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Impact of brine on the marine environment and how it can be reduced
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ABSTRACT

Seawater desalination is a potential solution for addressing water shortages. The number of desali-
nation plants projected and constructed in some regions has substantially increased in recent
decades. However, desalination process poses some undesirable environmental impacts in terms of
energy consumption, land use, and seawater intake, but particularly the most significant impacts are
related with effluent disposal and discharge. Thus, the challenge for the desalination industry is to
produce new water resources without increasing pressure on the marine environment. The effluent
characteristics depend on the feed water and desalination technology used. Negative environmental
impacts of brine discharge from a desalination plant can be minimized by appropriate planning.
The countermeasures should vary depending on plant size and type, the biological communities
in the discharge area, and the area’s hydrogeological features. This study overviews the available
information about minimizing the harmful effects of the desalination industry. It highlights that
an appropriate discharge location must be selected and the mixing of brine with ambient seawater
must be maximized to reduce the environmental impacts of brine. Moreover, it is helpful to establish
a carefully designed environmental monitoring program to assess brine plume distribution over
time while monitoring biota. Frequent environmental monitoring programs of desalination plants
normally show that the impacts are small, localized, and unimportant; however, significant effects
have been detected in some cases. In these cases, effects can be mitigated by introducing devices
that increase the mixing of effluent and surrounding seawater or/and by diluting the effluent before
discharge.
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1. Introduction

Water is an essential element for life and thus a crucial
natural resource; however, available freshwater resources
have become increasingly limited in many parts of the
world over the past few decades [1,2]. This is most notable
in countries along the Arabian Gulf, the Mediterranean Sea,
and the Red Sea because of high consumption and low pre-
cipitation [3,4]. Seawater desalination has been presented as
a feasible alternative to cope with current water shortages.
In recent years, the number of projected and constructed
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desalination plants has increased in these regions [3,5,6]
and in other countries such as China, the United States,
Australia, and Chile [6].

Desalination is a process of removing dissolved salts and
other minerals from seawater, brackish groundwater, or sur-
face water. Several desalination technologies are in use and
are based on thermal processes (e.g., multi-stage flash (MSF),
multi-effect distillation (MED), and vapor compression) or
membrane processes (e.g., electrodialysis (ED), reverse osmo-
sis (RO), and nanofiltration). In most of these new facilities,
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RO is the preferred desalination technique primarily because
it requires less space and energy and provides low-cost
potable water compared with other techniques [2,7-9].
In RO, external pressure is applied to a concentrated solution,
such as seawater or brackish water, to force water mole-
cules through a semi-permeable membrane. This produces
permeate comprising fresh water and a rejected concentrate
[10]. The reject water, usually produced in huge volumes, is
fundamentally brine (41-90 psu); concentrated by a factor
that depends on the intake water salinity and on the water
recovery or efficiency of the membranes in use [11]. Other
chemicals, such as biocides, antiscalants, antifouling agents,
coagulants, and antifoaming agents, used in desalination
and maintenance processes may also accompany the brine
effluent [3,7,8,12,13].

Based on the volume of reject water, different methods
can be considered for its disposal. These include discharge
into the sea, deep wells, or evaporation ponds; co-disposal
with industrial or wastewater effluents; or producing salt
and other minerals as by-products [14-19]. Cost also plays
a crucial role in selecting disposal methods; brine dis-
posal into the sea is currently the least expensive approach
[3,8,16,17]. However, discharging brine directly into the sea
forms a high-density plume that sinks to the seafloor and
extends horizontally, following the seafloor bathymetry and
underwater currents [20]. Such a hypersaline water mass can
negatively affect several benthic marine organisms that typ-
ically live in environments having stable salinity [3,9,21,22].
The most sensitive communities will be most affected, per-
haps resulting in the total disappearance of these species
in areas influenced by the brine. The magnitude of this
impact depends on desalination plant and discharge system
characteristics as well as the physical (i.e., bathymetry and
hydrodynamics) and biological conditions of the receiving
marine environment [3,8,16,20].

The potential impact of desalination plants has increased
in the last years [4,23-25]; however, most studies have not
reported all the available information about the behavior
of real hypersaline effluents and their effects on marine
ecosystems. Moreover, available information is sometimes
contradictory, outdated, or too local in its scope [26-37]. The
deleterious environmental effects described in those studies
should be detected in their first stages using rigorous mon-
itoring programs, before marine communities are seriously
affected [38,39]. Remedial and mitigation measures must be
taken in case such effects are observed [40].

