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Abstract

Desalination was for long considered a technology too expensive to adopt in most arid countries except those with
large reserves of fossil fuels and affluent economies. Recent advances in desalination technology have abolished this
old paradigm and have increased its market share in many arid and semi-arid countries. Nevertheless, the introduction
of adesalination plantwill inevitably be associated with several potential adverse environmental impacts particularly
on the marine ecosystem as a result of effluent (brine) discharge. This paper focuses on simulating the dispersion of
the brine plume in the marine environment by considering the heated effluent from a desalination-power plant in the
Gulf region. Various scenarios were defined and simulated using the CORMIX model to compare the mixing
behavior and efficiency of surface, submerged single-port as well as submerged multi-port outfalls taking tempera-
ture variations as an indicator. The simulations capitalized on the inadequacy of widely used surface channel
discharges in achieving the required dilution rates capable of minimizing potential environmental impacts on the
Gulf. A sensitivity analysis was conducted to identify most influencing input parameters on simulation results as well
as evaluate management options to minimize adverse impacts of desalination-related marine discharge.

Keywords: Desalination; Brine discharge; CORMIX; Discharge outfalls; Sensitivity analysis

1. Introduction Today 40% of the world’s population, most of

In August 1999 the world human population whom live in arid countries, suffer from water
exceeded the six billion mark signaling the ever- shortage. This ratio is expected to increase to
increasing pressure on available water resources. 60% by the year 2025, due to population growth,

improvements in lifestyle, increased economic
*Corresponding author. activity, and increased contamination of existing
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water supplies [1]. As a result, unconventional
water resources such as desalination are increas-
ingly becoming inevitable sources to alleviate
water scarcity.

The introduction of desalination plants, how-
ever, has been associated with several potential
environmental impacts, the most important of
which is perhaps the open discharge of the
concentrated brine into the marine environment.
Limited efforts have targeted the characterization
of the impacts of brine discharge on the marine
environment. Using atwo-dimensional advection-
diffusion equation, Purnama et al. [2] concluded
that discharging brine through a surface outfall
adversely impacts coastal waters and promotes
saltwater intrusion. Biodiversity monitoring data
collected within an area 100-200 m away from
the outfall of the Dhkelia RO plant in Cyprus
revealed that littoral fauna and flora were affected
by the brine discharge [3]. Conversely, a survey
of the plankton community within the outfall bay
of the Al-Jubail desalination plant in Saudi
Arabia did not show significant change in the
distribution of phyto and zooplankton, which was
attributed to high dilution rates attained through
the use of a 1.8 km long cascading channel [4].

The objective of the present study is to
compare the effectiveness of various discharge
outfalls on diluting the brine-blowdown gene-
rated from desalination plants by taking a power
generation and water distillation station in the
Gulf region as a case study. For this purpose, the
brine characteristics and potential impact were
first reviewed then the plants’ operating condi-
tions as well as the hydrodynamic characteristics
of the area were defined. Various simulation
scenarios accounting for surface discharge chan-
nels, single-port outfalls, as well as multi-port
diffusers were assessed to determine the optimal
outfall structure. A parametric sensitivity analysis
was conducted to evaluate the effect of the
various input parameters on the simulated results.
Finally, management options were examined to
determine their effectiveness in reducing environ-
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‘ Definition of plant operating conditions I
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‘ Prediction of dilution rates and plume development I
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‘ Conducting a parametric sensitivity analysis I
g

Evaluation of brine blowdown discharge management
measures

Fig. 1. Brine discharge assessment methodology.

mental degradation. The general methodology
adopted in the study is summarized in Fig. 1.

2. Brine characterization and impact

The main waste stream resulting from the
desalination process is the concentrated effluent
that is referred to as brine or brine-blowdown.
The brine is usually more saline than the raw
seawater and above its ambient temperature
although it reflects most of its chemical consti-
tuents. Inaddition to major constituents presented
in Table 1, the brine usually contains corrosion
products, halogenated organic compounds, oxy-
gen scavengers, various acids, and a combination
of anti-scaling/fouling/foaming/corrosion addi-
tives at relatively low levels depending on the
desalination process involved [5].

