and materials have made it possible to use RO
technology for seawater applications [1]. As a result of this advancement, since 1999,
membrane-based technologies, including RO, electrodialysis (ED), and nanofiltration (NF),
have become the most dominant technologies for water desalination (Figure 1). Since
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that time, the average growth in desalination capacity throughout the world is about
7.5% per year, of which membrane desalination makes up about two-thirds of the total
installed capacity [2]. The total desalination capacity (installed and projected, 2021) is about
115 Mm?3/d, of which 77% (~88 Mm?/d) uses RO technology. In fact, the ratio is likely to
change, since most new contracted desalination plants are founded on membrane-based

technologies [3].
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Figure 1. Global desalination capacity with regards to desalination technology and RO source
water [3].

Based on the available data, RO is currently the most commonly applied technology,
not only for seawater desalination, but also for drinking water and industrial water pro-
duction. Almost half (53%) of the RO desalinated water is from seawater, and the rest is
mainly from brackish, freshwater, and treated wastewater (Figure 1). Extra-large seawater
RO (SWRO) plants (>50,000 m3/d) are already in service, comprising approximately 40%
of the total installed capacity. The remaining plants are categorized as follows: 24% as large
plants (10,000-50,000 m3/ d), 15% as medium plants (1000-10,000 m3/ d), and 3% as small
plants (<1000 m®/d), as shown in Figure 2. Most of the extra-large plants are located in the
Middle East and East Asia/Pacific, as illustrated in Figure 3.

Figure 4 illustrates the currently installed desalination plants worldwide. It can be
clearly seen that a high number of desalination plants have been installed in the Middle
East, USA, Australia, China, Central Europe, the Mediterranean Region, and Japan. As
indicated on the map, most of the desalination plants are located along the coastline, where
desalination plants abstract raw water and where algal blooms frequently occur [4].
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Figure 2. Classification of SWRO desalination plants based on their capacity [3].
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Figure 3. Total capacity of SWRO and share of extra-large plants in different regions of the world [3].

L Capacity (m%d) Customer Type .
o 1,000 - 10,000 ® Municipal
O 10,000 - 50,000 ® |ndustry
(O 50,000 - 100,000 @ Irrigation
() 100,000 — 250,000 O Power
© Other
(0)>250,000

Figure 4. Global distribution of operational desalination facilities and capacities (>1000 m3/day) by
sector user of produced water [5]. Reprinted with permission from ref. [5], 2019, Elsevier.
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The operational cost and energy consumption of membrane-based desalination have
been reduced dramatically over time due to improvements in membrane technologies,
energy recovery systems, and the use of renewable energy sources [6-8]. Figure 5a presents
the costs required for electrical power, maintenance, and CapEx charges that decreased
from USD 1.6/m? in 1982 to USD 0.6/m? in 2010. Moreover, Figure 5b shows that the
energy consumption reduced from 16 kWh/m? in 1970 to 1.9 kWh/m? in 2008.
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Figure 5. Trends of (a) cost in USD/ m?3 [9] and (b) power consumption in kWh/ m? [10] in seawater
reverse osmosis plants.

2. Is There a Need for Desalination in Developing Countries?

The concern over global water availability and its impacts has been expressed during
the last decades using the alarming terms of “global water crisis” and “water scarcity” [11].
The economic and demographic growth are two main drivers for the over-abstraction
of conventional freshwater resources in various parts of the world [12], leading to the
situation of water scarcity. Water scarcity is usually considered as the situation when the
total annual runoff available for human use is less than 1000 m®/capita/year [13]. As of
2015, 28 (mainly developing) countries are suffering from water scarcity. The situation
of water scarcity is expected to worsen, given that by 2050, the population worldwide
is anticipated to reach 9 billion. It has been estimated that by 2050, about 44 countries
with a total population of approximately 2 billion people will likely suffer from water
scarcity [2], of which 95% (1.9 billion) of those affected will live in developing countries.
The majority of these countries are in Africa and Asia, namely, Malawi, Ethiopia, Sudan,
Somalia, Nigeria, Uganda, Tanzania, Niger, Zimbabwe, Eritrea, Haiti, Burundi, Pakistan,
and Afghanistan (Figure 6). The rapid increase in the population growth and the trend
of rural-urban migration will intensify the issue of water shortage in these countries,
mainly due to the withdrawal of fresh water to satisfy the demand for municipal and
agricultural use [14]. The current available renewable resources in these countries are
>1000 m3/ cap/year, which will be drastically reduced to below 1000 m3/ cap/year by
2050 due to the expected population growth (Figure 6). The estimation was based on the
assumption that there will be no withdrawal of freshwater resources to fulfill the demand
of the increased population. During the projection, the total available renewable water
resources, which refer to the sum of actual groundwater and surface water in each country,
was obtained from the FAO database [15], and the total populations (2020 and 2050) was
acquired from the World Bank database [16].
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Figure 6. Countries expected to be water-scarce by 2050.

