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The increasing global demand for freshwater, driven by climate change and population
growth, has led to a significant deficit in water resources. Seawater desalination has emerged
as a viable solution to mitigate water stress, particularly in arid and coastal regions. Among
the various desalination methods, seawater reverse osmosis (SWRO) has gained prominence
over the past four decades due to advancements in membrane technology and reduced
operational costs. This thesis examines two seawater desalination plant configurations:
configuration 1, which employs dissolved air flotation (DAF) and ultrafiltration (UF), and
configuration 2, which uses DAF and multimedia filtration (MMF). Both configurations aim
to produce 1 440 m’/h of drinking water, with performance assessed through process
simulations based on seasonal seawater quality parameters from Khafji, Saudi Arabia.

The simulation results reveal that both configurations perform similarly in terms of SWRO
efficiency, thanks to effective pretreatment processes. However, operational differences
arise under varying temperature conditions, with higher pressure requirements at lower
temperatures to meet drinking water standards. Both configurations achieve water recovery
rates close to 50%, but configuration 2 demonstrates lower energy and chemical
consumption, resulting in reduced operational costs. Configuration 1 has a specific energy
consumption of 2.25 kWh/m? while configuration 2 consumes 2.06 kWh/m?. The
operational cost differences, ranging from 0.89 to 0.98 USD/m? for configuration 1 and 0.69
to 0.86 USD/m? for configuration 2, are primarily due to UF membrane replacement costs
and electrical consumption.
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SYMBOLS AND ABBREVIATIONS

Greek characters

Amt

®

T

osmotic pressure difference

osmotic coefficient

osmotic pressure

Roman characters

concentration

solute concentration on feed side
solute concentration on permeate side
number of ions

solute flux

water flux

mass transfer coefficient for solute flux
permeability coefficient

concentration gradient across membrane
net transmembrane pressure
concentrate flow

feed flow

permeate flow

universal gas constant

rejection

water recovery

temperature

kPa

kPa

mol/L, kg/m?
mol/L, kg/m?
mol/L, kg/m?
kg/d m?

m?/d m?, /h m?
m?/d m?

m?/d m* kPa
kg/m?

kPa

m’/d

m’/d

m’/d

8.314 kPa m*/ kmol K
%

%

K, °C



Abbreviations

AWWA American water works associacion
BOD Biological oxygen demand

BR Brine recycle

BWRO Brackish water reverse osmosis
COD Chemical oxygen demand

CEB Chemically enhanced backwash
CIP Cleaning in place

DAF Dissolved air flotation

HAB Harmful algal bloom

GAC Granular activated carbon

GMF Granular media filtration

GOR Gained output ratio

MED Multi-effect desalination

MF Microfiltration

MGD Mega gallons per day

MMF Multimedia filtration

MSF Multistage flash distillation
NASA National Aeronautics and Space Administration
NF Nanofiltration

NOM Natural organic matter

NTU Nephelometric turbidity unit
0&G Oil and grease

PSU Practical salinity units



RO

SDI

SHMP

SMBS

SWRO

TC

TDS

TOC

TSS

UAE

UF

uUsS

Reverse osmosis

Silt density index
Sodium hexametaphosphate
Sodium metabisulfite
Seawater reverse osmosis
Thermal compression
Total dissolved solids
Total organic carbon
Total suspended solids
United Arab Emirates
Ultrafiltration

United States of America
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1 Introduction

The increasing demand for freshwater, coupled with climate change and population growth,
has caused surface water supplies to become seriously stressed (Vordsmarty et al., 2000).
Water scarcity affects over four billion people each year, impacting the availability of water
to satisfy population demands, and posing significant socio-economic and environmental
challenges that affect agriculture, industry and daily life (Mekonnen & Hoekstra, 2016).
Seawater desalination has been used to address the problem of water scarcity in coastal areas.
Desalination provides a reliable alternative to traditional freshwater sources, especially in
arid regions and areas where freshwater supplies are stressed. This technology can mitigate
the impacts of water scarcity by providing a consistent water supply, thus supporting

economic development, and improving quality of life (AWWA, 2011).

There are two categories of desalination processes: membrane separation and thermal
evaporation. Membrane processes are driven by pressure, electrical potential, or
concentration gradients through a semi-permeable membrane used for the separation of
dissolved solids from water. While thermal technologies use heat to separate the salt from
water by evaporation, the salt is concentrated and the water in the form of steam is then
condensed for recovery (AWWA, 2011). This study will focus on membrane desalination

processes that use seawater as a raw feed.

A typical membrane desalination process involves a pre-treatment to remove particulates,
pathogens, and materials that might be detrimental to the membrane system. The
pretreatment is then followed by, typically, reverse osmosis (RO) to separate salts from

water, producing desalinated water and a concentrated solution (Prihasto et al., 2009).

This thesis provides answers to the questions: What are the available pre-treatment
technologies in the market? What are the typical water quality requirements for drinking
water? How is a seawater reverse osmosis (SWRO) desalination plant simulated? What are
the chemicals and equipment units required? What are the typical operational costs?. The
present thesis intends to study two (2) pre-treatment configurations for seawater desalination
and subsequently, evaluate and compare their performance and operational requirements

through process simulation. Data collection of seasonal variations in the gulf coast of Khafji
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(Saeed, Al-Nomazi & Al-Amoudi, 2019) is used into a simulation model to obtain stream
characteristics of the inlets and outlets of each process unit. Water quality characteristics are
simulated for the evaluation of overall recovery rates, chemical and energy consumption,

and operational costs.
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2 Literature Review

2.1 Desalination

During the mid-20th century, significant advancements were achieved in desalination
particularly with the development of thermal processes like multi-effect distillation (MED)
and multi-stage flash (MSF) distillation. These methods were primarily adopted in the
Middle East, where large-scale municipal seawater desalination began in the 1950s
(Greenlee et al., 2009). The 1960s marked the introduction of membrane desalination with
the reverse osmosis (RO) technology, initially used for brackish water treatment (Gude,
2016). Figure 1 illustrates the significant implementation of desalination plants in last

decades, including thermal and membrane processes.
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Figure 1. Worldwide installed desalination capacity over the years (Greenlee et al., 2009)

Over the past four decades, improvements in membrane technology have made reverse
osmosis (RO) the leading choice for new desalination installations, due to better materials
performance and decreased operational energy cost (Gude, 2016). Table 1 shows the energy
consumption, investment cost and total annualized cost of different desalination processes,
including multi-stage flash distillation (MSF), multi-effect distillation (MED), seawater

reverse osmosis (SWRO) and brackish water reverse osmosis (BWRO).
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Table 1. Energy consumption, investment cost and annualized total water cost of large-

scale desalination processes (Ghaffour, et al., 2013)

Thermal | Electrical Total Investment Total
Process energy energy Energy cost cost
(kWh/m?®) | (kWh/m®) | (kWh/m?) (USD/m*/d) (USD/m?)
MSF 7.5-12 25-4 10-16 1200 — 2500 0.8-1.5
MED 4-17 1.5-2 55-9 900 — 2000 0.7-1.2
SWRO - 3-4 3-4 900 — 2500 0.5-1.2
BWRO - 05-25 0.5-25 300 - 1200 0.2-0.4

BWRO: Brackish water reverse osmosis, MED: Multi-effect distillation, MSF: Multi-stage flash distillation, SWRO:

Seawater reverse Osmosis.

Nowadays, desalination is a global industry with over 15 000 plants in operation worldwide
(Greenlee et al., 2009). The Middle East holds about 50% of the global production capacity,
with notable large-scale plants in the United Arab Emirates (UAE) (Greenlee et al., 2009).
Modern developments include the use of energy recovery devices and hybrid systems that
combine RO with thermal processes, further reducing costs and improving efficiency (Gude,
2016).

2.1.1 Thermal Processes

Thermal desalination processes apply distillation (by means of heating the source water), in
order to produce vapor, which is then condensed into water with low content of dissolved
solids (salt) (Voutchkov, 2013). Typical thermal desalination systems comprise of five (5)
streams: source water (to undergo desalination), steam (required to evaporate the feed
stream), cooling water (which condensates the vapor generated from the feed water
evaporation), a distillate (which correspond to the condensed vapor with lo content of salt,
or desalinated) and a brine which contains salts and constituents separated from the feed

water source (Voutchkov, 2013). Figure 2 illustrates the streams mentioned above.
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Gained output ratio (GOR) = kg distilled water/kg of steam

Figure 2. Thermal desalination technologies scheme (Voutchkov, 2013).

The typical thermal desalination technologies comprise of multistage flash (MSF)
distillation, multiple effect distillation (MED) and vapor compression (VC), which have
been upgraded over the past 4 to 6 decades in terms of productivity and efficiency. Figure 2
shows MSF-BR which stands for multistage flash distillation (MSF) with brine recycle (BR),
which decreases the feed water requirement and the steam requirements. Similarly, MED-
TC is the abbreviation for multi-effect distillation (MED) with thermal compression (TC)
and MVC which refers to mechanical vapor compression, which uses an additional rotating

compressor to eliminate the need for steam (Voutchkov, 2013).

The above-mentioned technologies differ on the boiling temperature of the feedwater to
generate vapor. The MSF system, being the pioneer technology in thermal desalination,
operate at atmospheric boiling conditions (100 °C), the MED and VC systems operate at
lower temperature conditions, given the fact the operating pressures are lower as well, which
reduces the amount of steam needed for evaporation. VC systems perform the evaporation
process at a lower pressure than the MED, allowing it to generate its own steam (Voutchkov,
2013). The performance of these systems is measured by the gained output ratio (GOR),
corresponding to the ratio between the amount of distillate produced and steam used

(Voutchkov, 2013).

Thermal desalination processes are able to produced high quality distillates, with low total

dissolved solids (TDS) concentrations that are between 5 — 25 mg/L, which translates to high
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TDS content in the brine streams often times responsible for scaling and corrosion issues,

explaining the need for special alloys to fabricate these equipment units (AWWA, 2011).

2.1.2 Reverse Osmosis

Reverse osmosis is a filtration method used for the desalination of a solution by overcoming
osmotic pressure. Osmosis naturally moves solutes through a semi-permeable membrane
from high to low solute concentration until equilibrium is reached. In reverse osmosis, an
external force is applied to push water from a region of low concentration to high
concentration (Bahadori, Smith, 2016). Reverse osmosis has applications in several
industries, including water treatment, seawater desalination, food and beverage, oil and gas,
petrochemical and mining (SAMCO, n.d.). Figures 3 and 4 illustrate the process described

above.

Pressure
° L ]
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o ®
. ° °
SRS « o .
o © °
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Water Flow Semi-Permeable Water Flow
Membrane
Osmosis Reverse Osmosis

Figure 3. Reverse osmosis — basic scheme (AWWA, 2011)
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—— Feed-concentrate channel Wit atrsto containing
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(permeate)

Figure 4. Schematic of a reverse osmosis process (Davis, 2011)
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The required pressure to allow the water to pass through the semipermeable membrane is

called osmotic pressure (m) (Davis, 2011), see Equation 1.

m = i@CRT Q8
where
® Osmotic coefficient, unitless
C Concentration of all solutes (mol/L)
i Number of ions produced during dissociation of the solute

Universal gas constant, 8.314 kPa m® / kmol K

Temperature, K

Typical values of the osmotic pressure in seawater range between 25 — 33 bar at 25°C (Nagy,

2019).

Now, to determine the amount of water and solute passing through the membrane, flux
models can be used for that purpose. Equations 2 and 3 below indicate the associated

parameters (Davis, 2011):

Jw = k(AP — Am) )
where,
Am Osmotic pressure difference between feed and permeate sides, kPa
Jw Flux of water, m*/d m?
k,, Permeability coefficient, m*/d m*kPa
AP Net transmembrane pressure, kPa

Flux values for seawater reverse osmosis are maintained between 11.9 — 15.0 L/m?/h (0.28-
0.36 m*/d m?) for surface seawater and 15.3 and 17.0 L/m?*/h (0.36 — 0.41 m*/d m?) for
seawater from deep intakes (Wilf and Klinko, n.d.).

On the other hand, the solute flux is:

Js = ks(AC) )

where,
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Js Flux of solute, kg/d m?
ks Mass transfer coefficient for solute flux, m3/d m?

AC Concentration gradient across the membrane, kg/m?

Now, the flux of solutes passing through the membrane is:

Js = Colw 4

where,

Cp Solute concentration on the permeate side, kg/m?

The recovery of water (r) can be calculated as:

_% )
r o

where,

Qr Feed flow, m?/d

Qp Permeate flow, m*/d

Note that common water recovery rates in seawater reverse osmosis, depending on the

system arrangement, vary between 40 — 60% (Wilf and Klinko, n.d.).

The water balance in the system can be expressed as:

Qr =0 + 0 (6)
where,
Q. Concentrate flow, m*/d
The salt rejection is defined as:
Cp (7)
R, =1- C_f

Cr Solute concentration on the feed side, kg/m?
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Salt rejection values across different membranes have been reported to be close to 99.7%

(Wilf and Klinko, n.d.).

2.2 Seawater quality

Successful operation of seawater membrane desalination systems requires a consistent feed
water quality to ensure safe and reliable operations. This means reducing fouling, avoiding
unexpected shutdowns, and excessive maintenance costs attributed to cleaning and replacing
membrane elements (Prihasto, Liu & Kim, 2009). Proper characterization of seawater
quality is crucial for the selection of a pre-treatment capable of removing constituents that

can cause scaling, colloidal and biological fouling (Badruzzaman et al., 2019).

Studies performed on open oceans (Dittmar, 1884), reveal that mineral seawater quality does
not exhibit significant variability in terms of location and time. Different is the case for
smaller seawater systems such as bays, gulfs, and locations affected by influent surface water
and evaporation (AWWA, 2011). Figure 5 illustrates the salinity of different water bodies
worldwide. Areas that receive a minor amount of rain (shown in red) exhibit higher salinity
values, such as the Mediterranean, different is the case, for instance, for areas located in the

Pacific coast (see in blue) of the US.

Figure 5. Sea surface salinity in practical salinity units (PSU)

(Adapted from NASA, 2024).

Note: One gram of salt per 1000 grams of water is defined as one practical salinity unit (PSU) (NASA, 2024).
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Exhaustive monitoring of seawater determined that the presence of inorganic constituents in
open oceans is not subject to major changes and displays consistent concentrations (Dittmar,
1884). The important content of salts and other dissolved compounds in seawater is
significantly higher than for fresh surface water, demonstrating the difference in chemistry
and hence the need for treatment when looking to use seawater as the influent to produce
drinking water. Table 2 shows the average composition of dissolved solids in seawater

(mineral seawater quality) from open ocean sea and US freshwater sources (AWWA, 2011).

Table 2. Mineral seawater quality vs US national source waters (AWWA, 2011).

Constituent Seawater U.S. Freshwater Supplies
Average Median
mg/L mg/L
Chloride 19 350 10
Sodium 10 710 30
Sulfate 2690 30
Magnesium 1304 10
Calcium 419 40
Potassium 390 2
Alkalinity 146 190
Boron 4.4 0.08
Fluoride 1 0.2
TDS 35079 330

Adapted from M61, AWWA 2011.

Non-dissolved constituents such as the presence of colloids, total suspended solids (TSS),
natural organic matter (NOM), and marine life, can be normally subject to seasonal
variations over the year, and in some cases, the influence of algal blooms can affect the
operation of desalination plants, due to seasonal spikes and cause upsetting conditions that

can lead to fouling (Badruzzaman et al., 2019).

Table 3 shows the seasonal variation of non-dissolved seawater quality parameters between
2014 and 2015 in the gulf coast of Khafji in Saudi Arabia. High turbidity and total suspended
solids during wintertime are attributed to seasonal wind and rainstorms, which also disturb

suspended and dissolved organic matter. This upset conditions are reflected on parameters
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such as the biochemical oxygen demand (BOD) and total organic carbon (TOC) (Saeed, Al-
Nomazi & Al-Amoudi, 2019).

Table 3. Non- dissolved seawater quality parameters — Seasonal variations observed in the

coast of Khafji, Saudi Arabia (Saeed, Al-Nomazi & Al-Amoudi, 2019)

Summer Autumn Winter Spring
Parameter | Unit

min max min max min | max |min | max

Turbidity NTU 0.20 0.88 0.85 92 045 | 697 | 055 | 1.0

TSS mg/l 7.0 253 7.0 46.7 | 155 | 225 | 20 | 220
TOC mg/1 1.8 2.7 2.0 29 2.1 2.6 2.1 2.1
BOD5 mg/l 0.2 1.2 0.3 1.4 0.8 1.2 0.6 0.6

Adapted from Saeed, Al-Nomazi & Al-Amoudi, 2019

Membrane fouling corresponds to the deposit of materials on the surface of a membrane. It
can be triggered by the formation of minerals that produce scaling when precipitated, or the
accumulation of particles, colloids, organic and inorganic matter, and biofilms caused by

microorganisms (Badruzzaman et al., 2019).

The combined effect of distinct types of foulants causes damage to the RO membranes over
time, for instance, particulate fouling decreases permeate flux and consequently reduces the
overall permeate capacity. Colloids can also build up a solid layer on the membrane surface,
allowing the passage of ions to the permeate side reducing salt rejection. NOM interacts with
other pollutants and forms deposits on top of the membrane, for example, in the form of gels
when interacting with calcium. Lastly, microorganisms can accumulate inside the membrane
causing an increase in differential pressure and over time, blockage of several areas on the
feed side of the membrane, causing precipitation of salts in the feed channels. (Voutchkov,

2017). Table 4 summarizes the fouling mechanisms described previously.
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Table 4. Typical membrane fouling mechanisms (Voutchkov, 2017)

Fouling Mechanism

Description

Particulate fouling

Suspended solids — organic and inorganic particles in seawater

in the form of debris, plankton and silt.

Colloidal fouling

Organic and inorganic particles with a particle magnitude within

0.001 to 1 pm.

Mineral scale

Formation of minerals due to the presence of multivalent ions
(calcium, magnesium, barium, iron, manganese, copper, and
zinc). The accumulation over time of these salts can cause

precipitation on the RO membrane surface.

Natural Organic

Matter

Organic macromolecules are typically produced during the

degradation of aquatic environment vegetation and fauna.

Biofouling

Includes bacteria, algae, and fungi.

Biofouling is the most difficult fouling mechanism to control since it depends on the

concentration of microorganisms, the content of organic matter to provide nutrients, and

water temperature. This phenomenon is progressive, and, in most cases, it can be irreversible

(Badruzzaman et al., 2019). Figure 6 shows an example of a biofouled membrane element.

, ‘

e N

Figure 6. Biofouling on a RO element (Henthorne, Boysen, 2015)

Practices that can prevent fouling of a SWRO system include selection of the appropriate

design and implementation of a pre-treatment system that minimizes the presence of

suspended solids (and turbidity), the formation of scale and bio-growth on membrane
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surfaces, by overall, providing acceptable water quality to the RO to reduce frequent
chemical cleanings and membrane replacement activities. Studies and entities have collected
guidelines over the last decades, based on data from operating plants and membrane

manufacturers (Badruzzaman et al., 2019). These are shown in Table 5.