Regardless of the occasional perturbations, such as mech-
anical destruction and water turbidity, generated by the
construction of intake or outfall structures, the main environ-
mental impacts of desalination plant operation are caused by
hypersaline effluent discharge [30,34,40,41]. These impacts
will typically be prolonged in duration but can present some
temporal fluctuations. Nevertheless, these effects depend
on effluent composition derived from feed water quality as
well as the desalination technology and chemical treatments
employed [3].

The magnitude of these effects also depends on the sen-
sitivity/tolerance of the affected marine communities, dis-
charge location, and area under effluent influence. This area
can be modified by modifying the effluent’s dilution prior
to discharge or by modifying the disposal device.

Herein, potential environmental impacts associated with
brine discharge from desalination plants are considered and
available information about minimizing their harmful effects
is overviewed.

2. Factors affecting effluent composition

Desalination plant waste effluents have varying com-
positions and characteristics. These factors depend on the
raw water source, technology used, and chemicals added
during seawater pre-treatment or formed as by-products
of desalination activity [3].

2.1. Feed water

Desalination plant discharge is concentrated feed water;
thus, its characteristics are primarily influenced by intake
water composition. The raw water used in desalination
plants can have various origins, with varying resultant
properties. At present, desalination plants can use seawa-
ter, urban or industrial wastewater, or brackish water from
aquifers. Moreover, seawater may be obtained from open
near-surface intakes on the shoreline, from submerged
intakes bringing in deeper water layers, or from intakes under
the seafloor that draw seawater through permeable strata
[41-44]. The latter intakes may be constructed as vertical or
radial beach wells, infiltration galleries/beds, or horizontally
drilled drains.

Using wastewater or brackish water as a feed intake
produces reject water with lower salinity compared with that
produced using seawater; however, it usually has a very
high nutrient concentration. Unless these reject waters are
treated to reduce their nutrient content, such as with bio-
logical filters, they pose environmental risks, particularly
eutrophication. When industrial or urban wastewater is
used as feed water, the desalination process yields reject
water containing high concentrations of toxic substances.
Discharging reject water with toxic substances into the
marine environment could lead to substantial environmen-
tal problems [19].

Open intakes are the simplest way to provide sufficient
seawater flow for large desalination plants; however, the
presence of organic matter, microorganisms, and suspended
solids requires employing aggressive pretreatment, adding
chemical additives, and frequent cleaning of filters and mem-
branes. If this intake option cannot be avoided, remedial
strategies, such as using a screen or coarse filter, reducing
intake water velocity, or placing the intake system at a certain
depth beneath the water surface, should be used [41,42].

Below-ground intakes naturally filter feed water, provid-
ing feed water with more constant and homogeneous physical
and chemical characteristics and smaller amounts of organic
matter and nutrients than open intakes. Consequently, to
minimize the environmental impacts of brine discharges,
obtaining seawater through permeable strata (i.e., beach
wells, infiltration galleries, or directed drilling of horizontal
drains; Fig. 1) is preferable. This is because such feed water
is prefiltered, thereby optimizing pretreatment processes
and reducing pollutant concentrations of the subsequent
reject water [8,42,45-47]. These kinds of intakes also reduce
impingement and entrainment of marine organisms [3].
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2.2. Desalination technologies

Brine discharge characteristics and composition also
considerably differ depending on the technology employed
by the desalination plants. Several available desalination
techniques are most commonly based on thermal processes
or the use of membranes [3]. Thermal techniques, such as
MSF, MED, and vapor compression, remove salts by trans-
forming water into steam; the steam is then condensed to
fresh water. Membrane-based techniques, including RO and
ED, use membranes to separate salts from the feed water.

The type of desalination system used influences effluent
composition. Thermal techniques produce reject water with
slightly elevated salinity (=50 psu). However, as the tempera-
ture increases from 5°C to 15°C, a neutral or buoyant plume
is formed. This effluent also has a very low dissolved oxygen
concentration and considerable quantities of copper due to
heat exchanger corrosion [3,7]. Because of its surface disper-
sal, warm discharge from thermal desalination plants would
mainly affect pelagic communities, although impacts on
the benthic community have also been observed [26].