Brine disposal has the potential to degrade the
physical, chemical and biological characteristics
of the receiving water body. The degree of degra-
dation is highly dependent on the total volume of
the brine being released, its characteristics, the
dilution rate prior to discharge, and the charac-
teristics of the receiving waters. The effect of the
brine on the environment isalso highly dependent
on the geometric installation of the discharge
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Table 1

Comparison between the chemical characteristics of the feed and brine water

Parameter Um-Alnar Plant®
Intake Brine Intake
water water water
Cations
Magnesium (mg/l) 1,612 3,625 1,655
Sodium (mg/l) 11,806 21,750 13,250
Potassium (mg/I) 574 870 610
Calcium (mg/l) 516 1,850 659
Iron (ppb) NR NR NR
Copper (ppb) NR NR NR
Anions
Chloride (mg/l) 26,921 37,223 28,113
Sulfate (mg/I) 3,723 4,560 3,227
Bicarbonate (mg/l) 115 190 131
TDS (mg/l) 45,340 70,278 47,737
pH 8.1 8.9 8.3
Temperature (°C)
‘6. °[7].

NR: Not reported.

outfall. In open and well-mixed environments,
adverse impacts have been noticed mostly within
300 m from the discharge point [8]. Impacts are
more pronounced in environments that are
located in shallow and/or semi-closed bays. Areas
inhabited by sensitive or high-value organisms
are also considered to be highly vulnerable to
brine discharge. Table 2 presents a brief overview
of the characteristics, loads and environmental
impacts of pollutants present in brine. Readers
interested in a more detailed assessment of the
chemical and physical characteristics of the brine
should refer to Seawater Desalination: Impacts of
Brine and Chemical Discharge on the Marine
Environment [9].

3. Area characteristics

The Gulf area houses the highest density of
desalination and power plants in the world

Taweela A Plant?

Abu Dhabi Plant? Doha West Plant

Brine Intake Brine Intake Brine
water water water water water
3,500 1,821 3,606 NR NR
26,142 12,103 22,437 NR NR
830 542 845 NR NR
1,775 563 1,818 NR NR
NR NR NR 19.0 25.0
NR NR NR 43 8.0
38,821 27,135 37,779 25,134 41,748
4,319 3,115 4,321 NR NR
187 126 185 NR NR
71,689 45490 71,204 46,710 79,226
8.8 8.2 8.9 8.25 8.93

40-44 reported for MSF plants operating in the Arabian Gulf ®

generating a total of 15,000 MW of electric
power and 11.99x10° m¥/day of desalinated water
[36,37]. These installations discharge their efflu-
ents directly to the Arabian Gulf, which is a
shallow semi-enclosed and highly saline water
body that has a water residence time of 2 to
5 years. The seawater characteristics of the
Arabian Gulf differ from the world’s ocean
waters in many aspects including high salinity
levels and elevated water temperatures that could
exceed 45°C. While the gulf is characterized with
a very productive and diverse ecology, these
harsh natural conditions stress the existing biota
and often expose them to conditions at the edge
of their tolerance limits. The uncontrolled dis-
charge of brine blowdown can negatively affect
the marine fauna and flora by compounding on
the existing harsh conditions resulting in the loss
of important sheltering, nursing, and feeding
sites.



I. Alameddine, M. El-Fadel / Desalination 214 (2007) 241-260

244

[0z'TT] ease paroaye
aU} wo.y sa10ads JurJaOlUI JO UOIRIBIW 8y} 8dNPUI UBD

[t7]

swisiueb1o ul sassa204d [ea160j01q pue JIeWAZUS [ewlou [8T] wdd g 0 pue z'0 usamiaq
1dnJsip 1eY1 suol 81110]y20dAY JO UOITeWIO) 8y Ul S)Nsay « abues siuejd 4SIA Jo aB1eyasip 1o Julod 8yl I8 SUCILJIUSIU0D SULIOJYD

[g] spunodwoa sjgess [2T ‘2] wdd g 01 dn yoeas ued uoIRULIOIYD
31X0] 34 YIIYM SBUILLIROLWOIQ PUB SSUILWROIO[YD SWI0S 3a0ys ajiym ‘wdd g pue g usamiag sabues Buisop auliojy) o
[‘zT's] suabeinw pue susbouldted umouy asn ui spuabe Bulnojiue urew ayl aJe a1110jy20dAy o aulioyD »

aJe YdIYyM JO aWOoS SuogIedolpAy paleusbofey swio jue|d uoneulesap ayl [noj 01 swsiuehio
SaUILIOIQ dAI1RAI 0] SAPIWOIQ 3]gelS SWIOoSuRL] auLrew Jayjo pue [ebe ‘Jeris1oeq Jo [enusiod ayy Japuly 01 pasn e