The potential technical solutions to solve water scarcity are;

Saving water Increasing productivity in agriculture and industry
Reducing leakages in public water supply
Imposing progressive tariffs

Increasing rainwater harvesting

Transporting from long distances

Storing river water during high flow

Increasing reuse/recycling in industry

and domestic wastewater in agriculture

Using brackish water, wastewater, seawater

Water transport
Aquifer storage
Water reuse

Desalination

Among the different alternative solutions for solving the issues of water scarcity,
desalination is only implemented as a last resort when conventional freshwater resources
have been stretched to the limit. Desalination is considered as a drought-proof water source,
since it does not depend on river flows, reservoir levels, or climate change. Desalination
may be an option to alleviate scarcity in industry and for coastal cities. The report published
by the United Nations showed that approximately 44% of the global population, and 8 out
of the 10 largest metropolitan areas in the world, are located within a distance of 150 km
from the coastline. The rate of population growth in the coastal regions is accelerating,
and increasing tourism adds to the pressure on the environment (UN Atlas of the Ocean,
2017). Therefore, the possibility for widespread application of seawater desalination in
the future is very likely [12]. Although the most well-known application of desalination
(and related membrane technology) is to produce freshwater from seawater, it can also
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be used to treat slightly saline (brackish) water, low-grade surface and groundwater, and
treated effluent resources [2]. The current global trend shows that desalination technology
is finding new outlets as an alternative source for supplying water to meet growing water
demands in most of the water-scarce countries [14]. However, there have been barriers to
the widespread adoption of this technology, mainly due to its cost, energy requirements, a
lack of expertise, and its carbon footprint.

3. Current and Future Status of Desalination Market in 13 Water Scare Countries

The 13 countries that will be strongly hit by water scarcity by 2050 are Uganda,
Burundi, Nigeria, Somalia, Malawi, Eritrea, Ethiopia, Haiti, Tanzania, Niger, Zimbabwe,
Afghanistan, Sudan, and Pakistan (Figure 6). As shown in Figure 6, the current renewable
water resources in these countries are greater than the threshold set for water scarcity
(1000 m3/ capita/year) and these are projected to be drastically reduced below the threshold
by 2050. The current desalination status and the potential future market in these water-
scarce countries have been studied. The current (2020) status of installed seawater and
brackish water desalination plants (online, under construction, and presumed online) and
its share for municipal and domestic purposes in each of the selected water-scarce countries
is presented in Table 1.

Table 1. Currently installed desalination capacity (sea and brackish water) in the chosen water-scarce
countries and its share of municipal and domestic supply [3].

Desalination Capacity, Q2020

C . Seawater Brackish Water
ountry Region
Capacity, Qsw, Municipal Water, Capacity, Qgw, Municipal Water,

[m3/Day x 1000] Ysw [m3/Day x 1000] Ygw
Afghanistan Central Asia 0.00 0.00 2.5 0.85
Burundi East Africa 0.00 0.00 0.00 0.00
Eritrea Northeast Africa 1.00 0.00 0.15 0.00
Ethiopia Northeast Africa 1.72 0.42 1.82 0.01
Malawi Southeast Africa 0.00 0.00 0.00 0.00
Niger West Africa 0.00 0.00 0.40 0.00
Nigeria West Africa 13.28 0.45 115.61 0.01
Pakistan South Asia 85.59 0.37 104.90 0.04
Somalia East Africa 0.12 0.00 0.00 0.00
Sudan North Africa 43.25 0.82 0.48 0.00
Tanzania East Africa 0.60 1.00 6.08 0.00
Uganda East Africa 0.00 0.00 0.00 0.00
Zimbabwe Southern Africa 0.00 0.00 0.00 0.00

As illustrated in Table 1, countries such as Burundi, Malawi, Uganda, and Zimbabwe
have not yet installed any desalination plants, while other countries such as Afghanistan,
Eritrea, Ethiopia, Niger, Nigeria, Pakistan, Somalia, Sudan, and Tanzania have already
installed seawater and/or brackish water desalination plants. The user category in most
of these countries that have already installed desalination plants is mainly for municipal
water and industrial water use.

The current freshwater withdrawals in these 13 countries were studied based on the
available data from FAO database. The general trend showed that most of the water-
scarce countries withdraw freshwater mainly for agricultural activities, municipal use, and
industrial use (Table 2).
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Table 2. Water withdrawal in each water-scarce country [15].
) Nao20 Urban Population Water Withdrawal, m3/Capita/Day
Countries 11 11
[Millions] [Millions] Agriculture Municipal Industries Total
Afghanistan 38.93 1.32 9.13 0.08 0.08 9.30
Burundi 11.89 1.54 0.05 0.08 0.00 0.06
Eritrea 3.21 0.67 0.47 0.13 0.00 0.50
Ethiopia 114.96 18.39 0.23 0.12 0.00 0.25
Malawi 19.13 3.63 0.17 0.11 0.01 0.19
Niger 24.21 4.12 0.17 0.12 0.00 0.20
Nigeria 206.14 101.01 0.07 0.14 0.03 0.17
Pakistan 220.89 79.52 2.14 0.33 0.02 227
Somalia 15.89 5.88 0.57 0.01 0.00 0.57
Sudan 43.85 17.10 1.62 0.15 0.00 1.68
Tanzania 59.73 15.53 0.21 0.09 0.00 0.24
Uganda 45.74 5.95 0.02 0.15 0.00 0.04
Zimbabwe 14.86 5.65 0.56 0.31 0.02 0.70
Average 1.19 0.140 0.01 1.24