Concentrate discharges from RO plants are characterized
by high salinities (65-90 psu), exhibiting slight temperature
change relative to ambient values. These discharges form
plumes that are generally denser than seawater that tend to
sink and spread on the sea bottom [20] wherein they may
affect benthic ecosystems [48]. However, this trend can vary
seasonally. At the Alicante desalination plant during sum-
mer, maximum salinity was observed above the thermocline

and not at the bottom because of the cold and dense water
beneath the thermocline [20,30].

2.3. Chemical treatments

Concentrate discharges may also contain substances used
during desalination processes, such as those used during
pretreatment, cleaning of RO plant filters and membranes,
or reducing foaming in distillation plants (Table 1).

A wide range of chemicals is used in pretreatment, and
chemical choices depend on water quality [49]. For exam-
ple, chlorine is an effective biocide added to intake water in
most desalination plants to control and reduce biofouling
throughout the system [23]. In RO plants, chlorine would
degrade the membranes; thus, it is neutralized before reach-
ing the membranes [4,7]. However, in MED and MSF plants,
chlorine can be directly discharged with desalination con-
centrate, acting as an unwelcome biocide in the marine
environment and forming mutagenic compounds such as
halogenated organic by-products [3,23,50].

Chlorine is neutralized in RO plants using reducing
agents such as sodium bisulfite (SBS: NaHSO,); however, a
very high SBS dosage can reduce dissolved oxygen levels
in the concentrate discharge [4,51]. Chlorine dioxide is also
being used as a substitute for chlorine in RO plants because
it acts with a shorter contact time and lower dosage and does
not form halogenated compounds. Other chemicals are also
used to control biofouling in RO plants, such as monochlo-
ramine (NH,CI), ozone (O,), and copper sulfate (CuSO,).

Fig. 1. Popular submerged intake systems: (a) vertical beach wells, (b) radial beach wells, (c) horizontally drilled drains, and

(d) infiltration galleries (adapted from Missimer and Maliva [41]).
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Table 1
Common chemicals used during desalination processes

Pretreatment Biocides

Sodium hypochlorite (NaOCl), free chlorine, chlorine dioxide,

monochloramine (NH,Cl), ozone (O,), copper sulfate (CuSO,)

Dechlorination
Coagulants or flocculants
Antiscalants

Sodium bisulfite (SBS: NaHSO,)
Ferric chloride (FeCl,), ferric sulfate (FeSO,), aluminum chloride (AICl,)
Sulfuric acid (H,SO,), phosphonates, polyphosphates (sodium

hexametaphosphate (SHMP: (NaPQ,),, diethylenetriamine
pentamethylene phosphonic acid (DTPMP: C;H, N,O,.P.Na,)),

97 721" 37157 5

polyacrylic acid, polymaleic acid

Antifoaming
Cleaning of filters
and membranes

Polyethylene glycol, polypropylene glycol
Citric acid (C.H,O,), sodium hydroxide (NaOH),

6 87

ethylenediaminetetraacetic acid (EDTA: C, HN,O,) Na,EDTA,

10076 278

sodium dodecyl sulfate (Na-DSS), hydrochloric acid (HCl), sodium
dithionite (Na,S5,0,), sodium metabisulfite (SMBS: Na,S,0,), sodium

27274

polyphosphate (NaPQ,), phosphoric acid (H,PO,)

Additionally, non-chemical options, such as UV light (200
300 nm wavelength) or ultra- and micro-filtration prefil-
tration membranes, are available; however, none of these
treatments has yet gained wide acceptance over chlorine
use [6,52,53].

Pretreatment also includes removing suspended mate-
rial from the feed water to avoid damaging the membranes.
This can be achieved via chemical treatment using ferric
chloride (FeCl,) and ferric sulfate (FeSO,), which coagulates
suspended particles. These materials are then easily retained
in the filter beds [11], which are periodically backwashed to
remove the coagulants employed and can discharge them
(coagulants + retained materials) into the sea along with the
concentrate [54]. These substances are not toxic to marine life
[55] but can increase turbidity [6]. This mild impact can be
minimized by correctly diluting the backwash effluent, dis-
charging it in highly hydrodynamic areas, or disposing it as
solid sludge in a landfill [3]. Low-pressure prefiltration mem-
branes, an emerging technology, improve the coagulation
process and reduce RO membrane cleaning frequency and
replacement rates. However, such a pretreatment system has
other periodic cleaning needs and thus does not completely
remove the need to use chemicals [6].

