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ABSTRACT

The specific energy consumption SEC is the most determinant factor in operation cost of seawater

reverse osmosis SWRO systems in desalination plants.

This research aims to study the optimization of SWRO systems performance with minimal specific
energy consumption by using the most an advanced technologies with respect to system

configuration, pumping system, membrane assembly and energy recovery devices.

This study focuses on both design and actual performance of the membranes by using FILMTEC™
in different stages. The energy consumption was measured in relation with other operating factors
such as recovery, feed concentration, productivity, temperature, etc.

ROSA 9.1 software used to investigate the performance of SWRO system, ERI™ PX™ power
Model used as supplementary tool to investigate SEC reduction after addition pressure exchanger
PX to the system in first pass.

Results of the analysis emphasized on the valuable contribution of the energy recovery devices
ERD and high efficiency pumps for increasing water productivity and decreasing energy
consumption per cubic meter of water produced. Results showed that using the available advanced
technologies and new technical concepts, it is possible now to produce water with energy
consumption of reverse osmosis processes close to 3 KWh/m?.

The results showed that, for the first pass, the effect of using ERD leads to reduction in the SEC
from 3.90 down to 2.04 kWh/m?3. The resultant energy saving is 46% at recovery rate (40 - 50%).
Finally, an acceptable agreement between actual (Perth case — Australia) and design results of the
study has been noticed.

The study concluded that Isobaric ERD such as the PX device can reduce the energy consumption
of SWRO system by as much as 46% compared to systems with no ERD.Since energy
consumption may comprise as much as 75% of the total operating costs of SWRO plant, it has
become almost inconceivable to build SWRO system without using isobaric ERD.

SWRO plants should be arranged in three centers: Pumping Center, Membrane Banks, and Energy

Recovery Center to provide a significant reduction in overall water costs.
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CHAPTER (1): Introduction

CHAPTER (1)

INTRODUCTION

1.1 General
The large scale seawater desalination is an attractive alternative for producing large

quantities of potable water in countries suffering from scare natural fresh water resources.

Reverse osmosis RO desalination technique, considered one of the fastest - growing techniques
in water desalination industry. However, seawater reverse osmosis SWRO desalination still
more energy intensive compared to conventional fresh water treatment technologies and the
challenges still exist to make this technique more affordable and adaptable for relatively large
communities to meet their continuous population growth pressures, industrial development

combined with changing climate patterns.

Major latest innovative solutions and technological advances in RO seawater desalination
process have been led to a remarkable decrease of desalted water cost. The energy consumption
is the most determinant and significant component of final cost of desalinated product water.
This due to applying sufficient high dynamic pressure produced by high pressure feed pumps
driven by large power consumption motors to overcome the osmotic pressure of the salt

solution (seawater), and forces the pure water to pass through semi-permeable membrane.

Typically 50 to 75% of the energy consumed by SWRO plant is used to drive the motors of
the high-pressure pumps of the first pass (Mickols et al. 2005). Thus reduction of specific
energy consumption SEC has monopolized the focus of technological innovation and research
in this sector by taking the full advantages of the highest energy efficient plant design,
utilization of high efficiency pumping, energy recovery devices, advanced membrane
materials. This integration of advanced technologies and innovations save energy and reduce

the cost significantly in full-scale applications
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1.2 Research Motivation

The water production cost in a typical RO desalination plant generally consists of the cost
of energy consumption, equipment, membranes, labor, maintenance and financial charges, as
shown in figure (1.1). Energy consumption is a major portion of the total operating cost of water
desalination plant and can reach as high as about (28-50 %) of the total permeate production cost.
The energy unit per volume of produced permeate i.e., SEC is significant in RO operation due to
the high pressure requirement, which reach up to 1000 psi (70 bar) for seawater (water reuse

association, 2011).

CHEMICALS: 4% -6%  MAINTENANCE AND PARTS: 5% - 8%
MEMBRANE REPLACEMENT:

SUPERVISION AND LABCR:
3% - 5%

ELECTRIC POWER:

e CAPITAL RECOVERY-

32%-44%

Figure: 1.1 Cost breakdown of desalinated seawater production (Water reuse association, 2011)

The water situation in Gaza strip is disastrous. The only source of water is the ground aquifer,
where the water level is decreasing, with increase in water demand for different uses, which
reflects seriously in the water quality and quantities in the aquifer (Aiash and Moghier, 2012).

Seawater RO desalination is a potential and promising option to alleviate the water crisis in Gaza
strip, but general perception is that SWRO is still an energy-intensive process, thus making it
expensive and environmentally unsound. But by combining best available technologies, in specific
optimal configurations and conditions, SWRO can be now no more energy-intensive than many

conventional sources of water.
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1.3 Case Study

In accordance with the Coastal Aquifer Management Program CAMP financed by the USAID,
it has been identified that the most critical element in bringing the Coastal Aquifer into balance
and restoring the viability of the potable water aquifer in Gaza is providing new sources that will
offload the seriously depleted groundwater supply. Construction of Gaza Seawater Desalination
Plant GSWDP as regional large scale seawater desalination facility to be located at the southern
of Gaza strip which proposed as the most visible potential option according to CAMP.

To keep my desk study on track, | considered operation outputs of Perth seawater desalination
plant PSWDP located in Australia, as a plant in operation similar to GSWDP in capacity and

operational Parameters.

1.4 Aim
This study is designed to demonstrate that SWRO is an affordable technology should be

adopted as soon as possible to alleviate the water crisis in Gaza strip. The project analyze and
study the optimization of the quantitative and qualitative controllable variables / parameters
that reduce specific energy consumption in Seawater Reverse Osmosis SWRO system.

1.5 Objectives

Main Goal:

Analysis & optimization of specific energy consumption in a large scale seawater reverse

osmosis desalination plants.



CHAPTER (1): Introduction

Specific Objectives:

To perform a comprehensive desk study of main SWRO block components in terms of
energy consumption.

To investigate the interaction between energy interrelated parameters in the SWRO main
components.

To review the main innovations and future trends that may minimize energy consumption
in seawater reverse osmosis desalination.

To optimize SEC (KWh/m?®) in large scale SWRO desalination plant with best available
advanced technologies.

To select and present the most energy efficient design for proposed SWRO Gaza

desalination plant, with capacity of (140,000-160,000 m3/day).

1.6 Methodology

It is intended to achieve the objectives of the study by following steps:

1. Literature Review.

Revision of all accessible references such as books, case studies and researches
related to the subject that investigate in main components of SWRO; different designs and
configurations of SWRO plant, high pressure pumping system, membranes and energy

recovery devices.

Data interpretation and analysis.
After data collection, the data was filtered and interpreted in terms of energy,

followed by comprehensive engineering analysis of mathematical models.
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3. Quality Control.

Perth seawater desalination plant PSWDP located in Australia, was studied in more
details, by investigating the mathematical models implied and testing with ROSA software.
PSWDP has been taken as case study since it is producing 144,000 m*/d near in capacity
of proposed Gaza seawater desalination plant GSWDP and one of the most energy efficient

SWRO desalination plant worldwide.

4. Optimization

Using projection software Dow/FilmTec-ROSA for modeling to optimize SWRO
SEC (KWh/md) to approach the optimal value (< 3 Kw/m?) in proposed GSWDP.

And using ERI™ PX™ power Model - designed by ERI- as assistance tool with ROSA
software to optimize the specific energy consumption after introduction the energy

recovery devices to the SWRO first pass.