One typical parameter to assess if the water is suitable to be fed into a RO system is the silt
density index (SDI) (Badruzzaman et al., 2019). This parameter is based on the time required
to filter a volume of RO feed water through a 0.45 um filter media at a pressure of 30 psig.
(Hydranautics, 2016). The apparatus shown in Figure 7 is connected into a pressurized pipe
wherein RO feed water passes through and allows the water to flow into the apparatus and
collect water samples (100 — 500 mL) for a period of 15 minutes (Hydranautics, 2016).
Figure 7 illustrates the SDI apparatus and how to compute the SDI values based on water

sampling times.

Feed

Ball Valve
or 1st Stage
Regulator

Calculations

Srasdiire / SDI = Pa/Tt = 100*(1-Ti/Ty) / T
Regulator —
30 psi j where SDI = Silt Density Index
P., = % pluggage at 30 psig feed pressure**
Tt = Total test time in minutes (usually 15 minutes, but may be less if

75% pluggage** occurs in less than 15 minutes).
Ti = initial time in seconds required to obtain sample.
Pressure Gauge Tt = time required to obtain sample after 15 minutes (or less).

0.45 micron filters

Figure 7. Silt density index apparatus and calculation (Hydranautics, 2016).

SDI values higher than 4, indicate that there is potential for RO membrane fouling, and hence
suitable pre-treatment shall be performed. Values below 2 are acceptable in the RO feed

(Hydranautics, 2016).

Table 5 summarizes parameters that describe the fouling behaviour and recommended values

for RO feed water are indicated.
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Table 5. Recommended parameters for RO feed water quality (Badruzzaman et al., 2019,

Alhadidi et al., 2011).

(0&G)

Parameter Value Description

Silt  densty 3 Provides a measure of the fouling potential of particles in

index (SDI) RO/NF membranes
It can vary depending on the type of membrane and the
feed. Values lower than 2 indicate that no further filtration
upstream the RO is needed.

Turbidity 0.5NTU | 0.1 NTU for systems with open intakes.

Total Organic 2 mg/L Values above 2 mg/L indicate potential for biofouling.

Carbon (TOC)

Iron 0.1 mg/L. | Higher values cause accelerated fouling.

Manganese 0.05 mg/L | Higher values cause accelerated fouling.

Silica 20 If higher than 20 mg/L, colloidal silica fraction is
recommended to be analyzed.

Free chlorine 0.1 mg/L | Higher concentrations will cause irreversible damage to
the RO membranes.

Oil and grease | 0.1 mg/L | Values above 0.1 mg/L will lead to increased organic

fouling.

Note: The above values are for reference only and verification with manufacturers is always recommended during design

selection.
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2.3 Typical seawater desalination pre-treatment methods

The pretreatment process units for seawater desalination systems are selected based on the
seawater intake types and seawater quality. The intake systems influence the water quality
incoming to the desalination plant and therefore the process steps downstream. These
processes, for instance, may include chlorination, clarification, media filtration and/or
membrane filtration (AWWA, 2011). Figure 8 represents a typical seawater desalination
plant configuration, including an intake system (screening), chemical addition (by using a
coagulant plus flocculant and pH adjustment), clarification using a dissolved air flotation
(DAF) unit, a strainer and a membrane filtration step, which can be either microfiltration or

ultrafiltration for fine solids removal.

Intake SWRO Chemial
Screening Addition
Screenings to

Disposal Membrane

Raw Seawater Straining Filtration

from Intake
SWRO Feed SWRO
l—u Pumps
itake o ) ) swo
Sation T ; ermeate
Pump
Station

DAF Solids Strainer Membrane Concentrate
toDisposal Washwater  Backwash  toDisposal
to Disposal o Disposal

Dissolved Air
Flotation

Chemical Addition
(Coagulant, Polyelectrolyte and Acid)

Figure 8. SWRO Plant pre-treatment scheme (Henthorne, Boysen, 2015)

The following sections describe the intake systems and pre-treatment methods for seawater

desalination, conventional and membrane treatments are covered.

2.3.1 Seawater intakes

Seawater intake systems can be classified into two (2) main types: open ocean
intakes and subsurface intakes (Henthorne, Boysen, 2015). Most small-medium sized
seawater desalination plants utilize subsurface intakes, primarily vertical wells that tap into
groundwater aquifers to withdraw seawater into the system. In contrast, large capacity

seawater desalination plants typically use open ocean intakes (AWWA, 2007).

Subsurface intake wells or galleries are located beneath the seabed or beach. These intake

systems offer significant water quality improvements by naturally filtering out particulates,
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algae, and bacteria, making them highly effective in preventing fouling and improving the
seawater quality for the downstream treatments. (Henthorne, Boysen, 2015). Figures 9 and

10 provide examples of a seabed infiltration system and a horizontal well.
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Figure 9. Seabed filtration system Figure 10. Horizontal well (Missimer et

(AWWA, 2007) al., 2013)

Open ocean intakes, on the other hand, which include onshore and offshore designs,
characteristically use concrete conveyance channels or intake chambers to draw water
directly from the sea. These systems are susceptible to fouling caused by marine growth and

hydraulic limitations but are favoured for their capacity to handle large volumes of water.

Onshore systems allow seawater to be conveyed directly into the intake facilities (Henthorne,
Boysen, 2015). Normally a screening system comprising of coarse removal (20-150 mm)
followed by mechanical fine screens (1-10 mm) are implemented to protect pipes and

rotating equipment (AWWA, 2007). See Figure 11 below:

Trash Rake

Spray Wash
P

Dual Flow
Traveling
Water Screen

Figure 11. Seawater intake travelling screens and pumping station (Missimer, Maliva, 2018)
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Offshore systems, include intake chambers or screens piped to a forebay structure (See
Figures 12 and 13). For instance, velocity caps often require onshore facilities provided with
coarse and fine screening for further protection (Henthorne, Boysen, 2015). On the other
hand, passive screens are now being provided with air purging mechanisms to avoid

undersea cleaning operations (Voutchkov, 2017).

Mean Low Water

Horizontal Flow Scares Fish

\
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Figure 13. Intake passive screens (Voutchkov, 2017).

Table 6 provides a comparison between the subsurface and open intake systems described
previously. Water quality, environmental impact, investment cost and maintenance aspects

are addressed:
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Table 6. Comparison between subsurface intakes and open intakes (Henthorne, Boysen,

2015)
Feature Subsurface Intakes Open Intakes

Water Quality Higher quality with significant Lower quality, more susceptible
reductions in SDI, algae, to variations and contamination.
bacteria, and biopolymers.

Environmental Lower impact, minimal Higher impact, potential for

Impact entrainment and impingement of | entrainment and impingement
marine life. of marine life.

Capital Higher initial costs due to the Lower initial costs, simpler

Expenditure need for specialized materials construction.

and construction.

Operational Costs

Lower long-term costs due to

Higher long-term costs due to

reduced pretreatment more extensive pretreatment
requirements. needs.

Maintenance Less frequent maintenance, More frequent maintenance,
fewer issues with marine growth | issues with marine growth and
and fouling. seasonal variations.

Suitability Best for areas with stable sandy | Suitable for deep water

beaches or permeable rock
formations.

locations, but more susceptible
to hydraulic issues.

Performance in

Better performance, as they

Poorer performance, more

Algal Blooms remove algae and organic affected by algal blooms and
constituents during collection. associated fouling.

Design More complex design requires Simpler design, easier to

Complexity thorough geological and implement without extensive
environmental studies. geological studies.

Flexibility Less flexible, site-specific More flexible, can be

geological conditions must be
favorable.

implemented in a variety of
locations.

Examples of Use

Vertical wells, horizontal wells,
seabed galleries.

Onshore and offshore systems
with velocity cap or passive
screens.

2.3.2 Pre-treatment

Once seawater has passed through the intake system and subsequent screening, an important

content of debris and coarse solids had been removed and prepared the seawater influent for

the pretreatment (Voutchkov, 2017). The pretreatment system is a combination of unit

processes located downstream the intake facilities, it’s purpose it to remove: 1. Colloidal and

particulate pollutants, such as suspended solids and silt, 2. Inorganic material with potential
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to precipitate and produce scaling and 3. Organic content that can create biofouling in the
membranes, examples of these include microorganisms such as bacteria and algae and,
soluble organic compounds that can nourish and help sustaining forms of bio growth

(AWWA, 2007).

The removal of the above-mentioned constituents aims on reducing the potential for
membrane fouling which requires minimizing the content of solids, formation of scale and

the presence of algae and microorganisms that can damage the RO membranes.

One important pretreatment step is seawater conditioning, by adding chemicals to adjust the
pH, prevent scaling, assist coagulation-flocculation than enables colloids and solids removal.
Chlorination is used to disinfect the seawater, and dichlorination to prevent membrane

damage by oxidation (Badruzzaman et al., 2019).

Removal of colloids and floating particles is achieved by means of clarification (Davis,
2011). Seawater desalination plants have used lamella clarifiers and dissolved air flotation
units to deliver a consistent water quality to the filtration step, especially when harmful algal

blooms are a concern for the treatment (Henthorne, Boysen, 2015).

Prior to the RO feed, filtration methods have been implemented on seawater desalination
plants for fine particles removal, these pretreatment techniques can be classified in
conventional granular media filtration and non-conventional membrane based (Voutchkov,

2017).

The present section addresses the major pretreatment steps to condition the seawater prior to

the RO treatment.

2.3.2.1 Seawater conditioning

It is required to treat seawater with various chemicals to manage its fouling potential, these
include coagulants, flocculants, scale inhibitors, oxidants, and reducing agents, (Voutchkov,
2017).

Chlorination is commonly employed to disinfect intake and pretreatment systems, helping
to minimize biofouling in the reverse osmosis processes. Traditionally, continuous

chlorination has been used, however, since chlorine is detrimental for composite thin-film
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membranes, intermittent shock chlorination has become the preferred approach for

controlling biofouling and the integrity of the membranes (AWWA, 2011).

Coagulation and flocculation are employed to promote the aggregation of suspended
particles by destabilizing their negative charge. This process allows suspended and colloidal
constituents to attract one another, forming larger flocs that can be removed by clarification
and filtration techniques (AWWA, 2011). Coagulant dosages are dependent on the pH, hence
piloting by means of jar tests is recommended for optimum acid and coagulant dosages.
(Voutchkov, 2017). These reagents can be added in a flash mixing chamber or inline (See

Figures 14 and 15 below).

Figure 14. Inline Static Mixer Figure 15. Flash mixer

(Voutchkov, 2017) (Voutchkov, 2017)

The addition of sulfuric acid for pH adjustment has proven to also aid in preventing calcium

carbonate scaling (Prihasto et al., 2009).

Antiscalants are used to prevent carbonate, magnesium, sulfate and calcium scaling. Typical
chemicals added are sodium hexametaphosphate (SHMP), organophosphates and
polyacrylates (Prihasto et al., 2009). These chemicals are normally proprietary, and piloting
of these chemicals engaging the chemical supplier and membrane manufacturer is highly

recommended.

Dechlorination is a crucial step when preventing membrane damage after disinfection with
oxidizing biocides (e.g. sodium hypochlorite, NaOCl). The addition of a reducing agent
(oxidant scavenger), such as sodium metabisulfite (SMBS, Na2S20s), causes it to react with
water, producing sodium bisulfite (NaHSO3), which reduces hypochlorous acid into sulfuric
acid (H2SO4) , hydrochloric acid (HCI) and sodium bisulfate, which are not oxidizing species
(Voutchkov, 2017). Refer to Equations 8 and 9 below:

Na,S,0s + H,0 — 2NaHSO0; (8)
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2NaHS05 + 2HOCL - H,S0, + 2HCL + Na,S0, 9)

Table 7 below indicates a list of chemicals commonly used in seawater desalination,

application, commercial concentration, and guidelines for dosages are included.

Table 7. Common chemicals used in seawater desalination (Voutchkov, 2017)

Chemical Application Commercial Dose concentration

concentration (%) (mg/L)

Ferric chloride Coagulation 40 10-20

Ferric sulfate Coagulation 40 10-20

Sulfuric acid pH adjustment 98 10-20

Sodium hypochlorite Biogrowth 13 5-10

control

Sodium bisulfate Dechlorination 99 15-30

Antiscalant Scale control 99 10-20

Sodium hydroxide pH adjustment 50 5-15

Note: In practice, for dechlorination it is considered that 3 mg/L of sodium bisulfate removes 1 mg/L of free chlorine
(Voutchkov, 2017).

2322 Clarification

Removal of organic and inorganic particles, along with colloids and NOM are required to be
performed upstream the SWRO system (Badruzzaman et al., 2019). Depending on the
seawater characteristics and the intake type, sedimentation and clarification steps are
required to remove these constituents by the plant sedimentation-clarification units

(Vouchtkov, 2017).

Traditionally, sedimentation tanks have been used for the removal of suspended solids
upstream filtration processes when turbidity reaches values up to 20 NTU. The output from
these sedimentation tanks requires, typically, a filtration stage to produce suitable RO feed
water (NTU<O0.5, see Table 5). These process units, usually arranged in a rectangular or
circular structure, consider detention times from 2 to 4 h and loading rates from 1.0 to 2.0

m*/m? h (Voutchkov, 2017).
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Lamella clarifiers are preferred over conventional sedimentation tanks since they can handle
higher suspended solids and require less footprint, given the lower detention times (0.2-0.4h)
(Voutchkov, 2017). These clarifies can also be arranged in rectangular or circular shape and

contain lamella plates to enhance the sedimentation process, as indicated in Figure 16.

Influent Weirs & Troughs Plate Settlers Clorified Effluent

O

Flocculation
Zone :

Sediment Collection

Figure 16. Scheme of a lamella clarifier (Voutchtkov, 2017)

On the other hand, dissolved air flotation (DAF) can remove particulate materials, algae,
grease and other floating constituents by, combining coagulation and flocculation with
flotation, where small size air bubbles lead these pollutants to the water surface. The
suspended solids are accumulated on the water surface for then being skimmed from the
clarified water (Voutchkov, 2017). A dissolved air flotation unit comprises of coagulation —
flocculation basins, and air saturation zone, a flotation chamber, air saturation equipment, a

clear well and recirculation pumps. Figure 17 illustrates a scheme of a typical DAF unit.

Figure 17. Scheme of a dissolved air flotation (DAF) unit (Voutchkov, 2017)
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Although DAF considers additional equipment and therefore, a higher cost when compared
to lamella clarifiers, it has proven to effectively handle harmful algal blooms (HAB) and
provide consistent pre-treated water when combined with granular media filtration (GMF)
achieving SDI <4 and SDI < 2.5, when combined with ultrafiltration (UF). From an
availability perspective a DAF has been commonly installed as a pre-treatment unit prior to
the filtration stage, as it produces reliable water quality under seasonal variations
(Badruzzaman et al., 2019). Figure 18 shows a comparison between the construction cost of

lamella clarifiers and dissolved air flotation units.
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Figure 18. Construction cost of lamella and dissolved air flotation clarifiers (Voutchtkov,

2017)

2323 Media filtration

Granular media filtration corresponds to process where water passes through a granular
material (media), for instance sand, while suspended particles present in the water are
retained in the media. Over time, suspended solids fill the pores in the granular media and
required to be removed by means of a backwash cleaning regime (TU Delft

OpenCourseWare, n.d.).

Granular media filtration is the most used pretreatment method in large-scale SWRO plants.
The performance of these filters depends significantly on the type of filter media, its
uniformity, size, and depth. Dual media filters, which are widely implemented, typically

consist of 0.4 to 0.8 meters of anthracite layered over 1.0 to 2.0 meters of sand. In cases
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where enhanced removal of soluble organics is required, deep dual media filters are used,
with the anthracite layer extended to a depth of 1.5 to 1.8 meters for improved biofiltration

(Badruzzaman et al., 2019).

When the source seawater is cold (below 15°C) and contains prominent levels of organic
matter, granular activated carbon (GAC) is used as a substitute for the deeper anthracite layer

(Badruzzaman et al., 2019).

In scenarios where the seawater contains significant amounts of fine silt or experiences algal
blooms dominated by microalgae (0.5 to 20 um), tri-media filters are often employed. These
filters typically consist of 0.45 to 0.6 meters of anthracite, 0.2 to 0.3 meters of sand, and 0.1
to 0.15 meters of garnet or limonite (Badruzzaman et al., 2019). Figure 19 provides a scheme

of a media filtration unit and Table 8 indicates insights on the media described above.

Figure 19. Media filtration scheme (Voutchtkov, 2017)

Table 8. Typical media filter characteristics (Voutchkov, 2017)

Media type Size(mm) Specific density (ton/m?)
Pumice 0.8-2.0 1.2
Anthracite 0.8-2.0 1.4-1.7
Silica sand 04-0.8 2.60 —2.65
Garnet 0.2-0.6 3.50-4.30
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2324 Membrane filtration

Membrane filtration is an advanced filtration technique that uses a semi-permeable
membrane to separate particles based on their size and characteristics. Membrane filtration
has been used in the pharmaceutical, food and beverage and water treatment industry. There
are 4 types of membrane filtration technologies: microfiltration (MF), which can remove
bacteria and large particles, ultrafiltration (UF) able to capture viruses and finer particles,
nanofiltration (NF) removes divalent salts and organic molecules and reverse osmosis (RO)

can eliminate dissolved ions (Membrane Solutions, n.d.). Figure 20 represents these

technologies.
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Figure 20. Filtration processes (Davis, 2011)

MF and UF, operate over a repeating filtration cycle in the same way granular filtration does.
After the filtration time is complete, the accumulated solids in the membranes are removed

by backwashing (using air and/or water) to put the system back in service (Davis, 2011).

MF and UF membrane systems have been shown to be effective for turbidity removal as
well as for the removal of non-soluble and colloidal organics contained in the source
seawater. Turbidity can be consistently lowered below 0.1 NTU and achieve effluent SDI
levels below 3. Both MF and UF can achieve close to 100% of algal cell removal
(Badruzzaman et al., 2019), which makes them attractive for locations where harmful algal

blooms (HAB) are a concern.

Since UF can remove viruses unlike MF, it has been the preferred option on installed SWRO
plants. These modules can be arranged horizontally or vertically depending on the

manufacturer standard design. Figures 21 and 22 illustrate this:
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Figure 21. Vertical UF rack Figure 22. Horizontal UF module
(Voutchkov, 2017) (Voutchkov, 2017).

Depending on the location scenario, occurrence of algal blooms, requirements for water
quality and previous piloting results, selection of granular media filtration versus membrane
filtration methods upstream the RO system shall be taken carefully. A detailed selection
criteria is provided by Badruzzaman et al., 2019, in his research, “Selection of pretreatment

technologies for seawater reverse osmosis plants: A review “.



35

2.4 Simulation models for seawater desalination plants

Simulation of seawater desalination plants refers to the computational and mathematical
modeling and analysis of the processes involved in transforming seawater into a suitable
water for domestic or industrial use (Ncube, et. al., 2021). This includes the representation
of the physical and chemical treatments of a desalination process, in which input data is used

to calculate process stream characteristics, chemical and energy requirements.

Available software in the market, include membrane manufacturers design tools, such as
Hydranautics and Inge, and water treatment simulation tools. Popular water treatment

simulators are GPS-X and OLI. Figure 23 identifies them.

Nitto
ELYDRANAUTICS system
(Hydranautics, 2025) (DuPont, 2025)  (Gerbino, 2018) (Hatch, 2025)

Figure 23. Water simulation softwares

Hydranautics allows the simulation of unique design operating conditions for various RO
membranes with the corresponding effluent quality, feed pressure, and chemical
requirements for pH adjustment. It is possible to simulate multiple membrane configurations,
flows, membrane flux, recovery (%) and membrane age, to name a few (Hydranautics,
2025). Similarly, with the software Inge is possible to obtain results for ultrafiltration
performance, recovery rate, chemical consumption, energy consumption, pump design,

transmembrane pressure, size, type and amount of UF modules (DuPont, 2025).