The highest use was in agriculture, which ranged from 0.02 to 9.13 m3/cap/day,
with an average of 1.19 m®/cap/day. The average water withdrawal for municipal pur-
poses was 0.140 m3/cap/day, which is eight times lower than for the agricultural sector.
Table 2 shows that the current average per capita municipal and domestic water use is
WW vy = 0.140 m3/ cap/d. This was calculated from the municipal water withdrawals in
each country and was distributed over the urban population in that country. The urban
population is considered as a potential user of desalination in future. Based on this, the
need for desalination capacity in these countries by 2050 was projected. The following
assumptions were made during the projection.

1. No withdrawal of renewable water resources to meet the water demand by
population growth.

2. The water demand required will only be supplied by desalination.

3.  Only the populations of urban areas are assumed as the potential users of
desalinated water.

4. The current average withdrawal for municipal purposes is assumed to be constant
throughout the projection period.

The potential desalination (seawater and brackish water) growth in each of the selected
water-scarce countries was calculated using the difference between the desalination capacity
(Q2050) and the currently installed desalination capacity (Q2020) using Equations (1) and (2) [14]

AQ2050 = Q2050 — Q2020 = (N2050 U.WWop50 ) — (Qsw Ysw + Qpw Yew) 1)

Qo020 = (Qsw Ysw + Qpw Yaw)/(Nog2g U) )

where,

Nyo50 = projected population by 2050 (World Bank)

Nogpo = population in each country in 2020

U = population share that lives in urban centers

WWs0 = per capita municipal and domestic water use by 2050 in m®/cap/d

Qsw and Qgyw = currently installed sea and brackish water desalination capacity, m3/d

Ysw and Ypw = share of capacity used for municipal water production.

The projected growth in desalination capacity in the selected water-scarce countries
for the coming 40 years is summarized in Table 3. The current total population in these
13 countries is 819 million, which is expected to increase to 1252 million by 2050, of which
approximately 10-50% will live in urban cities. By 2050, a desalination capacity of 57.1 Mm?3/d
will be required to maintain the current per capita water demand (0.140 m®/cap/d) and to com-
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pensate for the freshwater withdrawals. This indicates the growth of the desalination market to
be 54 Mm?3/d, which is approximately a 1464% increase as compared to the current installed ca-
pacity (2.4 Mm3/d) in these 13 countries. However, there are challenges for the implementation
of the desalination technologies in these countries that still need to be overcome.

Table 3. The current installed and projected desalination capacity for sea and brackish water desali-
nation plants, m3/d, in the selected water-scarce countries.

Urban

Nao20 Naos0 : Qsw Qpw Q2020 [m3/cap/d] WWave AQ2050
ni
Country \fillions]  [Millions] I;"/P‘S‘if:;‘e’f [m?/d x 1000] Ysw [m3/d x 1000] Yow x 1000 [m/cap/d]l  [Mm?/d]

Afghanistan  38.93 69.5 22% 0.00 0.00 250 0.85 0.25 0.140 2.13
Burundi 11.89 195 11% 0.00 0.00 0.00 0.00 0.00 0.140 0.30
Eritrea 3.21 10.5 21% 1.00 0.00 0.15 0.00 0.00 0.140 031
Ethiopia 114.96 171 16% 1.72 042 1.82 0.01 0.04 0.140 3.82
Malawi 19.13 25.9 19% 0.00 0.00 0.00 0.00 0.00 0.140 0.69
Niger 2421 53 17% 0.00 0.00 0.40 0.00 0.00 0.140 126
Nigeria 206.14 258.5 49% 13.28 045 115.61 0.01 0.07 0.140 17.69
Pakistan 220.89 348.7 36% 85.59 0.37 104.90 0.04 045 0.140 17.50
Somalia 15.89 39.7 37% 0.12 0.00 0.00 0.00 0.00 0.140 2.05
Sudan 43.85 60.1 39% 4325 0.82 0.48 0.00 2.08 0.140 3.24
Tanzania 59.73 69.1 26% 0.60 1.00 6.08 0.00 0.04 0.140 251
Uganda 45.74 103.2 13% 0.00 0.00 0.00 0.00 0.00 0.140 1.87
Zimbabwe 14.86 235 38% 0.00 0.00 0.00 0.00 0.00 0.140 125
Total 819.45 1252.20 B 145.56 - 231.93 - 292 - 57.1
Average 63.03 96.32 - 11.20 - 17.84 - 0.22 - 420