[6] wdd T pue £5°0 usamiaq abuel syue|d
[TT'5] pazAjeue Aja181dwod usaq Jou sey ANdIX0l  4SIA 40 8breydsip 4o wiod 8yl Je SUoIIeIUSIUOD BAIPPE BuledS-NUY «

J1uaboige Jo/pue a1uabolq asned 0] [enualod J1ay) spiezey ‘[ot] 7/6W £5°0
21X01 YIIM Paxul] 10U aJe SaARIppe d1swAjod aJIYAA o Pa3axa 10U op SaANIppe JawAjod Joy sajes Buisop parioday e

[¥TTT'S] sjans| uabAxo panjossip ayi saejdap uiny [T ‘vT ‘6] arejAuoeAjod o apupAyue da1ew

Ul YaIym swioojq aebfe usalb pue pal a)nde JO a2Ua1INII0 uo paseq saAnippe ollswAjod ajgepelbapoiq pue ‘sreydsoydoyrio
ay) saseaJaul pue seas o1ydonobijo ur Alanonpoud aJe Ansnpul uoneuIfesap ay) Ul pasn SJue|eISnUe ulew ay] e
Arewnid ay saaueyus areydsoydoyrio Jo asn ayy Buigny s,3ue|d syl UO SUOITBLLIOY B[BIS BUj) BAOWSI 0] Pas() e

[6] 31N uelgesy ayy ul peoj 1addod Jeinyeu 8y JO %ET
01 Z J0 Indul ay} 01 8|qIsUOdsal SI UoITeUl|eSaP Jeyl 81edIpul S31eWIIST o
‘[] (suoirenuasuod
auLlew [ednyeu ueyy Jaybiy sawil 0og) wdd zo o pasoxe
Ued 1UaNn|Je 8yl ul suoneuaduod Jaddod parioday "uoieuljesap
woJ} pabueyosip fersw Aneay uedijiubis 1sow ayi st saddo) e

saAnIppe
Bulnoynuy

Sannppe
Buifessnuy

[gT] e8ue UR UI SANIUNWWOD ‘[eT-0T'2-G‘T] wnuapgAjow pue duIZ ‘WNIWOIYD ‘|9X31U ‘Uoll
ysi4 pue auopejdoiAyd Bunsixs ayy abueyd pue  ‘1addod ale Aisnpul uolnjeuljesap ayl ul S}oNpoad UOISOLI0D Uulew 8yl e
BaJe UR UI S[e1sW 39eJ] Y] 91nqLIISIpal ued S|e1all ANeaH e sjuepd yans Jo [ea1dA1 suonelado (sjeraw Aneay)
[6T ‘¥T ‘s ‘9] swsiuebio onenbe ainyeladwsal ybiy Jopun Apuediyiubis sasealoul pue sjueld 4SIN s1onpoud
10 SaNssI) pue SJUSWIPaSs Ul dJe|nwinade sfelaw AneaH « Ul pasn Buign Aojje Jaddod Jo uoIS04109 3y} wioly Buninsal Ajuiely e uoIS0.LI0D
peoj pabueyasip swuenjjod
10edWI [RIUBLLUOIIAUS [eIUS]O0d pue S213S14319BJBYD 921N0S JUEIN||0d pabreyosia