GPS-X is a simulator tool used for water treatment. It has various water libraries that allow
representation biological, physical, and chemical treatment. It has been reported to be simple

to use given the modelling capabilities in a flowsheet environment (Hatch, 2025).

OLI is a software that is capable to simulate water treatment processes based on water
chemistry. In a similar fashion to GPS-X, it allows the modelling of various process units in
a flowsheet environment, suitable for performing energy and mass balance calculations

(Gerbino, 2018).
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3 Applied work

3.1 Purpose

The purpose of this thesis is to evaluate two (2) pre-treatment configurations and assess its
performance for different seawater quality conditions in Saudi Arabia. Four (4) water quality
scenarios will be evaluated considering values reported from seasonal variations (Saeed, Al-
Nomazi & Al-Amoudi, 2019). Performance of the selected pretreatment configurations is
calculated and compared in terms water recovery yields, chemical consumption, amount of
waste streams generated, and energy input required. Water balance calculations through
simulation are used to obtain stream characteristics, chemical and energy requirements. An
estimate of the operational costs for each configuration is provided based on the

methodology detailed on chapter 6 of the AWWA M69, Manual of water supply practices.

The performance of each configuration is evaluated based on the simulation results,
including the estimates of energy and chemical consumption, along with operational costs

for comparison purposes.

3.2 Methodology

Seawater quality data from the Gulf coast at Khafji, Saudi Arabia is used to simulate two (2)
configurations of a virtual seawater desalination plant and evaluate its performance. Table 9

summarizes the steps on how this thesis was performed.
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Table 9 . Summary of methodology steps for simulation and analysis

No. Step

Description

1 Data Selection and water

quality scenarios definition.

Based on the water quality reported by Saeed, Al-
Nomazi & Al-Amoudi, 2019, seawater quality
seasonal variations are studied to determine

seawater quality scenarios for the analysis.

This section indicates the selection of two (2)
pretreatment configurations. Each configuration
is associated with an independent process flow
diagram (shown in chapter 3.2.2.3).

A simulation for each of the two (2)
configurations will be developed, considering the
same treated water output in terms of flow and

quality.

This section defines the simulation cases and the
methodology to calculate them, including

assumptions and the selected software.

2 Design basis
3 Simulation
4 Analysis of the results

Indicate the parameters for comparison and main
streams outputs.

Operational costs estimate is provided for both

configurations.

3.2.1 Data selection

Seawater quality data is analysed from the study performed by Saeed, Al-Nomazi & Al-

Amoudi, 2019 on the gulf coast at Khafji in Saudi Arabia. The study considered the

collection and analysis of seawater samples for a duration of 12 months, from July of 2014

to June of 2015 (Saeed, Al-Nomazi & Al-Amoudi, 2019).

The seawater quality to be used in the simulation exercise comprises of dissolved and non-

dissolved constituents. Tables 10 and 11 detail the parameters to be used respectively.
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The seawater dissolved constituents to be used for the analysis of this thesis are indicated in
Table 10. Minimum and maximum values of major ions (Chloride (Cl), Sodium (Na*),
Calcium (Ca®"), Magnesium (Mg?"), Potassium (K+), Sulfate (SO4*"), Nitrate (NO5"),
Phosphate (PO4*") and Fluoride (F°)) and metals (Barium (Ba), Strontium (Sr) and (Boron
(B)) are shown.

Table 10. Concentration of major ions and dissolved metals in the Gulf coast at Khafji, Saudi

Arabia, during 2014-2015 campaigns (Saeed, Al-Nomazi & Al-Amoudi, 2019)

Parameter Unit Min Max
Chloride (Cl-) mg/L 23500 25000
Sodium (Na*) mg/L 12 150 14 690
Calcium (Ca*") mg/L 434 536
Magnesium (Mg %) mg/L 1436 1776
Potassium (K*) mg/L 388 543
Sulfate (SO4*) mg/L 3216 3 467
Nitrate (NO3") mg/L 5.1 7.0
Phosphate (PO4*" mg/L 1.05 5.5
Fluoride (F") mg/L 0.1 1.0
Barium (Ba) mg/L 0.01 0.012
Strontium (Sr) mg/L 5.0 10
Boron (B) mg/L 4.6 5.2

On the other hand, Table 11 exhibits the seasonal variation of non-dissolved (non-mineral)
seawater quality parameters, indicating minimum and maximum values. Temperature, total
dissolved solids (TDS), turbidity, total suspended solids (TSS), pH, and other parameters are
provided.
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Table 11. Seasonal variation of non-dissolved seawater parameters in the Gulf coast at

Khafji, Saudi Arabia, during 2014-2015 campaigns (Saeed, Al-Nomazi & Al-Amoudi, 2019)

) Summer Autumn Winter Spring
Parameter Unit
Min. Max. Min. Max. | Min. | Max. | Min. | Max.
Temperature °C 315 34 21.4 27.5 13 18.5 21.5 304
TDS mg/L 42800 | 47150 | 44000 | 46460 | 43500 | 46 900 | 45295 | 45285
Turbidity NTU 0.20 0.88 0.85 9.20 0.45 6.97 0.55 1.0
TSS mg/L 7.00 25.3 7.00 46.7 15.5 22.5 20 22.0
SDI - 5.20 6.50 6.10 6.40 5.10 6.30 5.60 6.20
pH S.U. 8.20 8.20 8.10 8.20 8.10 8.20 8.20 8.20
o mg/L
Alkalinity 126 128 125 126 125 127 126 132
CaCOs3
mg/L as
Hardness 7120 8052 7 840 8159 6648 | 8648 | 8140 | 8205
CaCO3
TOC mg/L 1.8 2.7 2 2.9 2.1 2.6 2.1 2.1
BOD5 mg/L 0.2 1.2 03 1.4 0.8 1.2 0.6 0.6

The simulation work considers four (4) seawater quality scenarios taking into account two

(2) main drivers on seawater membrane desalination: Seawater temperature and total

suspended solids (TSS) content. Water viscosity is known to be affected by temperature,

exhibiting higher values at lower temperature, which translates into a higher-pressure

requirement (and energy consumption) by the RO feed high pressure pumps. On the other

hand, TSS are a major contributor to membrane fouling and hence, is to be considered as a

driver for pre-treatment selection. Table 12 defines the four (4) seawater quality scenarios.

Table 12. Seawater quality scenarios

Scenario Description

1 High temperature (34 °C) — High Solids (TSS = 46.7 mg/L)
2 High temperature (34 °C) — Low Solids (TSS =7 mg/L)

3 Low Temperature (13 °C) — High Solids (TSS = 46.7 mg/L)
4 Low Temperature (13 °C) — Low Solids (TSS =7 mg/L)
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Dissolved characteristics of seawater are considered constant for the four (4) scenarios and
an average between the minimum and maximum values indicated on Table 11 are used. Full
characterization of the seawater quality (including non-dissolved and dissolved parameters)

for the four (4) scenarios is given in section 3.2.2.

3.2.2 Design basis

The present section defines the basis of design for the simulation work of this thesis. Influent
seawater quality treated water quality requirements and assumptions on the process

configurations are covered.

3221 Seawater quality scenarios

As indicated previously, four (4) seawater quality scenarios are evaluated in this thesis.
Regarding the non-dissolved seawater quality parameters, it is important to mention that
turbidity, TSS and BODS exhibited variations above 85% during the campaigns performed
during 2014-2015 and showed similar behaviour seasonally. Hence for the scenarios that
consider high solids, maximum values of turbidity and BODS5 are considered. On the
contrary, for low solids content, minimum values of these parameters are taken into account.
Similar treatment has been given to the silt density index (SDI) since it is an indirect
measurement of fouling potential. Rest of the parameters have been considered as average
values. Characterization of the water quality to be used on each scenario is provided in Table

13.
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Table 13. Characterization of seawater quality for the four (4) scenarios

Parameter Unit Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4
Temperature °C 34 34 13 13
TDS mg/L 45 174 45174 45174 45174
Turbidity NTU 9.2 0.2 9.2 0.2
TSS mg/L 47 7 47 7
SDI - 6.5 5.1 6.5 5.1
pH S.U. 8.2 8.2 8.2 8.2
. mg/L as
Alkalinity CaCOs 127 127 127 127
mg/L as
Hardness CaCOs 7852 7852 7852 7852
TOC mg/L 2.3 2.3 2.3 2.3
BOD5 mg/L 1.4 0.2 1.4 0.2
Chloride (CI) mg/L 24 250 24250 24 250 24250
Sodium (Na®) mg/L 13 420 13 420 13 420 13 420
Calcium (Ca®") mg/L 485 485 485 485
Magnesium (Mg>" mg/L 1 606 1 606 1 606 1 606
Potassium (K*) mg/L 466 466 466 466
Sulfate (SO4*" mg/L 3342 3342 3342 3342
Nitrate (NO3") mg/L 6.1 6.1 6.1 6.1
Phosphate (PO4*" mg/L 3.3 3.3 3.3 3.3
Fluoride (F") mg/L 0.6 0.6 0.6 0.6
Barium (Ba) mg/L 0.01 0.01 0.01 0.01
Strontium (Sr) mg/L 7.5 7.5 7.5 7.5
Boron (B) mg/L 4.9 4.9 4.9 4.9
3222 Output water quality requirements:

The treated water quality requirements are based on the unbottled drinking water quality

standards, issued by the Ministry of Environment, Water and Agriculture (MEWA) of Saudi

Arabia. The water quality produced by the desalination plant to be simulated in this thesis

shall comply with the physical and chemical requirements shown in Table 14.



Table 14. Unbottled drinking water quality standards (MEWA, 2024).
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Parameter Unit Specified concentration or value
Color Platinum - cobalt Less than or equal to 15
Taste - Acceptable
Odor - Acceptable
Temperature °C Less than 40°C
pH S.U. 6.5-8.5
Turbidity NTU Less than or equal to 5
Free-Chlorine (Cl2) mg/L 0.2-0.5
Chlorine Dioxide (Cl102) mg/L 0.2-0.7
TDS mg/L 100 — 1000
Ammonia mg/L 0.5
Sodium mg/L 200
Calcium Hardness (Ca) mg/L as CaCO3 Greater than 30
Sulfates mg/L Less than or equal to 250
Chlorides mg/L 250
Nitrates mg/L 50
Nitrites mg/L 3.0
Total Hardness mg/L as CaCO3 Less than 320
Barium (Ba) mg/L 1.3
Boron (B) mg/L 2.4

Regarding the standards pertaining to discharge to coastal areas, the local authorities of

Saudi Arabia have considered several parameters to be regulated, for instance, oil ad grease,

turbidity, total suspended solids, BOD, COD and heavy metals (aluminium, arsenic, barium,

cyanide, chromium, cobalt, copper, fluoride, mercury, lead, manganese, etc). The limits of

the dissolved constituents are reported to be higher than the content of these in the raw

seawater (MEWA, 2020), hence for this study purposes these will be neglected.
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Process configurations
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This section defines the capacity, and the process units considered in the simulation work.

Two (2) process configurations are proposed:

1. Intake — DAF — UF — SWRO — Post-treatment

2. Intake — DAF — Multimedia filtration — SWRO — Post-treatment

Each configuration is simulated to produce 1440 m3/h (400 L/s) of drinking water, in

compliance with the water quality requirements indicated in Table 14. Figures 24 and 25

illustrate the process units of each configuration.
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Figure 24. SWRO Plant Configuration 1 — DAF-UF pretreatment
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3.2.3 Simulation
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The present section indicates the assumptions and strategy followed to build the simulation

model of the two (2) seawater desalination plant configurations for the four (4) scenarios.

Table 15 indicates the simulation cases to evaluate in this thesis.

Table 15. Simulation cases

Simulation case SWRO plant configurations Seawater quality scenario

1 Configuration 1 — DAF-UF High temperature (34 °C) —

pretreatment High solids (TSS =46.7 mg/L)

2 Configuration 1 — DAF-UF High temperature (34 °C) —
pretreatment Low solids (TSS =7 mg/L)

3 Configuration 1 — DAF-UF Low temperature (13 °C) —

pretreatment High solids (TSS =46.7 mg/L)

4 Configuration 1 — DAF-UF Low temperature (13 °C) —
pretreatment Low solids (TSS =7 mg/L)

5 Configuration 2 — DAF-Multimedia | High temperature (34 °C) —

filtration pretreatment High solids (TSS =46.7 mg/L)

6 Configuration 2 — DAF-Multimedia | High temperature (34 °C) —
filtration pretreatment Low solids (TSS =7 mg/L)

7 Configuration 2 — DAF-Multimedia | Low temperature (13 °C) —

filtration pretreatment High solids (TSS = 46.7 mg/L)

8 Configuration 2 — DAF-Multimedia | Low temperature (13 °C) —
filtration pretreatment Low solids (TSS =7 mg/L)

Two (2) softwares are used to simulate the inlet/outlet properties of the streams of the

membrane processes. Hydranautics is used to model the seawater reverse osmosis (SWRO),

given its capabilities to model diffusion processes. On the other hand, Inge, is used for the

ultrafiltration (UF), it allows the prediction of filtration cycles, backwash frequencies and

chemical needs.
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Calculation of the stream properties (in and out) rest of the process units (DAF, Screens and
Multimedia filters), for both cases, is done manually based on the assumptions detailed in

Tables 16-18 of this chapter.
Simulation Strategy

The seawater desalination plant calculations are performed starting from the back end of the

plant considering the target product water quality (Table 14) and flowrate (1 440 m>/h).

The calculation steps are detailed as follows:

1. Calculate the total permeate flow required at the outlet of the SWRO membranes

2. Input calculated permeate flow, seawater quality properties and membrane design

parameters to the Hydranautics software and perform membrane projections
3. Project post-treatment section using Hydranautics software
For configuration 1, follow steps 4-7, for configuration 2, skip to steps 5-7.

4. For configuration 1, project the UF (including backwash and CEB) using Inge
software. NOTE: The UF outlet stream properties must match the SWRO Feed water

stream

5. For configurations 1 and 2, calculate the UF/MMEF screen inlet stream. NOTE: the

screens outlet stream properties must match the results for the UF/MMF Feed stream

6. For configurations 1 and 2, calculate DAF inlet stream. NOTE: the DAF outlet

stream properties must match the Screens Feed stream

7. For configurations 1 and 2, calculate sludge handling system (DAF floats, thickener,

dewatering, solids disposal)
Final steps for configurations 1 and 2 are resumed below:
8. Calculate outfall stream

9. Perform overall general mass balance calculation to ensure (all inlet flows - all outlet

flows = 0).
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The present section lists all the assumptions used in the simulation work to estimate the

stream properties of the two (2) desalination plant configurations. These are summarized in

Tables 16-18.

Table 16. Basis and assumptions for the simulation of the seawater reverse osmosis

(SWRO)

Basis Description Remarks

SWRO

Permeate water product 1 440 m*/h This is the basis to simulate all the cases
described in Table 15.

SWRO permeate recovery | 50 % Recovery % assumed, considering an average
membrane age of 3.5 years.

SWRO membrane | SWC6-LD Select low fouling spiral wound membrane in

selection the software. Composite polyamide membrane

with 37.2 m? of active area per element.

Service water

3% of permeate

This amount is estimated to cater requirements

for CO; and Lime in the post-treatment.

Energy recovery device

Turbocharger

The software provides the option to use a

Pressure exchanger or a turbocharger.

Turbocharger is the option used in this

simulation.
SWRO pressure Output from RO | The pressures in the SWRO are based on the RO
projections design  projections from the software
Hydraunatics.
Permeate and brine water | Output from RO | Permeate and brine water quality (ions

treatment

quality projections concentrations, total dissolved solids, pH, are
based on the RO design projections from the
software Hydraunatics.

Chlorination — Post- 0.5 mg/LL Based on drinking water quality requirements

(MEWA, 2024).

CO; and Lime dosage

Output from RO

projections

The CO; and lime dosing for the post treatment
are based on the RO design projection from the

software Hydraunatics.
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Table 17. Basis and assumptions for the simulation of the ultrafiltration (UF)

Basis Description Remarks
UF
UF backwash /CEB Output from UF | The UF backwash, chemical enhanced backwash

Flowrates, duration and

frequency

projections

flow rates and, duration and CEB chemicals are
based on the UF projections given by software

Inge.

Table 18. Basis and assumptions for the simulation of the screens, dissolved air flotation

(DAF), multimedia filtration (MMF), sludge thickening and dewatering

Basis Description Remarks

Screens

Screen backwash rate and | 1% of the feed Screen backwash rate is based on self-cleaning

frequency filters, which use a small % of the feed for this
purpose (assumed).

DAF

DAF recovery 95% Assumed value based on typical recoveries
reported from the literature (Amato et al., 2013)

Multimedia filtration

Multimedia filtration 89% Assumed value based on typical recoveries

reported from the literature (Aziz et al., 2024)

Sludge Thickening Dewatering

Thickener sludge dry

solids content

5%
(D.S.)

dry solids

Assumed value based on typical recoveries

reported from the literature (Davis, 2011)

Dewatering sludge dry

solids content

30% dry solids
(D.S)

Assumed value based on typical recoveries

reported from the literature (Davis, 2011)
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3.2.4 Analysis of the results

The analysis of the results is based on comparison of the streams outputs from the material
balance developed for the 8 cases. Energy input requirements and estimated operational costs
are compared for both configurations. Table 19 details the parameters to be included in the

analysis of the results.

Table 19. Result parameters to analyze

Parameters

Description

RO Performance

Pressure requirements, flux values, and water quality characteristics of

the permeate and product water are assessed for high and low temperature

scenarios.
Overall plant The ratio between the product water and raw water inlet flowrates. See
recovery the Equation below:
. Product water (m3/h) (10)
Raw Seawater feed (m3/h)
UF and MMF Daily water consumption comparison (m?/d) for configurations 1 (UF)
backwashes and 2 (MMF) to be compared.

Raw water inlet

requirement

Comparison of raw seawater inlet flowrate (m*/h) for configurations 1

(UF) and 2 (MMF).

Sludge generation

The amount of sludge generated in the 2 process configurations (kg/d) is

compared.

Suspended solids

Outfall streams

The amount of TSS (mg/L) in the 2 process configurations is compared
and assessed against the local authorities' limits: 25 mg/L, (MEWA,
2020)

Energy consumption

The energy consumption to produce a cubic meter of product water

(kWh/m?) by both configurations is estimated.

Chemical

consumption

For both configurations, the daily chemical requirements (L/d) are

identified and compared.

Operational cost

estimate

A high-level cost estimate is developed considering the following
elements: Labor and administration, monitoring and sampling of product

water, membrane replacement, electrical energy, chemicals,

maintenance, and waste management.
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4 Results and Discussion

4.1 Seawater reverse osmosis (SWRO) performance

The present section shows the simulated results of the SWRO performance for scenarios of
high (T= 34 °C) and low temperature (T=13°C), in terms of the system operating parameters

and product water quality.

Table 20 exhibits the results of the SWRO operating parameters, for an SWRO system
comprising 2 trains of 370.75 m?/h of permeate capacity each. Each train has 100 pressure

vessels with 7 membrane elements on it.