Precipitation of salts and scale formation inside RO and
distillation desalination plants must be also avoided because
it can considerably reduce permeate flux. Membrane scal-
ing is caused by feed waters supersaturated with inorganic
compounds. Depending on the source water and desalina-
tion technology used, scales are often formed by calcium
carbonate (CaCQO,), calcium sulfate (CaSO,), magnesium
hydroxide (Mg(OH),), and silica. Scaling can be generally
controlled by treatment with acids, primarily sulfuric acid
(H,SO,), to reduce incoming seawater pH (6-7) or with
scale inhibitors such as organic polymers, phosphonates, and
polyphosphates [7]. pH reduction is not very strong (pH 6-7)
and usually reaches ambient values (pH 8.2) at the effluent
outfall; however, some scale-control additives can negatively
affect the receiving environment. Among these additives,
orthophosphates are the most environmentally important
additives. This is particularly true for sodium hexametaphos-
phate (SHMP), which yields phosphorus. Phosphorus is an

essential macro-nutrient directly available to marine primary
producers, increasing their growth and potentially leading to
eutrophication. Organic polymers, such as polyacrylic acid
and polymaleic acid, and phosphonates are good alternatives
to SHMP because they are not toxic to marine ecosystems.

Another conventional pretreatment step in MSF plants
is controlling foaming to avoid contaminating produced
water with salts [4]. Antifoaming agents, such as polyeth-
ylene glycol and polypropylene glycol, are added to feed
water to disperse organic compounds that cause foam and
reduce water surface tension. These substances are nontoxic,
particularly at such low concentrations; therefore, they are
discharged without any concerns [56].

Corrosion of equipment inside desalination plants can
be problematic [57] because it may increase heavy metal
concentrations (mainly copper, nickel, and iron) in the dis-
charge to levels that are harmful to marine organisms. This
problem is more acute in distillation plants, wherein high
temperatures favor metal corrosion. In contrast, RO facilities
operate at lower temperatures and are typically constructed
from corrosion-resistant stainless steel [23,57]. Moreover,
thermal plants use heat exchangers containing copper, which
is toxic to algae and other marine organisms such as benthic
invertebrates [26].

Despite feed water pretreatment, additional treatments
are required to maintain desalination plant processes.
To ensure smooth operation, filter beds and membranes in
RO plants require periodic cleaning. The amount and type
of cleaning solution depends on feed water quality, foulant
type, membranes in use, and plant size [57]. Some most fre-
quently used cleaning solutions include NaOH, Na,EDTA,
Na-DSS, HCl, Na,5,0,, H,PO,, and NH,SO,H. These clean-
ing solutions, which usually include detergents, biocides,
organic matter, and acidic (pH 2-3) or alkaline (pH 11-12)
cleaning solutions, are occasionally discharged. Maintenance
cleaning of distillation plants is simpler and typically
involves acid washing at pH 2. Most of these chemical addi-
tives are not normally considered harmful to the marine
environment; however, their residues, particularly those of
biocides, should be diluted and neutralized before being dis-
charged into the sea [3]. Without this dilution, some cleaning
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chemicals, such as sodium metabisulfite (SMBS: Na,S,0,),
can cause environmental problems [58].

In any case, when chemicals cannot be avoided, they need
to be substituted with new “green” additives (i.e., nontoxic
and rapidly biodegradable chemicals) [59,60].

3. Effects on marine communities in the discharge area

Because RO discharges have higher density, they typi-
cally sink to the seafloor, thereby affecting benthic commu-
nities. In contrast, warm discharges from distillation plants
may affect pelagic communities because of their surface
dispersion. Although some organisms may tolerate envi-
ronmental changes, others are highly sensitive. This implies
that small changes in ambient conditions may lead to their
death or regression [40]. Some affected organisms can escape
the impact area, but benthic organisms fixed to the seafloor
or those that cannot flee can die, thereby changing species
composition and abundance in discharge site benthic com-
munities [33,37]. In any case, brine discharge effects depend
on location, affected marine organism tolerance, and the size
of the area of the sea involved.

3.1. Marine organism tolerance

Marine organism tolerance is a critical point regarding
effluent environmental impacts. Organisms must have a

specific, and relatively constant, internal concentration of
salts; however, this can be influenced by salt concentrations of
surrounding media because of entry through semi-permeable
membranes. Depending on their capacity for osmotic regula-
tion, marine organisms generally have two possible strategies
for coping with salinity changes. Osmoconformers, such as
echinoderms (Fig. 2) and most invertebrates, have a very low
capacity to regulate internal osmotic concentration, which
resembles their inhabited environment. Osmoconformers are
thus very sensitive to minor environmental salinity changes.
Fishes and most vertebrates are, however, osmoregulators; in
other words, they can adjust their internal osmotic concentra-
tion using various strategies, such as accumulating organic
salts within their tissues, incorporating large amounts of
water, or excreting selected ions. Osmoregulators have dif-
ferent tolerances to salinity changes. Osmoregulation has a
high energy cost, which is reflected in lower growth rates
and higher mortalities of organisms when exposed to salinity
levels outside their optimal tolerance ratio.