Figure (1.2) shows the flow chat of study methodology start with data collection and
interpretation, followed by comprehensive analysis of several main components of SWRO

system then using design software to optimize the performance of SWRO system.
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Methodology Flow Chart

Data Collection

/‘- o E . . EEEEEN .
v
» Mathematical "

Comprehensive " .
- Models .
Analysis L ——

//

/‘------------’\

a  Mathematical "

Case Study " Models & u
" ROSA .
\’ H = E E E EEEEE®B -’/

— o e o e e o e e e

/’----------.\

Optimization of « Dow/FilmTec ‘-\.

n ||
GSWDP n ROSA ”
n ||

- ERI™ pX™ "
« Ppower Model ,

E I

Figure: 1.2 Methodology Flow Chart
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Introduction Engineering Analysis and Optimization

Chapter # 01

Chapter # 03 ‘ Chapter # 04 Chapter # 05

Chapter # 02

l

Chapter # 06

Figure: 1.3 Research profile to develop the most energy-efficient design for large scale SWRO desalination plant.
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1.7 Thesis Organization

This thesis has been organized into six chapters.

Figure 1.3 shows the research layout in the development of the most energy efficient design

for large scale SWRO desalination plant.

Chapter One (Introduction): general introduction is followed by problem identification,
study objectives, methodology, and tools used in order to achieve the objectives and finally,
a plan for thesis outline.

Chapter Two (literature Review): covers a general literature reviews published in regard
to energy consumption in SWRO desalination plants.

Chapter Three (Case study): Perth seawater desalination plant has been taken as a case
study.

Chapter Four (Modeling and Optimization): express the mathematical equations for
main effective parameters of energy consumption reduction in SWRO plant. And using
projection software such as Dow/Film Tec - ROSA to investigate the interactions & effects
of several parameters of SWRO system.

Chapter Five (Results and Discussion): Study the different design configuration and
using energy recovery devices to investigate the most effective and efficient for different
configurations and arrangements of SWRO plant components.

Chapter Six (Conclusion and Recommendations): The conclusions and

recommendations of the study are stated in this chapter of the thesis.
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CHAPTER (2)

LITERATURE REVIEW

2.1 Introduction

In the last few years RO seawater desalination technology has gone through a remarkable
transformation. The number and capacity of large RO plants have increased significantly. Systems
with permeate capacity up to 300,000 m%/d are currently being built. In a parallel shift the capital
and operating cost has decreased. Desalted water cost, supplied to customer, decreased from
$2.0/m* in 1998 down to 2004 price of about $0.5/m? (Wilf and Bartels, 2004).

In 2016, the global water production by desalination is projected to exceed 38 billion m? per year,
twice the rate of global water production by desalination in 2008 (Schiermeier, 2008).

The drivers behind these economical improvements are competition and improvement in the
process, advanced membrane technology and increased efficiency of energy recovery devices.
Minimum specific energy consumption can be acquired by optimizing operating parameters,
Reduced feed flow and slightly increased operating pressure yields higher driving force in the
brine channel. Further reduction in specific energy can be achieved by enlarged feed spacer
thickness and shorter filament length. This gives less pressure drop and consequently, more water
flux (Sassi and Mujtaba, 2010).

From a process engineering perspective, the RO process performances can be improved by:

e Enhancing the efficiency of the unitary equipment used in the RO process (pretreatment,

pumps, energy recovery devices, high permeability membranes, etc.).

e Improving the RO process layout and adapting the operating conditions to this layout.
The technical characteristics of the RO process configurations (total water recovery rate, electricity
consumption, number of pressure vessels, installed power of pumps and pressure exchangers,
lengths and diameters of the connecting pipes) are calculated as a function of the project
specifications (e.g. permeate production capacity).The plant electricity consumption by cubic

meter (m®) of potable water produced and the plant water recovery rate in m® of potable water by

9
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m? of feed water are deduced from the calculations of these successive treatment steps (Vince et
al., 2008).

2.2 Design Configuration of SWRO

The design and configuration of membrane units have a significant effect on the
performance and economics of RO plant (Wilf and Bartels, 2005). In the past, membrane units for
seawater were usually configured as two stages with six elements per pressure vessel. The two-
stage system resulted in a high feed and concentrate flow, which reduced concentration
polarization at the expense of a greater feed pressure needed to compensate for the increased
pressure drop across the RO train. Design efforts to reduce power consumption resulted in the use
of single-stage configurations for high salinity feed water applications, and in some cases, the use
of seven (or) eight elements per pressure vessel is preferred (Wilf and Bartels, 2005; Petry et al.,
2007). The pressure drop reduction in using a single-stage rather than a two-stage system was

reported to result in a 2.5% lower power requirement (Wilf and Bartels, 2005).

More recently, further reduction in RO desalination cost has been shown to occur from optimal
process configuration and control schemes. Theoretical cost minimization framework have been
developed and experimentally implemented using a controller to quantify the effect of energy cost
with respect to membrane cost, brine management cost, energy recovery, and feed salinity
fluctuation (Zhu et al., 2009b, 2010).

A control system utilizing real-time sensor data and user defined permeate flow requirements have
been implemented to compute in real-time the energy-optimal set-points for controlling
concentrate valve position and feed flow rate (Bartman et al., 2009, 2010). Implementation of the
control system demonstrated the ability to achieve energy-optimal operation of the RO system

close to the theoretically predicted energy consumption curves.

When stringent water quality requirements mandate the use of multi-pass RO, the overall power
consumption of the RO system can be lowered if a portion of the first pass permeate is pumped to

the second pass (Zhu et al., 2009). Since permeate produced from the front-end elements is lower
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in salinity than permeate produced at the back-end elements, lower feed pressure is required for
the second pass when the front-end permeate is utilized as feed to the second pass. In a multi-pass
system, the lowest energy consumption is obtained when membranes with the highest salt rejection
is used in the first-pass (Zhu et al., 2009a). In another study, various mixing operations between
feed, concentrate, and permeate streams were evaluated to assess their potential on energy usage
(Zhu et al., 2010a). It was determined that various mixing approaches may provide certain
operational or system design advantages but they do not provide an advantage from an energy

usage perspective.

A novel design modification to reduce pressure drop across membrane elements is the use of a
pressure vessel with a center port design (van Paassen et al., 2005). In this innovative
configuration, feed water enters the pressure vessel through two feed ports on each end of the
pressure vessel in the first stage. The concentrate is collected through a middle port and flows to a
similar port on the pressure vessels in the second stage. Thus, the flow path is reduced by half and
although the membrane unit has eight elements per pressure vessel, the flow path length is reduced
to four elements per stage, creating a lower pressure drop that lowers the feed pressure.

A 15% reduction in the feed pressure has been reported using the center port design when
compared to a conventional side port design (Wilf, 2010). The disadvantage of the center port
design is the potential for scaling due to excessive concentration polarization. Thus, pilot testing
and long-term operational data are recommended before considering implementation of the center

port design in order to determine the influence of water quality variations on feed water recovery.

Reduction in energy consumption for RO systems treating high salinity feed water has also been
achieved by using a two stage hybrid system with concentrate staging (Veerapaneni et al., 2005).
The first stage consists of high rejection brackish water membrane elements (or) high permeability
seawater membrane elements. The second stage consists of standard seawater elements. Using a
two-stage system with brackish (or) low-pressure seawater membranes in the first stage lowers
feed pressure requirements due to lower membrane resistance (Veerapaneni et al., 2007). As most
of the permeate is produced in the first stage with the high permeability membranes, the pressure

of only a small fraction of the remaining flow is boosted, resulting in significant energy savings.
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Energy consumption is also reduced by minimizing the pressure drop across membrane elements
An approach by which to reduce the axial pressure drop in membrane elements involves the use
of a novel feed spacer design that reduces the hydraulic pressure drop in the RO elements
(Subramani et al., 2006; Guillen and Hoek, 2009). The feed spacer pattern used in most spiral
wound membrane elements causes a variation in the flow path of the feed water resulting in a
higher axial pressure drop than flow in an open channel (Guillen and Hoek, 2009). Although feed
spacer geometry was found to have a marginal impact on mass transfer, thinner spacer filaments
spread apart substantially reduced hydraulic pressure losses. In addition, certain non-circular
spacer filament shapes produced lower hydraulic losses when compared to conventional circular
spacer filament shapes (Guillen and Hoek, 2009). Although various feed spacer geometries have
been shown to reduce hydraulic pressure loss in RO elements, actual data from pilot-scale and full-
scale operation are still minimal since spiral wound elements with novel feed spacer configurations
are not readily available. Commercialization of feed spacers that reduce the axial pressure drop
across membrane elements could potentially reduce the feed pressure requirements during RO
seawater desalination.

