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a b s t r a c t
The harmful algal bloom (red tides) (HAB) phenomenon is an issue for desalination facilities. This 
paper reviews the causes and impacts of HABs on desalination plants. Some HABs are linked to the 
creation of natural pollutants, dissolved oxygen depletion, and other negative consequences. Because 
desalination facilities are the principal source of freshwater for communities, agriculture, and indus-
try for middle eastern arid nations, the disruption of plant operations by red tide poses a danger to 
the availability of drinkable water and can constitute an extraordinary HABs impact. Desalination 
plants are responsible for pollutants added to the Gulf seawater via outfall systems. Consequently, 
desalination projects must undergo an environmental impact assessment (EIA), considering 
accepted environmental characteristics and criteria. EIA assesses the potential effects on air, land, 
and sea water qualities, techniques to mitigate their impact.
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1. Introduction

Seawater desalination is currently the most common 
and preferred method in the Arabian Gulf for potable water 
production, and the Arabian Gulf now has the most signif-
icant number of desalination plants. The Gulf Corporation 
Council (GCC), encompassing Saudi Arabia, the United 
Arab Emirates, Kuwait, Qatar, Bahrain, and Oman, pro-
duces roughly half of the world’s desalinating the sea [1,2]. 

Thermal or membrane-based desalination technologies are 
the two main methods for seawater desalination. Thermal 
desalination [i.e., multiple-effect distillation (MED), multi-
stage flash distillation (MSF), vapor compression (VC)] is 
common in oil-rich countries of the Middle East, whereas 
reverse osmosis (RO) membrane desalination is nearly used 
across the rest of the world. The most extensively used sea-
water desalination method is RO, produces drinking and 
industrial water. The increasing adoption of RO desalination 
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technology has been encouraged not only by the constant rise 
in water demand but also by the falling cost of RO water pro-
duction, and it’s predicted to become more cost-effective and 
competitive with traditional water treatment methods [3]. 
In 2010, the Arabian Gulf accounted for 76% of global sea-
water desalination capacity. Saudi Arabia, the United States, 
and the United Arab Emirates (UAE) occupy the top list of 
countries planning substantial investments in desalination 
technology in 2020 with Qatar and Kuwait in the top fifteen. 
Between 2000 and 2010, desalination in the UAE increased 
by more than threefold. In 2013, MSF technology delivered 
roughly 75% of desalinated water, MED provided 17%, and 
RO produced the rest 5% [4].

A typical algal bloom is a “population explosion” of 
microscopic algae that are naturally occurring and caused 
mainly by seasonal temperature fluctuations, plenty of sun-
shine, and a nutrient-rich content in the water. Some algal 
blooms are deemed hazardous as they make harmful metab-
olites and organic chemicals that can cause disease/death in 
people and aquatic creatures. On the other hand, many dan-
gerous algal blooms may not create poisonous substances, 
although the algal organic matter (AOM) and the algae 
biomass they produce can aggregate in high quantities near 
the water’s surface. Bacterial decomposition of this organic 
component can cause a dramatic decline in oxygen content 
dissolved in the water, thus impacting wildlife by killing 
aquatic flora [5–7].

The amount of hazardous algal blooms, the types of 
resources impacted, and the reported economic decreases 
have all grown considerably during the previous few 
decades. Financial losses mainly impact the fishing and 
aquaculture sectors, although the desalination business has 
recently been affected as well [6,8–10].

Algae is becoming more widely recognized as a signif-
icant source of operational issues in seawater plants [11]; 
when harmful algal blooms (HABs) reach a desalination 
plant, they can pose major operational problems as well as 
possible health risks to customers.

These problems arise from two factors: first, algal cells 
create organic matter, which can clog filters and foul mem-
branes, and second, some cells produce poisonous chemi-
cals or taste and odor compounds, which can induce filter 
clogging and membrane fouling. During a severe “red tide” 
bloom incident in the Gulf of Oman in 2008–2009, the nega-
tive impact of algae on seawater desalination plants began to 
gain more attention. This “red tide” (also known as a “harm-
ful algal bloom”) caused many seawater plants in the area 
to minimize or cease operations [12]. This event revealed 
a significant issue that algal blooms could affect the coun-
tries that rely highly on desalination plants for water supply, 
and it emphasizes the importance of proper pre-treatment 
in such systems.

This review highlights the main factors that aid (harm-
ful) algal blooms in seawater and their growth conse-
quences on desalination plants.