Some marine organisms can withstand small salinity
variations or occasional exposure to extreme levels. However,
extreme, abrupt, and persistent changes can result in phys-
iological stress, causing mortality of less mobile organisms
that cannot escape. Additionally, such salinity changes often
occur simultaneously with changes in temperature, turbidity,
or pH, which can in turn alter the tolerance of marine species
to salinity changes [61-63].

Fig. 2. Some echinoderm species: (a) A sea star (Echinaster sepositus), (b) a sea cucumber (Holothuria sp.), and sea urchins (c) Paracentrotus

lividus, and (d) Sphaerechinus granularis.
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Consequently, an area influenced by a hypersaline dis-
charge can have reduced biodiversity due to the disappear-
ance of most sensitive species, thereby proliferating more
tolerant species [34].

To minimize effects on marine biota, sensitive habitats
and communities or zones with protected, endangered, or
key species (such as seagrass meadows, maérl beds, coral-
ligenous and coral reefs, and mangroves) must be avoided
when possible. Hypersaline brines should be preferably dis-
charged in areas with sandy seafloors without vegetation
or localities that have already been degraded. If discharge
in sensitive communities or ecologically important areas
cannot be avoided, understanding the tolerance of key spe-
cies to the increased salinity and establishing precautionary
thresholds are crucial [48].

3.2. Salinity tolerance thresholds

The tolerance of key ecosystems to brine discharges must
be studied. Such ecosystems are composed of endangered or
protected habitat-forming species, and many other species
are dependent on them for survival. Moreover, when these
communities or species are widely distributed, they are
ecologically important. Therefore, their tolerance to desali-
nation effluent components, particularly high salt content,
must be determined.

Ocean salinity varies within narrow margins; therefore,
it has not been conventionally considered as a major factor
affecting the abundance or distribution of marine species.
Nevertheless, these margins can be wider in coastal waters,
particularly in estuaries or coastal lagoons where salinity
values show considerably more variation.

Therefore, the tolerance of most marine organisms to
salinity changes is not well known. Most of the scarce pub-
lished studies were carried out on species from estuaries

and intertidal zones or those of commercial interest and
generally under laboratory conditions. Moreover, most of
this research refers to the tolerance to salinities lower than
normal salinity. Effects of hypersalinity on strictly marine
species have been scarcely reported. However, salinity tol-
erance of the seagrass Posidonia oceanica has been reported.
This is because it is a protected habitat-forming species with
very slow growth, sensitivity to environmental changes,
and is widely distributed in areas of the Mediterranean
coast wherein water scarcity has led to the construction of
large desalination plants. The tolerance was determined via
field and laboratory experiments [32,48,64,65], and a recom-
mended threshold has been incorporated into the relevant
environmental licenses and monitoring programs. Similar
studies have been conducted on other seagrasses [63,66,67].

Australia’s natural variability of salinity in open waters
(1 psu) has been used as a threshold to be maintained at a
certain distance from the discharge [68,69]. Most marine
organisms should be adapted to salinity changes of the same
magnitude as natural changes [69].

4. Reducing effects on marine communities
4.1. Effluent disposal

Concentrated effluent from a desalination plant can be
disposed in various ways [41,70]. Effluent is usually dis-
charged directly at the shore or via a pipeline in coastal
plants. Inland plants using brackish feed water cannot gen-
erally discharge effluent into the sea because of the distance
involved. Brine from inland plants is thus discharged into
deep wells or evaporation ponds. Other discharge options
include treatment in wastewater plants, production of salt
and other minerals, and obtaining a near-zero (n-ZLD) or
zero-liquid discharge (ZLD) [14-18].