4. Case Study

A closer analysis of countries where a significant installed desalination capacity already
exists, such as India (2.87 Mm?/d), China (9.72 Mm?3/d), Algeria (2.76 Mm?3/d), Morocco
(0.27 Mm?/d), and South Africa (0.45 Mm?3/d), was performed (Figure 7). The analysis
was carried out based on the use of raw water sources (seawater, brackish water, or others),
user categories (municipal, industrial, or others), and the type of technology used, i.e.,
membrane (RO, ED, and NF), thermal (MSEF, MED), or others.
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Figure 7. Country comparison of desalination use in India, Algeria, China, and South Africa [3].
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Among the four selected countries, India and China currently have total available
renewable water resources which are higher than the threshold level of water scarcity
(1000 m?/cap/year); these are distributed to a total population of approximately 1350 million
people. However, the current trend of rural-urban migration and the unequal distribution of
the renewable water resources have led to regional water crises in both of these two countries.
This problem was the driving force for these countries to treat unwanted water such as seawa-
ter, brackish water, and wastewater using desalination technology. The currently installed
desalination capacity in India is 2.87 million m3/d, and in China, it is 9.72 million m3/d. In
both countries, membrane-based desalination leads thermal-based desalination, and 75% of
the desalinated water is used for industrial purposes.

The other selected countries, such as South Africa, Morocco, and Algeria, currently
have total available renewable water resources below 1000 m3/cap/year, distributed to a
total population of approximately 80 million. Currently, Algeria and Morocco suffer from
a severe water scarcity, which has forced them to abstract all available renewable water
resources. However, South Africa, on the other hand, has tried to maintain its available
freshwater resources, even though it has been categorized as a water scarce country [15].
All three countries have started to treat their water using desalination technology in order
to meet the growing water demand. As of 2020, the installed total desalination capacity
is 2.76 million m3/d in Algeria, 0.27 million m3/d in Morocco, and 0.45 million m?/din
South Africa. In Algeria, more than 90% of the desalinated water is used for municipal
purposes, while in Morocco and South Africa, about 30% of the desalinated water is used
for industry.

Likewise, Palestine is another interesting case in this regard. With total available
renewable water resources of around 185 m?®/cap/year in 2015, which is projected to
decrease to 83 m®/cap/year in 2050 [17], the country faces a real water crisis. The water
scarcity in Palestine is a result of both natural and man-made constraints related the specific
Palestinian political situation. In the Gaza strip, one of the most densely populated areas in
the world, almost 97% of the available renewable water resources are considered unfit for
human consumption [18]. This is due to the over-extraction of water from the available
aquifer, seawater intrusion, and infiltration of sewage and chemicals. The country identified
desalination as a major strategic option for providing 2 million Palestinians in the Gaza
strip with potable drinking water. About 70% of the drinking water needs of the Gaza
strip is projected to be covered through desalination. To achieve this, the Palestinian water
authority created a plan to increase the total desalination capacity from approximately
0.011 Mm?3/d in 2015 to 0.35 Mm?/d by year 2032 [19].

Overall, the strategy adopted by India and China, i.e., to supply desalinated water for
industrial use, could be applied to other countries to solve the issue of water scarcity by 2050.

5. What Are the Challenges?

Desalination is “often chemically, energetically and operationally intensive, focused on
large systems, and thus requires a considerable infusion of capital, engineering expertise, and
infrastructure” [20]. The main “Achilles heel” for the efficient operation of a membrane-based
desalination systems is membrane fouling [21]. The problems associated with membrane foul-
ing are decreased membrane permeability, increased operating pressure, increased frequency
of chemical cleaning, and membrane deterioration [22]. Despite all these facts, desalination is
gaining a market to meet the demand of freshwater shortage worldwide. However, several
factors that drive the feasibility of desalination plants need to be considered. Figure 8 indicates
the drivers and restraints of the desalination market. As illustrated, the main drivers for
desalination markets are saltwater intrusion, the willingness of private investors to invest,
water shortages, reduced plant prices, etc. On the other hand, the environmental impact,
high capital cost, and political instability are main restraints on the desalination market. As
illustrated in the Figure 8, the significance of each factor (for both drivers and restraints) is
indicated by the length of the arrow. The longer the arrow in the figure, the higher the impor-
tance of the factor. Contrastingly, the dotted arrows highlight the forces whose importance
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is gradually decreasing, for instance, factors such as high capital investment are decreasing,
as the operational cost and energy consumption of membrane-based desalination have been
reduced dramatically over time due to the improvements in membrane technologies, energy
recovery systems, and the use of renewable energy sources [6-8,23]. This drastic decline in
operational costs encourages investors to invest more in desalination projects. In summary, the
most important driver for desalination projects is mainly water shortages due to the depletion
of freshwater because of high water demand (population growth, industrial expansion) and
increasing saltwater intrusion.

Saltwater
intrusion Environmental
Opposition
Industrial
Expansion | __ Water-Reuse
Priviak and Recycling
Finance
Population
growth
Water 1 ,. High Capital
Shortages Investment
Future Water
Shortages High Energy
Requirement
Growing
Tourists Political
industries ~ frm=mm—————- ~ Instability
Reduced

Plant prices

Figure 8. Key desalination market forces [23].