2. Bloom-forming species

UNESCO’s international oceanographic commission 
recognized over 300 species of microalgae that have been 
observed to create blooms in aquatic settings [13]. An algal 

bloom occurrence is frequently dominated by a particu-
lar species or group of algae. An algal bloom activity can 
last anywhere from a few days to many weeks, based on 
the life cycles of the causative species. Diatoms, dinofla-
gellates, and cyanobacteria are the three principal kinds 
of algae that are frequently reported to create significant 
blooms. However, several haptophytes, raphidophytes, and 
chlorophytes were often recorded (Table 1, Fig. 1).

2.1. Dinoflagellates

Dinoflagellates are bi-flagellated algae that are mainly 
unicellular, seldom colonial, and have red coloring. Cells of 
dinoflagellates vary in size from 5 to 2,000 m. Dinoflagellates 
are primarily photosynthetic; however, some organisms are 
heterotrophic. On the other hand, some photosynthesizing 
organisms may absorb bacteria and other algae (including 
other dinoflagellates as a facultative or distinctive com-
ponent of their life. Dinoflagellates are better suited to 
make use of available nutrients than other bloom-forming 
species of algae [14–17].

They can move up and down the water column using 
their flagellates to photosynthesize during the day and 
take advantage of increased nutrition levels at deeper sec-
tions during the night. Asexual cell reproduction occurs 
by binary fission. When growth circumstances are no lon-
ger favorable, they produce copious amounts of resting 
cysts that sink to the bottom and remain dormant until the 
cysts revert to motile cells the next time growth circum-
stances are favorable. Dinoflagellates tend to follow diatom 
blooms since they reproduce more slowly than diatoms, and 
blooms may often linger for longer periods. Cochlodinium 
polykrikoides, Noctiluca scintillans and other species from the 
genera Alexandrium, Prorocentrum abd Karenia are among 
the recognized bloom-forming dinoflagellates [29,30].

2.2. Diatoms

Diatoms are yellowish brown algae that have a distinc-
tive “glass-box” form. Each cell is surrounded by two inter-
acting siliceous frustules, or an exoskeleton. Although their 
thick frustules are somewhat hefty, Diatom cells may keep 
buoyant by injecting light-weight ions into their cell vacu-
ole. Diatoms flourish at the water’s surface because they rely 
primarily on photosynthesis for energy. When nutrients are 

Table 1
Common bloom-forming species of algae

Bloom-forming 
algae

Adverse effect References

Dinoflagellates Toxic bloom, red tides, oxygen 
depletion

[14–17]

Diatoms Toxic bloom, oxygen depletion [14,18–20]
Cyanobacteria Toxic bloom, oxygen depletion [18,21,22]
Haptophytes Oxygen depletion [14,23–25]
Raphidophytes Toxic bloom, red tides, oxygen 

depletion
[23,26,27]

Chlorophytes Green tides, oxygen depletion [8,18,28]
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reduced, they frequently dive to the bottom of the body of 
water, where they stay until fresh food and light are avail-
able. In diatoms, asexual reproduction occurs by binary  
fission.

When nutrition, light, and temperature conditions are 
ideal, diatom blooms frequently occur around the spring sea-
son’s beginning, but they are difficult to predict in other loca-
tions. The genera Chaetoceros, Skeletonema, and Thalassiosira 
are the most commonly observed bloom-forming marine 
diatoms. Because diatoms require silicates to construct their 
exoskeletons, silicate depletion is frequently indicated by 
the end of a bloom episode. Because diatoms are the first 
vital nutrients to be depleted when the first bloom occurs 
in spring, silicates are the first critical nutrients to be lost 
(in addition to oxygen reduction). In addition to nutrient 
depletion, a diatom bloom can be stopped by predation by 
other aquatic creatures like dinoflagellates.

2.3. Cyanobacteria (blue-green algae)

Cyanobacteria is a bacterium that obtains its energy from 
photosynthesis and is known as cyanobacteria, sometimes 
referred to as blue-green algae. Most cyanobacteria are oblig-
atory phototrophs, meaning they prefer to grow in places 
of the water column that receive plenty of light. Their cells 
can be between 0.5 and 60 m, but they can also form colonies 
that are a few centimeters long. Like diatoms, cyanobacteria 
can modify their buoyancy, enabling them to move verti-
cally through the water column. They are found in freshwa-
ter and marine settings, where they may produce seasonal 
blooms, and are sometimes regarded as the most success-
ful group of bacteria worldwide. Cyanobacterial blooms 
may cover a large surface area and be thick [18,21,22].