BEFORE BRINE DISCHARGE
tmer  [c] L] py LS
tme2  [c] <] LS
Time n C C I ¢

AFTER BRINE DISCHARGE
tmer [ L<] pm LS
tme2 [ L] LS
Time n C C I ¢

Fig. 3. Schematic of beyond before-after-control-impact (Beyond BACI) design (C = control localities and I = impact locality).
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Direct discharge into the sea is currently the most com-
mon and least expensive disposal method employed in
coastal desalination plants. Brine can be discharged through
a pipeline or directly at the shoreline; however, it should
be optimized to ensure rapid mixing and dilution. Indeed,
it is convenient to discharge brine in areas with mobile
hydrodynamics, wherein more mixing can occur, rather than
in closed areas with calm sea conditions.

4.1.1. Direct discharge at the coastline

Ocean brine disposal has long been recognized as the
simplest and least expensive method and can usually be
considered for small plants [8]. Brine can be directly dis-
charged on the coastline or on existing infrastructure such
as harbors or artificial channels. Nevertheless, even with
satisfactory dilution most of the time, the discharge plume
may reach a very large area on calm days. However, its
extent may be considerably reduced through bypassing sea
water, which is a technique that has been used for plants
near sensitive ecosystems. In the Javea desalination plant
(Alicante, Spain), a constant seawater-to-brine ratio of 4:1 is
used to reduce discharge salinity below 44 psu [71]; a sim-
ilar strategy has been used for the Alcudia plant (Balearic
Islands, Spain) [72]. At the Alicante facility (Alicante, Spain),
precise prior dilution depends on oceanographic conditions
required to comply with environmental threshold limits
[20]. When salinity at the P. oceanica meadow exceeds the
established threshold, the seawater by-pass ratio increases.
This usually happens during winter or spring, whereas the
dilution remains lower during summer and autumn.

4.1.2. Discharge via submarine pipelines into the sea

Brine is commonly discharged at a distant offshore through
submarine outfalls rather than direct outfall at the coastline.
Brine is denser than seawater and thus tends to flow down
to deeper areas; therefore, the outlet must be deeper than
the plant’s feed water intake to avoid backflow of discharge
with feed water. If the brine is discharged at a greater depth,
it will avoid fragile coastal communities or those with high
environmental value. However, the possibilities of mixing
are lower because of the more static hydrodynamic condi-
tions. If brine is discharged at a greater depth, the outfall
should terminate in one or more upward deflecting diffusers
to maximize effluent mixing as this option reduces the area
of negative influence [51,73-75]. Additionally, possible pipe-
line breaks due to storms or other events may affect shal-
lower sensitive habitats and should thus be monitored [76].

In any case, adverse effects during outfall construction
must be minimized by selecting an appropriate pipeline
route and installing it with minimal disturbance to the mar-
ine environment. Some marine civil engineering methods
have greater impact than others and should be selected based
on the area’s environmental sensitivity [70].

4.2. Effluent dispersion

Negative desalination activity impacts can be minimized
by selecting an optimal concentrate disposal method and
by suitable effluent mixing and dilution [8,77]. Artificial

equipment, such as diffusers, and natural processes, such
as the water column mixing process associated with certain
local hydrodynamic conditions, can be applied [8].

The natural dispersion of effluent mainly depends on
site-specific conditions such as bathymetry (slope of seafloor
and water depth); geomorphology (bottom relief and rough-
ness or rugosity); and hydrodynamics (waves, currents, and
tides). Mixing behavior can also depend on disposal methods
(e.g., using single outlet or multiport diffusers, effluent vol-
ume, flow rate, and discharge velocity) and concentrate prop-
erties (salinity, temperature, and density) [74,78]. However,
some of these factors may vary seasonally, implying that
brine mixing may be insufficient during some periods of the
year. Therefore, selecting an appropriate discharge location
would minimize environmental impacts by ensuring rapid
dilution of the brine effluent.

The behavior of seawater RO desalination discharge
follows the pattern of effluents that are denser than sea-
water. Mixing is optimal in the near-field region because of
turbulence effects; however, the gravity-driven plume forms
a layer with lower dilution, which spreads along the max-
imum downward sea-bottom gradient [20]. This is the far-
field region, where effluent only mixes via advection and
diffusion, implying that the area subjected to high salinities
is small but that subjected to only a slight increase in salin-
ity may be very large. Expansion of this plume considerably
varies depending on discharge type and desalination plant
production. Moreover, reject brine plume discharge and
behavior may vary seasonally. For example, when studying
discharge from the Alicante desalination plant, a sum-
mertime seasonal thermocline was detected at a depth of
12-15 m. Thus, low-density brine remained in the middle of
the water column because of the low temperature of water
below the thermocline [30]. Strong thermoclines during sum-
mer can keep the hypersaline layer a certain height above
the seabed, exposing it more to waves and currents and
thus increasing mixing and dilution. Strong thermoclines
also prevent benthic communities from being subjected to
permanent high salinity.