It is therefore recommended to perform the PESTLE Risk Analysis, which includes
analysis of various factors (political, economic, social, technological, legal, and environmen-
tal) that have a direct or long-lasting impact on processes and technologies. This analysis
identifies opportunities and external risks that must be considered and not ignored [24,25].

5.1. Economic Issue

Desalination is still the most energy-intensive technology for producing drinking water,
and it is usually only implemented as a last resort when conventional freshwater resources
have been stretched to the limit. The global concerns over climate change, water scarcity,
rapid urbanization, and industrialization are some factors that directed many scientists and
engineers to think of desalination to meet the demand of freshwater supply worldwide [26].
However, the costs required to produce and distribute freshwater from seawater through
desalination is still a matter of debate when compared with the costs associated with
conventional water supply systems (coagulation, flocculation, sedimentation, and filtration
scheme). As illustrated in Table 4, the cost of desalinated water was approximately two
times higher compared to the cost of the conventional water supply. Likewise, the cost
related to energy consumption was also approximately 5-25 times higher for desalinated
water compared to conventionally treated water (Voutchkov, 2011, 2014; Plappally, 2012)
and cited by [26].
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Table 4. Comparison of water costs for conventional and desalination water supply options
(Voutchkov, 2011, 2014; Plappally, 2012) as cited by [26].

Energy Requirements (kWh/m?) Water Production Costs ($/m?)
Range Conventional Seawater Reverse Conventional Seawater Reverse
Water Supplies Osmosis (SWRO) Water Supplies Osmosis (SWRO)
Low 0.1-0.5 2.5-2.8 0.25-0.75 0.5-0.8
Medium 1.0-25 3.0-3.5 0.75-2.50 1.0-15
High 2.54.5 4.0-4.5 2.50-5.00 2.04.0

In most of the urban cities, the available freshwater water resources have reached the
capacity limit mainly because of population growth and urbanization. This circumstance
has forced many cities to treat their brackish water, seawater, and wastewater via desali-
nation or to transport their freshwater from long distances. The choice depends upon the
cost requirements or the decisions of the governments of the respective countries. Gude
(2016) compared the relative average cost for providing drinking water in various countries
using conventional treatment [26]. For instance, people in Beijing, China, pay the average
cost of about USD 1.13/m? for desalinated municipal water. The desalinated seawater in
Beijing is collected from a distance of 135 km, with an elevation difference of 100 m from
the source to the distribution site. Likewise, in Delhi, India, the cost for the desalinated
water is about USD 1.9/m3. In this city, the desalinated water is transported from a distance
of 1050 km, with an elevation difference of 500 m. On the other hand, the costs paid for
municipal water by most European citizens are much higher compared to the costs paid
by citizens from developing countries. The difference in the cost for water could be due
either to government policy or due to strict environmental and economic standards of these
countries. For instance, the lower water prices in India and China compared to European
countries could be related to the fact that, in these countries, the water prices are highly
subsidized by the government [26].

The detailed challenges and opportunities associated with the economics of desalina-
tion are provided by [7,27]).

5.2. Environmental Issues

The desalination plants have a significant environmental impact. Despite many efforts,
there are still some environmental concerns [28] such as:

- disposal of material use

- land use

- energy use to desalinate water and greenhouse gas (GHGs) emissions

- brine discharge

- high volume of chemical use

- loss of aquatic organisms from marine pollution and open seawater intake

The use of fossil fuels to desalinate water emits greenhouse gases, including carbon
monoxide (CO), nitric oxide (NO), nitrogen dioxide (NO,), and sulfur dioxide (50O,).
The recent technological advances have helped to decrease the emission of GHGs; this
decrease depends on whether oil is used instead of natural gas [29]. Likewise, the use
of a high volume of chemicals during the pre- and post-treatment of seawater is another
environmental concern. The main concern is the discharge of chemicals into the natural
water, which affects the ecological imbalance [28]. Furthermore, the design of open seawater
intake has a potential role in the loss of aquatic organisms, as these organism sometimes
collide with the intake screen or can be drawn into the plant [29]. Some of the possibilities
for sustainable solutions to prevent/minimize the issue listed above are [28]:

- implement low or no chemical technologies

- treat the chemicals before discharging into the natural water bodies

- disperse the concentrate through a multiport diffuser in a suitable marine site
- use subsurface or submerged intakes with low intake velocities
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- reuse of material
- recover salts from the brine (resource recovery)
- use renewable energy sources to partially /completely fulfil the energy requirements
- use energy recovery devices to recover hydraulic energy

The summary of the environmental challenges and possible sustainable solutions is
illustrated in Figure 9.