JUSLLUOJIAUS BULIBW 3] UO SIUSNIISUOI duliq 4O S1oedul [elUSWUOIAUT

¢ol0eL



245

I. Alameddine, M. El-Fadel / Desalination 214 (2007) 241-260

"SISOWSO 8s1anal = Oy 'siued uone[nsip ysey) abeis-njnw = 4SN

[Se ‘ve ‘TT ‘€€ ‘2€ 'T€ ‘9 '0€ ‘62] slewiue
papoo|g-p|o2 JO 81eJ J1jogeIsw sy} sasealaul ‘A1ISIanIpolq
alge|reAe ay) sabueyd ‘suoiioeal [ealWayd JO 31l Ayl Sasealoul
‘uabAxo pjoy 01 Jarem Jo Aujige ay) Sasealoap Jeay 10a[ey e
[g] aseatour Auuipes Aq pajoedwi a1am elIoj) pue euney
[e1011] Yeys pamoys snudAD ur iueld Oy e1[81yQ ay} 4O [[ejino
8y} Wouy W 00Z—00T ©aJe ue uiyum AlsIaaipolq Jo Buuoiuop
[8e]
sal0ads awos Jo sansiialoeseyd [ealbojoydiow ay) 10a44e ued
[8¢] sbba ysiy Jo Buiyorey paeras ued
[8c
‘2'6T' 2] swsiuebio anenbe awos uo syoedwi [eyia] aney ued
[sz] Ansisanipoiq Buronpas snyy
Bale Pa1daje syl wody swsiuehio Jo uoiresBiw syl Ul Jnsal ue) e
[t7] 11epino
a3 J0 ALIUIDIA 83U} Ul J3TeMesS 8y} JO Ansiwayd ay sabueyd e
[gz] eaue abueyosip
AU} u1 usbAX0o pPan|ossIp JO S|aA3] 8yl aonpal Ajybifs ue)d e

[5] spunodwios
a1uafeinw pue o1uaboulated wioy o) suabojey Ylm 19eal ue) e
swsiuehio
dULIRW UI WISISAS aurIqUIBW Je|njjadeul ay) sydnisiq e
[vz] enssn
Ul aje|nwinadeolq ued spunodwod s1uebio pareusboley awos e
[£2] s1215A0 [ense] J0 a1ed Alieriow ay) asealaul Ajpuediiubis
[z2] sie1sh0 Jo suebio aanonpolidas ayy s1oedwi
suaBeinw pue susboulated uMouy| aJe Auepy e
SUOITRIIUBOUOI MO] 1B UBAS SWSIUeBIO auLlew $assais o

s1oedwi [RIUBWILOAIAUT

uonnjjod fewJsy) 01 8INqLIU0d Jou op siueld Oy e
JUBIqWIR 3A0CE D, GT 0 8 SIuaN|44e aney siue|d 4SIA

J191eMPas) [eulbiio ayl
uey] pajejuaduod alow Sawill ¢ 9 ued Sjusnjls Oy I91eMeas e
[9T] 4erempaay
JeulBLI0 ay) UBY] PaIRIIUSIUOD BI0W SBWI T'T aJe SJUaN|ia 4SIA »
J91eMPa8) Y] JO SIUBNIIISUOD [IIWBYD 3] S193]JaJ A|[ensn

Z Se Mo| se sHd yum syuanjyde aonpoud ued Buiysem pioy e
1UB[RISIIUR UR SE Ajurew pasn e
[g] 18Buaneas uabAxo pasn Ajapim 1sow ayi SI 8114NS WNIPOS
swuejd 4SIAl Ul AjJe19adsa uo1S04109 89Npal 0} Pas() e

[6] wdd 50°0 pue £0°0 usamiaq abue. syuejd 4SIA JO
abueyosip Jo juiod 8y} ye suoneuaduod 09416 suajAdoidA|od «
afJeyosip a10)aq pa1oadxa SI uolepeibap 9% 06
wdd T°0 punoJe aJe sajel Buisop eoldA] e
[6] spus|q 109A16A0d aJe saanippe Bulweoue urey «
SHUN 4SIA Ul Uolfewlo} weoy Juanaid 0] pasn

[Tzl no 1o sasesjal o1uabodoayiue
SI JIN9 UeIgRIY Y} Ul spunodwod 91uebio JO 82IN0S UIRIA e
$321nos o1ueflio o1uabodo.yiue pue [einjeu Ylm SauIWOoIq
pue SBULIOJYD [enplisal JO UOI19eal 8] JO 1|NSal B Se Palllio