As expected, the system shows a higher-pressure requirement at lower temperatures, which
achieved a higher rejection given the slightly higher total dissolved solids (TDS) content on
the brine if compared with the high-temperature scenario. TDS content in the permeate
corresponds with the higher rejection rates at higher pressures by exhibiting a TDS value
42% lower, in the low-temperature case.

Table 20. SWRO Performance for scenarios of high and low temperature (Output from
Hydranautics, Appendix II)

Units High temperature Low temperature
Parameter T=34"°C T=13°C
HPP discharge pressure bar 40.5 43.6
Membrane feed pressure bar 66 71.2
Average flux 1/m*h 14.3 14.3
Permeate TDS mg/L 671 388
Brine TDS mg/L 86 646 86 933

For further details refer to Appendix II.
HPP: High-pressure pump.

Table 21 shows the water quality results for the permeate and the post-treated water with 29
mg/L. Ca(OH); and 35 mg/L of CO.. As indicated earlier, the product water from the
desalination plant must comply with the requirements for drinking water reported by the

local authorities (See Table 14, section 3.2.2.2).
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Table 21. Permeate and product water quality after post-treatment (Output from

Hydranautics, Appendix II)

High temperature Low temperature
T=34°C T=13°C

Parameter Units Permeate Post-treated | Permeate Post-treated
TDS mg/L 671 734 388 451.6
Calcium mg/L 0.929 16.71 0.536 16.21
Magnesium mg/L 3.076 3.076 1.775 1.77
Sodium mg/L 245.6 245.6 141.9 141.9
Potassium mg/L 10.65 10.65 6.159 6.159
Sulfates mg/L 13.75 13.75 7.926 7.926
Chlorides mg/L 391.6 391.6 226.4 226.7
Boron mg/L 2.592 2.592 1.736 1.74
Bicarbonate mg/L 0.017 47.26 0.009 47.23
pH S.U. 6.47 7.98 6.18 8.05

For further details refer to Appendix I1.

From Table 21 it can be indicated that the requirements are fulfilled when the SWRO system
is operating at high-pressure conditions (Low-temperature scenarios). Sodium and chloride
limits for drinking water quality are reported to be 200 and 250 mg/L respectively (MEWA,
2024), which are surpassed when the SWRO is operating at 66 bar at the membrane feed.
However, the water quality requirements are satisfied when the SWRO membrane feed

pressure is above 70 bar.

4.2 Water usage

Water recovery rates close to 50% are achieved by both configurations, values are provided
in Table 22. Configuration 2 exhibits a higher recovery than configuration 1, which can be
explained due to the different backwash water requirements of the ultrafiltration

(configuration 1) and multimedia filtration (configuration 2) technologies.

Table 22. Comparison of the water recovery of configurations 1 and 2 (Output from

Material Balance, Appendix III)

Configuration Scenarios 1 -2 -3 -4
1 47.96%
2 48.42%

For further details refer to Appendix III.



52

As per the simulated results (See appendix I for details), for configuration 1, the
ultrafiltration (UF) system, comprising 10 UF trains, requires a backwash every 34 minutes
of filtration per train, and a chemically enhanced backwash (CEB) once a day. On the other
hand, multimedia filtration only requires backwash aided with air scour (Davis, 2010), which
on configuration 2 is 100% recycled to the DAF (figure 21). The CEB stream required by
the UF, in configuration 1, is not recycled (see Figure 24) and is sent to a neutralization tank
and then to the outfall for disposal in the ocean, which explains the volume differences,
although, not significant. Table 23 shows the respective water requirements for the UF and

MMF.

Table 23. UF and MMF Backwash flowrates (Output from Material Balance, Appendix III)

Spent backwash — Chemical-enhanced
P! . backwash (CEB) —
Daily consumption . ;
Technology Daily consumption Remarks
(recycled stream)
(m¥/d) (sent to the outfall)
(m*/d)
Spent backwash water (9391 m>/d)
is recirculated back to the DAF.
Ultrafiltration 9391 700 Chemical-enhanced backwash
(CEB) is neutralized and sent to the
outfall.
o Spent backwash water (15628 m*/d)
I\Eitrl;nﬁicrllla 15628 - is recirculated back to the DAF.
No CEB required.

For further details refer to Appendix IIL.

Another aspect related to the recovery rates is the raw seawater feed flowrate requirement,
since configuration 1 has a slightly lower recovery, it indicates that for the same amount of
product water generated (1440 m>/h), the system withdraws a higher seawater flowrate (See

Figure 26 for reference).

IR -

SEAWATER
TO DAF
SEAWATER
FROM THE
OCBAN CoOCoOCo

A 4

SEAWATER INTAKE
STRUCTURE AND PUMPS

Figure 26. Seawater intake scheme with 2 pumps in operation and 1 standby
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Table 24 shows the seawater feed for both configurations, including the estimated power

requirement for a system comprising 2 pumps in operation and 1 standby.

Table 24. Raw seawater inlet requirements for configurations 1 and 2

(Outputs from to Appendixes Il and IV)

. Estimated power
Seawater intake requirements
Configuration flowrate d Pump configuration
(m/h) (each pump)
kWh
1 3003 250 2 duty + 1 standby
2 2974 240 2 duty + 1 standby

For further details refer to Appendixes III (flowrates) and IV (for Electrical rated power)

4.3 Waste disposal

The amount of solids generated by both configurations (1 and 2) was calculated and is
indicated in Table 25. The quantities consider the suspended solids removed by the DAF,
which then undergo thickening and dewatering, by a rotary drum thickener and a centrifuge.
The quantities reflected in Table 25 correspond to the sludge underflow from the centrifuge,
which contains 30% of dry solids (DS) and it is expected to be collected for disposal in a
landfill.

Table 25. Dewatered sludge production for configurations 1 and 2 under high and low total
suspended solids (TSS) conditions (Output from material balance, refer to appendix 1)

Dewatered sludge, 30% DS
Configuration Units Scenarios 1 and 3 Scenarios 2 and 4
TSS= 46.7mg/L TSS=7 mg/L
1 kg/d 4019 1323
2 kg/d 4195 1454

For further details refer to Appendix III.

The results show that the amount of sludge produced by the desalination plant is 4% higher
in configuration 2, which can be explained by the differences between ultrafiltration and
multimedia filtration. As mentioned earlier, a portion of the suspended solids in the
ultrafiltration is removed by the chemical-enhanced backwash (CEB) process, which
delivers a stream containing suspended solids to a neutralization tank and then it flows to
the outfall (refer to Figure 24), which is not the case for the multimedia filtration, since all

the backwashes containing solids are recirculated to the DAF (Figure 25). Table 26 compares
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the TSS content in mg/L of the outfall stream for configurations 1 and 2, which for high and

low TSS raw seawater scenarios, the TSS content in configuration 1 is higher.

Table 26. Total suspended solids (TSS) content in the outfall stream for configurations 1
and 2 under high and low TSS conditions.

TSS content in outfall
Configuration Units Scenarios 1 and 3 Scenarios 2 and 4
TSS=46.7mg/L TSS=7 mg/L
1 mg/L 13 8
2 mg/L 9 6

For further details refer to Appendix III.

However, both configurations comply with the coastal and marine water discharge issued by
the local authorities of Saudi Arabia, reported to be an average of 25 mg/L, with a maximum
of 40 mg/L (MEWA, 2020).

4.4 Energy and chemical consumption

Table 27 presents the specific electrical energy consumption (kWh/m?®) for the two
desalination plant configurations. These values have been obtained from the operational
costs’ calculations included in Tables 38 and 39 of section IV of the appendix.

Table 27. Specific electrical consumption for configurations 1 and 2 (Output from
operational costs calculations, Refer to Appendix IV, Tables 38 and 39)

Configuration kWh/m?
1 2.25
2 2.06

For further details refer to Appendix IV.

Configuration 1 has a slightly higher energy input requirement than configuration 2, due to
the additional equipment required for ultrafiltration (UF), compared to multimedia filtration
(MMF). Typical associated equipment to the MMF includes Backwash pumps, an air scour
system (blowers), and a metering pump for a flocculant dosing skid (Davis, 2010). On the
other hand, the UF requires: Backwash pumps with flowrate adjustment capacity for the
CEB, associated CEB chemicals skids (acid, caustic, disinfectant), flocculant dosing skid,

and a Cleaning in place package (tanks, heaters, pumps, and cartridge filters) (AWWA,
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2011). These differences explain the power input requirement of 8.4% higher in

configuration 1.

The major contributor to the energy consumption for both configurations are the high-
pressure pumps (HPP) at the seawater reverse osmosis (SWRO) feed, followed by the
UF/MMF feed pumps and the sea water intake pumps. For a detailed list of the electrically
driven equipment associated with configurations 1 and 2, see Tables 38 and 39 of section IV

of the appendix.

Table 28 provides the chemical requirements for configurations 1 and 2. Major differences
are related to the chemicals associated with ultrafiltration (UF) (configuration 1) since some
of these are not required for the multimedia filtration (MMF) (configuration 2). For instance,
the consumptions associated with the chemical-enhanced backwash and neutralization

required in configuration 1, are not applicable in configuration 2, and therefore, it has overall

lower chemical needs.

Table 28. Chemical consumption for configurations 1 and 2

Chemicals Format Units Config. 1 | Config. 2
Sodium hypochlorite - Chlorination Liquid - 10% L/d 167 165
Sulfuric acid - DAF Liquid-98% L/d 391 388
Ferric Chloride - DAF Liquid-40% L/d 1 029 1020
Ferric Chloride - UF /MMF Liquid-40% L/d 203 217
Sodium hydroxide -UF CEB Liquid-50% L/d 25 NA
Sodium hypochlorite -UF CEB Liquid-10% L/d 16 NA
Sulfuric acid -UF CEB Liquid-98% L/d 40 NA
Antiscalant - RO Feed Liquid -100% L/d 197 197
SMBS - RO Feed dechlorination Liquid-10% L/d 446 446
Hydrated lime - Post-treatment (1) Liquid -15% m?/d 672 672
Carbon dioxide - Post-treatment (2) Liquid - 100% m?/d 1080 1 080
Sodium hypochlorite - Post-treatment Liquid-10% L/d 144 144
Sodium hydroxide -Neutralization Liquid -50% L/d 8.5 NA
Sulfuric acid -Neutralization Liquid -98% L/d 78 NA
SMBS - Neutralization Liquid-10% L/d 78 NA
Polymer for dewatering (3) Liquid — 0.2% L/d 5031 5251

(1): Hydrated Lime, corresponds to a saturated 15% solution
(2): Carbon dioxide used in the post-treatment is a saturated carbonic acid solution

(3): Polymer diluted to a concentration of 0.2% to be used in the centrifuge.

NA: Not applicable.

Cleaning in place (CIP) chemicals for SWRO and UF, and CIP neutralization needs have not been considered in Table 28

to simplify the analysis.
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Configuration 1 has higher chemical needs for chlorination, which is given the lower
recovery (higher flowrate) if compared to configuration 2. On the other hand, configuration
2 has higher chemical requirements for the dewatering system, due to the higher amount of

sludge processed, as indicated previously in section 4.3.

4.5 Operational cost estimate

The present section compares the operational costs of configurations 1 (DAF — UF) and 2
(DAF — MMF). These values have been calculated using typical industry references
(AWWA, 2019 and Voutchkov, 2013) and have been included in section IV of the Appendix.

Table 29 shows that the operational costs, for configuration 1, are approximately 11.35 USD
million per year, whereas for configuration 2, are estimated to be at around 8.79 USD million
per year. The higher costs in configuration 1 are due to more expensive membrane
replacements and higher electrical energy use, which are 74% and 2% higher.

Table 29. Operational costs for configurations 1 and 2 (Output from operational cost
calculations, refer to appendix IV)

I Units Configuration 1 Configuration 2
Description

Labor and administration USD/year 1 441 020 1441 020
Monitoring and sampling USD/year 174 079 174 079
Membrane replacement USD/year 3024 000 799 625
Electrical energy USD/year 2928 948 2 888 393
Chemicals USD/year 1470 145 1411214
Maintenance USD/year 870 394 852 986
Residual Disposal USD/year 411 065 428 997
Annual total cost USD/year 10 319 650 7991812
Annual total cost + contingency | USD/year 11 351 615 8790 994
Cost per m? USD/m? 0.89 0.69
Cost per m® + 10% contingency USD/m’? 0.98 0.76

Notes: For further details refer to Appendix IV.
Calculations considered the plant is operating 92% of the time of a year.

The major operational cost contributors for configuration 1 are membrane replacement
(29%), electrical energy (28%), labor (14%) and chemicals (14%). For configuration 2 the
major costs are associated with electrical consumption (36%), followed by labor (18%),

chemical consumption (18%) and maintenance (11%).
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The cost to produce a cubic meter of drinking water has been estimated to be around 0.89-
0.98 USD for configuration 1 and between 0.69 - 0.76 for configuration 2, which are
comparable with reported values between 0.9 (Voutchkov, 2013) and 1.2 (Ghaffour, et al.,
2013) USD/m’.

Labor costs, for both configurations, have been estimated using salary rates and number of
personnel from a similar plant capacity (1577 m?/h) stated references (AWWA, 2019). The
staff comprises of a plant manager, 4 plant operators, 2 technicians (1 mechanical and 1
electrical), 3 laborers and 1 laboratory technician. Table 41, included in section IV of the

appendix, contains the breakdown of the labor and administration costs.

Monitoring and sampling costs have been estimated considering a cost of 0.015 USD per
cubic meter of drinking water produced (Voutchkov, 2013). For the calculation of the annual
cost, a 92% of run time was assumed for estimating the annual drinking water production

for configurations 1 and 2 (see Table 44, included in appendix IV).

One of the major differences between the operational costs of configurations 1 and 2 is
membrane replacement, due to the high cost of UF membrane elements (AWWA, 2019).
Calculation of membrane replacement costs have been done considering that annual
replacement comprise of 12% of the construction cost of the UF and, 14% construction cost
of the RO (Voutchkov, 2013). Using similar capacity (1577 m’/h) construction cost
reference values for UF and RO (AWWA, 2019), annual membrane replacement costs have
been estimated to be a 74% more expensive in configuration 1, given the fact that no UF

membrane replacement is required in configuration 2 (refer to Table 45, in appendix IV).

As indicated earlier in section 4.4, the slight difference in electrical consumption exhibited
by both configurations and it is explained by the difference in requirements by the UF and
MMF, which are not comparable to the higher requirements of the SWRO high pressure

pumps, UF/MMF feed pumps and seawater intake pumps, which are similar for both cases.

Electrical costs were obtained using an electricity rate of 60 USD/MWh (BloombergNEF,
2024), reported for Saudi Arabia. Major and auxiliary equipment have been listed and
calculated their power requirements for estimating the annual electrical consumption costs.
Major equipment comprises of sea water intake pumps, dissolved air flotation equipment
(mixers, recirculation pumps and air compressors), delivery pumps, backwash pumps,

reverse osmosis high pressure pumps, post-treatment associated equipment for hydrated lime
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and CO; addition and, chemical dosing pumps. A 92% of run time over the year has been
used to estimate the hours of operation of the electrically driven equipment, further details

are available in Tables 38 and 39 of section IV of the appendix.

As described in section 4.4 the differences in chemical requirements are driven by the
process unit's chemical needs, which for configuration 1 are more demanding (UF CEB),
translating into higher operational costs as seen in Table 29. Table 40 in appendix IV details
the price per kilogram (Voutchkov, 2013) of the chemicals considered by both

configurations.

Maintenance costs for configuration 1 are not noticeably higher than for configuration 2.
These values have been obtained by considering typical maintenance costs for seawater
desalination plants reported to be between 0.035 — 0.075 USD/m® of product water
(Voutchkov, 2013). Considering a 92% of run time to determine the annual water
production, the total maintenance costs is estimated for configuration 1 and distributed per
facility. For configuration 2 it was assumed that 50% of the maintenance cost required for
ultrafiltration was equivalent to the multimedia filtration maintenance needs. Details can be

found in Table 42 of section IV of the appendix.

Disposal costs are higher for configuration 2, due to the higher sludge quantities to handle,
as indicated earlier in section 4.2. The annual sludge generation was estimated using a run
time of 92%. The disposal costs are calculated using the average (48 USD/ton of wet sludge)
of typical reported values of 16-80 USD/ton of wet sludge (Voutchkov, 2013) (refer to Table
43 in appendix IV).

It must be noted that the reported values in Table 29 are estimated using standard industry
cost references and provide a reference for a high-level estimate, often useful for technology
screening stages. Specific projects shall utilize actual local references values for

consumables to determine reliable cost figures.
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5 Conclusions

This thesis analyzes by simulation the differences in performance of two (2) seawater
desalination plant configurations (1. DAF-UF-SWRO-Post-treatment and 2. DAF-MMF-
SWRO-Post-treatment) under 34 and 13 °C temperature conditions and 46.7 and 7 mg/L

suspended solids concentrations.

The seawater reverse osmosis (SWRO) performance for both configurations does not show
significant differences since the water quality at the SWRO feed was considered to be free
of any suspended solids for both. On the other hand, performance differences were observed
for high and low temperature scenarios (34 and 13 °C). The results exhibited higher pressure
requirements at lower temperatures, as expected. No major difference was observed on the
fluxes being for both temperature cases close to 14.3 1/m*h. The sodium and chloride
rejections are satisfactory to comply with the drinking water requirements when the SWRO

system is simulated to operate above 70 bar.

Regarding the overall plant water usage, both simulated configurations achieve water
recovery rates close to 50%, being configuration 1, only 1% lower than configuration 2. This
is explained by the fact that the ultrafiltration (UF) requires a chemical enhanced backwash
which is not needed by the multimedia filtration (MMF) in configuration 2. This difference

had no major impact on the seawater intake flowrates of both configurations.

The simulated sludge generation is similar for both plant configurations under low and high
seawater suspended solids concentrations (46.7 and 7 mg/L), being higher on configuration
2. The amount of suspended solids in the outfall stream under the above-mentioned
suspended solids conditions, complies with the local requirements of 25 mg/L (MEWA,

2020) since it is lower than 14 mg/L in all cases.

The electrical consumption of configuration 1 is found to be an 8.4 % higher than
configuration 2 with specific energy consumption values of 2.25 and 2.06 kWh/m?
respectively, being the major contributor the high-pressure pumps of the SWRO. The
chemical consumption for configuration 1 is higher than configuration 2 due to the UF

chemical backwash needs.
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The cost to produce a cubic meter of drinking water for configuration 1 is between 0.89 —
0.98 USD and 0.69 — 0.86 USD for configuration 2, being the major contributors membrane

replacement, electrical and chemical consumption.
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Appendix I: UF Projections
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Output results from UF Inge software for high and low raw seawater suspended solids content.

Figures below show the results.