2.4. Haptophytes

Massive blooms of algae in the phylum haptophytes 
are possible. Emiliania huxleyi, a frequent example, has been 
recorded to generate extensive blooms (up to 250,000 km2 of 
surface area) in the North Sea, North Atlantic Ocean, Black 
Sea, and Norwegian fiords. Due to the light reflection of the 
calcite discs surrounding the algal cells, intense E. huxleyi 
blooms may make a large region of the water milky in color. 
Another noteworthy haptophyte that may regularly create 
blooms in coastal saltwater is Phaeocystis. For example, in 
the coastal parts of the North Sea, foam accumulation pro-
duced by Phaeocystis bloom is a common occurrence through-
out the spring season, and it has occasionally resulted 
in the death of local aquatic wildlife [14,23–25].

2.5. Raphidophytes

A subtype of bi-flagellated, unicellular algae known as 
raphidophytes lacks rigid cell walls. They are photosynthetic 
autotrophs that include both saltwater species and fresh-
water. Toxic “red tide” blooms can be caused by a various 
of marine raphidophytes [23,26,27].

2.6. Chlorophytes (green algae)

Chlorophytes, sometimes called green algae, are a 
diverse group of phototrophic organisms ranging in size 
from microscopic seaweeds to unicellular algae. Green algal 
blooms created by many types of tiny chlorophytes are typ-
ical in stagnant freshwater bodies (e.g., lakes, and ponds). 
On the other hand, green algal blooms in saltwater are 
dominated by macroscopic chlorophytes. The seaweed Ulva 

 
Fig. 1. Determinantal algal bloom causative species.
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prolifera generated the greatest previously recorded “green 
tide” event in the Yellow Sea (near Qingdao, China). Since 
then, such occurrences have occurred throughout the area, 
probably due to increased human activity [8,18,28].

3. Marine algae bloom

Cochlodinium polykrikoides Margalef, a marine ichthy-
otoxic dinoflagellate, is one of the taxa responsible for the 
ecologically and economically relevant phenomena known 
as harmful algal blooms (HABs), also known as “red tides”. 
In late August 2008, spots of red water (discoloration) were 
first noticed in the port of Dibba Al-Hassan on the UAE’s east 
coast. Almost two months later from the 21 to 23 of October 
2008, red tide blooms and fish kills were found there; after 
entering the Arabian Gulf via the Strait of Hormuz, the 
bloom spread to the UAE, Qatar, and Iran’s coastal waters. 
It also extended southwards across the UAE’s east coast, 
reaching Fujairah and then Oman. The bloom was vast and 
extreme, impacting more than 1,200 km of coastline in the 
region, killing millions of wild and farmed fishes, and caus-
ing significant coral reef damage. During the bloom season, 
cell counts of 1.1–2.1 × 107 cells/L were reported from surface 
waters near Fujairah, UAE; salinity was 39 PSU at the time of 
the highest cell counts, and the water temperature was 27°C 
[12]. These blooms impacted the desalination plants in the 
UAE and forced five seawater desalination plants to shut 
down because of clogged intake filters, foul reverse osmo-
sis membranes irreversibly, or other operational problems 
caused by the thick blooms [31,32]. There was also fear that 
red tide contaminants would end up in the finished water, 
which would be unsafe to drink. Coastal recreation and tour-
ism were impacted, partly due to an unpleasant odor associ-
ated with the bloom that pervaded coastal communities, and 
partly due to concerns about the possible danger to swim-
mers. According to regional news agencies, thousands of 
tons of fish and marine mammals were killed; over 650 tons 
of dead fish have washed ashore in Dibba Al-Hassan, and 
over 700 tons in Khor Fakkan [31]. Traditional fishing prac-
tices were prohibited within eight miles of the UAE’s east-
ern coast and three miles of the west coast due to the bloom 
[32]. Since desalination plants are the primary source of 
fresh water for residents, agriculture, and industry in the 
Arabian Gulf, the disruption of plant operations by recur-
rent Cochlodinium blooms poses a severe threat to the 
region’s drinking water supply and is an unprecedented 
HAB impact. The sudden appearance of C. polykrikoides in 
the Arabian Gulf, as well as the devastating effects of the 
2008–2009 bloom, highlight the need for coordinated HAB 
species monitoring, as well as the production and testing of 
protocols and/or technologies to avoid desalination plant 
closures during extreme HAB blooms [4,33,34].