Environmental concerns

Concentrate
discharge

Energy use

and GHGs Marine

pollution

Seawater
intake

Chemical

Material
use

use

Sustainable solutions

Disperse concentrate through multiport
diffuser in a suitable marne site

Treatment of all
backwashing and
cleaning wastes to
reduce marine pollution

Minimize and
compensate
energy use

Minimize land use
and landscape
impacts
through
site selection

Use of subsurface or
submerged intakes
with low intake
velocities

Improve recyclability Implement low/no
and reuse chemical technologies
of materials

Figure 9. Environmental concerns and sustainable solutions for the desalination plant to minimize

the environmental impact [28].
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To evaluate the potential environmental impact of the water desalination plants, a
life cycle assessment (LCA) tool can be a useful tool for application across the whole life
cycle [30,31]. The LCA takes into account all the phases of a product’s life cycle, starting
from the acquisition of raw materials to the end-of-life phase (collection/sorting, reuse,
recycling, waste disposal) [30]. The LCA technique has four phases: goal and scope
definition, inventory analysis, impact assessment, and interpretation [32]. There is various
software available that can be applied to the LCA, such as EIME V5, Cycle IT System V1.1,
e-LICCO, Open LCA 1.2, GaBi, SimaPro Analyst 7.3.3, Umberto 5.6, and others [30].

5.3. Membrane Fouling and Scaling

Membrane fouling is still the main “Achilles heel” for the cost-effective application
of reverse osmosis [21]. The types of fouling are categorized into (i) particulate/colloidal
fouling, (ii) inorganic fouling (scaling), and (iii) organic and biofouling. To prevent the
occurrence of membrane fouling, SWRO plants are always equipped with pre-treatment
systems (e.g., media filters with coagulation), microfiltration/ultrafiltration, etc. Moreover,
the particulate and colloidal fouling are mostly controlled by this improvement in the
pre-treatment phase; however, the occurrence of organic and biofouling is still a major issue
in SWRO membranes, the consequences of which are:

- increase in head loss across the feed spacer of spiral wound elements

- higher energy consumption to maintain the constant flux operation

- higher chemical cleaning frequency

- increased frequency of membrane replacement due to irreversible membrane fouling

- decreased rate of water production due to longer downtime during chemical cleaning
and membrane replacement

- increased salt passage, thus deteriorating the permeate quality

6. Concluding Remarks

By 2050, about 44 countries (2 billion people) will be strongly affected by water scarcity,
and more than 95%, or 1.9 billion, of these people will live in developing countries. These
countries are Uganda, Burundi, Nigeria, Somalia, Malawi, Eritrea, Ethiopia, Haiti, Tanzania,
Niger, Zimbabwe, Afghanistan, Sudan, and Pakistan.

Currently, the majority of these 13 water-scarce countries have not yet installed desali-
nation to meet their freshwater demands. By 2050, the projected desalination capacity of
57 Mm? /d will be required in these countries in order for them to meet the standard of their
current water demand and to compensate for the withdrawal of renewable resources. This
projection assumes that no withdrawal of renewable water resources will occur in these
countries, and that the growing urban population water demand will be fully supplied by
desalination. Furthermore, the current average water withdrawal for municipal purposes
was assumed to be constant throughout the projection period.

The experiences of some countries (e.g., India, China, and South Africa) in using
desalination water for industrial users may be adopted in other nations to solve the issue
of water scarcity by 2050.

The current global trend shows that desalination technology is finding new outlets as
an alternative source for supplying water to meet growing water demand in most of the
water-scarce countries. However, there have been barriers to the widespread adoption of
this technology mainly due to its cost, energy requirements, lack of expertise, and its large
carbon footprint.

Author Contributions: Conceptualization, N.D., S.G.S.-R., ].C.S. and M.D.K.; methodology, N.D.,
S5.G.S.-R, J.C.S. and M.D.K.; data analysis, N.D.; resources, S.G.S.-R. and M.D.K,; data curation,
N.D.; writing—original draft preparation, N.D.; writing—review and editing, N.D., 5.G.S.-R., A A,,
JH, HS,, J.C.S. and M.D.K; visualization, N.D.; supervision, S.G.S.-R., ].C.S. and M.D.K.; project
administration, N.D. and S.G.S.-R.; funding acquisition, N.D., S.G.S.-R. and M.D.K. All authors have
read and agreed to the published version of the manuscript.



Membranes 2022, 12, 381 14 of 15

Funding: This study was performed at the IHE Delft Institute for Water Education, with financial
support from Wetsus—European Center of Excellence for Sustainable Water Technology. Wetsus
is funded by the Dutch Ministry of Economic Affairs, the European Union European Regional
Development Fund, the Province of Fryslan, the city of Leeuwarden, and by the EZ/Kompas Program
of the Samenwerkingsverband Noord-Nederland. The authors would like to thank the participants
of the research theme “Biofouling” for their fruitful discussions.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wilf, M.; Awerbuch, L. The Guidebook to Membrane Desalination Technology: Reverse Osmosis, Nanofiltration and Hybrid Systems,
Process, Design, Applications, and Economics; Balaban Desalination Publications: Hopkinton, MA, USA, 2007.