peo| pabieyosip
pue SINS1I3)0RIBYD 324N0S JUBINj|Od

1eay 108[y

9Jeljusduod

pRv
sJabuaneas
uabAx0

SaAlIppe
Buiweoyuy

spunodwod
Jiueblio
pajeuaboreH

swuenjjod
pabieyosiq

(panunuod) g ajgeL



246 I. Alameddine, M. El-Fadel / Desalination 214 (2007) 241-260

In the area proper of the desalination plant
under study, seven coastal sites have been
developed to produce distilled water and elec-
trical energy. The total current installed nominal
capacity reaches to 1.4x10° m*/day at an opera-
ting temperature of 90°C. Most plants discharge
their brine blowdown into a narrow bay via
ordinarily surface and near-shore outfalls as is the
case in most desalination plants operating in the
Gulf region [5]. The closed nature of the bay and
the restricted hydraulic circulatory currents
hinder the mixing and dilution processes and may
result in the recirculation of the discharged pol-
lutants [38]. This situation is especially exa-
cerbated at the plant site due to the shallowness of
its area within the bay and characterized with
more limited circulation patterns and is mostly
composed of intertidal mud beds. This shallow
bay is utilized to discharge the resulting brine
blowdown after mixing with the once-through
cooling water (the plant follows a combined
distillation-power cogeneration and its exact
coordinates are kept anonymous at the request of
the plant management; it is of the MSF type and
was built in the early 1980’s to supplement the
area’s increasing power and water demands).

4. Standards and regulations

In general, the development of specific and
comprehensive standards regarding the discharge
of brine concentrate to water bodies is still lack-
ing because the desalination industry-regulatory
interface is relatively new and in developmental
stages [10,39,40]. Current regulatory attempts
focus on defining plant-specific mixing zones at
the point of discharge. These zones take into
account the capacity of the receiving water to
dilute the effluent and limit aquatic degradation
spatially and temporally.

The adopted mixing zone standard in this
study was proposed by Khordagui [7]. This
standard restricts the increase in the weekly

average temperature to a mixing zone of 300 m
from the point of discharge beyond which the
heated discharge is expected to decrease to less
than 1°C above the ambient temperature. The
standard also stipulates that the effluent should
not exceed the summer maxima nor the daily fre-
quency and amplitude of the ambient temperature
cycle beyond the 300 m mixing zone [8].

5. Brine discharge modeling

5.1. Model description

The CORMIX-GI model was used to simulate
the development of the brine plume resulting
from the continuous discharge of the brine blow-
down from the MSF desalination power plant.
CORMIX is a United States Environmental
Protection Agency (USEPA) approved simulation
and decision support system that has been
adopted for assessing the environmental impacts
resulting from point source discharges within
their mixing zones [41]. The model is subdivided
into three separate sub-systems namely: COR-
MIX 1 for the analysis of submerged single port
discharges, CORMIX 2 for the analysis of
submerged multi-port diffuser discharges and
CORMIX 3 for the analysis of buoyant surface
discharges. It is capable of predicting the effluent
dilution rate and the plume trajectory from the
point of release into the far-field by analyzing and
combining the solutions of several flow patterns
[42].

5.2. Simulation scenarios

Three basic scenarios were examined to com-
pare the mixing behavior and efficiency of sur-
face, submerged single-port as well as submerged
multi-port outfalls into shallow waters typical of
the Arabian Gulf, with the subject plant as a case
study (Table 3). The first scenario, S1, evaluates
the adequacy of surface discharge outfalls widely
used in most desalination plants along the
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Table 3
Simulated scenarios and sub-scenarios

Scenario  Module Description of scenario

S1 CORMIX-3

Sub-scenario

Simulates current brine discharge conditions practiced in

the plant, i.e. surface discharge into the bay at an average
depth of 0.6 m, an ambient velocity 0.182 m/s, and a heat

loss rate of 40 W/m?/°C
S2 CORMIX-1

Simulates discharge of brine through a single-port

submerged outfall extended deep into the bay 4 m from
the nearest bank at a depth of 20 m, an ambient velocity
0.182 m/s, and a heat loss rate of 40 W/m?/°C

S3 CORMIX-2

loss rate of 40 W/m?/°C

Simulates discharge of brine through a multi-port
submerged outfall extended to the bay, at an average
depth of 5 m, an ambient velocity 0.182 m/s, and a heat