A plant design approach for improving the economics of desalination and at the same time
reduce the impact on environment due to brine discharge is the co-location of membrane
desalination plants with existing coastal power generation stations (Voutchkov, 2004). In this
approach, overall desalination power demand and associated costs of water production are reduced
as a result of the use of warmer source water. The cooling water discharged from the condensers
in a power plant is 5-15 °C warmer that the source ocean water. When this water is used by the
RO plant, 5-8% lower feed pressure is required to desalinate the water when compared to
desalination of colder source ocean water. This approach also has the advantage of sharing a
common intake facility. In the Middle East, RO and thermal-based technologies are combined to
provide a hybrid design (Cardona and Piacentino, 2005). Such hybrid designs not only result in
capital savings by sharing a common intake and outfall facility but also have a 40-50% increase in

water production related to pre-heating of feed water to the RO plant.
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The core hydraulic module of a single-stage SWRO plant is defined as the arrangement of a high-
pressure pump (HP) combined with an energy recovery system (ERS). According to this definition,
the core hydraulic module pressurizes the pretreated feed water and recovers the energy contained
in the brine flow. Pretreatment fluid handling and permeate transport are not included. A schematic

representation of three different core hydraulic modules using different ERS are shown in Fig 2.1.
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Fig 2.1: Schematic representation Pumping arrangement in RO plant (Kochanowski and Bross,2004)
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Fig 2.2: Ashkelon SWRO plant (Goichon, 2007) 19 2.3: Perth SWRO plant (Hoang et al., 2009)
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A centralized pump and energy recovery system — the Three Center Design TCD, comprising a
pump center, a membrane center and an energy recovery center, has the flexibility required to
change water production and power demand in a smooth and effective way, without harming the
desalination equipment. This centralized pump and energy recovery system, together with small
membrane banks, is an effective solution for large desalination plants. The system’s ability to level
the power demand is related to the ability of the Energy Recovery System ERS to change the brine
flow smoothly, across a broad range, without changing the high pressure pump flow and losing
pumping efficiency. The best way to achieve this is to mechanically separate the energy recovery
system from the pump system. This allows the change in flow without having to stop and start
equipment (Voutchkov, 2013).
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Fig 2.4: SWRO three center design TCD plant (Voutchkov, 2013)

14



CHAPTER (2): Literature Review

Designing an efficient RO desalination system connected to many variables, such as, feed flow
rate, operating pressures, recovery rate, the type of membrane element and its geometry (i.e. spacer
geometry) and RO system configuration drive (Sassi and Mujtaba, 2010).

RO process design requires at first to model the unitary equipment composing the process, the
most important of which being the RO membrane. Analytical models have been developed to
describe the transport phenomenon across the RO membrane. These membrane models are then
combined to model the complete RO process. RO process design software were developed by
membrane constructors such as ROSA® from FILMTEC™ or IMS Design® from Hydranautics™,
these software allowed to test flexible RO configurations for different commercial membranes.
Where a first step toward process optimization is performing the sensitivity analysis (Vince et al.,
2008).

When developing new processes, the conceptual process design consists in identifying the best
process configurations in a given context, so that they be detailed by process engineers. A process
configuration corresponds to a list of equipment interconnected in a given process layout, for
which specific sizes and operating conditions are defined. The process design is realized in several
steps. The process synthesis consists in systematically generating process configurations. The
process characterization represents the performances evaluation of the generated process
configurations while the process optimization aims at selecting the best configurations according

to a given objective function (El-Halwagi, 1997).

RO process design therefore requires three key components:
e The technical modeling of RO equipment and a systematic method for RO process
synthesis.
e Accurate performances indicators for RO process characterization.

e An optimization procedure for RO process optimization problem (Vince et al., 2008).
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2.3 Pumping System

With respect to pumping system, energy is predominantly consumed from operation of
primary feed pumps; second pass feed pumps (as required), pretreatment pumps, product water,
transfer pumps, chemical feed pumps, and water distribution pumps. The distribution of power
usage in a two-stage seawater RO system more than 80% of the power is required for the operation
of the primary feed pumps (Wilf and Bartels, 2005). Although the flow and head of a pumping
system are determined by the design specifications of the RO system, the selection and operation
of pumps and other elements of a pumping system play an important role in reducing overall

energy usage in the plant.

To achieve the highest possible pumping efficiency, several procedures are performed including:
(1) verifying energy efficient operation of the pumping system, (2) utilizing a premium efficiency
motor, and (3) utilizing a variable frequency drive (Manth et al., 2003). To achieve an energy
efficient operation, a pump’s speed must fall within a specified range for optimal efficiency or the
best efficiency point (Veerapaneni et al., 2007). The use of high speed and high flow pumps at
lower total dynamic head provides the optimal speed needed for highest efficiency. To
accommodate the variability of feed pressure with time (due to salinity and temperature
fluctuations) without the necessity to throttle high pressure pumps or energy recovery devices, a
variable frequency drive is often incorporated into the electric motor unit that drives the high
pressure pump (Torre, 2008). All of the above mentioned pumping methods have been
demonstrated to significantly improve efficiency and reduce energy requirements at full scale.
Incorporating a booster pump for feeding the second stage to obtain higher flow and operate with
a higher conversion, and to use the latest membranes generation, which are able to support higher
pressures than in the previous stage (Sadhwani and Veza, 2008).

The installations of inter-stage booster pumps appear to be a “win-win” option from an economic
and point of view. With a booster pump, the 2" stage can be operated in nominal hydraulic
conditions, thus leading to a smaller installed membrane area and to a higher total recovery rate;
therefore reducing the electricity consumption and the investment costs (Vince et al., 2008).

It is found that considerable reduction in pumping cost around 20% is achievable. Furthermore,
commercial module designs might be further refined in order to reach more economic

improvements for RO processes subject to technical limitations (Sassi and Mujtaba, 2010).
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The intake pumping depends on the feed water flow rate and on the type of water intake (beach
well, open water intake...).

The amount of power needed to drive desalination in SWRO plants has declined dramatically in
the past 40 years. This decrease in energy consumption is attributed to continual technological
improvements, including higher-permeability membranes, installation of energy recovery devices,
and the use of more efficient pumps. The potential to operate the desalination step at an energy
consumption rate of 1.8 kWh/m?® using new, high-permeability SWRO membrane elements has
recently been demonstrated on a controlled pilot-scale system at 50% recovery (MacHarg, et al.,
2008).

Early SWRO systems consumed as much as 20 kwWh/m?3, by the mid-1980s, through improvements
in the achievable recoveries of RO membranes and efficiencies of the pumping systems and
energy recovery systems, these numbers were reduced to as low as 8 kWh/m?,

Although these dramatic improvements, SWRO was still energy intensive and was only practical
in special economic zones and/or where energy was cheap.

Energy still accounted for as much as 75% of the total operating costs of SWRO systems. For this
reason the RO industry re-doubled its effort through the 1990s to create improvements in the
membranes, energy recovery and pumping systems and towards the end of the decade, had
achieved energy consumption levels as low as 3.5 kwWh/m®.as shown in (Fig. 2.5) (Stover and
Grisp, 2008).