In general, any mechanism that favors maximizing the
mixing and dilution of the discharged concentrate will reduce
its area of influence and higher salinity values, thus mitigat-
ing environmental impacts. Some mechanisms may require
additional energy consumption (water pumping or jet speed)
or use the discharge’s own kinetic and potential energy to
rapidly mix with seawater (diffusers or bottom roughness).

When a desalination plant utilizes surface discharges
directly at the shoreline, the most hydrodynamic sites should
be selected because waves and currents act dynamically
and increase initial mixing of the effluent. To increase mix-
ing, alteration of the sea bottom, such as adding artificial
structures to augment bottom roughness and its generated
turbulence, can be useful.

For underwater outfalls, dilution can be enhanced at the
discharge outlet using diffusers. These simple devices increase
brine exit velocity and increase near-field mixing. Diffuser
effects mainly depend on diffuser design parameters such as
angle of inclination, number of nozzles, and depth. Diffuser
orientation to enhance mixing has been studied in detail, and
optimal dilution has been observed for diffusers aligned at
30°—45° to the seafloor. This alignment causes the brine flow
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to follow an upward parabola, which considerably acceler-
ates mixing with ambient seawater [8,73,79].

The area of influence of the hypersaline plume can be
reduced via prior dilution of the concentrate, that is, bypass-
ing seawater to reduce density differences between brine
and seawater [20].

In addition to pre-dilution with seawater, brine can be
combined with wastewater from treatment plants (lower
salinity than seawater) or cooling water from power plants
(higher temperature than seawater). Such combined efflu-
ents can form a surface discharge with a lower density than
seawater, thereby preventing the effect on benthic organ-
isms [80]. However, dilution with wastewater should not
become a generalized practice as wastewater can be recycled
and reutilized on land. Additionally, unexpected negative
synergistic effects may also occur.

Scale factor is observed in the area affected by a con-
centrate discharge. Dilution is considerably rapid for small
desalination plants, whereas high salinities from large-
volume plants have greater expansion. Therefore, mixing
potential must be oversized during the project’s construc-
tion phase to allow for later plant enlargement. Dilution can
thus be increased without interrupting production.

Computerized simulation models can be a good tool
to predict discharge behavior. However, these models fre-
quently provide more optimistic results than real-time obser-
vations. These models can be applied to compare different
mixing scenarios to identify the most feasible discharge
options and minimize environmental impacts [74].

5. Monitoring programs

Environmental impacts of brine discharges from desali-
nation plants can be minimized by selecting appropri-
ate discharge locations or mitigating possible effects by
prior dilution of the effluent. A carefully designed moni-
toring program should also be established to assess brine
plume distribution over time and its effects on the marine
environment [81].

Monitoring programs repeatedly observe a system to
detect changes [82,83]. These programs should be designed
to reduce and identify disturbances in an ecosystem at an
early stage. Thus, regular sampling must be performed over
time with observations at multiple locations. Environmental
monitoring usually focuses on data collected from biological
or physical parameters considered as useful target indicators
for assessing the studied impact. Acceptable ranges of vari-
ation for these parameters must also be established. A mon-
itoring program must also demonstrate whether observed
changes are produced by the activity itself or caused by
natural variation or other impacts on the area.

Environmental impact studies should initially establish a
baseline before the operation of the desalination plant begins.
These studies feature original or normal key species distri-
butions and the abundance and composition of other marine
biota to be used as a reference to detect future changes.

Environmental monitoring programs must evaluate the
appropriateness of the forecasts of baseline studies and
environmental licenses to protect natural ecosystems and
introduce necessary changes to permits and plans to mit-
igate environmental impacts. To achieve these objectives,

concentrate discharge quantity and quality, area of influence,
and effects on marine biota must be controlled.

Concentrate discharge quantity is directly linked to
plant production and should thus be routinely registered.
Discharge composition is relatively constant and is char-
acterized by high salinity; however, it may have other
components to be quantified to detect nutrients and other
biologically relevant substances. In particular, nutrient lev-
els must be measured because high nutrient levels may be
observed if the feed water intake is through beach wells or
if phosphate-containing antiscalants are used. Organic mat-
ter amounts must be also monitored when open seawater
intakes are used. Several concentrate samples may be taken
through the year; however, a high sampling frequency is not
necessary because organic composition is normally relatively
constant. For thermal desalination plants, the presence of
heavy metals, particularly copper, should also be monitored.