3.1. Causative factors

For decades, scientists have been trying to figure out 
what causes harmful algae to grow and produce toxins. 
The goal of these studies was to figure out what factors 
in the environment cause HAB and toxin formation. The 
overall findings from many years of research were divided 
into three categories: (1) causes and conditions that lead to 

phytoplankton blooms in general, (2) factors that contrib-
ute to the proliferation of HAB species specifically, and (3) 
factors that lead to toxin production. Phytoplankton blooms 
develop naturally due to deep, nutrient-rich waters mix-
ing vertically with illuminated surface waters. In temper-
ate climates, this process happens seasonally due to winter 
storm events and coastal upwelling occurrences triggered 
by proper regional wind conditions. Although there is no 
reason to believe that these ‘natural’ sources of nutrients 
cannot cause HABs, the global increase in the frequency 
and severity of HABs suggests that human activities may 
be a contributing factor. Natural physicochemical variations 
(e.g., current, temperature, nutrient load, salinity, etc.) may 
significantly influence the distribution and concentration of 
algae in the ocean and sunlight [35]. Many trace metals and 
vitamins, as well as nitrogen (N), phosphorus (P), and silicon 
(S) are among the most significant of these influences, with 
two primary sources – natural and anthropogenic. Storm 
events can increase nutrient discharges into the sea from 
rivers, while strong winds can cause the mixing and trans-
fer of nutrients from the lower water column to the surface, 
where algae can use them [36]. Coastal upwelling, generated 
by a mixture of wind, Coriolis impact, and Ekman drift, is 
a crucial component in nutrient delivery from the bottom 
to the surface [37]. Human activities can also contribute to 
algal blooms by raising nutrient loadings in coastal seawa-
ter through direct/indirect discharge of untreated/poorly 
treated wastewater and runoff of untreated livestock wastes 
and residual fertilizers from agricultural areas. Increased 
HAB incidence has been linked to rising human populations, 
increased fertilizer use, and increased livestock production 
[35,38]. Many areas worldwide have seen localized reduc-
tions in algal blooms after enacting tighter environmental 
legislation to restrict anthropogenic nutrient discharges to 
rivers, such as the Seto Inland Sea in Japan [39].

Desalination facilities produce two products: pure water 
and concentrated salt water (reject or residual stream). 
Proponents acknowledge that cost-effective and environ-
mentally friendly concentrate handling can be significant 
roadblocks to the widespread adoption of desalination sys-
tems. The impact of concentrate on receiving water habitats 
and groundwater aquifers can be mitigated by incorporating 
proper concentrate disposal and construction methods into 
the plant’s design. In SWRO plants, operational problems 
are mostly caused by biological development in membrane 
modules and the build-up of particle and organic material 
from saltwater [3,11]. Another factor that aids in the growth 
of HAB in SWRO plants is the brine discharge into the sea-
water if such discharge products are released into surface 
seawater, which includes untreated chemicals, it can cause 
problems for marine ecosystems and receiving water envi-
ronments. In addition, due to the constant, high-quality 
water produced by membrane filtration, especially when 
compared to traditional methods, microfiltration and ultra-
filtration membrane pretreatment have recently been high-
lighted as a component of a desirable pretreatment train. 
However, one significant disadvantage of implementing 
these modern pretreatment technologies is that they are 
just as susceptible to sudden algal blooms, if not even more. 
Therefore, desalination projects necessitate an environmen-
tal impact assessment (EIA), which must define all critical 
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environmental criteria and determine possible impacts on 
the air, soil, and marine ecosystems [33].

3.1.1. Temperature

In the water ecosystem, the temperature typically plays 
an important role in HAB production which influences the 
lgTN/lgTP and lgChla relationships [40,41]. An increase in 
temperature could dramatically increase Chlorophyll-a con-
centration, implying that the marine system could establish a 
dominating population of cyanobacteria under warmer con-
ditions [42], Few experimental data exist that demonstrate 
direct mechanistic links between rising temperatures and 
HAB bloom [20,43]. The temperature may also have an indi-
rect impact on HAB physiology by influencing the optimum 
prey species of mixotrophic HAB species [42]. Temperature 
maxima, as well as the rate of seasonal temperature fluctu-
ation, can affect the magnitude and timing of overwinter-
ing HAB stage excystment [44]. More broadly, even minor 
changes in HAB phenology and surface water spring tran-
sitions can affect the potential biomass of HAB species [45] 
changes in cellular growth rates caused by temperature can 
also alter cellular toxin concentrations, implying that future 
HAB impacts must be anticipated in terms of both HAB 
growth and cellular toxin production rates [46] many HAB 
scientists believe that, with a few exceptions, warming will 
increase the possibility of HAB prevalence and intensity in 
future oceans [47]. The majority of desalination plants in GCC 
countries are paired with a power plant, which means that 
the water temperature of the power plant’s effluents will be 
high, raising the seawater temperature of the ambient water 
in the plant’s proximity. In the summer, the surrounding sea-
water temperature is around 35°C, and power and desalina-
tion facilities raise the temperature in the area by roughly 
7°C–8°C over the ambient temperature. MSF and other forms 
of thermal distillation have the largest impact on intake water 
temperature and can produce brines that are 10°C–15°C 
warmer than oceanic intake waters. RO procedures are 
becoming more popular, and they frequently result in tem-
perature plumes in the surrounding environment. Therefore, 
the HAB will grow surrounding the desalination facility that 
warmer temperature allows algae to grow thicker and faster.