Jeddah |

Las Palmas
Trinidad
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Fig 2.5: Evolution of SWRO energy consumption (Stover and Grisp, 2008)

17



CHAPTER (2): Literature Review

Fig 2.6: Horizontal split-case multistage pump (Source: Flowserve.)

Typically 50% - 75% of the energy consumed by an SWRO plant is used to drive the motors of
the high-pressure pumps of the first pass (Mickols et al., 2005). Isobaric ERDs reduce the load on

these pumps using the energy contained in the first-pass membrane reject stream.

The pumps have high efficiency alone is not enough for a pumping system to work in maximum
efficiency. Working in maximum efficiency of a pumping system depends not only on a good
pump design but also a good design of the complete system and its working conditions. Otherwise,
it is inevitable that even the most efficient pumps in a system that has been wrongly designed and
wrongly assembled is going to be inefficient (Kovats DA et al., 1964).

The purpose of the plant designer must be to find the core pumps running as closest as possible to
the best efficiency point. Those pumps running continuously with the biggest portion of total
absorbed power, the LP booster pump and the high pressure RO feed pump (Torre, 2007). Values
regarding the high pressure pump selection as indicated in table 2.2:
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Table 2.1: Commercial high pressure pumps with its corresponding capacities and efficiencies.
(Torre,2007)
) HPP High pressure pump
Capacity efficienc ;
y No. of stages Discharge flange

500 — 550 m*/h 82% 6 6"

650 — 750 m*/h 85% 5 8"

950 — 1050 m*/h 86% 4 10"

1200 — 1300 m%/h 86.5% 3 12"

1600 — 1700 m%/h 87% 2-3 12"

2200 — 2400 m*/h 88% 2 14"

2.4 Membrane Assembly

Significant improvements in the salt rejection capacity and permeability of RO membranes
for treating high salinity feed waters have been achieved in recent years. In 1980s, seawater RO
systems consumed more than 26 kWh/m®. Today, seawater RO systems consume on average only
3.4 KWh/m3. The minimum theoretical energy use (50% recovery) is about 1.08 kWh/m? for
seawater desalination (Voutchkov, 2010). Thus, there are further avenues for improving the
permeability of RO membranes using novel membrane materials such that the energy consumption
is minimized. But, the new generation membranes must provide at least double the permeability
of current generation RO membranes. This is based on a recent approach to determine the
minimization of energy costs by improving membrane permeability (Zhu et al., 2009). A
dimensionless factor was used to reflect the impact of feed water osmotic pressure, salt rejection
requirement, membrane permeability, and purchase price of electrical energy and membrane
module. It was estimated that unless the permeability of the RO membrane is doubled and the
capital cost of pressure vessels directly impacted by a lower membrane area requirement, further
improvements in seawater RO membrane permeability is less likely to significantly reduce the cost
of desalination. New generation RO membrane which show promise in providing more than

double the permeability of currently available RO membranes. New generation RO membranes
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offer reduced feed pressure requirements while maintaining rejection. Today’s high productivity
membrane elements are designed with two features that include more fresh water per membrane

element and higher surface area and denser membrane packing (VVoutchkov, 2007).

Feed with low salt concentration produced 40% higher recovery ratios compared to that produced
by high feed (5000 ppm) salinity. This is a consequence of the much higher driving force for the
same exerted pressure to the feed. This is due to the fact that the osmotic pressure is proportional
to the feed salt concentration (Sassi and Mujtaba, 2010).

The feed channels of spiral wound element are flat. Feed stream flows along the channel parallel
to the central line of the module and the curvature of membrane module was reported to have
insignificant effect on system's performance (Van der Meer et al., 1998).

The reduction of the membrane renewal cost due to high flux operation is always higher than the
cost increase of electricity consumption. Achieving the minimum electricity consumption is
therefore economically inefficient because it leads a membrane renewal cost higher than the power
cost reduction (Vince et al., 2008).

The electricity consumption increases proportionally with the flux, so that the marginal power cost
is considered to be constant as a function of the flux. (Vince et al., 2008).

It was observed that the water recovery ratio increases with the number of elements in the pressure
vessel due to increased membrane area. There was a sharp increase at lower number of elements
and a slow increase at higher number of elements. This was due to the salt build up on the brine
channel as flux increases. Therefore adding more elements after certain limit not worthy (Sassi
and Mujtaba, 2010).

Feed spacer channel can affect RO performance significantly, compared to that with slit feed
channel. Even though the pressure drop is increased, the mass transfer is enhanced, concentration
polarization factor on membrane surface is reduced, and the specific energy consumption is
reduced (Sassi and Mujtaba, 2010).

The recovery rate of fresh water increases with the increase of mesh length until a turning point at
specific mesh length. Small mesh length has the advantage of more turbulent flow and
consequently the polarization phenomenon is decreased. On the other hand smaller mesh length
has the drawback of higher pressure drops along feed channel and therefore less water flux (Sassi
and Mujtaba, 2010).
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In accordance with the papers reviewed, the membrane salts permeability is considered to be
constant (Gupta, 1985).

2.5 Energy Recovery Devices (ERD)

The subject of energy efficiency in the large seawater desalination plants, the first action
carried out in the Canaries has been to replace the energy recovery system traditionally used till
the end of the 90s, where the solution planned in the first plant designs was to install a reversed
pump which operates with the brine pressure and flow. Afterwards with the appearance of the
“Pelton” turbine which had a higher efficiency in energy recovery, the reduction in energy
consumption in the desalination plants has been spectacular and notable (Farifias Iglesias, 1999).
Energy consumption for RO desalination processes is reduced by using energy recovery devices
(ERD) that recover energy from the RO concentrate (Andrews and Laker, 2001). Before the
concentrate stream is sent for disposal, pressure from the stream is recovered by passing it through
an ERD. The fraction of power recovered depends on the type and efficiency of the equipment
used. Class I devices use hydraulic power to cause a positive displacement within the recovery
device, and the hydraulic energy is directly transferred in one step (Greenlee et al., 2009).The main
function of an energy recovery device is to improve energy efficiency by harnessing spent energy
from the reject and delivering it back to the feed.

Existing energy recovery systems can be divided in two groups: First group use the principle of
positive displacement and Commercial examples of such systems are Energy Recovery, Inc.’s
Pressure Exchanger (PX), Desalco’s Work Exchanger Energy Recovery (DWEER).

Most of the positive displacement devices achieve relatively similar net energy transfer
efficiencies between (91-96%) over the entire flow range of the systems (Greenlee et al., 2009).
Second group use the principle of centrifugal force to convert brine pressure to mechanical power,
such as energy recovery turbines (ERT), work exchangers (WE),Pelton impulse turbine (PIT),
Francis turbine (FT) or reverse running turbine, back-running pumps and hydraulic turbocharger
(HTC), These devices operate on the whole flow with reported efficiency range (70— 85%)
depending on capacity (Greenlee et al., 2009).
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2.5.1 Francis Turbines (Reverse Running Pump)

Francis Turbines (FT), (known as reverse running pumps) belong to the second class of ERDs, i.e.
hydraulic to mechanical-assisted pumping, these devices were the first to be employed in SWRO
municipal scale desalination plants. Pelton wheels later replaced these in 1980s because of their
higher efficiency (Stover, 2007).

The earliest identified disadvantage of (FT) was that the flow range and pressure required for
achieving maximum efficiency of operation was narrow and limited. In addition, these ERDs did
not generate energy until the design condition reached about 40% (Farooque et al.,2008). In SWRO
desalination plants, especially those in the Middle East and similar regions, variations in
temperature of the place and changes in membrane permeability occurring due to fouling of the
membrane or due to ageing, inversely affect the efficiency of these devices (Farooque et al.,2008).
They are also difficult to control and pose a significant challenge in maintenance. The hydraulic
energy that is recovered by these devices is mechanically transferred to the driver, similar to the
Pelton wheel. The assembly involves a clutch between the turbine and the pump (Mirza, 2008).
The (FTs) were inefficient and the amount of energy consumed increased with change in the
operation conditions. They were also inefficient for a low range of flow. Because of the
disadvantages of these devices, they were replaced with devices that transfer the pressure to feed

water from reject pressure directly & more efficiently (Gottberg et al., 2005).