Furthermore, the effluent’s temporal and spatial dis-
persion must be determined by measuring the physical
seawater properties near desalination plants. Surveys typ-
ically use a grid of stations around the effluent discharges.
The studied area’s extent and grid spacing will depend on
desalination plant production, discharge type, the receiving
environment (bathymetry and hydrodynamic regimes), and
predictive models used. Samplings require conductivity,
temperature, and depth devices (CTDs) or other equipment
that can obtain water column temperature, salinity, and den-
sity profiles. These instruments aid in delimiting the brine
plume and its dilution throughout the area. Dispersion may
change with plant production and oceanographic conditions;
therefore, several surveys must be conducted through-
out the year to include seasonal variability (e.g., varying
winds, calms, breezes, and thermocline). At least two CTD
sampling campaigns per year must be undertaken: one in
summer, with calm sea conditions, which often yields a
lower brine dilution, and the other at the end of winter, with
stronger hydrodynamic conditions, which yields a higher
brine dilution [32].

Once salinity thresholds to protect key communities have
been established, a continuous salinity register may have to
be maintained. Conductivity and temperature devices (CTs)
with incorporated data loggers are moored near the seabed
and used to simultaneously measure salinity and tempera-
ture with great accuracy at multiple locations. Locations
for CTs can be selected based on the presence of biological
communities of interest, such as the P. oceanica meadow, to
monitor salinity changes that may affect this community in
control localities or in protected areas [32].

Biota changes can be monitored by focusing on (1) key
species that are usually ecologically important bioconstruc-
tors, such as seagrasses, kelp forests, and corals, and (2) bio-
indicator species that are sufficiently sensitive to be used
as an early warning for mitigating effects caused by brine
discharge [84]. The monitoring program aims to prove that
the discharge does not affect key species communities. Key
and bioindicator species must be sedentary because high-
mobility species do not necessarily reflect local ecologically
significant conditions. Indicator species should also have a
broad distribution, be extensively studied, and be sensitive
to environmental variations [85]. Echinoderms (Fig. 2) have
proven to be good indicators for monitoring brine discharge
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effects [86,87]. Other organisms that have been used to mon-
itor the brine discharge effects include polychaetes, amphi-
pods, ascidians, and sipunculans [26,33,34,88,89].

After selecting bioindicator species, the correct exper-
imental design is developed to deal with the natural spa-
tial and temporal variability of these organisms and detect
important effects. As previously mentioned, an optimal
sampling design should commence before the brine dis-
charge begins to establish a baseline. Once the desalination
plant begins to operate, changes from the preliminary state
can then be clearly detected. If the monitoring program
starts when desalination discharge is already in progress,
then asymmetrical designs can be used and effects can
only be demonstrated by comparison with more than one
control or reference sites (Fig. 3).

Monitoring studies involve repeated sampling over time.
Sampling frequency depends on monitoring program objec-
tives and must consider natural seasonal variability and
desalination plant output. Sampling should also be repli-
cated in space. Monitoring programs should produce sta-
tistically interpretable results; therefore, sampling designs
must be well planned with sufficient replicates and controls,
with three or more replicates (i.e., samples, quadrates, and
transects) chosen at each locality. Asymmetrical designs
with several control localities are necessary to avoid pseu-
doreplication [90]. Usually, to develop a beyond before-
after-control-impact (Beyond BACI) design (Fig. 3) would
be difficult because sampling must be conducted in different
periods (Time 1, 2, ... n) and long before desalination plant
discharge commences [90].

6. Conclusion

Herein, the main environmental impacts of a desali-
nation plant were described and approaches to minimize
these impacts via appropriate planning and monitoring
were discussed. These measures vary depending on plant
size and type and the biological communities present in the
discharge area.

To minimize the impact of desalination plants, a suitable
location must be selected and brine dilution and mixing
must be maximized. This may be achieved by diluting the
concentrate with seawater prior to discharge, employing dif-
fusers, or releasing the effluent in strongly hydrodynamic
areas.

In any case, environmental impacts of desalination
plants must be minimized. Environmental impacts should be
detected in early stages before marine communities become
seriously affected. Thus, monitoring programs must be care-
fully designed to determine the discharge behavior, assess
potential adverse effects on the marine environment, and
take appropriate measures when necessary.
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