3.1.2. HABs and nutrients

Nutrients such as nitrogen (N), phosphorus (P), silicon 
(S) and many other trace elements and vitamins are among 
the most important factors that aid algal growth also carbon 
dioxide appears to play a role in algal blooms, and algae 
used carbon dioxide for photosynthesis and growth. This 
carbon dioxide supply helps algae grow and form dense 
populations by delaying the depletion of dissolved car-
bon dioxide in water and when there are excessive quanti-
ties of nitrogen and phosphorus in the water, the problem 
becomes even worse [48–50].

3.1.2.1. Nitrogen

Nitrogen dynamics in the marine system play an 
important role in understanding HAB biomass trends and 
possible toxicity. In water, N can be found in a variety of 

dissolved forms in water. These N forms have a variety of 
effects on algae and cyanobacteria populations, owing to 
their ability to convert different N forms into biomass and 
compete with other species, cyanobacteria must convert N 
to ammonium (NH4+) within the cell before they can use 
it for biomass or toxin production. Ammonium is also the 
simplest form of nitrogen for primary producers to get and 
move into the cell. Nitrate and nitrite (NO3–/NO2–) must be 
actively carried into the cell and converted to ammonium, 
necessitating energy and micronutrients like iron. For atmo-
spheric nitrogen gas (N2) gas fixation performed by some 
HABs, this is high energy demand which can limit the size 
and toxicity of the bloom. Increased nitrogen concentra-
tions usually increase algal productivity, unless the culture 
becomes light-limited. In addition, a previous study in 1987 
proved that N is an essential nutrient for algae growth in 
mass culture, and productivity increased with an increase 
in the supply of N [48–51].

3.1.2.2. Phosphorus

Beside temperature and nitrogen, algae require phospho-
rus to grow, lipid biosynthesis, fatty acid output, and meta-
bolic processes like energy transmission, signal transduction, 
and photosynthesis. Phosphorous is an essential nutrient 
that accounts for less than 1% of total algal biomass and is 
required in the medium at a concentration of 0.03%–0.06% 
to maintain algae development also it is necessary for the 
formation of cellular components, such as phospholipids, 
DNA, RNA, and ATP as well as metabolic pathways involv-
ing energy transfer and nucleic acid synthesis in microalga 
cells. Microalgae can absorb phosphorus in polyphosphate 
or orthophosphate to boost their development and nutri-
tional value. In microalgae, polyphosphate can combine with 
incoming metals to produce a detoxified complex, which 
protects cells from metal toxicity. For example, in polyphos-
phate-rich circumstances, C. reinhardtii collected copper (Cu) 
and cadmium (Cd) and survived the metals’ harmful effects. 
However, because orthophosphate (PO4

3) and polyphosphate 
can be converted to ATP under poor dietary conditions, 
some microalgae may collect more phosphorus than that 
required for development [52,53]. The pumping of polyphos-
phate into the microalgae cell and the conversion of phos-
phorus to polyphosphate require ATP. The photosynthetic 
process, as well as respiration, provide energy for ATP. The 
optimum phosphorus content for microalgae, according to 
Roopnarain et al. [54], is between 0.001 and 0.179 g/L.

In any corner of the planet, a combination of nutrients 
and light will induce photosynthesis-capable organisms 
to create chlorophyll which may be monitored by satel-
lite due to its ability to reflect green light, which is a strong 
indicator of the ideal geographic regions for (unfertilized) 
algae development [51,53,55].