2.5.2 Pelton wheel

Pelton wheel was invented during the 1850s. Originating in San Francisco, it is a kind of water
wheel. The Pelton wheel used in SWRO desalination plants is easy to operate. It has an input
nozzle through which high-pressure feed is directed onto the buckets of the wheel. The nozzle is
designed such that the entire kinetic energy of the pressurized feed is converted to mechanical
energy manifested as rotation (Avlonitis, et al., 2002). A nozzle valve is used to direct a jet of high
pressure RO concentrate onto the bucket (blades) turn the Pelton wheel. By coupling the shaft of
the Pelton wheel to a motor or apump, this energy can be used to reduce the electrical energy that
is needed to pump the RO feed water. The buckets, (also referred to as vanes) of the wheel are
arranged in series around the shaft, which intercepts the feed stream (Pique, 2000). The pump
driven by the Pelton wheel turbine enhances the pressure of the feed before it enters the HPP,
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thereby decreasing the energy consumption (Hajeeh,et al., 2002).The efficiency of the Pelton
wheel remains constantly high even during variations in the pressure and flow of feed. One
significant challenge, however, is the design and maintenance of metal parts, as they are easily
corroded when exposed to seawater (Pique, 2000).

Development of this technology over the past two decades has led to the widespread use of typical

device efficiency ranges between (84 - 90%).
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Fig 2. 7 Pelton wheel turbine (EI-Ghonemy, 2012)

A common characteristic of the Pelton wheel and the (FT) is that these transfer the energy
recovered from brine back to the HPP via the shaft. Evidence suggests that the energy efficiency
of a desalination plant using a centrifugal HPP, coupled with a Pelton wheel, increases with an
increase in the recovery percentage. Therefore, most SWRO desalination plants are designed to
work at a higher recovery (45%) (Pique, 2000).
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2.5.3 Turbo charger/ Hydraulic Pressure Booster (HPB)

The hydraulic turbocharger is of the centrifugal type and has been in use since 1990s (Pefiate, et
al., 2011). The turbocharger is used to boost the pressure of the feed that has been pressurized by
the HPP to reach the required feed pressure (Grtindisch,et al.,2001).

A turbocharger unit consists of a hydraulic turbine and an HPP. The turbine is similar to a reverse
running pump (Farooque et al.,2008). The HPP and turbocharger are not connected directly to
overcome the disadvantages that are observed in (FTs) and Pelton wheels, thereby allowing
operation flexibility (Stover, 2006). In addition, turbochargers are easy to install and are
significantly energy efficient. An SWRO process employing a turbocharger unit is shown in (Fig.
2.8).
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Fig 2.8 A Turbo Charger Unit (EI-Ghonemy, 2012)

Both the impeller and the turbine of the turbocharger are centrifugal “close-coupled mixed-type"
with both axial and radial flows (Stover, 2006). The maximum efficiency achieved by these
devices is (89-90%) (Pefate, 2011), which is slightly higher than the efficiency of the Pelton wheel.
The highest transfer efficiency that can be achieved by hydraulic turbocharger is calculated by
multiplying the efficiency of impellers, nozzles and turbine, as [90% X 90% X 99%] = 80%
(Stover, 2006). Each of these three factors influences the efficiency of this device. The control

valves and nozzles can help in adjusting the performance.
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2.5.4 Recuperator

The Recuperator designed by Aqualyng™ works on the principle of work exchange. It transfers
the hydraulic energy of the brine directly to the hydraulic energy of the feed (Harris, 1999). It is
also an Isobaric Energy Recovery Device, especially belonging to the “piston-type" of work
exchangers. This device, which belongs to the class of hydraulically driven pumping- in parallel,
utilizes buffer separating feed or reciprocating pistons.

The construction of the Recuperator is such that it has vertical stainless steel chambers operating
alternatively. They are functioning in a compression-transfer and decompression-discharge
sequence. The feed is pre-treated and is pressurized up to a constantly maintained pressure. The

flow rate of the feed is also maintained at a constant value.
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Fig 2.9: Aqualyng™ Pressure Recuperator (Guirguis,2011)

The energy from the pressurized brine is recycled. The device has three-way valves that are
specially used to control the flow to the booster pump (LyngAgua, 2001).
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2.5.5 Dual Work Exchanger Energy Recovery (DWEER)

The DWEER™ has three main subassemblies: LinXTM valve, the pressure vessel and the check
valve nest (Schneider, 2005). A booster pump is also required to boost the feed pressure to make
it equal to the pressure of the feed pump (Farooque et al.,2008).

For prevention of mixing, the DWEER™ employs a piston that prevents intermixing of the feed

and the brine, and salinity is also kept in check (Schneider,2005).

Fig 2.10. DWEER ™ system of the Ashkelon seawater plant (Goichon, 2007)

Since the work exchanger directly transfers energy from the concentrate to the feed, it has higher
efficiency in comparison to the Pelton wheel and turbocharger. However, the work exchanger is
limited in size, and, although adding units in parallel can increase capacity, the capital cost is high
for large plants. And has a large number of moving parts that can be subject to wear.

In case of a work exchanger, losses are more worth considering than efficiency (Flowserve
2009).In contrast to ERDs such as Pelton wheels or (FTs), it is not possible to assess the shaft
power in the DWEER™, while the evaluation of only hydraulic power is also not enough. For this
reason, other possible causes of losses are to be considered, which include "Mixing, leakage
(lubrication flow), over flush (brine drain), high pressure differential (between reject inlet & feed

outlet), low pressure differential (between feed inlet & reject outlet)” (Schneider, 2005).
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2.5.6 Pressure Exchanger (PX)

The Pressure Exchanger (PX) is a ceramic pump takes energy from high-pressure brine and
recycles it to incoming seawater at over 95% efficiency, which reduces energy requirements to
less than 50% of the amount prevalent a few years ago. A pressure exchanger, typically allows

recovery and reuse of over 30 % of the total initial energy applied for salt separation.
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Fig 2.11: Exploded View of ERI Pressure Exchanger (Guirguis,2011)

The (PX) is a new isobaric energy recovery device utilizes the principle of positive displacement
to transfers the energy from the concentrate (reject) stream directly to the feed stream in a
cylindrical rotor with longitudinal ducts. The rotor spins inside a sleeve between two end covers
that divide the rotor into high and low pressure halves. The low-pressure side of the rotor fills with
seawater while the high-pressure side discharges seawater. The rotation simply facilitates the
valving mechanism, which is to transport the ducts from one side to the other.

The units that operate with direct contact of concentrate and feed experience some mixing, which
results in an increased feed salinity, in the range of 3%.

Applying (PX) pressure exchanger technology to SWRO is different from conventional energy
recovery device system design, but in practice is quite simple. The reject brine from the SWRO
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membranes is passed into the (PX) unit, where its pressure energy is transferred directly to a
portion of the incoming raw seawater at up to 97% efficiency. This seawater stream, nearly equal
in volume and pressure to the reject stream, then passes through a high-pressure booster pump, not
the main high-pressure pump. This booster pump is making up the pressure losses across the RO
membrane (approx. 2 bar), (PX) unit(s) (approx. 1 bar) and piping losses (approx. 0.5 bar), the
total head provided by the booster pump is typically around 3.5 bars.