< nge System Design

inge

& SuPent brand
Date : 2/10/2025 Pretreatment:
Project name: Thesis Prefilter: <300 ym
Project number: Module type: IntegraTec™ MB 80 TR
Customer: UF system: T-Rack™
Project designer: CGCONTRE System configuration: Constant fiux
Company: Trains (min in fitration mode/design) 10
Wstersoure: Sou warer Redundancy/Total trains: 0] 10
Turbidity: 46 NTU Lines/BW systems 1
TsS: 27 ppm Modules per train: 84
poc: 50 ppm Total No of modules: 840
cop: ppm Remarks:
KMnO4 consumption: ppm

Design feed flow:

Average feed flow:
Average filtrate flow:
Recovery rate:

Gross flux:

Min fiux rate:

Average flux rate:

Avg. BW waste water flow:
Avg. CEB waste water flow:
Avg. total waste water flow:

3.411 m*h
3210 m¥h
2,066 mh
024 %

8.6 Umin
©6.6 Um¥h
86.6 Um*m
2130 mh
309 m¥h
2439 mm

e
Avg. dosing cooS
rate Me+:

Design feed fiow:

Average feed flow: 3210 m*h N

‘ @

Backwash
CEB flow rate:

3411 mh i : \ i \‘QQ\

Average fitrate fiow:

\ =
flow rate:  1.178m*h\ | ©

814m*h
%

2,966 m*h

n particudar,

Revision No:  3.0.343

Figure 27. High TSS: Raw seawater, TSS = 46.7 mg/l. TSS= 2.7 mg/L entering the UF

Date: 2/10/2025

<S- inge System Design

inge

& DuPant brand

Date : 2/10/2025 Pretreatment: Design feed flow: 3411 m*h
Project name: LUT_low TSS Prefilter: <300 pm Average feed flow: 3210 m¥h
Project number: Module type: IntegraTec™ M8 80 TR Average filtrate flow: 2,968 m¥h
Customer: UF system: T-Rack™ Recovery rate: 924 %
Project designer: CGCONTRE System configuration: Constant flux Gross flux: 88.6 Um¥h
Company: Trains (min in fitration mode/design) 10 e uicraie: €6.6 Um*h
Watersource: sea water Redundancy/Total trains: () 10 Average flux rate: 86.6 Um¥h
Turbidity: 0.1 NTU Lines/BW systems 1 Avg. BW waste water flow: 2130 m*h
TSS: 08 ppm Modules per train: 84 Avg. CEB waste water flow: 308 m¥h
Doc: 50 ppm Total No of modules: 840 Avg. total waste water flow: 2439 mh
cop: - ppm Remarks:
KMnO4 consumption: - ppm
Coagulant
o s Backwash flowrate:  1.178mh\ | -

CEB flow rate: 814m*h Y‘*
Design feed flow: 3411 m¥h %‘
Average feed flow: 3210 m'm Eackwashime: s Average fitrate fiow: 2,068 mh
2% 24

— < " = "
o nge's UF modies inge dows P

o par - particut

Revision No:  3.0.343

Date: 2/10/2025

Figure 28. Low TSS Raw seawater, TSS = 7 mg/l. TSS= 0.9 mg/L entering the UF



Appendix II: SWRO Projections

Results from Hydranautics software for high and low raw seawater temperatures (34 and 13 °C).
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1. High raw seawater temperature results, T= 34°C
Created on 02/17/2025
Turbo ( Stage1: 79.0 %)
Project name Thesis 18
Client Name LT Permeate flow/train 370.75 m3/h
Catherine Total plant product flow 1483.00 m3/h
Caionamcly Contreras Number of trains 4.00
H pump ow 14150 mam Raw water flowitrain 741.50 m3h
HP Pump pressure 40.5 bar Permeate recovery 50.00 %
Feed pressure 66.0 bar Membrane age 5.0 days
Feed temperature 340°C Flux decline per year 58 %
Feed Water pH 7.50 Flux loss. % 0.07891050 %
Chemical dose, mg/, 98 % 8.77 H2S04 SPincrease, per year 70%
Pumping specific energy 2.81 kWh/m3 Feed type Sea Surface
Pass NDP 17.2 bar Pretreatment Conventional
Average flux 14.3 Imh
Pass- Perm. Flow / Vessel Flux DP Flux Beta Stagewise Pressure Perm. Membrane Membrane PV# x
Stage Flow Feed Conc Max Perm. Boost Exhaust Conc TDS Type Quantity Elem #
m3/h m3/h m3/h Imh bar Imh bar bar bar bar mg/l
1-1 3704 74 37 143 05 518 1.10 0.0 255 1.0 656 671.4 SWCe-LD 700 100 x 7TM
lon (mg/l) Raw Water Feed Water Permeate Water Concentrate 1 Post Treatment
Hardness, as CaCO3 779447 779447 14.028 15550.3 54.117|
Ca 485.00 485.00 0.920 968.2 16.605
Mg 1606.00 1606.00 3.076 3205.9 3.076
Na 13420.00 13420.00 245.664 26569.2 245.664]
K 466.00 466.00 10.650 920.5 10.650)
NH4 60.00 67.89 1.705 114.2 1.705|
Sr 7.500 7.500 0.014 15.0 0.014
CO3 0.14 0.03 0.000 02 4.464)
HCO3 0.50 0.60 0.017 1.0 37.034
S04 3388.19 3304.60 13.752 6760.2 13.752]
Cl 24250.00 24250.00 301.633 48063.0 391.633|
F 0.60 0.60 0.020 12 0.020]
NO3 6.10 6.10 0.718 1.5 0.718]
OH 0.41 0.08 0.001 03 0.001
B 4.90 4.90 2.592 72 2502
[CO2 0.00 0.01 0.01 0.01 0.03
NH3 0.62 217 2.17 217 2.17]
ITDS 4369493 43709.31 670.77 86646.20 727.93|
pH 8.20 7.50 6.47 7.82 9.16)
Saturations Raw Water Feed Water Permeate Water Concentrate Limits
CaSO4 /Ksp " 100. % 25 25 0 60 400
SrS04 /Ksp * 100, % 24 24 0 57 1200
BaSO4 /Ksp " 100, % 0 0 0 0 10000
SiO2 Saturation, % 0 0 0 0 140
CaF2/Ksp * 100, % g 8 0 120 50000
Ca3(P04)2 0.0 0.0 0.0 0.0 24
CCPP, mg/l 0.05 -0.10 -0.15 -0.05
Langelier index -1.09 -1.71 -8.81 -0.87 28
lonic strength 0.87 0.87 0.01 1.72
Osmotic pressure, bar 329 33.0 05 85.3
TDS / Osmotic pressure, mg/l.bar 1366.3 13686.3 12053 1367.1

Figure 29. Overall SWRO Projections for high temperature scenario, T=34°C



Integrated Membranes Solutions Design Software

Created on 02/17/2025

Turbo ( Stage1: 79.0 %)

Nitto

SZYDRANAUTICS

Nitto Group Company

HRS0A Dosing

O=—D—

Y,

caoHz, caz

@l

Stream No. Flow (m3/h)
741
741
741
741
an
an
an
371

®Ne o s e

Pressure (bar)

0
o
40.5
6.0
85.6
1.00

TDS (mg)
43605
43701
43700
43700
86646
286648

728
671
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Figure 30. SWRO Projections and process scheme for high temperature scenario, T=34°C. High

pressure pump. Turbocharger and RO membranes.

Integrated Membranes Solutions Design Software
02/17/2025 07:06:23

Nitto ghauumes

Post Treatment Water Analysis

Project name Thesis
Water source RO Pemmeate
F C 2
pH 7.98
E.cond 152790 pS/icm (@ 25.0C)
co2 0.655 mo/l
NH3 0.165 mg/
Temperature 34 Cc
TDS 7348 mg/l
lon mall mg/l CaCO3 lon mo/l mg/l CaCO3
Ca 16.71 4178 co3 0.379 0.63
Mg 3.08 1261 HCO3 47.26 38.74]
Na 24591 534.59 S04 13.76 14.33)
K 10.65 13.62 Cl 392.02 §52.92
NH4 17 473 F 0.02 0.05
Ba 0.000 0.00 NO3 0.72 0.58
Sr 0.014 0.02 PO4 0.00 0.00
Total, meg/l 12.15 Sio2 0.00 0.00
B 259 0.00
Total, meg! 12.15
Saturations information Chemicals Added, mg/l
CaS04 /KSP * 100 0% NaOH 0.00
BaSO4/KSP * 100 0% NaHCO3 0.00
SrSO4 /KSP* 100 0% Na2CO03 0.00
CaF2/KSP * 100 0% Ca(OH)2 29.20
SiO2 saturation 0% H2S04 0.00
Ca3(P04)2 saturation 0 HCI 0.00
CCPP, mg/l -0.09 Cco2 35.00
Langelier saturation index -0.61 NaOCI 0.50
Ryznar saturation index 9.02
lonic strength 0.01302883
Osmotic pressure 8.25 psi

Figure 31. SWRO Post-treatment water analysis for High temperature scenario, T=34°C. CO; and
Ca(OH); dosages.



2. Low raw seawater temperature results, T= 13°C
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Created on 02/17/2025
Turbo ( Stage1: 79.0 %)
Project name Thesis 174
Client Name LT Pemmeate flow/train 370.75 m3/h
Catherine Total plant product flow 1483.00 m3/h
o Contreras Number of trains 4.00
HP pump flow 741.50 m3h Raw water flow/train 741.50 m3/h
HP Pump pressure 43.6 bar Permeate recovery 50.00 %
Feed pressure 71.2 bar Membrane age 5.0 years
Feed temperature 130°C Flux decline.per year 7.0%
Feed Water pH 7.50 Fouling factor 0.70
Chemical dose, mg/l, 100 % 5.12 H2504 SP increase, per year 100%
Pumping specific energy 3.03 kWhim3 Feed type S S
Pass NDP 27.0 bar Pretreatment Conventional
Average flux 14.3 Imh
Pass- Perm. Flow / Vessel Flux DP Flux Beta Stagewise Pressure Perm. Membrane Membrane PV# x
Stage  Flow Feed Conc Max Perm.  Boost  Exhaust Conc  TDS Type Quantity Elem #
m3/h m3/h m3/h imh bar Imh bar bar bar bar mgil
1-1 3704 74 37 143 06 275 1.05 0.0 275 1.0 708 3884 SWCe-LD 700 100 x 7M
lon (mg/l) Raw Water Feed Water Permeate Water Concentrate 1
Hardness. as CaCO3 778447 7794.47 8.613 15566.4)
Ca 485.00 485.00 0.538 068.6|
Mg 1606.00 1606.00 1.775 3207 4]
Na 13420.00 13420.00 141.907 26674.2]
K 466.00 486.00 8.159 925.0}
NH4 60.00 62.35 1.034 121.7|
Sr 7.500 7.500 0.008 15.0)
CO3 0.08 0.01 0.000 0.1
HCO3 0.50 0.55 0.009 1.0
S04 3383.28 3388.20 7.926 6762.6|
CI 24250.00 24250.00 226.462 48230.5
F 0.60 0.60 0.011 1.2
NO3 6.10 6.10 0.420 11.8
PO4 3.30 3.30 0.008 6.8
OH 0.07 0.01 0.000 0.0
B 4.90 4.90 1.736 8.1
CO2 0.00 0.01 0.01 0.01
NH3 266 0.44 0.44 0.44]
TDS 43693.26 43700.61 388.08 86933.70
pH 8.30 7.50 6.18 7.85|
Saturations Raw Water Feed Water Permeate Water Concentrate Limits
CaSO4 /Ksp* 100. % 20 20 0 69 400
SrSO4 /Ksp * 100, % 28 28 0 68 1200
BaSO4 /Ksp " 100, % o 0 0 0 10000
Si02 Saturation, % 0 0 0 0 140
CaF2/Ksp " 100, % 8 8 0 132 50000
Ca3(P0O4)2 13 04 5.9 19 24
CCPP, mg/l 0.09 -0.10 -024 -0.04
Langelier index -1.39 <215 -7.09 -1.26 28
lonic strength 0.87 0.87 0.01 173
Osmotic pressure, bar 307 30.7 03 61.0
TDS / Osmotic pressure, mg/l.bar 13663 1366.3 1206.0 1366.7

Figure 32. Overall SWRO Projections for low temperature scenario, T=13°C
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i & 2YDRANAUTICS
Integrated Membranes Solutions Design Software N. tto ﬂ Nitto Group Company
Created on 02/17/2025
Turbo ( Stage1: 79.0 %)
34
H2E04 Dosing
Q)
1 2/ 3)—D
(&
Stream No. Flow (m3/h) Pressure (bar) TDS (mgh) pH Econd (uS/cm) (@ 25.0 °C)
1 741 0 43603 8.30 87628
2 741 0 43608 7.50 67626
3 741 438 43701 7.50 87632
4 741 71.2 43701 7.50 67632
5 371 70.6 86034 7.85 120747
8 371 1.00 86034 7.85 120747
7 371 0 388 6.18 839

Figure 33. SWRO Projections and process scheme for high temperature scenario, T=13°C. High
pressure pump, turbocharger and RO membranes.

Integrated Membranes Solutions Design Software:

02/17/2025 07:00:01

Nitto Ffprauumcs

Post Treatment Water Analysis

Project name Thesis
Water source RO Permeate
Pretreatment Conventional
pH 8.05
E.cond 92230 pS/cm (@ 25.0C)
co2 0.761 mg
NH3 0.026 mg/i
Temperature 13 (o]
TDS 4516 mgi
Ton ‘mg/ 'mg/l CacO3) lon ‘mg/l mg/l CacO3|
Ca 16.21 40.53] CO3 0.259 0.43
Mg 177 7.27 HCO3 4723 38.71
Na 14215 309.03| S04 793 8.26
K 6.16 7.88 Cl 226.70 319.75
NH4 1.03 2387 F 0.01 0.03
Ba 0.000 0.00 NO3 042 0.34
Sr 0.008 0.01 PO4 0.01 0.01
Total, meg/ 7.35| Si02 0.00 0.00
B 174 0.00
Total, meg/ 7.35
Saturations information Chemicals Added, mg/l
CasS04/KSP * 100 0% NaOH 0.00
BasS04/KSP * 100 0% NaHCO3 0.00
Srs04/KSP * 100 0% Na2Co3 0.00
CaF2/KSP * 100 0% Ca(OH)2 29.00
Si02 saturation 0% H2S04 0.00
Ca3(P04)2 saturation -14 HCI 0.00
CCPP, mg/ 0.25 Co2 35.00
Langelier saturation index 094 NaoCl 0.50
Ryznar saturation index 9.85
lonic strength 0.008043086
Osmotic pressure 465 psi

Figure 34. SWRO Post-treatment water analysis for High temperature scenario, T=13°C. CO, and

Ca(OH), dosages.



Appendix III: Material Balance results

Table 30. Case 1: Configuration 1 — DAF-UF pretreatment. High temperature (34°C) — High Solids (TSS = 46.7 mg/L)

72

1 2 3 4 5 6 7 8 9 10 i 2 13 14 15 16
STREAM NUMBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED UF FEED UF FILTRATE FILL SWROFEED | SWRO FEED (PER SWRO MEMBRANE | PERMEATE (PER | BRINE REJECT TO | TOTAL PERMEATE | TOTALBRINE | PERMEATE TO POST-| SERVICE WATER | PRODUCT WATER
TRAIN) HPPP DISCHARGE FEED TRAIN) ERD (PER TRAIN) TREATMENT
(PER TRAIN) (PER TRAIN)
PROPERTIES [UNITS
m'm 3003 3396] 3389) 3387] 421 2966 74 742| 74 a7t 371 1483) 1483) 1367 11 1440}
FLOW RATE (CONTINUOS) m’/d 72063} 81500 81337} 81291, 10098 71194 17798 17798 17798 8899 8899 35597] 35597 32807} 2790) 34560}
' A na| Al N | | Al | | NA | NA| Al NA| NA| NA|
FLOW RATE (INTERMITTENT) [m/d NA| NA| NA| NA| NA| NA| NA| NA| NA| NA NA| NA| NAJ NA| NAJ NA|
-c
[TEMPERATURE 34 3| 34 34 34 34 34 34 34 34 34 34 34| 34 34| 34f
bar
PRESSURE 12 41 65| 53] 2] 2] 2] 40| 66.0) 10 10 10 10 10 3.0)
[Tos /L 45174 45174 45174] 45174 45174 45174 45174 45174 45174 671 86646] 671 86646 671 671 735
[Tss ma/L 47 54| 27] 27} - - - - - - - - - - - -
kg (05 140] 182] 91 9.1 - - - - - - - - - - - -
/d (0S) 3365) 4374 219| 219 - - - - - - - - - - - -
pH s.u .18 2 7.50) 750 7.50) 7.50) 7.50) 750 7.50) 647 7.89) 647] 782 647 647 7.9
7 18 19 20 21 2 23 2 25 2 o
STREAM NUMBER
DESCRIPTION SCREENS UFBACKWASH | UF DIRTY BACKWASH | COMBINED UF AND UF CEB TO MOTIVE WATER DAF FLOATS THICKENER CENTRIFUGE | FILTRATE FROM EFFLUENT TO
BACKWASH NEUTRALIZATION FOR INTAKE FROFM DAF UNDERFLOW UNDERFLOW | THICKENER AND OUTFALL
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES uniTS
m’n m m | A | Al 64| 3.4] | NA 1519)
[FLOW RATE (CONTINUOS) m’d NA| NA| NA| | | NA| 163 82| NA| NA 36446]
m°h 86| 1178) 117] 393] 614] 10] NA| NA| 27 62 NA|
[FLOW RATE (INTERMITTENT) s 4 9301 9391 0437 700) 7] NA| Na| 13 150 Na|
-c
[TEMPERATURE 34| 3| 34 34 34 34 34 34 34 34 34
bar
PRESSURE 5.0) 456} 4] 10 1.2] 55| 1] 1] 1] 10 10|
ma/L 45174 45174 45174] 45174 45174 45174 45174 45174 45174 45174 85683
[Tss /L 2.69) - 159 159 214 - 25493 50000) 300000 910 127
ka/h (DS 001 N 62 62 30] N 73] 17 193
g/d (0S) 0.12) - 149) 150) 149) - 4155 4114 4019) 136 464
pH s.u 750 750 7.50) 750 2-10) 7.50) 7.50) 750 7.50) 750 7.75]
CHEMICAL DOSING
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65
STREAM NUMBER
DESCRIPTION NaOCI SHOCK | H,SO, TO DAF FEED | FeClyTO DAF FEED | FeCl, TOUF FEED | NaOCITOUFCEB | NaOHTOUFCEB | H,S0,TO UF CEB | ANTISCALANT TO SWBS TO SATURATED | CARBONIC WATER | NaOCITO POST NaOH TO H:S50, 70 SMBS TO POLYWER TO
DOSIGN AT INTAKE SWRO FEED SWRO FEED HYDRATEDLIME | (CO)TO POST TREATMENT | NEUTRALIZATION | NEUTRALIZATION | NEUTRALIZATION |  CENTRIFUGE
SOLUTION TREATMENT TANK
PROPERTIES uniTs
Lh 250 6] 43 8 102 66 163] 8] 669| 28 45 6 17} 157 832 1008}
[VOLUMETRIC FLOW g 167] 392 1030) 203 26 16] 4 198 446 673 1080] 144 9 78] 78] 5031