3.1.2.3. Contaminants

Desalination plants are well known for being sources 
of potentially harmful pollutants and energy intensive and 
create a potential environment-harming waste called brine 
which is made up of concentrated salt and chemical residues 
[56]. The type of desalination process employed determines 
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the characteristics of the produced brine. The impact of 
brine disposal was divided by Roberts et al. [57] into phys-
iochemical and ecological aspects. The physicochemical 
influence is linked to salinity, temperature, and substances 
that could modify the receiving water’s physicochemical 
qualities. The salt concentration in concentrate produced by 
seawater reverse osmosis (SWRO) facilities can be up to two 
times higher than the receiving water. While the concentrated 
product of a distillation process may only have a 10% higher 
salt content than the receiving water, the system mixes the 
concentrate with once-through cooling water to dilute the 
salt concentration in the distillation processes. Distillation 
concentrates are typically warmer, 8°C–10°C higher than 
ambient water. The temperature of the concentrated water 
from the reverse osmosis process is the same as the ambi-
ent water temperature. Every day, 11 and 20 million m3 of 
desalinated water and brine effluent are produced in the 
Arabian Gulf (a historical “hotspot” of global desalination 
efforts). According to a synthesis of chemical discharge data 
from 21 plants in the Red Sea, desalination processes release 
2,708 kg chlorine, 36 kg copper, and 9,478 kg anti-scalants 
per day into the Red Sea alone.

Another aspect contributing to the global rise in HABs 
is that we have drastically increased aquaculture activi-
ties worldwide, which inevitably leads to enhanced prod-
uct quality and safety monitoring, uncovering indigenous 
harmful algae that were most likely present. HAB species 
distributions can also be affected by climate change, either 
directly through temperature variations or storms, or indi-
rectly by periodic or long-term effects on oceanographic 
conditions, such as changes in stratification or water cir-
culation patterns. Another key reason for the increased 
frequency of HAB occurrences in some areas is nutrient 
enrichment [57,58]. Manipulating coastal watersheds for 
agriculture, industry, housing, and recreation has resulted 
in much higher nutrient loadings in coastal seas, promot-
ing HABs. Nutrient enrichment of such systems frequently 
results in excess organic matter production (eutrophica-
tion) and increase in the frequency and amplitude of phy-
toplankton blooms, including HABs. There is no doubt 
that this is happening in some parts of the world where 
pollution levels have skyrocketed. The Arabian Gulf, sur-
rounded by many desalination plants, is likewise plagued 
by nutrient contamination and eutrophication [59]. As a 
result, it’s no wonder that HABs are becoming more com-
mon in the Gulf, with cases documented from practically 
every region [60–63]. Mariculture, for example, caused a 
HAB crisis in Kuwait Bay in 1999, which killed captive and  
wild fish [64].

4. Effect of HAB on desalination plants

During HAB episodes, there were fouling difficulties 
in the SWRO facility.

4.1. Fouling in SWRO desalination plants

During algal blooms, the high AOM content in raw water 
can cause fouling issues in both the pre-treatment and RO 
systems of an SWRO desalination plant. RO membranes 
are primarily intended to remove dissolved components 

from water, most notably inorganic ions (dissolved salts). 
Membrane systems can become blocked and polluted [65]. 
Fouling occurs as a result of particle deposition and/or 
bacterial growth on the membrane surface, resulting in an 
increase in hydraulic resistance. Typically, this resistance 
is accounted for by raising the input pressure, and mem-
branes are then chemically cleaned in situ [66,67].

TEPs with a high charge density that are formed during 
HABs can adhere to and aggregate on the surface of the 
SWRO membranes and spacers. TEPs accumulated may 
operate as a “conditioning layer,” providing a favorable 
substrate for efficient attachment and initial colonization by 
bacteria, which may then speed up biofilm formation. TEPs 
are also (partially) biodegradable and can be utilized as a 
bacterial substrate [68,69].

4.2. HAP effect on thermal desalination plants

In the Middle East, the most often used technologies for 
desalinating saltwater for municipal usage and drinking 
water supply are MSF and MED. MSF and MED thermal 
desalination contribute to 60% of the region’s total saltwater 
desalinated capacity (20 mm3·d) [70,71]. Thermal desalina-
tion facilities have been found to be influenced by seaweed 
(microalgae) blinding of input screens but are normally 
highly forgiving of source water quality in contrast to SWRO 
desalination facilities, phytoplankton blooms have negli-
gible effect on thermal desalination plants [72,73].