2. Dhakal, N.; Rodriguez, S.G.S.; Schippers, J.C.; Kennedy, M.D. Perspectives and challenges for desalination in developing countries.
IDA |. Desalination Water Reuse 2014, 6, 10-14. [CrossRef]

3. Desal Data. 2020. Available online: www.DesalData.com (accessed on 1 January 2020).

4. Caron, D.A.; Garneau, M.-E.; Seubert, E.; Howard, M.D.; Darjany, L.; Schnetzer, A.; Cetinic, I; Filteau, G.; Lauri, P.; Jones, B.
Harmful algae and their potential impacts on desalination operations off southern California. Water Res. 2010, 44, 385-416.
[CrossRef] [PubMed]

5. Jonmes, E.; Qadir, M.; van Vliet, M.T.; Smakhtin, V.; Kang, S.-M. The state of desalination and brine production: A global outlook.
Sci. Total Environ. 2019, 657, 1343-1356. [CrossRef] [PubMed]

6.  Elimelech, M.; Phillip, W.A. The Future of Seawater Desalination: Energy, Technology, and the Environment. Science 2011, 333,
712-717. [CrossRef] [PubMed]

7. Pinto, ES.; Marques, R.C. Desalination projects economic feasibility: A standardization of cost determinants. Renew. Sustain.
Energy Rev. 2017, 78, 904-915. [CrossRef]

8. Darre, N.C.; Toor, G.S. Desalination of Water: A Review. Curr. Pollut. Rep. 2018, 4, 104-111. [CrossRef]

9.  Water Reuse Association. Seawater Desalination Costs, White Paper. 2012. Available online: https://watereuse.org/wp-content/
uploads/2015/10/WateReuse_Desal_Cost_White_Paper.pdf (accessed on 15 February 2022).

10.  Elimelech, M. Seawater Desalination. In Proceedings of the 2012 NWRI Clarke Prize Conference, Newport Beach, CA, USA, 2
November 2012.

11.  Fragkou, M.C.; McEvoy, J. Trust matters: Why augmenting water supplies via desalination may not overcome perceptual water
scarcity. Desalination 2016, 397, 1-8. [CrossRef]

12.  Villacorte, L.O.; Tabatabai, S.A.A.; Dhakal, N.; Amy, G.L.; Schippers, J.C.; Kennedy, M.D. Algal blooms: An emerging threat to
seawater reverse osmosis desalination. Desalination Water Treat. 2015, 55, 2601-2611. [CrossRef]

13.  Brown, A.; Matlock, M.D. A Review of Water Scarcity Indices and Methodologies. The Sustainability Consortium 2011, Whitepaper
106. Available online: https://sustainabilityconsortium.org/download/a-review-of-water-scarcity-indices-and-methodologies /
(accessed on 10 February 2022).

14. Bremere, I.; Kennedy, M.; Stikker, A.; Schippers, ]. How water scarcity will effect the growth in the desalination market in the
coming 25 years. Desalination 2001, 138, 7-15. [CrossRef]

15. FAO Aquastat. 2021. Available online: http://www.fao.org/nr/water/aquastat/data/query/results.html (accessed on 20
February 2022).

16. World Bank. 2021. Available online: http://databank.worldbank.org/data/reports.aspx?source=Health%20Nutrition%20and%
20Population%20Statistics:%20Population%?20estimates %20and %20projections# (accessed on 20 February 2022).

17.  Baggio, G.; Qadir, M.; Smakhtin, V. Freshwater availability status across countries for human and ecosystem needs. Sci. Total
Environ. 2021, 792, 148230. [CrossRef]

18.  UNICEE. Increasing Water Scarcity in Gaza through Seawater Desalination—WASH Field Note. 2018. Available online: https:
/ /www.unicef.org/media/91396/file /Increasing-Water-Security-in-Gaza-through-Seawater-Desalination.pdf (accessed on 28
February 2022).

19. PWA. Toward Building a Palestinian State from Water Perspective. In National Water Strategy for Palestine; Palestinian Water
Authority: Ramallah, Palestine, 2012.

20. Shannon, M.A.; Bohn, PW.; Elimelech, M.; Georgiadis, J.G.; Marifias, B.J.; Mayes, A.M. Science and technology for water
purification in the coming decades. Nature 2008, 452, 301-310. [CrossRef] [PubMed]

21. Flemming, H.-C; Schaule, G.; Griebe, T.; Schmitt, ].; Tamachkiarowa, A. Biofouling—The Achilles heel of membrane processes.
Desalination 1997, 113, 215-225. [CrossRef]

22. Matin, A.; Khan, Z.; Zaidi, S.M.].; Boyce, M.C. Biofouling in reverse osmosis membranes for seawater desalination: Phenomena
and prevention. Desalination 2011, 281, 1-16. [CrossRef]

23. Nellen, A. Desalination: A Viable Answer to Deal with Water Crises? Future Direction International: Nedlands, WA, Australia, 2011.