Table 31.Case 2: Configuration 1 — DAF-UF pretreatment. High temperature (34°C) — Low Solids (TSS =7 mg/L)
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1 2 3 4 5 6 7 8 9 10 il 12 13 14 15 16
STREAM NUMBER
DESCRIPTION RAW SEAWATER DAF FEED SCREENS FEED UF FEED UF FILTRATE FILL SWROFEED | SWRO FEED (PER SWRO MEMBRANE | PERMEATE (PER | BRINE REJECTTO | TOTAL PERMEATE | TOTALBRINE |PERMEATE TOPOST-| SERVICE WATER | PRODUCT WATER
TRAIN) HPPP DISCHARGE TRAIN) ERD (PER TRAIN) ATMENT
(PER TRAIN) (PER TRAIN)
PROPERTIES UNITS
m'h 3003] 3396| 3389| 3387 421 2966 742) 742| 742} 371 371 1483 1483) 1367} 116 1440}
FLOW RATE (CONTINUOS) m’/d 72063 81500 81337} 81291 10098 71194] 17798 17798 17798| 8899 8899 35597 35507} 32807} 2790 34560}
' NA| Al NA| A A NA Al | Al | [ Al Al Al NA| Al
FLOW RATE (INTERMITTENT) m’id NA| NA| NA| NA| NA| NA NA| NA| NA| NA| NA| NAJ NA| NAJ NA| NA|
'c
I TEMPERATURE 34 34 34 34 34 34 34 34| 34 34 £ 34 34 34 34 34
bar
PRESSURE 12 41 65 5.3 3.8 28 23| 405 66 10 1] 1.0f 1.0f 10) 3.0)
mo/L 45174 45174 45174 45174 45174 45174 45174 45174 45174 671 86646 671 86646] 671 671 735|
Tss ma/L 79| 17.7] 09 09| - - - - - - - - - - - -
kg/h (D) 21 60f 3.0 3.0) - - - - - - - - - - - -
ko/d (DS) 504 1440} 72 72| N - N N - N N - - N N N
pH su 8.18) 750 750 7.50 7.50 750 7.50 7.50) 7.50) 647 7.82) 6.47] 782 647 647 7.9
17 18 19 20 21 22 23 24 25 26 2
STREAM NUMBER
DESCRIPTION SCREENS UF BACKWASH | UF DIRTY BACKWASH | COMBINED UF AND MOTIVE WATER DAF FLOATS THICKENER CENTRIFUGE FILTRATE FROM EFFLUENT TO
BACKWASH CREEN NEUTRALIZATION FOR INTAKE FROFMDAF UNDERFLOW UNDERFLOW | THICKENER AND OUTFALL
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES unITS
' NA| Nl NA Nl Nl NA 64 141 A | 1519)
[FLOW RATE (CONTINUOS) m'ld NA| | NA| Nl N NA| 163] 27] Al NA| 36455|
' 86 1179 1178] 393] 614 10 Nl NA| [ 7 NA|
FLOW RATE (INTERMITTENT) m’/d 46} 9391 9391 9437} 700] 8] NAJ NA| 4.4 159 NA|
-C
[TEMPERATURE 34 34 34 34| 34 34 34 34| 34 34 £
bar
PRESSURE 50) 4.6) 456) 10 12 55 10 19 19 10 10]
mo/L 45174 45174 45174 45174 45174 45174 45174 45174 45174 45174 85673
[Tss mall 269 - 159 8.1 109) - 8391 50000| 300000} 263 82)
kg/h (DS) 0002 - 32 32| 15 - 57.0) 6.4 56/ 125
g/d (DS) 004 - 76 76| 76| - 1368] 1354] 1323) 45| 299)
pH 750 7.5 7.50 7.50 2:10) 7.50 750 7.50) 750 750 7.75
CHEMICAL DOSING
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65
STREAM NUMBER
DESCRIPTION NaOCISHOCK | SO, TO DAF FEED | FeClsTO DAF FEED | FeClsTO UF FEED | NaOCITOUF CEB | NaOHTOUF CEB | H,SO.TO UF CEB | ANTISCALANT TO SMBS TO SATURATED | CARBONIC WATER | NaOCITO POST NaOHTO H:50: TO SMBS TO POLYMER TO
DOSIGN AT INTAKE SWRO FEED SWRO FEED HYDRATED LIME (€02) TO POST TREATMENT NEUTRALIZATION | NEUTRALIZATION | NEUTRALIZATION |  CENTRIFUGE
SOLUTION TREATMENT TANK TANK
PROPERTIES uNITS
Lin 250 16 3] 1 02| 66| 163] 8| 669] 2| 45 §| 17] 157, 832 332]
[VOLUMETRIC FLOW. Lia 167 392 1030 254] 26 16 a1 198] 446) 673) 1080] 144] 9 78] 78] 1656|




Table 32. Case 3: Configuration 1 — DAF-UF pretreatment. Low temperature (13°C) — High Solids (TSS =46.7 mg/L)

74

1 2 3 4 5 6 7 8 9 10 " 12 18 1 15 16
STREAM NUMBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED UF FEED UFFILTRATEFILL | SWROFEED | SWRO FEED (PER SWRO MEVBRANE | PERMEATE (PER | BRINE REJECT TO | TOTAL PERMEATE | TOTALBRINE | PERMEATE TO POST-| SERVICE WATER | PRODUGT WATER
TRAIN) HPPP DISCHARGE TRAIN) ERD (PER TRAIN) TREATMENT
(PERTRAIN) (PER TRAIN)
PROPERTIES UNITS
' 3003 3396) 3389) 3387 421 2966 742| 742| 747 a71 371 1483) 1483 1367 116 1440|
FLOW RATE (CONTINUOS) m'/d 72063 81500} 81337} 81291 10098 71194} 17798 17798 17798| 8899 8899 35597 35597} 32807} 2790) 34560|
[ | | | NA | m | Al m | | m NA | | Al
FLOW RATE (INTERMITTENT) m’id NA| NAJ NA| NA| NA| NA NA| NA| NA| NA| NA| NA| NA| NA| NA| NA|
C
ITEMPERATURE 13| 13) 13| 13 13 13) 13| 13| 13) 13 13 13 13 13 13 13
bar
PRESSURE 12 41 65| 53] 48] 23] 23] 436 712 10 70| 10 10 30) 3] 30)
mg/L 45174 45174 45174 45174 45174 45174 45174 45174 45174 388 86933] 388 86933 388 388 451
[Tss ma/L 47, 54 27 27| - - - - - - - - - - - -
kg/h (OS) 140) 182) 91 9.1 - - - - - - - - - - - -
g/d (0S) 3365 4374 219| 219 - - - - - - - - - - - -
pH su. 8.18] 750 7.50) 7.50 750 7.50) 7.50) 7.50) 7.50) 618 7.85) 618 785 6.18) 6.18] 8.05]
17 18 19 20 21 22 23 24 25 2% .
STREAM NUMBER
DESCRIPTION SCREENS UFBACKWASH | UF DIRTY BACKWASH | COMBINED UF AND MOTIVE WATER DAF FLOATS THICKENER CENTRIFUGE | FILTRATE FROM EFFLUENT TO
BACKWASH CREEN: NEUTRALIZATION FOR INTAKE FROFMDAF UNDERFLOW UNDERFLOW | THICKENER AND
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES uniTS
' | | m NA | m 7 3| m | 1519)
[FLOW RATE (CONTINUOS) m’/d | NA| N | NA| NA| 163 82| NA| NA| 36446]
mh 86| 1178 1178 303 614 10) NA| NA| 3 6 NA|
FLOW RATE (INTERMITTENT) m*/d 46| 9391 9391 9437 700 7| NA| NA| 13) 150, NA|
©
[TEMPERATURE 13| 13 13| 13 13 13) 13| 13| 13) 13 13]
bar
PRESSURE 5] 4] 46| 10 12 55) 19 19 19 10 19
ma/L 45174] 45174 45174] 45174 45174 45174 45174 45174 45174 45174 85064]
[Tss g/l 2.69) - 159 159 214 - 25493] 50000 300000 910 127
ka/n (0S) 001 N 62 62) 297 N a7 71 17 193
g/d (DS) 012 N 14| 150 149 N 4155| 114 4019 136 464]
pH 7.50} 7.50] 7.50} 7.50] 2:10) 7.50} 7.50] 7.50] 7.50} 7.50] 7.75]
CHEMICAL DOSING
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65
STREAM NUMBER
DESCRIPTION NaOCISHOCK | H,SO, TODAF FEED | FeCl;TODAF FEED | FeClsTOUF FEED | NaOCITO UFCEB | NaOHTOUF CEB | H,S0,TO UF CEB | ANTISCALANT TO SMBS TO SATURATED | CARBONIC WATER | NaOCITO POST NaOH TO X SWBS 10 POLYMER TO
DOSIGN AT INTAKE SWRO FEED SWRO FEED HYDRATEDLIME |  (CO2)TO POST TREATMENT | NEUTRALIZATION | NEUTRALIZATION | NEUTRALIZATION |  CENTRIFUGE
TIof TREATMENT TANK TANK
PROPERTIES unITS
Lin 250, 16 43 8 102 65 163 8] 669 28 45 § 17] 157 32| 1008]
[VOLUMETRIC FLOW. Lia 167 302 1030) 203 26 16 4 198 44 673 1080] 144 9 78] 78] 5031




Table 33. Case 4: Configuration 1 — DAF-UF pretreatment. Low temperature (13°C) — Low Solids (TSS =7 mg/L)

75

1 2 3 4 5 6 7 8 9 10 1 2 13 1 15 16
|STREAM NUMBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED UF FEED UF FILTRATE FILL SWRO FEED | SWRO FEED (PER EED | SWRO MEVBRANE | PERMEATE (PER | BRINE REJECTTO | TOTAL PERMEATE | TOTALBRINE |PERMEATE TO POST-| SERVICE WATER | PRODUCT WATER
TRAIN) HPPP DISCHARGE FEED TRAIN) ERD (PER TRAIN) REJECT MENT
(PER TRAIN) (PERTRAIN)
PROPERTIES UNITS
' 3003 3399 3389 3387 421 2966] 742| 742 742 371 a7t 1483 1483) 1367] 116} 1440
FLOW RATE (CONTINUOS) m’/id 72063 81500) 81337} 81291 10098 71194] 17798 17798} 17798} 8899 8899 35597} 36597} 32807} 2790) 34560
' na| na| na| na| | | | Al Al | na| Al | | NA| NA|
FLOW RATE (INTERMITTENT) m’id NA| NA| NA| NA| NA| NA| NA| NA| NA| NA| NA| NA| NA| NA| NA| NA|
-c
TEMPERATURE 13] 13) 13 13 13] 13] 13 13] 13] 13 13] 13] 13 13 13 13
bar
PRESSURE 12] 41 6.5) 5.3) 58] 24 2] 436 712) 10 1.0} 10 4.0) 40) 30|
ol 45174 45174] 45174] 45174] 45174 45174] 45174 45174] 45174 388 86933 388] 86933 q of 451
TSS /L 70} 177] 0] 09| - - - - - - - - - - - -
kg/h (DS) 210) 600 3.0] 3.0] - - - - - - - - - - - -
kg/d (DS) 504 1440) 72 72 - - - - - - - - - - - -
pH s.u 8.15] 750 750 750 7.50) 7.50) 7.50) 7.50) 7.50) 6.18) 7.85] 6.15] 7.85 6.18) 6.15] 8.05]
7 18 19 20 21 22 23 2 25 26 2
|STREAM NUMBER
DESCRIPTION SCREENS UFBACKWASH | UF DIRTY BACKWASH | COMBINED UF AND UF CEBTO MOTIVE WATER DAF FLOATS THICKENER CENTRIFUGE | FILTRATE FROM EFFLUENT TO
BACKWASH SCREENS NEUTRALIZATION FOR INTAKE FROFM DAF UNDERFLOW UNDERFLOW | THICKENER AND OUTFALL
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES UNITS
m’ih NA| NA| NA| NA| NA| NA| 7l 1 NA| NA| 1519)
[FLOW RATE (CONTINUOS) m®/d NAJ NAJ NA NA) NA| NA| 163] 27] NA| NA| 36455)
[m’n 86} 1178 1179 393 614] 10) Al Al 1 7 A
[FLOW RATE (INTERMITTENT) ma 46 9391 9391 9437 700 7] Al Al 4 159) m
-C
TEMPERATURE 13] 13) 13) 13 13] 13] 13 13] 13] 13 13
bar
PRESSURE 50) 4.6) 4.6) 10 12| 55) 1] 1.0] 1.0} 10 10}
DS [/l 45174] 45174] 45174] 45174] 45174 45174] 45174 45174] 45174 45174 85054
TSs ma/L 09| - 8.1 8.1 109) - 8391 50000 300000 283 82|
[kg/h (OS 0.002) - 32} 32} 15] - 57 56 5.6) 12)
kg/d (DS) 0.04] 5 76) 79 76 - 1368 1354 1323 45 299]
pH s.u 7.50) 750 750 750 210 7.50) 7.50) 7.50) 7.50) 750 7.75)
CHEMICAL DOSING
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65
STREAM NUMBER
DESCRIPTION NaOCI SHOCK | H,SO, TO DAF FEED | FeCl TODAFFEED | FeChTO UFFEED | NaOCITO UFCEB | NaOHTOUF CEB | H,S0,TOUFCEB | ANTISCALANT TO SVBS TO SATURATED | CARBONICWATER | NaOCITO POST @OHTO 150,70 SVBS TO POLYMER TO
DOSIGN AT INTAKE SWRO FEED HYDRATEDLIME |  (CO;)TO POST TREATNENT NEUTRALIZATION | NEUTRALIZATION | NEUTRALIZATION |  CENTRIFUGE
SOLUTION TREATMENT TANK TANK
PROPERTIES uNITS
Ln 250 16 a3 11 102 66 163 8] 669| 28 45 6| 17 157 32| 332
VOLUMETRIC FLOW Lia 167 392, 1030 254] 26 16] a1 198 44| 673 1080) 144 9 78] 78 1656)




Table 34. Case 5: Configuration 2 — DAF-MMF pretreatment. High temperature (34°C) — High Solids (TSS = 46.7 mg/L)

1 2 3 4 5 6 7 8 9 10 B 12 13 14 15 16
STREAM NUMBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED VF FEED MMF FILTRATE FILL | SWROFEED | SWROFEED (PER | SWROFEED _ | SWRO MEMBRANE | PERMEATE (PER | BRINE REJECT TO | TOTAL PERMEATE | TOTALBRINE | PERMEATE TOPOST-| SERVICE WATER | PRODUCT WATER
TRAIN) HPPP DISCHARGE TRAIN) ERD (PER TRAIN) REJECT TREATMENT
(PER TRAIN) (PER TRAIN)

PROPERTIES [UNITS

m'n 2074| 3627] 3620) 3618 651 2966 74 742 74 371 371 1483/ 1483} 1367] 43 1440}
FLOW RATE (CONTINUOS) m*/d 71374 87048] 86874] 86828) 15635] 71194] 17798 17798 17798 8899 8899| 35507| 35507 32807| 1037} 34560)

' A A | N | | | | | NA | | A | A A
FLOW RATE (INTERMITTENT) md n m | A m | | m | NA | | m | m m

-c
ITEMPERATURE 34| 3| 34 34| 34 34 34 34 34 3 34 34 34| 34 34| 34|

ar
PRESSURE 12 41 65| 53] 23] 28] 2] 05| 66.0) 10 65.6| 10 10 10 10 3.0)

ma/l 45174 45174 45174] 45174 45174] 45174 45174] 45174 45174] 671 86646] 671 86646 671 671 735
[Tss /L 47 52| 2] 2] - - - - - - - - - - - -

kg (05 139) 190) 95| 95| - - - - - - - - - - - -

kg/d (0S) 3333 4565 228 228 - - - - - - - - - - - -
pH s.u .18 750 7.50) 750 7.50) 7.50) 7.50) 750 7.50) 647 7.82 647 782 647 6.47] 7.98

7 18 19 20 21 2 23 2 25 2 .
STREAM NUMBER
DESCRIPTION SCREENS NIVIF BACKWASH | MVF DIRTY BACKWASH | COMBINED MVF AND NA| MOTIVEWATER | DAF FLOATS THICKENER FILTRATE FROM EFFLUENT 10
BACKWASH SCREENS FOR INTAKE FROFM DAF UNDERFLOW UNDERFLOW | THICKENER AND OUTFALL
BACKWASH CHLORINATION CENTRIFUGE

PROPERTIES uniTs

m'm A A | N | | 73] 36) | N 1490)
FLOW RATE (CONTINUOS) i A A | NA | | 174 86 A NA 35757

mn 86 977 977 653 A 10) | m 28] 67, m
FLOW RATE (INTERMITTENT) m’d 48] 15628| 15628 15674 | 62| NA| NA| 14] 160 NA|

-C
|TEMPERATURE 34| 3 34 34 A 34 34 34 34 34 34

bar
PRESSURE 50) 48] 48] 10 N 55) 1] 19| 19| 10 1]

/L 45174 45174 45174] 45174 A | 45174] 45174 45174] 45174 86463]
Tss ma/L 256] - 20 20 A - 24910 50000 300000 888 90)

kg (05 001 - 131 13 A - 181 179) 839] 18] 133

g/d (0S) 0.12) - 314 314 A - 4337 4293 4195 142) 320
pH s.U 750 750 7.50) 750 A 7.50) 7.50) 750 7.50) 750 7.75]
CHEMICAL DOSING

50 51 52 53 54 55 56 57 58 59
STREAM NUMBER
DESCRIPTION NaOCISHOCK | H;SO, TO DAF FEED | FeCl; TO DAF FEED FeCl; TO MMF ANTISCALANT TO SMBS TO SATURATED | CARBONIC WATER | NaOCITO POST POLYMER TO
DOSIGN AT INTAKE SWRO FEED SWRO FEED HYDRATEDLIME | (CO,) TO POST TREATMENT CENTRIFUGE
SOLUTION TREATMENT
PROPERTIES UNITS
Lh 248 16 42) 9| 8 669 28| 45| 6| 1052

VOLUMETRIC FLOW Lid 165] 388| wzﬁ 217] 19| 446 673 mezd 144 52?'