During the Gulf of Mexico’s lengthy algal bloom in 2008, 
the high quantity of the marine dinoflagellate Cochlodinium 
polykrikoides had no influence on thermal plants (Tang and 
Gobler [74]). The MSF plants at Fujairah 1 in the UAE con-
tinued to run normally, while the SWRO desalination plant 
had to be shut down for more than a week. A temporary 
shutdown of thermal desalination facilities in Sharjah, UAE 
(less than 24 h) occurred owing to odor concerns with the 
product water. This was addressed by increasing chlorina-
tion. Another thermal desalination facility (MED) on Kish 
Island in Iran experienced higher saltwater pH during 
the bloom, necessitating additional treatment operations 
to avoid alkaline scaling [75].

5. General HAB control strategy

According to studies, the dynamics and consequences 
of HABs are typically controlled by physiological responses 
of the causative dinoflagellate to local environmental cir-
cumstances, as well as interactions between biological and 
physical processes that occur at multiple temporal and geo-
graphical dimensions [75,76]. HAB-producing dinoflagel-
lates have been demonstrated to be sensitive to physical and 
chemical changes in the environment, such as temperature 
and salt. In reaction to environmental stressors, dinoflagel-
lates frequently develop either permanent or transitory cysts 
that gradually settle out of the water column. Dinoflagellates 
adopt temporary encystment as a survival strategy to 
respond to short-term or large-scale environmental changes. 
A variety of variables impact the formation of a temporary 
cyst, including variations in salinity; temperature changes, 
light; nutrient depletion; and dissolved oxygen changes 
[20,77,78].
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5.1. Salinity level

All dinoflagellate species have a limited range of salt 
tolerance. A floating desalination plant’s hypersaline and 
hyposaline discharges can both exceed the upper and lower 
limits of this salinity tolerance range. Discharges in highly 
stratified waters may be sufficient to violate these tolerance 
limits. It could not, for example, be acclimated to salinities 
more than 45 practical salinity units (PSU); it could not be 
acclimated to salinities less than 25 PSU, and it grew poorly 
at salinities greater than 36 PSU when associated with water 
temperatures greater than 23°C. Hypersaline discharges 
from desalination plants can produce salinities greater than 
the maximum limit, whereas hyposaline discharges can 
produce salinities less than the minimum [79–81].

Although a water pumping facility cannot reach the 
extremes of a desalination plant, considerable salinity 
changes can be produced. The salinity of desalination 
plant outputs may be strong enough to harm other marine 
species. The salinity of the discharges, on the other hand, 
may be changed to perturb the HAB without killing other 
marine organisms [57,78].

5.2. Temperature level

A desalination plant that uses a distillation process 
that is fueled by heating the water would produce water 
discharges that could be significantly higher than the tem-
perature limitations permitted by the species constituting 
a HAB. For example, in laboratory trials, all attempts to 
raise the water temperature over 30°C resulted in the death 
of Karenia brevis cells. Furthermore, Karenia brevis did not 
grow well in water with a salinity greater than 36 psu and 
a temperature higher than 23°C. As a result, hot discharges, 
either alone or in conjunction with changed salinity levels, 
may disrupt HABs at temperatures and salinities that do not 
induce mortality in other marine creatures [79].

A water pumping facility may be able to modify the 
water temperature sufficiently without the requirement for 
desalination by pumping water in from one side of a ther-
mocline and dumping the water into the other side of the 
thermocline. As with salinity, a worry with desalination 
plant outputs is that the water temperature may be high 
enough to kill other marine creatures. The temperature of 
the discharges, like salinity, can be controlled to levels that 
disrupt the HAB without causing death in other marine 
organisms [82].

6. Desalination strategy to overcome HAB

Strict planning and monitoring are required for desali-
nation plants to function properly. The location of desali-
nation plants should be carefully chosen and away from 
residential areas, particularly if future expansions are 
planned. The challenges encountered by existing facilities 
were typically attributed to poor planning or less detailed 
environmental impact assessments. Authorities should con-
duct feasibility and environmental impact assessments of 
the proposed desalination facility and site. Current plants 
have prompted concerns about noise pollution, visual pol-
lution, reduced recreational fishing and swimming areas, 

material emissions into the atmosphere, and, most impor-
tantly, pollution caused by product discharge and disposal 
practices [83]. The concentrate is predominantly composed 
of brine with concentrations up to twice those of seawater. 
This discharge also contains cleaning chemical residues as 
well as any anticorrosion agents used in the facility. This 
discharge concentration must be treated before release to 
proper levels of each chemical; however, allowed amounts 
may vary depending on recipient waterways and state 
laws. Disposal is frequently carried out on surface water-
ways, sometimes by surface piping and occasionally via 
underground pipe. In any case, the high density of such 
discharge reaches the receiving waters’ lowest levels, poten-
tially harming marine life, especially in the bottom layers 
or borders. The long-term consequences of such discharge 
concentrations are unknown [84,85].