It is important to notice that the (PX) and associated booster pump are handling nearly 100% of
the reject flow. The size of the main high-pressure pump has been reduced to a “make up pump”
for the permeate flow that is exiting the RO system. Product water flow and reject flow are being
two provided by independent pumping systems and therefore are independent of one another.
The Work exchanger devices that are built for seawater RO plants are treated as the most
noteworthy technological breakthrough in desalination techniques achieved in the last 15 years.
These devices are not as similar devices used in lesser demanding environments; (PX) is able to
meet the tough requirement as it is specially built for SWRO systems. Subsequently, (PX) design
has seen many improvements, which have resulted in higher capacity of the single rotor to a very
high value of 50 m3/ hr (MacHarg, 2002).
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Fig 2.12: ERI’s PX Pressure Exchanger®. (Stover R.L, 2007)

More than 400 seawater reverse osmosis (SWRO) units all over the world have employed ERI’s

(PX) Pressure Exchanger® ERDs. Just in the year 2006, more than 2500 units were supplied which
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are having a combined capacity of 1.8 million m® day of the permeate fluid (Cameron, et al.,
2008).Many of these plants have a capacity of 100,000 m®/ day and there many bigger plants too.
For example Perth, Australia has a unit of 160,000 m%/ day, Hamma in Algeria has installed a unit
of 200,000 m® day, Hadera in Israel has installed a plant of 274,000 m® day (Membrane
Technology, 2008(9)).

Fig 2.13: PX Device Array Serving SWRO Train 6A Perth, Australia (Sanz and Stover, 2007).
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3.1 Introduction

CHAPTER 3

CASE STUDY

The 143,000 cubic meters per day seawater desalination plant in Kwinana Beach (Perth),
Western Australia started up in November 2006. As of February 2007, it was the largest SWRO

desalination plant in the Southern Hemisphere and the third largest SWRO plant in the world.

The plant was built as a joint venture of Suez Degrémont and Multiplex Engineering Pty Ltd.

It is operated by Australian Water Services, a subsidiary company of Degrémont (Sanz and

Stover, 2007).The aim was to increase drinking water production capacity for Perth, where

conventional freshwater resources are in very short supply.

The energy consumption of the first pass SWRO train is approximately 2.5 kilowatt hours per

cubic meter (Sanz and Stover, 2007).

12 SW R.O.Trains
14 Cartridge
6 Sea W. Filters Recovery 45%
Pumps 24 Mediazur 13.350 m3/d each
Filters 6 HP Pumps
12
Open Booste 12 x 16 PX220
Intake Sludge Pumps ERI-PX
Treatment <
Densadeg Reject to
Cockburn Solind
Sea water B Total Recovery >42.6%
sI (|
36.500m e g :
14-26°C g
Treated Remineralization . 6 BW R.O.Trains 6 HP
4Treated  W-Tank _I;Iuskhmg Pumps
W.Pumps an Recovery 90% p
: . Br <0.1mg/l ._ 22.000 m3/d each
13 Km i
TDS<200mg/l

Fig 3.1: Perth seawater desalination plant process diagram. (Richard and Crisp 2008)
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3.2 Process Description
The Perth plant draws feedwater from an open intake in nearby Cockburn Sound. The water

temperature ranges from (18 to 23 °C) and the salinity is 36,000 to 37,000 ppm.Six supply
pumps draw through screens and discharge to dual media filter vessels which in turn
discharge through cartridge filters to the reverse osmosis process. The supply pumps are
controlled by variable frequency drivers (VFDs) to save energy and assure constant feed
pressure to the high-pressure pumps and energy recovery devices.

In Pretreatment process after screening and pumping, acidification with H2SO4 then
coagulation with FeClz and organic coagulant aid.

Two banks of twelve pressure dual media filters (anthracite and sand) for a total seawater
flow rate up to 14,800 m%/h.

Two banks of seven cartridge filters each fitted with 360 cartridges (5 microns). All
operating parameters fully controlled by means of pressure and flow control loops to
automatically compensate temperature fluctuations and membrane permeability and to

optimize the energy consumption.

Table 3.1 Perth Project Facts (Gary Crisp,2008)

Total 1% Pass Capacity (PX’s installed) 160,000 m*/day
Permeate Capacity 144,000 m3/day
SWRO Train Capacity 13,500 m*/day
Number of SWRO Trains 12

Membrane Water Recovery Rate 43%

SWRO Energy Consumption 2.32 kWh/m?®
Total Plant Energy Consumption 3.2-3.5 kWh/m®
Efficiency 96.7%
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3.3 Design Characteristics of SWRO Desalination Perth Plant

Table 3.2 Design Characteristics of Perth Plant ( Sanz and Stover,2007)

Reverse Osmosis

Number of SWRO Trains in first pass

12

Number of pressure vessel in first pass

162

Pressure Vessel Model

Protec™ 7M side-port

Number of membrane elements in each train

1,134

Membrane element Model

Film™ SW30HR-LE400

Number of BWRO Trains in second pass

6

Number of pressure vessel in second pass

124

Pumping System

Type of high Pressure Pump

Weir Split-Case Centrifugal Pump

Pump Capacity 1,144 m3/hr
Pump's Differential Head 620m
Pump's Best Efficiency Point 86%
Number of high pressure Pump in first pass 6 units
Driver Motor capacity 2,600 KW

Energy Recovery Device

Type of energy recovery device

Pressure Exchanger, PX

Pressure Exchanger Model ERI PX - 220
Number of pressure exchanger array 12

Number of pressure exchanger in each array 16

Array Capacity 800m3/hr
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Fig 3.2: RO unit in Perth, Australia desalination plant (Sanz and Stover, 2007).
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CHAPTER 4

MODELING AND OPTIMIZATION SIMULATION

4.1 Introduction

This chapter will focus on the technical modeling and the performance evaluations of SWRO
system. Moreover, these optimizations were restrained to a limited number of process
configurations in a given context, thus narrowing the optimization pertinence. A special attention
will be paid to the flexibility of the RO process synthesis and to the assessment of local context

influence (temperature, water resource quality, etc.).

Optimization methodology has thus been developed, which Includes:
1. A database of up-to-date RO membrane models.
2. Performing the systematic generation of all feasible RO process configurations (process
layout and operating conditions) with respect to project specifications and local context.
3. Optimizes the RO process configuration.

4. A focus is made on spiral-wound membranes in accordance with actual market trends.

Design Safety Margin Considerations:

e The recommended pump pressure is higher than the feed pressure by 10% of Net Driving
Pressure +3 Psi (0.2 bar) for entry loses.

e A safety margin of 10% should be used for system design whenever the fouling rate cannot
be predicted.

e A design should include as a contingency a number of elements 10% higher than calculated.

e The feed pressure should be specified as required for the given product flow with 90% of the

calculated membrane elements.
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4.2 Sizing of the SWRO System

The approximate RO system size (e.g. Number of membrane elements and pressure vessels, etc.)

required to produce a quantity of product water can be determined by the following general

steps:
1.
2.
3.

Selection the membrane type and corresponding model number.

Selection the flux rate (I/m2h) according to expected feed water quality.

Divide the desired plant capacity by the design flux rate and by membrane element surface
area.

Divide total number of elements by the number of elements per pressure vessel. Round
result up to the nearest integer.

Select the appropriate array to achieve the desired recovery percentage. Increase number

of pressure vessels if necessary.

Before utilizing the projection software, some hand calculations should be performed. These will

provide a basic insight into the results of the projections, and make optimization task of the

required design less time consuming.

4.2.1 Preliminary Design

Case Study: Gaza Seawater Desalination Plant (GSWDP)

It is proposed to construct a seawater water RO plant to provide potable water to Gaza strip. The

average proposed capacity is 140,000 m*/day (7,000m*/hour).

Step 1: Consideration the source (feed) water quality.