Table 35. Case 6: Configuration 2 — DAF-MMF pretreatment. High temperature (34°C) — Low Solids (TSS =7 mg/L)

77

1 2 3 4 5 6 7 8 9 10 " 12 18 1 15 16
STREAM NUMBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED UF FEED UFFILTRATEFILL | SWROFEED | SWRO FEED (PER SWRO MEVBRANE | PERMEATE (PER | BRINE REJECT TO | TOTAL PERMEATE | TOTALBRINE | PERMEATE TO POST-| SERVICE WATER | PRODUGT WATER
TRAIN) HPPP DISCHARGE TRAIN) ERD (PER TRAIN) TREATMENT
(PERTRAIN) (PER TRAIN)
PROPERTIES UNITS
' 2074 3627] 3620) 3618 651 2966 742| 742| 747 a71 371 1483) 1483 1367 43 1440|
FLOW RATE (CONTINUOS) md 71374 8704 86874] 86828 15635 71194 17798 1779g| 17798 8899 8899) 35507 35597 32807 1037] 34560
[ | | | NA | m | Al m | | m NA | | Al
FLOW RATE (INTERMITTENT) m’id NA| NAJ NA| NA| NA| NA NA| NA| NA| NA| NA| NA| NA| NA| NA| NA|
C
ITEMPERATURE 34 34| 34 34 34 34| 34 34 34| 34 34 3 34 34 34 34
bar
PRESSURE 12 41 65| 53] 38 23] 23] 405| 66.) 10 65.6| 10 10 10 10 30)
mg/L 45174 45174 45174 45174 45174 45174 45174 45174 45174 671 86646] 671 86646 671 671 735|
Tss mg/L 7 18} 09| 03] - - - - - - - - - - - -
kg/h (OS) 21 66 33 33 - - - - - - - - - - - -
g/d (0S) 500 1562) 79 79 - - - - - - - - - - - -
pH su. 8.18] 750 7.50) 7.50 750 7.50) 7.50) 7.50) 7.50) 647 7.82) 6.47] 782 647 6.47] 7.98)
17 18 19 20 21 22 23 24 25 2% .
STREAM NUMBER
DESCRIPTION SCREENS UFBACKWASH | UF DIRTY BACKWASH | COMBINED UF AND NA|  MOTIVE WATER DAF FLOATS THICKENER CENTRIFUGE | FILTRATE FROM EFFLUENT TO
BACKWASH CREEN: FOR INTAKE FROFMDAF UNDERFLOW UNDERFLOW | THICKENER AND
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES uniTS
' | | m NA | m 73] 12) m | 1490)
[FLOW RATE (CONTINUOS) m’/d | NA| N | NA| NA| 174 30) NA| NA| 35766]
mh 86| 977 o717 653 | 10) NA| NA| 1.0} 7 NA|
FLOW RATE (INTERMITTENT) m*/d 46| 15628 15628 15674 NA| 68| NA| NA| 5§ 169 NA|
©
[TEMPERATURE 34 34 34 34 | 34 34 34 34| 34 34
bar
PRESSURE 5] 4] 46| 10 NA| 55) 19 19 19 10 10
ma/L 45174] 45174 45174] 45174 NAlNA 45174 45174 45174 45174 86452]
[Tss g/l 2] - 20 11 NA| - 8634 50000 300000 291 6|
ka/n (0S) 0.002] N 69 7 NA| N 63] 62 o1 6 o
g/d (DS) 0.04 N 65| 165 NA| N 1503] 1as8| 1454 49 227]
pH 7.50} 7.50] 7.50] 7.50] NA| 7.50} 7.50] 7.50] 7.50} 7.50] 7.75]
CHEMICAL DOSING
50 51 52 53 54 55 56 57 58 59
STREAM NUMBER
DESCRIPTION NaOCISHOCK | H;S0; TO DAF FEED | FeClsTO DAF FEED FeCls TO MVF ANTISCALANT TO SMBS TO SATURATED | CARBONIC WATER | NaOCITO POST POLYMER TO
DOSIGN AT INTAKE SWRO FEED SWROFEED | HYDRATEDLIME | (CO)TOPOST TREATMENT CENTRIFUGE
SOLUTION TREATMENT.
PROPERTIES unITS
L 2a8] 1 42 11 8 669 2 45 § 365
[VOLUMETRIC FLOW. Lia 165 388 1020) 271 198 44 673] 1080] 144 1820)




Table 36. Case 7: Configuration 2 — DAF-MMF pretreatment. Low temperature (13°C) — High Solids (TSS = 46.7 mg/L)

78

1 2 3 4 5 6 7 8 9 10 " 2 13 1a 15 16
STREAM NUVBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED UF FEED UF FILTRATE FILL SWROFEED | SWRO FEED (PER EED | SWROMEMBRANE | PERMEATE (PER | BRINE REJECTTO | TOTAL PERMEATE | TOTALBRINE | PERMEATE TO POST-| SERVICE WATER | PRODUCT WATER
TRAIN) HPPP DISCHARGE FEED TRAIN) ERD (PER TRAIN) REJECT TREATMENT
(PER TRAIN) (PERTRAIN)
PROPERTIES UNITS
' 2074 3627 3620) 3618 651 2966 742 742 742 a7 371 1483 1483 1367 43 1a49)
FLOW RATE (CONTINUOS) '/ 71374 8704} 86874] 86828 15635 71194 17798 17798 17798 8899 8899 35597 35507 32807] 1037] 34560
m’h NA| NA| Na| NA NA| NA NA| NA| NA| NA| NA NA| NA| NA| NA NAJ
FLOW RATE (INTERMITTENT) '/ m m Al NA NA| NA N [ NA| m NA | NA NA| m m
©
TEMPERATURE 13] 13 13 13 13 13 13 13 13 13 13 13) 13 13 13 13
bar
PRESSURE 12 41 65| 53 48] 238 28] 436 71.2] 1 706 10 10 3] 3] 30]
mo/L 45174] 45174] 45174] 45174 45174] 45174 45174] 45174] 45174] 388 86933 388 86933 388 388 451
TSS mg/L 47] 52 26| 2] - - - - - - - - - - - -
kg (08 139) 190 95| 95| - - - - - - - - - - - -
kq/d (DS) 3333 4565 22| 228 - - - - - - - - - - - -
pH su. 8.18] 7.50) 7.50) 750 7.50) 750 7.50) 7.50) 7.50) 618 785 6.18] 785 6.18] 6.18] 8.05)
17 18 19 20 21 22 23 2 25 26 2
|STREAM NUVBER
DESCRIPTION SCREENS UFBACKWASH | UF DIRTY BACKWASH | COMBINED UF AND NA| MOTIVE WATER DAF FLOATS THICKENER CENTRIFUGE | FILTRATE FROM EFFLUENT TO
BACKWASH SCREENS FOR INTAKE FROFM DAF UNDERFLOW UNDERFLOW | THICKENER AND OUTFALL
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES uniTS
m’n NA| NA| NA| NA| NA| NA| 73 3.4 NA| NA| 1490]
[FLOW RATE (CONTINUOS) m’d NA| NA| NA| NA| NA| NA| 174) 8] NA| NA| 35757]
m'n 86} 97.7] 977 653/ NA| 10) Al Al 23] 7 [
[FLOW RATE (INTERMITTENT) m/d 46 15626 15628 15674 | 65 | | 14] 160 Al
C
TEMPERATURE 13] 13] 13] 13 | 13 13] 13] 13] 13 13
bar
PRESSURE 5] 4] 48] 10 | 55 1] 1.0] 1] 10 10
g/l 45174] 45174] 45174] 45174 NAJNA 45174] 45174] 45174] 45174] 86748
1SS mg/L 26} - 20 20 NA| - 24910} 50000 300000 858 9
kg (0S) 001 - 131 13 NA| - 181 179) 839) 18] 13
g/d (OS) 0.12] - 314] 314 NA| - 4337 4293 4195] 142 320
oH su 750) 7.50) 7.50) 750 NA| 750 7.50) 7.50) 7.50) 750 775
CHEMICAL DOSING
50 51 52 53 54 55 56 57 58 59
STREAM NUVBER
DESCRIPTION NaOCI SHOCK | HSO. TO DAF FEED | FeClyTO DAF FEED FeCly TO MVF ANTISCALANT TO SMBS TO SATURATED | CARBONIC WATER | NaOCI TO POST POLYMER TO
DOSIGN AT INTAKE SWRO FEED HYDRATEDLIME | (CO;) TO POST TREATMENT CENTRIFUGE
SOLUTION TREATMENT
PROPERTIES unITS
Lin 2a8] 16] 42 9 8] 669 28 45 6| 1052
VOLUMETRIC FLOW. Lig 165 388 1020) 217 198 446 673) 1080) 144 5251




Table 37. Case 8: Configuration 2 — DAF-MMF pretreatment. Low temperature (13°C) — Low Solids (TSS =7 mg/L)

79

1 2 3 4 5 6 7 8 9 10 11 2 13 14 15 16
STREAM NUMBER
DESCRIPTION RAW SEA WATER DAF FEED SCREENS FEED UF FEED UFFILTRATE FILL | SWROFEED | SWROFEED (PER | SWROFEED _ | SWRO MEMBRANE | PERMEATE (PER | BRINE REJECTTO | TOTAL PERMEATE | TOTALBRINE | PERMEATE TO POST-| SERVICE WATER | PRODUCT WATER
TRAIN) HPPP DISCHARGE TRAIN) ERD (PER TRAIN) TREATMENT
(PER TRAIN) (PER TRAIN)
[PROPERTIES UNITS
m'/n 2974) 3627) 3620 3618 651 2966 742] 742 742 371 371 1483 1483 1367] 43] 1440|
FLOW RATE (CONTINUOS) m’id 71374] 87048} 86874] 86828 15635] 71194} 1779g| 17798 17798 8899 8899| 35597| 35507 32807 1037 34560)
m’m NA| NA| NAJ NA| NAJ NAJ NAJ NA| NA| NA| NA NA| NA| NA NA| NA|
FLOW RATE (INTERMITTENT) m/a | | m A | | | A A | | A | | A |
°C
TEMPERATURE 13 13 13 13) 13 13| 13| 13] 13] 13| 13 13] 13} 13 13 13
oar
PRESSURE 12) 41 65) 53 58 28 28 436 712 19 708 10] 19 40| 40 30
oS ma/L 45174 45174 45174] 45174 45174 45174 45174 45174 45174 388 56933] 38| 56933) 368 368 451
Tss malL 7] 18] 03] 09 - - - - - - - - - - - -
kg/h (DS) 21 66 3.3] 3.3 - - - - - - - - - - - -
kg/d (DS) 500) 1582] 79| 79| - - - - - - - - - - N -
pH [S.U. 8.18] 7.50] 7.50| 7.50| 7.50] 7.50] 7.50] 7.50] 7.50] 6.18] 7.85| 6.18] 7.85) 6.18| 6.18] 8.05]
17 18 19 20 21 2 2 24 25 2 .
STREAM NUMBER
DESCRIPTION SCREENS UF BACKWASH | UF DIRTY BACKWASH | COMBINED UF AND NA| MOTIVEWATER | DAF FLOATS THICKENER CENTRIFUGE | FILTRATEFROM |  EFFLUENTTO
BACKWASH SCREENS FOR INTAKE FROFM DAF UNDERFLOW UNDERFLOW | THICKENER AND OUTFALL
BACKWASH CHLORINATION CENTRIFUGE
PROPERTIES uniTs
m’m NA| NA| NAJ NA| NAJ NAJ 7.3] 12 NA| NA| 1490|
[FLOW RATE (CONTINUOS) m’/d NA| | | NA| NA| NA| 174] 30| NA| A 35766]
[m*h 86} 97.7] 97.7} 653 NAJ 10.2) NAJ NA| 1.0} 7.1 NA
FLOW RATE (INTERMITTENT) md 46 1562 15628] 15674] A 63 na| | 48] 169) |
"C
[TEMPERATURE 13] 13 13 13 NAJ 13} 13} 13} 13} 13 13]
[bar
PRESSURE 50 48 4] 10 | 55 19 10 10 19 10
mall 45174] 45174] 45174 45174 NAINA 45174] 45174 45174 45174] 56738]
Tss mail 09 5 11 11 A - 8634] 50000 300000 291 6.4
kg/h (DS 0.002] - 6.9| 6.9| NAJ - 63} 62) 291 6.2] 9.5)
ko/d (DS) 0.4 - 165) 165] A - 1503) 1488 1454 49 227]
oH U 7.50) 750) 750 750 A 750 750 750 750 750 775
CHEMICAL DOSING
50 51 5 5 5 5% % 57 58 ]
STREAM NUMBER
IDESCRIPTION NaOCI SHOCK H2S04 TO DAF FEED FeCls TO DAF FEED FeCl; TO MMF ANTISCALANT TO SMBS TO SATURATED CARBONIC WATER [ NaOCI TO POST POLYMER TO
DOSIGN AT INTAKE SWRO FEED SWRO FEED HYDRATEDLIME | (COz)TO POST TREATMENT CENTRIFUGE
SOLUTION TREATMENT
PROPERTIES uniTs
Ln 245 1 4 11 9 669) 28] 5 o 369
VOLUMETRIC FLOW. L 165} 368 1020] 271 18] 446 673 1080) 144 1820)




Appendix [V: Operational cost calculations

Table 38. Electrical consumption — Configuration 1
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1
. Hour Total Annual
Capacity | Capacity ?:::::rg: Power | Hydraulic Motor p:\:::::;:) | p::se‘:r(k:::\l] Operatinga oi‘lr‘:«i[:n Consumption | - Cost (USD)
(m3/h) Limin (bar) (kW) efficiency | efficiency | estimated year (MWh)
1[1 op+1 stoy [sanitaryLitt Station Pump 115] 192 32[ 10 085 092 13 0001 4030 1 52 314
2|2 0p +1stby [Seawater Intake Pumps 1501.5] 25025] 45 1877 085 092 250.0 0.250 8059 2 4030 241776
3[10p + 1stby [ArBackwash Compressor - - - - - 220 0022 448 1 10 591
4la 0p Flash Mixing Tank Mixer - - - - - 37 0004 8059 4 119 7157
5[40p Flocculation Tank Mixer - - - - - 37 0004 8059 4 119 7157
6[40p Flotation Tank Skimmer - - - - - 075 0001 8059 4 24 1451
7|4 0p+1stoy |Pressurization Pump 90.09 1502) 1| 275 085 092 37.0 0037 8059 4 1193 71566
8[10p + 1stby [DAF Ar Compressor - - - - - 185 0019 8059 1 149 8946
9[1 0p + 1stby [DAF Float Sump Mixer - - - - - 37 0004 8059 1 30 1789
10|1 0p + 1stby |DAF FloatPump 68 113 75 14 060 0.60 40 0004 8059 1 32 1934
11]10p Rotary Drum Thickener - - - - - 08 0001 8059 1 60 363
12|10p+1 sty _|Sludge Pump 34 57, 15 14 060 0.60 55 0006 2686 1 15 887
13|10p Centrifuge - - - - - 48.2 0048 2686 1 129 7769
14[10p Sludge sump Agitator - - - - - 37 0004 8059 1 30 1789
15[2 0p +1 stoy [UF Feed Pumps/MVF Feed pumps. 16935 28225 556 2616 085 092 335.0 0335 8059 2 5400 323980
16]1 op + 1 stby |Dirty backwash pumps 21021 3504 354 207 070 0.80 37.0 0037 8059 1 298 17891
17[1 0p + 1 stby |UF/MVF Backwash Pump 1178 19633 56] 1832 085 092 224.0 0224 4030 1 903 54158
18[20p UF Pre Filters - - - - - 050 0001 4030 2 40 242
19[1 0p + 1stby |MMF Air scour blowers - - - - - - 0000 8059 0 0.0 0
20[1 0p + 1 stoy [Motive water pump 10 167 63 18 085 092 22 0002 225 1 05 30
21[10p + 1stoy Tank Pump 700 11667 15] 292 085 092 37.0 0037 8059 1 298 17891
22[4.0p High Pressure Pumps. 742 12367 40 8244 090 095 980.0 0980 8059 4 31592 1895524
231 0p SWRO CIP Tank Heater (Acid) - - - - - 110.0 0110 20 1 22 132
24]2 0p +1stby_|SWRO CIP Recirculation Pump 900 15000 5 1250 085 092 160.0 0160 20 2 64 384
2510p SWRO CIP Tank Heater(Caustic) - - - - - 110.0 0110 20 1 22 132
261 0p UF CIP Tank Heater - - - - - 350 0035 20 1 07 42
27[1 0p + 1 stby |UF CIP Recirculation Pump 185 3083 45 234 085 092 30.0 0030 20 1 06 36
281 0p + 1ty [Instrument Air Compressor - - - - - 83.0 0083 8059 1 669 40135
29[1 0p + 1 stby_|Senvice Water Pump 116, 1933 25| 81 085 092 112 0011 8059 1 90 5416
30[1 0p + 1 sty [Flushing Water Pump 550 9167 23 351 085 092 45.0 0045 81 1 36 218
31[10p + 1stby | Desalinated Water Transfer Pump 1440 24000 219 876 085 092 112.0 0112 8059 1 903 54158
32[10p + 1stby_|CO2 Vaporizers - - - - - 55 0006 8059 1 44 2660
33[1op. CO2 Storage tank Unit - - - - - 55 0006 8059 1 44 2660
34[10p + 1stby | Carbonic acid Pump. 45| 750| 35 44 0.85 092 56 0.006 8059 1 45 2708
351 0p. [Bin Activator - - - - - 22 0002 8059 1 18 1064
36[1 0p. Lime Preparation Tank Mixer - - - - - 37 0004 8059 1 30 1789
37[10p + 1 stby_|Hydrated Lime SlurryPump 28 467 22| 17 085 092 22 0002 8059 1 18 1064
381 op. Dust Collector - - - - - 22 0002 8059 1 18 1064
391 op. Lime Screw Conveyor - - - - - 075 0001 8059 1 6.0 363
40[1 op + 1 stby_|Saturated Ca(OH)2 Dosing Pump 28 467 55 43 060 050 15.0 0015 8059 1 121 7253
41[10p Lime Saturator Mixer - - - - - 075 0001 8059 1 60 363
42[10p Lime Saturator Scrapper - - - - - 08 0001 8059 1 60 363
43[1 op + 1 stby_|Lime Sludge Pump 105 175 45| 13 060 060 37 0004 8059 1 30 1789
44]1 0p + 1 stby |Antiscalant Dosing Pump 0.008 0.13) 55 00 030 050 037 0000 8059 1 298 179
45[10p FeCl3 Truck Unloading Pump 12 200 55 18 085 092 22 0002 50 1 011 7
46[1 0p + 1stby |DAF FeCI3 Dosing Pump 0.043 07| 75 00 060 050 025 0000 8059 1 201 121
47[1 0p + 1 stby [UFIMVF FeCI3 Dosing Pump 0.008 0.1 75 00 0.60 0.60 025 0000 8059 1 201 121
48[1 0p + 1 stby [NaOH UF CEB Dosing Pump 0.066 11 75 00 060 060 0550 0001 84 1 005 3
49[1 0p + 1 stby [NaOCI UF CEB Dosing Pump. 0.102 1.7 75 00 0.60 0.60 0550 0001 84 1 005 3
50[10p + 1stoy [H2504 UF CEB Dosing Pump 0.163 27| 75 00 060 0.60 0550 0001 84 1 005 3
51[10p NaOCI Truck Unloading Pump 12 200] 200 13 060 0.60 37 0004 50 1 019 11
E‘w op + 1stby |NaOCI Intake Dosing Pump 0.25( 42| 89 01 0.60 0.60 15 0.002 8059 1 12 725
53[10p + 15ty |Post treatment NaOCI Dosing Pump 0.006] 01 5500 060 0.60 037 0000 8059 1 3 179
54]10p + 1stby |SMBS SWRO Dosing Pump 0.669 112) 75 o1 060 060 1.50 0002 8059 1 12 725
55[10p + 1 stby |SMBS Neutralization Dosing Pump. 0832 13.9) 55 01 0.60 0.60 1.50 0002 84 1 0 8
561 0p. SMBS Mixer - - - - - 075 0001 8059 1 6 363
57[10p NaOH Storage Tank Heater - - - - - 6 0006 8059 1 48 2901
581 0p NaOH Truck Unloading Pump 12 200 55 18 085 092 37 0004 50 1 0 11
59]10p + 1stby [NaOH CIP Dosing Pump 0.085 14 55 00 060 060 037 0000 8059 1 3 179
60[1 0p + 1stby [NaOH i Tank Dosing Pump 0017 03] 55 00 0.60 0.60 037 0000 84 1 [ 2
61[1.0p + 1stoy [Polymer Preparation Pump 008 1.3 2[00 060 0.60 06 0001 8059 1 4 266
621 0p + 1stby_|Polymer Dosing Pump 1.008, 17| of 03 0.60 0.60 15 0002 2686 1 4 242
631 0p Polymer Preparation Tank Agitator - - - - - 075 0001 8059 1 6 363
64]10p + 1ty |CIP Chemicals Dosing Pump 4 67, 85 09 060 060 4.00 0004 20 1 0 5
651 0p. CIP Chemical Preparation Tank Agitator |- - - - - 075 0001 20 1 0 1
661 0p H2504 Truck Unloading Pump. - - - - - 37 0004 50 1 0 11
67[10p + 1stby |H2S04 DAF Dosing Pump. - - - - - 037 0000 8059 1 3 179
681 0p + 1stby [H2504 ion Tank Dosing Pump 0.157 26| 5.5| 0| 060 0.60) 0.3700) 0.000 84) 1 o| 2
Total Process Loads 2799) 2799 $ 2,793,601
Other Electrical services (Lighting, Auxiliary |
Senices Transformer, UPS etc.) +10% of process Loads 280 0280 8059 1 2256|$ 135347
Total 3079) 3.079) Total costiyear S 2928948
[Averaged flow | 1368[m3m |
[Energy Consumption [ 2.25[KWh/im3__|
Notes:
1. The electricity price used is 60 USD/MWh (BloombergNEF, 2024).
2. It has been assumed that the system considers a run time of 92%.
3. The following assumptions on power requirement have been made for auxiliary equipment inside the facilities:

Mixers, Skimmer and conveyors: 0.75-3.7 kW, Air compressors for DAF: 18.5 kW, Lime dust collector an activator: 22 kW, Selfcl

: 0.5 kW, Rotary drum thickener:

0.5 kW, Centrifuge: 48 kW, SWRO CIP heaters : 110 kW, UF CIP heaters: 35 kW, CO2 vaporizers: 5.5 kW, MMF Air Scour blowers: 22 kW and Dosing pumps: 0.37 — 1.5 kW.