It is advantageous to utilize some of the control moni-
toring methods that can aid the detection and monitoring 
of red tide outbreaks and the algal biomass. Microfiltration 
(MF) and ultrafiltration (UF) had been utilized as pretreat-
ment scales to typically eliminate the intracellular toxic 
metabolites via size exclusion of the HAB cells and subse-
quent intracellular toxin abstraction [75]. Moreover, molec-
ular-based techniques could provide significant progress in 
monitoring causal HABs in the general outlook. However, 
the initial treatment system and/or the intake must also be 
trustworthy and durable to guarantee performing issues to 
diminish breakthroughs of growth products relating to red 
tide-forming algae to downstream desalination process. 
Typical molecular probes have been expanded for the swift 
revelation and recording of many HAB species; but these 
probes are overwhelmingly either short segments of DNA 
or antibodies that are specified for the studied HAB spe-
cies. Nowadays, oligonucleotide probes have been utilized 
to mark HAB species using synthetic, short DNA that elec-
tively links to sequences specified for a particular organism 
[86]. Quantitative polymerase chain reaction (qPCR) had 
provided a useful quantification gadget in setting the typ-
ical ratio of toxic and non-toxic genotypes in mischievous 
algal blooms and could provide immediate relief alleviat-
ing their environmental, and economic impacts, including 
fitting the appropriate caution of HABs approach [87–90]. 
The preliminary environmental impact assessment should 
be comprehensive enough to identify critical parameters for 
monitoring throughout discharge processes. It should also 
recommend ongoing monitoring utilizing devices linked 
to structures developed during plant construction.

7. Conclusion

Desalination plant managers are facing many challenges 
due to the highly variable HABs with regard to bloom 
dynamics, morphology, toxicity, and cell size. These varia-
tions need to be realized when implementing or promoting 
mitigation measures. Nutrient-rich content has been linked 
to detrimental blooms in many protected bays, although 
the link between human-mediated nutrient flows and many 
HAB episodes is yet unknown. Of course, the value of nutri-
ent discharge into coastal waters is contingent on the num-
ber of nutrients available for phytoplankton growth from 
natural sources. Before effective models for predicting toxic 
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occurrences can be developed, further research is needed. 
This is because we need a full understanding of the exact 
components and circumstances that favor detrimental 
algal blooms and toxin production in coastal waters. Until 
then, effective monitoring tools to detect impending bloom 
occurrences and the ability to trace the progress of an active 
bloom, as well as an understanding of the possible toxins 
produced, their chemistry, and their rejection by seawater 
reverse osmosis membranes, are required. The by-product 
is commonly referred to as the concentrate, and it predom-
inantly comprises brine, often in amounts up to double that 
of saltwater. In addition, this discharge contains residues of 
cleaning chemicals, as well as any anti-corrosion compounds 
employed in the plant. Before being discharged, this dis-
charge concentrate must be processed to achieve acceptable 
amounts of each chemical, which may vary based on the 
receiving waters and state requirements. Most of the disposal 
is done in surface waters, sometimes with surface pipes and 
sometimes with subsurface plumbing. In either case, the high 
density of the discharge reaches the receiving waters’ bottom 
layers, potentially affecting marine life, particularly in the 
base layers or borders. The long-term impacts of such dis-
charge concentrates have not been studied, but it is plausible 
that even small amounts of toxic compounds employed in 
the desalination process cleaning could harm marine species 
and the ecosystem in general. There are a variety of meth-
ods for detecting HABs and reacting in time to limit their 
impact on desalination plants. To achieve this goal, local and 
regional phytoplankton composition and monitoring are 
required. A variety of strategies are advised for such mon-
itoring such as water sampling near or at the desalination 
plant on a regular basis. This could include manual sampling 
in the plant’s water supply or samples from adjacent ships 
and boats. Automated sampling of the water entering a plant, 
or on fixed platforms located outside the intake. Operators 
and managers of desalination plants are being advised to 
take a more active role in understanding the nature of the 
algae populations in the waters surrounding their intakes. 
This can directly aid in the discovery of early and effective 
mitigation methods.
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