S3.1: Staged multi-port
submerged outfall

S3.2: Vertical multi-port
submerged outfall

$3.3: Alternating-fanned multi-
port submerged outfall

Table 4
Characteristics of the simulated outfall structures
Parameter Outfall type
Surface Single Vertical Staged Alternating
(flush type) port fanned
Port discharge velocity (m/s) 18 m/s 5 5 5 5
Distance to nearest bank (km) 0 4 2 2 2
Angle of discharge (°) 90 NA
Alignment angle (°) NA 90 90 90
Vertical angle (°) NA 90 0 0 NA
Relative orientation angle (°) NA NA 90 0 NA
Horizontal angle (°) NA 0 0 90 NA
Diffuser length (m) NA NA 1,464 813 1,342
Number of ports 1 1 244 125 244
Port spacing (m) NA NA 6 6.5 5.5
Port(s) diameter (m) 13° 6 0.38° 0.53° 0.38°
Port height (m) 0 1 0.7 0.7 0.7
Discharge depth (m) 0.6 20 5 5 5

aPport width. ®Diameter of diffusers.

Arabian Gulf. In the case of the subject plant,
discharge occurs through a channel located within
the inter-tidal zone of the bay. The second
scenario, S2, examines the development of the
brine plume through the use of a single-port
submerged outfall. In this scenario, the brine is

NA, not applicable since the angles vary from one port to another.

discharged deep into the bay 4 km away from the
coast. The third scenario, S3, evaluates the dilu-
tion rates experienced through the adoption of
multi-port diffusers. It is divided into three sub-
scenarios: S3.1 to determine the dilution rates
generated through the use of a staged multi-port
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Fig. 2. Achieved plume temperature drop and dilution rates for the simulated scenarios.
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submerged diffuser; S3.2 to assess the effect of a
vertical multi-port submerged diffuser; and S3.3
to assess the adequacy of an alternating-fanned
multi-port submerged diffuser for brine dilution.
The spatial orientation of the adopted discharge
ports is presented in Table 4.

The elevated temperature of the brine blow-
down was selected as an indicator for simulating
the dilution and mixing rates of the brine upon
discharge. The temperature was selected since it
is a conservative pollutant that has no side
interactions with other pollutants thus providing
an accurate description of the dilution and mixing
processes.

5.3. Simulation results and analysis

Simulation results in terms of achieved
dilution rates and the spatial drop in plume
temperature are presented in Fig. 2. The results
indicate that the use of a surface discharge outfall
fails to achieve the required dilution rates within
a mixing zone of 300 m under conditions typical
of the bay (Fig. 2a, 2b). The low dilution rates are
due to the dynamic attachment of the plume to the
downstream bank resulting in the formation of a
zone in which the effluent undergoes recircu-
lation. In addition, the shallow nature of the bay
leads to the bottom attachment of the plume upon

discharge thus blocking the ambient current and
reducing dilution potential. The use of a single
port submerged outfall increased dilution rates
significantly but still failed to achieve the
required dilution rate within the adopted mixing
zone, whereby the plume temperature profile
reaches the differential 1°C standard after
2,685 m downstream of the initial point of dis-
charge (Fig. 2c, 2d). The highest dilution rates
were obtained under the three sub-scenarios S3.1,
S3.2, and S3.3, which were able to accomplish
the required dilution rates and hence minimize
potential environmental damage (Fig. 2e, 2f). The
length of the diffuser line being an important
parameter affecting the total cost of multi-port
outfalls renders sub-scenario S3.1 an economic-
ally desirable option to adopt since it achieves the
required temperature drop with the shortest
diffuser line (813 m). Fig. 3 compares the plume
temperature drop under the three considered
scenarios S1, S2, and S3. Evidently, the single
and multi-port outfalls offer more effective alter-
natives in attaining the desired temperature drop
with S3 being the optimum alternative.

5.4. Sensitivity analysis

The parametric sensitivity analysis focused on
the effect of varying model parameters on

12
Surface discharge O Single-port discharge B Multi-port discharge
28
]
EE
©
5
=%
Ear —
<] |_t
o LH (L ’_i [ fm frm w wm m
0 0.5 1 2 3 4 5 6 7 8

Downstream distance (lan)

Fig. 3. Comparison of the plume
temperature drop under scenarios
S1, S2 and S3.
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simulated temperature drop and/or dilution rates.
The simulations were conducted by varying one
parameter at a time while holding the rest
constant. Table 5 summarizes the effect of input
parameters on simulated temperatures with
respect to downstream distance. The temperature
variations at different downstream locations are
reported in the form of percent change from base
case and presented in Tables 6 and 7. Note that
variations in wind speed and in the heat loss
coefficient did not affect concentrations and dilu-
tion rates and thus were not reported. The results
indicate that the adopted flow rate, ambient
current velocity, discharge depth, indicator level
and the alignment angle of multi-port outfalls
were the most significant parameters affecting the
development of the plume, while the roughness of
the seabed and the distance of the outfall from the
bank seemed to have the least significant effect
on model simulation results.