The membrane system design depends on the available feed water and its required

application. Therefore; the system design information shall be according to the feed water

analysis.

1. A) Choosing Seawater open intake with conventional pretreatment with SDI <5.
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1. B) Choosing overall feed water concentration in TDS (ppm) or individual (specific) ions.

Component/Parameter [ Specifications/Design Criteria

Feed water

» Design flow rate 16,000 m*/day
= TDS 37,000 mg/I
=  Temperature 25°C

= Intake type open intake

Step 2: Permeate Quality

Table 4.02: Feed water (seawater) composition

Seawater Concentration | Concentration ml?:ﬁmrk;rrlz Ofer Molar Concentration
Constituents (mg/L) (meq/L) gmole P (mi) mole / L
Cations
Calcium 660 40,000 0.0165
Magnesium 1,447 24,300 0.059547325
Sodium 10,200 23,000 0.443478261
Potassium 510 39,100 0.013043478
Boron 4 10,800 0.00037037
Bromide 65
Total Cations 12,886 - 0.532939435
Anions
Bicarbonate 160 61,000 0.002622951
Sulfate 2500 96,100 0.026014568
Chloride 21500 35,500 0.605633803
Fluoride 0 19,000 0
Nitrate 0.1 62,000 0
Silica 10
Total Anions 24,170.1 - 0.634272935
Total 37,056.1 >'m;=1.1667
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The required quality of permeate;

Criteria Level
Chloride Concentration 70 ppm (Max)
Salinity TDS 400 ppm (Max)
Na 60 ppm (Max)
Boron 0.3 ppm (Max)
Free Chlorine Concentration 0.1-0.5 ppm
pH 7.5 —8.5 max
Hardness > 80 mg/l as CaCos
Alkalinity > 80 mg/l as CaCos
Turbidity < 0.5 NTU max

Step 3: Selection the flow configuration and number of passes.

The SWRO system is designed for continuous operation and the operating conditions of
every membrane element in the plant are constant with time. A permeate staged (partial two passes)

system is selected where the second pass is two staged.

Step 4: Calculate the SWRO units required.

This calculation provides the basic RO units capacity. It is important to notice that RO
units are classified based on permeate production, not feed water quantity. And a portion of the
plant output consists of first pass permeate that has been blended with the final SWRO permeate.
The basis for selecting the number of units really depends on local conditions, daily Vs. night-time
demand, etc.
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Availability and Redundancy of operation of RO system

Availability: number of operation hours in a year after reducing the downtime.
Redundancy: spare production ability.

The plant daily capacity = 140,000 m%/ day.

The plant yearly capacity = 140,000*365 = 51,100,000 m%/yr.

Number of hours in a year = 365*24 = 8,760 hours.

51,100,000 3
Plant average flow = 8760 = 5,833 m” /hr.

The number of operation hours in a year are 8, 0000 hours. Where 760 hours are for downtime

due to maintenance etc.).

. N 51,100,000
Plant flow with availability factor = “so00 - 6,388 m3/hr.

Plant flow with availability and redundancy factors of 10% = 6,388*1.1= 7,026 m/hr.

Usually; each SWRO train is designed to produce (10-20%) of total permeate capacity

So; we select 12 SWRO trains in first Pass, 6 BWRO trains in second pass.
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Step 5: Selection the membrane element type.

Elements are selected according to feed water salinity, feed water fouling tendency,
required rejection and energy requirements. The standard element size is 8-inch in diameter and

40-inch long.
The membrane type then determined according to:

e Application.

e Feed water characteristics.

e Required permeate quality.

e Operational factors such as energy or chemical consumption.

e Long term operation issues (CIP frequency, membrane life time).

Table 4.04: Choosing the SWRO membrane (ADAN, 2011).

o Membrane main )
Application o Representative membrane models
characterization

) o DOW - SW 30XHR, DOW - SW 30HRLE
RO high rejection ]
Seawater Hydranautics — SWC4+5+ESAPAB

RO low energy DOW - SW 30XLE, SW 30ULE, Hydranautics — SWC5.

Brackish water | RO high rejection | DOW-BW 30HR, DOW-BW 30, Hydranautics ESPA2,CPA3

Table 4.05: Choosing the SWRO membrane (DOW) (ADAN, 2011).

_ Permeate Salt Active
Membrane  main o
Membrane type o flow Rejection Area
characterization
(m¥/ day) (%) (m?)
DOW — SW 30HRLE - 440i SW - high rejection 31 99.8 41
DOW — SW 30ULE — 440i SW — Low energy 454 99.7 41
DOW — SW 30HRLE — 370/34i | SW-fouling resistant 25.3 99.8 34
DOW —-HRLE - 440i BW — Low energy 48 99.5 41
DOW — BW 30HR — 440i BW — high rejection 48 99.7 41
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I will select different types of membrane elements by using ROSA software to compare their

impact & performance with respect to specific energy consumption.
Step 6: Selection the average membrane flux.

Once the SWRO units size have been estimated, the rough number of membrane elements

can be calculated based on typical average flux commonly found in operating facilities.

Table 4.06: Selection the design average permeate flux and RO recovery (ADAN, 2011).

Ave. permeate Flux Max. recovery
No Feed type
(1/m?*hr) range
1 | Seawater from open intake 10-15 40% - 50%
2 | Seawater from beach wells 10-17 40% - 50%
3 | Brackish water 20-29 75% - 85%
4 |l Tape water, low salinity well water. 24-29 80% - 88%

Since we select seawater open intake as a feed type, so the average permeate flux (10-15 I/m?*hr)

and average recovery (40% - 50%) as given in (table 4.06).
Step 7: Calculation the number of needed elements.

Dividing the design permeate flow rate Q, (m*hr) by the design flux f (m*/m?*hr) and by

2 .
the membrane surface area of the selected element S_(m ), to obtain the number of membrane

elements NE.
Q
NE = P
f*SE
7,000
= —— = 13,692 elements.
0.0125%40.9
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Step 8: Calculation the number of pressure vessels and array that are needed.

Once the number of elements required has been obtained, the number of vessels and the
vessel array can be estimated.

Divide the number of elements ( N_) by the number of elements per pressure vessel, (NEpV) to

obtain the number of pressure vessels,( N, ) round up to the nearest integer.

Ng
Ny =
NEpv
13,692
Ny = - = 1,956 pressure vesselS

Since we have 12 trains in first SWRO pass, each train contains 163 pressure vessels.

Step 9: Selection the number of stages.

The number of stages defines how many pressure vessels in series the feed will pass
through, until it exits the system and is discharged as a concentrate. Every stage consists of a
certain number of pressure vessels in parallel. The number of stages is a function of the planned

system recovery, the number of elements per vessel, and the feed water quality.

The staging is necessary for keeping the design limits in flow and recovery in system with high

number of elements in pressure vessel and high recovery.

The higher the system recovery and the lower the feed water quality, the longer the system will be

with more elements in series.

One-stage systems can also be designed for high recoveries if concentrate recycling is used. In
seawater systems the recoveries are lower than in brackish water systems. The number of stages

depends on recovery as shown in (Table 4.07).
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Table 4.07: Number of Stages of SWRO systems (Dow, 2015).
Number of Number of Stages || Number of Stages || Number of Stages
System Recovery | Serial Element (6-element (7-element (8-element
0,
(%) Positions vessels) vessels) vessels)
35-40 6 1 1
45 7-12 2 1 1
50 8-12 2 2 1
55-60 12-14 2 2 -

The first SWRO pass will be single stage based on above given table.
Step 10: Selection the staging ratio.

The relation of the number of pressure vessels in subsequent stages is called the staging
ratio (R).