4. Hours of operation of auxiliary equipment considered:

Centrifuge operates 8h/day, UF CEB/Neutralization dosing pumps operate 0.25h a day, Sanitary lift station operates 0.5 h a day, Flushing water pumps (membrane cleaning purposes)

operate 1% of the year, Chemical unloading pumps operate 50h a year, Motive water pumps operate 40 min a day, Air backwash compressor (Intake ) opearates 40 min, twice a day,

the UF/MMF Backwash pumps ( as applicable) operate only half of the time in a year.




Table 39. Electrical consumption — Configuration 2

81

Configuration 2
Discharge Motor Absorbed | Absorbed Hour Units in Total Annual
paring Capacity Capacity Pressure  |Power Hydraulic power (kW) - | power (w) | OPeratinga [ o tion | Comsumption | Cost(USD)
(m3/h) Limin (bar) (kW) ci estimated year (Mwh)
1[10p+1 sty _[Sanitary Lift Station Pump 115 192 32 10 085 092 13 0.001 4030 1 524 314
2|20p +1stby |Seawater Intake Pumps 1487 24783 45 1859 085 092 2400 0240 8059 2 3868.42 232105
3|10p +1stoy |ArBackwash Compressor - - - - - - 220 0022 448 1 985 591
4l40p Flash Mixing Tank Mixer - - - - - - 37 0.004 8059 4 119.28 7157
5|40p Flocculation Tank Mixer - - - - - - 37 0.004 8059 4 119.28 7157
6[40p Flotation Tank Skimmer - - - - - - 075 0.001 8059 4 24.18 1451
7|4 0p +1stby _|Pressurization Pump 89.22 1487 1 273 085 092 350 0035 8059 4 112829 67697
8|10p +1stby |DAF Ar Compressor - - - - - - 185 0019 8059 1 149.10 8946
9|10p +1stby |DAF Float Sump Mixer - - - - - - 37 0.004 8059 1 29.82 1789
10]10p + 1 stby |DAF FloatPump 73 122 75 15 0.60 060 42 0.004 8059 1 33.85 2031
11]10p Rotary Drum Thickener - - - - - - 08 0.001 8059 1 604 363
12|10p+1stby |[Sludge Pump 36 60 15 15 0.60 060 42 0.004 2686 1 1128 677
1310p Centrifuge - - - - - - 482 0.048 2686 1 12948 7769
14|10p Sludge sump Agitator - - - - - - 37 0.004 8059 1 2982 1789
15]2 0p +1 stoy |UF Feed Pumps/MMF Feed pumps 1809 30150 556 2794 085 092 3600 0.360 8059 2 5802.62 348157
16|1 0p + 1 stby |Dirty backwash pumps 208.18 3470 354 205 0.70 080 370 0037 8059 1 298.19 17891
17|10p + 1 stby |UF /MMF Backwash Pump 97.7 1628 56 152 0.85 092 20.0 0.020 4030 1 80.59 4836
182 0p UF Pre Filters - - - - - - 04 0.000 4030 2 298 179
191 0p + 1 stby |MVF Air scour blowers - - - - - - 220 0022 4030 1 88.65 5319
20[10p + 15ty [Motive water pump 10 167 63 18 085 092 22 0.002 225 1 049 30
21[10p+15stby Tank Pump 700 11667 15 292 085 092 37.0 0037 8059 1 298.19 17891
22[4 0p High Pressure Pumps 742 12367 40 8244 0.90 095 980.0 0980 8059 4 31592.06 1895524
23[10p SWRO CIP Tank Heater (Acid) - - - - - - 110.0 0.110 20 1 220 132
24[2 0p +1stby [SWRO CIP Recirculation Pump 900 15000 5 1250 0.85 092 160.0 0.160 20 2 640 384
25[10p SWRO CIP Tank Heater(Caustic) - - - - - - 110.0 0.110 20 1 220 132
26[10p UF CIP Tank Heater - - - - - - - 0.000 20 1 0.00 0
27[10p +15stby [UF CIP Recirculation Pump - - - - - - - 0.000 20 1 000 [
28[10p +15tby [Instrument Air Compressor - - - - - - 83.0 0.083 8059 1 66891 40135
29[10p + 1tby [Service Water Pump 116 1933 25 8.1 085 092 12 0011 8059 1 90.26 5416
30[10p +1stby [Flushing Water Pump 550 9167 23 354 0.85 092 450 0045 81 1 363 218
31[10p + 1stby |Desalinated Water Transfer Pump 1440 24000 219 876 085 092 1120 0112 8059 1 90263 54158
32[10p + 15ty |CO2 Vaporizers - - - - - - 55 0.006 8059 1 2433 2660
33[10p CO2 Storage tank Refrigeration Unit - - - - - - 55 0,006 8059 1 4433 2660
34]10p + 1 stby |Carbonic acid Pump 45 750 35 44 085 092 56 0.006 8059 1 4513 2708
35[10p Bin Activator - - - - - - 23 0.002 8059 1 18.13 1088
36[10p Lime Preparation Tank Mixer - - - - - - 37 0,004 8059 1 2982 1789
37[10p + 15ty |Hydrated Lime Slurry Pump 28 467 22 17 0.85 092 22 0.002 8059 1 1773 1064
38[10p Dust Collector - - - - - - 22 0,002 8059 1 1773 1064
39[10p Lime Screw Conveyor - - - - - - 08 0.001 8059 1 6.04 363
40[10p + 1 sty |Saturated Ca(OH)2 Dosing Pump 28 467 55 43 0.60 050 150 0015 8059 1 12089 7253
41[1op Lime Saturator Mixer - - - - - - 08 0,001 8059 1 604 363
42[10p Lime Saturator Scrapper - - - - - - 08 0.001 8059 1 6.04 363
43[10p+ 15ty |Lime Sludge Pump 105 175 45 13 0.60 060 37 0.004 8059 1 2982 1789
44]10p +15stby [Antiscalant Dosing Pump 0.008 013 55 0.0 030 050 037 0.000 8059 1 298 179
45[10p FeCI3 Truck Unloading Pump 12 200 55 18 0.85 092 22 0.002 50 1 0.11 7
46[10p + 1tby [DAF FeCI3 Dosing Pump 0.043 07 75 0.0 060 050 025 0.000 8059 1 201 121
47[10p +15stby [UFMMF FeCI3 Dosing Pump 0.008 01 75 0.0 060 060 025 0.000 8059 1 201 121
48[10p + 1stby [NaOH UF CEB Dosing Pump - - - - - - - 0.000 - [ 000 0
49[1 0p +15stby [NaOCI UF CEB Dosing Pump - - - - - - - 0.000 - [ 0.00 0
50[10p +1stby [H2504 UF CEB Dosing Pump - - - - - - - 0.000 - [ 000 0
51[10p NaOCI Truck Unloading Pump 12 200 4.00 13 060 060 37 0,004 50 1 019 1
| 52[10p + 1sby [NaOCI Intake Dosing Pump 025 12 89 0.1 0.60 060 15 0.002 8059 1 12.09 725
53[10p + 15ty |Posttreatment NaOCI Dosing Pump 0.006 01 55 0.0 0.60 060 037 0,000 8059 1 298 179
54[10p +15stby [SMBS SWRO Dosing Pump 0.669 112 75 0.1 0.60 060 1.50 0.002 8059 1 1209 725
55[10p+1stby [smBS i Dosing Pump 0.832 139 55 0.1 0.60 0.60 1.50 0.002 84 1 013 8
56[10p SMBS Mixer - - - - - - 075 0.001 8059 1 6.04 363
57[10p NaOH Storage Tank Heater - - - - - - 6 0.006 8059 1 48.36 2901
58[10p NaOH Truck Unloading Pump 12 200 55 18 085 092 37 0.004 50 1 019 1
59[10p + 1tby [NaOH CIP Dosing Pump 0.085 14 55 0.0 060 060 037 0.000 8059 1 298 179
60[10p +1stby [NaOH ion Tank Dosing Pump 0017 03 55 0.0 0.60 060 037 0.000 84 1 003 2
61[1.0p + 15stby [Polymer Preparation Pump 008 13 2 0.0 0.60 0.60 06 0.001 8059 1 443 266
62[10p + 15tby [Polymer Dosing Pump 1.008 17 9 0.3 0.60 0.60 15 0.002 2686 1 4.03 242
63[10p Polymer Preparation Tank Agitator - - - - - 075 0.001 8059 1 6.04 363
64[10p +15stby [CIP Chemicals Dosing Pump 4 67 85 09 060 060 4.00 0.004 20 1 008 5
65[10p CIP Chemical Preparation Tank Agitator - - - - - - 075 0.001 20 1 002 1
66[10p H2504 Truck Unloading Pump - - - - - - 37 0.004 50 1 019 1
67[10p + 15tby [H2504 DAF Dosing Pump - - - - - - 037 0.000 8059 1 298 179
68[10p+ 15ty [H2504 Tank Dosing Pump 0.157] 2.6 55 0| 0.60) 0.60) 0.3700 0.000) 84) 1 003 2)
Total Process Loads 2562.190 2.562] 0.00[ 5 2759998
Other Electrical services (Lighting, Auxiliary
Services Transformer, UPS etc.) +10% of process Loads 256.219) 0.256| 8059) 1 206492 123,895
Total Total 2818.409) 2.818] Total costiyear S 2,883,893
[Averaged flow | 1368[m3/h
[Energy Consumption | 2.06[KWhim3
Notes:
1. The electricity price used is 60 USD/MWh
2. The system considers an availability of 92%.
3. The following assumptions on power requirement have been made for auxiliary equipment inside the facilities:
Mixers, Skimmer and conveyors: 0.75-3.7 kW, Air compressors for DAF: 18.5 kW, Lime dust collector an activator: 22 kW, Self-cleaning prefilters : 0.5 kW, Rotary drum thickener:
0.5 kW, Centrifuge: 48 kW, SWRO CIP heaters : 110 kW, UF CIP heaters: 35 kW, CO» vaporizers: 5.5 kW, MMF Air Scour blowers: 22 kW and Dosing pumps: 0.37 — 1.5 kW.
4. Hours of operation of auxiliary equipment considered:

Centrifuge operates 8h/day, UF CEB/Neutralization dosing pumps operate 0.25h a day, Sanitary lift station operates 0.5 h a day, Flushing water pumps (membrane cleaning purposes)

operate 1% of the year, Chemical unloading pumps operate 50h a year, Motive water pumps operate 40 min a day, Air backwash compressor (Intake ) operates 40 min, twice a day, the

UF/MMF Backwash pumps ( as applicable) operate only half of the time in a year.




Table 40. Chemical consumption
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Configuration 1 Configuration 2
Chemical Format Price Consumption Consumption Consumption Annual Cost Consumption Consumption Consumption Annual Cost
(USD/kg) (d/year) (L/d) (kg/d) (USDlyear) (dlyear) (L/d) (kg/d) (USDlyear)
(Voutchkov,
2013)
Sodium hypochlorite - Chlorination Liquid - 10% 22 335.8 167 200 148 048 335.8 165 198 146 274
Sulfuric acid - DAF Liquid-98% 0.1 335.8 391 719 24 159 335.8 388 714 23973
Ferric Chloride - DAF Liquid-40% 1.2 335.8 1029 1441 580 504 335.8 1020 1428 575 427
Ferric Chloride - UF /MMF Liquid-40% 1.2 335.8 203 284 114 521 335.8 217 304 122 419
Sodium hydroxide -UF CEB Liquid-50% 0.8 335.8 25 38 10 275 335.8 NA NA NA
Sodium hypochlorite -UF CEB Liquid-10% 22 335.8 16 19 14 184 335.8 NA NA NA
Sulfuric acid -UF CEB Liquid-98% 0.1 335.8 40 74 2471 335.8 NA NA NA
Antiscalant - RO Feed Liquid -100% 3.1 335.8 197 213 221 479 335.8 197 213 221479
SMBS - RO Feed dechlorination Powder-100% 0.5 335.8 - 60 10012 335.8 - 60 10012
Hydrated lime - Post-treatment powder -85% 0.35 335.8 - 1009 118 588 335.8 - 1009 118 588
Carbon dioxide - Post-treatment Liquid - 100% 0.1 335.8 - 1210 40 632 335.8 - 1210 40 632
Sodium hypochlorite - Post- treatment Liquid-10% 22 335.8 144 173 127 658 335.8 144 173 127 658
Sodium hydroxide -Neutralization Liquid -50% 0.8 335.8 8.5 13 3494 335.8 NA NA NA
Sulfuric acid -Neutralization Liquid -98% 0.1 335.8 78 144 4819 335.8 NA NA NA
SMBS - Neutralization Powder -100% 0.5 335.8 - 55 9 268 335.8 NA NA NA
Polymer for dewatering Liquid - 100% 3 335.8 10.3 " 11206 335.8 5251 10.7 10779
Total 1441318 Total 1397 241
+2% cleaning chemicals 28826 +1% cleaning chemicals 13972
Total including cleaning chemicals 1470 145 Total including cleaning chemicals 1411214

Notes:

1. Prices per kg of chemical obtained from Table 17.8 indicated in Chapter17 of the book Desalination Engineering, Planning and Design (Voutchkov, 2013).

Polymer and Antiscalant to be proprietary chemicals.

Lime and CO2 calculated based on a dose of 29.2 and 35 mg/L respectively dosed on 1440 m3/h of product water.

Polymer calculated based on a dose of 2.5 kg/ton of sludge produced for worst case scenario of 47 ppm of TSS.

SMBS calculated based on a dose of 30 mg/L on the SWRO feed (2966 m3/h for 0.67h/d). Similarly, SMBS for neutralization considered 79 mg/L on 700 m’/d of CEB waste produced.

wokhw>



Table 41. Labor and Administrative costs (AWWA, 2019)
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" Total Cost

Position Number ?ngg%zraslgx (USD/Year)
Plant Manager 1 146 000 146 000
Plant Operators 4 102 200 408 800
Electrical Technician 1 87 600 87 600
Mechanical Technician 1 87 600 87 600
Laborer 3 52 560 157 680
Laboratory technician 1 73 000 73 000
Total 960 680
+ 50% benefits 480 340

Total including benefits 1441 020

Notes:

1. Annual salaries and benefits obtained from Table 6-14 from chapter 6 of Inland desalination & concentrate management”,

Manual of Water Supply Practices, M69 (AWWA, 2019), for a 10 mgd plant capacity (1577 m*/h).

Table 42. Maintenance costs

Description Configuration 1 Configuration 2
Seawater pumping station 87 039 87 039
Pretreatment 130 559 130 559
UF/MMF system 174 079 87 039
RO system 261118 261118
Post-treatment 130 559 130 559
Building services and Other 43 520 43 520
Cleaning of intake structure and intake pipeline 43 520 43 520
Total 870 394 783 354

Notes:

1. Maintenance cost considered to be the average of 0.035 — 0.075 USD/ m® of desalinated water produced (Voutchkov, 2013).

For this case the max value of 0.075 USD/m3 for a plant capacity of 1440 m3/h, operating 92% of the time for a year, estimated

to have maintenance costs of 870 394 USD/year, for configuration 1.

2. Total costs assumed to be distributed as follows: 10% of total cost for seawater pumping station, 15% for pre-treatment, 20 %

for the UF ( for configuration 2 it was assumed that the MMF will cost 50% of the cost estimated for the UF), 30% for the RO

system, 15% for the post-treatment, 5% for administrative facilities and lastly a 5% for cleaning of intake facilities and pipeline.

Table 43. Disposal costs

Price
Configuration esrt:?StZd (USD/wet ton) Davs/vear Total sludge Annual disposal Cost
9 9 (ton/d) (Voutchkov, vy (ton/year) (USDlyear)
2013)
1 13.4 48 335.8 4499.72 215987
2 14.0 48 335.8 4701.2 225 658
Notes:

1. Sludge generated considers the worst-case scenario when seawater has 47 ppm of TSS.

2. Disposal costs obtained from section 17.4.8 indicated in Chapter17 of the book Desalination Engineering, Planning and Design

(Voutchkov, 2013), where in it is indicated that disposal cost vary between 16-80 USD/ton of wet sludge. An average of 48

USD/ton of wet sludge was considered.



Table 44. Monitoring and sampling costs
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Confiquration Volume of water Cost (USD/m3) Total volume of water produced Total cost
9 produced (m®%h) (Voutchkov, 2013) (m3/year) (USD/year)
1440 0.015 11 605 248 174 079
2 1440 0.015 11 605 248 174 079
Notes:

1. Cost per unit of treated water obtained from section 17.4.9 indicated in Chapter 17 of the book Desalination Engineering, Planning

and Design (Voutchkov, 2013), where in it is indicated that monitoring costs vary between 0.005-0.015 USD/m? of treated water

produced, higher values of 0.015 USD/m? has been considered for both configurations.

Table 45. Membrane replacement costs

C(;ngt%c?nognd Construction Annual Configuration 1 | Configuration 2
lant costs, estimated, replacement replacement replacement
( AWVF\)/ A, 2019) based on capacity cost costs costs
: (Voutchkov, (USDlyear) (USDlyear)
2013)
Capacity (m3/h) 1577 1440
UF Construction Cost
(USD) 20 300 000 18 536 462 12% 2 224 375 -
RO Construction
Cost
(USD) 6 255 000 5711 604 14% 799 625 799 625
Total Costs (USD/year) 3024 000 799 625

Notes:

1. Construction costs for UF and RO obtained from Tables 6-6 and 6-7 from chapter 6 of Inland desalination & concentrate

management”, Manual of Water Supply Practices, M69 (AWWA, 2019), for a 10 mgd plant capacity (1577 m*/h) and escalated
to 1440 m*/h.

2. Annual replacement costs estimated to be between 12-20% of construction cost for the UF and 14-20% for the RO as indicated

in section 17.4.7 indicated in Chapter 17 of the book Desalination Engineering, Planning and Design (Voutchkov, 2013).

3. No UF replacement costs for configuration 2.