6. Management options
6.1. Brine disposal

The mitigation of environmental implications
of concentrate disposal is most closely related to
the means through which it is managed. Several
means for disposal of the concentrate are prac-
ticed worldwide including: direct surface water
discharge, discharge to a sewage treatment plant,
deep well disposal, land application, evaporation
ponds, brine concentrators as well as mixing with
the cooling water or sewage treatment effluents
prior to surface discharge. Table 8 outlines
advantages and disadvantages of various brine
disposal methods. Evidently, brine discharge into
surface water bodies is the most commonly used
and least expensive disposal method in practice
today [10,40,43]. Minimal adverse impacts are
expected if rapid mixing and dilution are ensured
in the discharge zone [5,44]. These optimal
mixing conditions can be attained by the careful
design and construction of outfalls that account

for local circulation patterns, hydrographic
currents, and the hydrodynamic characteristics of
the discharge area. Outfalls should avoid lagoons,
shallow water and inter-tidal areas with limited
circulations and look for rather exposed coastal
stretches with strong flushing capabilities [5,7,8,
15]. In fact, the USEPA prohibits the discharge of
any effluent in shallow near-shore water bodies
and requires the construction of offshore outfalls.
In Cyprus, the new Larnaca RO plant (capacity
54,000 m®/day) was required to be equipped with
an outfall exceeding 1 km in length and discharg-
ing at least 10 m below sea surface to limit brine
impact on existing biota [3]. Submerged dis-
charge outfalls however are more costly, parti-
cularly in the Gulf region since the distance
required for laying down the pipes is relatively
long due to the shallowness of the Arabian Gulf.
The adoption of submerged multi-port diffusers is
expected to be cheaper than single-port sub-
merged outfalls in the case of the Arabian Gulf
since multi-ports are capable of ensuring rapid
mixing even in shallow water bodies thus
reducing the costs associated with placing pipes
over long distances. This is attributed to the
presence of a multitude of nozzles in the diffuser
that increase the plume’s contact area with the
ambient water, increase initial mixing rates, and
reduce the downstream distance traveled by the
plume before meeting the environmental regula-
tory requirements [45,46].

Based on the simulation results presented in
this study, Table 9 outlines design recommen-
dations that can enhance the dilution rates of the
discharge and reduce the pollutant concentrations
for direct surface, single-port and multi-port
outfall discharges. The adoption of surface
channels for brine discharge in shallow areas with
limited circulation is not adequate to achieve
acceptable mixing and dilution rates. Mitigation
of adverse impacts of the direct surface discharge
of brine on the local marine environment can be
achieved either by the construction of several
long single port outfalls or a multi-port diffuser.
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Table 8

Advantages and disadvantages of brine disposal options [44, 7, 10, 42, 40, 47]

Disposal method Advantages Disadvantages
Direct surface water * Least expensive « Depends on natural circulation patterns
discharge « Can accommodate large volumes and hydrographic currents in the area
Discharge to a sewage  « Lowers the BOD of the resulting effluent « Can inhibit bacterial growth
treatment plant « Dilutes the brine concentrate « Can hamper the use of the treated
sewage for irrigation due to the increase
in TDS and salinity of the effluent
« Overload the existing capacity of the
sewage treatment plant
Deep well disposal « Viable for inland plants with small volumes of ¢ Expensive
brine « Needs a structurally isolated aquifer
+ No marine impact expected « Increases the salinity of groundwater
Land applications » Can be used to irrigate salt tolerant species » Requires large parcels of land
« Viable for inland plants with small volumes of « Can affect the existing vegetation
brine .

» No marine impact expected

Evaporation ponds * A viable option for inland plants in highly arid
regions .
» Can commercially exploit the concentrate .