http://doi.org/10.1179/2051645214Y.0000000015
www.DesalData.com
http://doi.org/10.1016/j.watres.2009.06.051
http://www.ncbi.nlm.nih.gov/pubmed/19664796
http://doi.org/10.1016/j.scitotenv.2018.12.076
http://www.ncbi.nlm.nih.gov/pubmed/30677901
http://doi.org/10.1126/science.1200488
http://www.ncbi.nlm.nih.gov/pubmed/21817042
http://doi.org/10.1016/j.rser.2017.05.024
http://doi.org/10.1007/s40726-018-0085-9
https://watereuse.org/wp-content/uploads/2015/10/WateReuse_Desal_Cost_White_Paper.pdf
https://watereuse.org/wp-content/uploads/2015/10/WateReuse_Desal_Cost_White_Paper.pdf
http://doi.org/10.1016/j.desal.2016.06.007
http://doi.org/10.1080/19443994.2014.940649
https://sustainabilityconsortium.org/download/a-review-of-water-scarcity-indices-and-methodologies/
http://doi.org/10.1016/S0011-9164(01)00239-9
http://www.fao.org/nr/water/aquastat/data/query/results.html
http://databank.worldbank.org/data/reports.aspx?source=Health%20Nutrition%20and%20Population%20Statistics:%20Population%20estimates%20and%20projections#
http://databank.worldbank.org/data/reports.aspx?source=Health%20Nutrition%20and%20Population%20Statistics:%20Population%20estimates%20and%20projections#
http://doi.org/10.1016/j.scitotenv.2021.148230
https://www.unicef.org/media/91396/file/Increasing-Water-Security-in-Gaza-through-Seawater-Desalination.pdf
https://www.unicef.org/media/91396/file/Increasing-Water-Security-in-Gaza-through-Seawater-Desalination.pdf
http://doi.org/10.1038/nature06599
http://www.ncbi.nlm.nih.gov/pubmed/18354474
http://doi.org/10.1016/S0011-9164(97)00132-X
http://doi.org/10.1016/j.desal.2011.06.063

Membranes 2022, 12, 381 15 of 15

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rastogi, N.I.T.A.N.K,; Trivedi, M.K. PESTLE Technique—A tool to identify external risks in construction projects. Int. Res. J. Eng.
Technol. (IRJET) 2016, 3, 384-388.

Thi, H.T.D.; Pasztor, T.; Fozer, D.; Manenti, E; Toth, A.]. Comparison of Desalination Technologies Using Renewable Energy
Sources with Life Cycle, PESTLE, and Multi-Criteria Decision Analyses. Water 2021, 13, 3023. [CrossRef]

Gude, V.G. Desalination and sustainability—An appraisal and current perspective. Water Res. 2016, 89, 87-106. [CrossRef]
[PubMed]

Ghaffour, N.; Missimer, T.M.; Amy, G.L. Technical review and evaluation of the economics of water desalination: Current and
future challenges for better water supply sustainability. Desalination 2013, 309, 197-207. [CrossRef]

Lattemann, S.; Hopner, T. Environmental impact and impact assessment of seawater desalination. Desalination 2008, 220, 1-15.
[CrossRef]

Dawoud, M.A.; Al Mulla, M.M. Environmental Impacts of Seawater Desalination: Arabian Gulf Case Study. Int. |. Environ.
Sustain. 2012, 1, 22-37. [CrossRef]

Cherif, H.; Belhadj, J. Chapter 15—Environmental Life Cycle Analysis of Water Desalination Processes. In Sustainable Desalination
Handbook; Gude, V.G., Ed.; Butterworth-Heinemann: Oxford, UK, 2018; pp. 527-559. [CrossRef]

Rebitzer, G.; Ekvall, T.; Frischknecht, R.; Hunkeler, D.; Norris, G.; Rydberg, T.; Schmidt, W.-P,; Suh, S.; Weidema, B.P.; Pennington,
D.W. Life cycle assessment: Part 1: Framework, goal and scope definition, inventory analysis, and applications. Environ. Int. 2004,
30, 701-720. [CrossRef]

Mailkki, H.; Alanne, K. An overview of life cycle assessment (LCA) and research-based teaching in renewable and sustainable
energy education. Renew. Sustain. Energy Rev. 2017, 69, 218-231. [CrossRef]


http://doi.org/10.3390/w13213023
http://doi.org/10.1016/j.watres.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26641014
http://doi.org/10.1016/j.desal.2012.10.015
http://doi.org/10.1016/j.desal.2007.03.009
http://doi.org/10.24102/ijes.v1i3.96
http://doi.org/10.1016/B978-0-12-809240-8.00015-0
http://doi.org/10.1016/j.envint.2003.11.005
http://doi.org/10.1016/j.rser.2016.11.176

	Current Trends in a Global Desalination Industry 
	Is There a Need for Desalination in Developing Countries? 
	Current and Future Status of Desalination Market in 13 Water Scare Countries 
	Case Study 
	What Are the Challenges? 
	Economic Issue 
	Environmental Issues 
	Membrane Fouling and Scaling 

	Concluding Remarks 
	References