» No marine impact expected

Brine concentrators/zero < Can produce zero liquid discharge

discharge « Can commercially exploit concentrate .

» No marine impact expected .
Mixing with the cooling e« Achieve dilution of both effluents prior to .
water discharge discharge

» Combined outfall reduces the cost and
environmental impacts of building two outfalls
 Necessary to reduce salinity if disposing in
fresh water bodies
Mixing with the sewage e Achieve dilution of brine effluent prior to
treatment effluent discharge
« Does not overload the operational capacity of
sewage treatment plant
» Necessary to reduce salinity if disposing in
fresh water bodies

Can increase the salinity of groundwater
Can increase the salinity of underlying
soil

Expensive option

Can increase salinity of groundwater
Can increase salinity of underlying soil
Needs dry climates with high
evaporation rates

Requires large parcels of land with a
level terrain

Needs regular monitoring

Expensive

High energy consumption

Production of dry solid waste

Dependent on the presence of a nearby
thermal power plant

The brine could enhance the aggregation
and sedimentation of sewage
particulates that can impact benthic
organisms and interfere with the passage
of light in the receiving water body
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Table 9
Design recommendations for brine discharge

Discharge type Design recommendation ?

Surface discharge

Increasing the width of the channel coupled with reducing its depth is expected to increase

the dilution process of the plume and enhance its ability to spread horizontally

Single-port outfall

Splitting the effluent flow rate between 2 or more outfalls that are adequately spaced is

expected to enhance the dilution process

Multi-port outfall

Adopting a perpendicular alignment of the diffuser line with respect to the ambient

velocity is expected to enhance the dilution process

®Relevant to conditions similar to those simulated and should not be implemented to discharges under different conditions

without prior verification.

Table 10

Environmental concerns and the possible mitigation measures resulting from brine discharge into a surface water body

[10,15]

Environmental impact Desalination process

Mitigation measure

Raise pH prior to discharge
Dechlorination prior to discharge; improved chemical control
Blending; using diffusers; using cooling pond or cooling tower

prior to discharge

Blending; improved chemical control, using different

equipment materials (polyethylene or titanium rather than
copper nickel pipes)

Low pH Mainly SWRO
Residual chlorine MSF

Increased temperature MSF

Metal ions MSF

High salinity SWRO and MSF

SWRO = Seawater reverse osmosis; MSF = multi-stage flash.

6.2. Reducing pollutant load

The effects of brine can also be minimized
prior to the discharge phase by reducing the
pollutant load of the effluent. Pollutant specific
mitigation measures that are most commonly
practiced in the desalination industry are pre-
sented in Table 10.

7. Conclusions and limitations

The disposal of the brine blow-down is one of
the major environmental concerns associated with

Using diffusers; blending

the desalination industry. The blow-down con-
tains a variety of environmental pollutants that
may impact the receiving water bodies. Simula-
tions of the brine plume dispersion from a
desalination-power plant in the Gulf region re-
vealed the inadequacy of using surface discharge
outfalls for brine disposal. Using multi-ports
proved to be adequate to enhance dilution rates
and limit the potential environmental impacts,
whereby a tenfold dilution rate was achieved
within a 300 m mixing zone. Like all models,
CORMIX has several inherent limitations. One
major limitation results from the use of hydro-
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dynamically significant length scales to determine
the flow class of the effluent and its subsequent
dilution, spatial and temporal development in the
receiving water body. As such a small change in
an input variable may result in the identification
of a different flow class with quite different pre-
dictions leading to a sharp shift in the simulated
trajectory and mixing rates causing potential in
discontinuities in the prediction results [45].
Another limitation common to all three CORMIX
modules is the need to describe the actual cross-
section of the water body as a rectangular straight
uniform channel that may be bound laterally or
unbound and where the current velocity is
assumed to be uniform thus simplifying the pre-
vailing hydrodynamic regimes within an area. A
limitation inherent to the CORMIX-3 module is
its inability to simulate negatively buoyant dis-
charges thus limiting its applicability for brine
dispersion [42]. Furthermore, the CORMIX
model exhibited a limited capability for simu-
lating the discharge of large flow volumes in
shallow areas. Finally, model simulations could
not be verified with field measurements since
data concerning pollutant concentrations along
the brine plume were not available.
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