The ideal staging of a system is such that each stage operates at the same fraction of the system
recovery, provided that all pressure vessels contain the same number of elements. The staging ratio

(R) of a system with (n) stages and a system recovery (Y) -as fraction- can then be calculated:

1 1
R :[(1—y)]n

Forn=2,y=90%

N R

R =[uTi90)] -3.16

The number of pressure vessels in the first stage N (1) can be calculated with the staging ratio R

from the total number of vessels N as following:
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For two-stages system (n=2);

—_ 1% _
Nv@) =T 7= forn=2
The total number of pressure vessels (Nv)= 300 Pvs
The staging ratio = 3.16
_ 300 _
Nv() = T3 16D =228  say 230.
The number of vessels in the second stage is then;
N
Ny (2) = v}g and so on.
_ 225
Ny (2) = 316 =68 say /0.

Step 11: Selection of high pressure feed pump.

The horizontal Split Multistage centrifugal Pump with capacities of 2,500-3,000 m%/hr each

and rated efficiency 88%, and 16 booster pumps

Step 12: Selection of energy recovery device.

From ERI ™ PX ™ POWER MODEL; 12 array with 16 pressure exchanger (PX-Q260),
each array capacity 690 m%/hr and efficiency 97.3%.
Step 13: Analysis and optimization the membrane system

The chosen system will be analyzed and refined using the Reverse Osmosis System

Analysis (ROSA) computer program.
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4.3 Using Projection Tool (Software Design)

Once the preliminary design has been established, the projection software may be used to check
the validity of the design, determine the maximum water recovery available, and establish
permeate quality and blending potential. Not all software packages contain the subroutines
necessary for making the blending calculations, but sufficient information can be obtained from
those manufacturers that do provide this feature to allow an estimate for those that do not. The
blended water quality provides the basis for determining the post treatment requirements.

Reverse Osmosis System Analysis (ROSA)
The Reverse Osmosis System Analysis (ROSA) model, a sophisticated RO design program that

predicts the performance of membranes in user-specified systems.

Model Description

ROSA 9.1 software is the latest version, used in the analysis to determine the performance of a
membrane and energy requirements for desalination. The use of the model is influenced by the
need to design a technically feasible RO system. The ROSA model has been used for designing

desalination plants in different parts of the world.

Dow/Film Tec-ROSA

The RO performance software Reverse Osmosis System Analysis (ROSA) can now be used to
finalize and optimize the plant design, provide details for selecting a feed pump, and provide
information for post treatment requirements.
ROSA program has four input pages, one report page and cost analysis page, each tabbed on the
bottom of the screen. The six tabs are:
1. Project Info.
2. Feed Data.
3. Scaling.
4. System Configuration.
5. Cost analysis.
6. Report.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

The energy required to desalinate with an SWRO system can be expressed in terms of the specific

energy consumed per cubic meter of permeate and calculated with the following equivalent

equations:
SEC = (EHP“ZBP*ESP) et et et e et et o et et et 1t et oot s eee e 25,1 (Stover R. L, 2007)
P
[QHP(PHP ~Pr), Qpp(PHp ~Ppp1) , Qsp(PF)
SEC = “HP “BP S et et et et et e s 252 (Stover R. L, 2007)

Qp

where SEC is the SWRO system specific energy, Enp the high-pressure pump energy consumed,
Egp the booster pump energy consumed, Esp the supply pump energy consumed, Qp the permeate
flow rate, Qnp the high-pressure pump flow rate, Pyp the high-pressure pump outlet pressure, Pk
the high-pressure pump feed water pressure, Exp the high-pressure pump and motor efficiency,
Qep the booster pump flow rate, Pgpi the booster pump inlet pressure, Egp the booster pump and
motor efficiency, Qsp the booster pump flow rate, and Esp the supply pump and motor efficiency.
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5.2 Results and Discussion

The performance of SWRO systems studied and compared with different design configurations
equipped with different membrane elements and working under varying operational parameters.

In this study three cases have been taken as follows:
521 CASE 01

Rosa Results

% ROSA Control Panel - A
File  Options Help

System Permeate Flow: 6950.88 m3h  System Feed Flow: 15277.00 m3fh  System Recovery: 45,50%

Mo. Passes Current Pass
©1@2 @102

nical: | Mone

Mone
Configuration for Pass 1

Permeate Flow: 7,224 m3fh Redraulation Loops

StagesinPass: |1 = EBlend Permeate 3
Recovery: 46.60 % S =R

Flow Factor: 0.85 - [T] Pass 1 Conc to Pass 1 Feed None | m2fh
Feed Flow: 15,500 m3/h

Operating Temp: ~ 25.0 =C W| Pass 2 Conc to Pass 1Feed 223.00 m2
Permeate Flux: 12.91 Imh )

Configuration for Stage 1in Pass 1 System Configuration

Stagein Pass:  Stage 1 -

Feed Pressure:  None bar Pump

Eiz=rs) Concentrate
Boost (2-pass): |Calc 33.0 % s
———
Back Pressure:  None bar

Same back pressure for all stages

Pressure vessels in each stage: 1956

Elements in each vessel: 7 Concentrate #2

Total elements in stage: 13692

Products: [SWSOXHRJHOi v] [Specs ] o Permeate
Blen

Use the same element in the pass

| 1} Project Information | 2) Feedwater Data | 3) Scaling Information | 4) System Configuration | 5) Report | &) Cost Analysis

Wednesday, March 11, 2015 Run complete: 0 error(s).

Fig 5.1: System configuration of first pass (case 01)

The figure 5.1 shows the system configuration, in case 01 there are 13692 membrane elements in
1956 pressure vessels where each vessel consists of 7 elements in first stage in first pass, the

membrane element type is SW30XHR-440i (Active area = 40.9m?, flow rate 25m®/day), with flow
factor 0.85.

The Figure 5.2 and Figure 5.3 show the system configuration in second pass consists of 300

pressure vessels each contains 7 elements type BW30HR-440i (Active area=40.9m?, flow rate
48m°/day).
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4500mq/hour of first pass permeate is blended with permeate second pass to reach final permeate

of 6950 m®/hour as shown in figure 5.1 and figure 5.4.

The figure 5.4 show the system flow calculated based on pass 1 feed flow, therefore; the feed in

pass 1 assumed to be 15500m?®/hour at recovery 46.60%, in pass 2 the recovery set to be 90%, the
overall system recovery become 45.50% with final permeate flow 6950m?*/hour.(for more details

see Appendix —A).

File  Options Help

System Permeate Flow: §950.88 m3h  System Feed Flow: 15277.00m3/h  System Recovery: 45,50%

Mo. Passes Current Pass
©1 @2 ©1@:2

Configuration for Pass 2
Permeate Flow:
Stagesin Pass: |2 =

Recovery:
Flow Factor: 0.85

Feed Flow:
Operating Temp: 25.0 =C

Permeate Flux:

Configuration for Stage 1in Pass 2

15D E]
Stage inPass: Stage 1 -

Feed Pressure:  None bar Pump
Efficiency

Boost (2-pass): Calc 88.0 %
Back Pressure:  None bar
Same back pressure for all stages

Pressure vessels in each stage: 230

Elements in each vessel: 7

Total elements in stage: 1510

Products: [BW30HR440i -] [ Specs ]
Use the same element in the pass

Dosing Chemical:  Mone -

Adjusted pH:

@ MNo Degasification
() % Carbon Removal Mone
None (7) COZ Pressure (atm)

2,451 m3h Redirculation Loops

Blend Permeate 00 m?
90,00 % 4,500 m3fh

[T Pass 2 Conc to Pass 2 Feed Mone | m2fh
2,724 m3jh

Pass 2 Conc to Pass 1 Feed Mone| m2/h
.55 Imh -

System Configuration

Concentrate
r
——

Concentrate #2

Permeate
Blend

| 1) Project Information I 2) Feedwater Data I 3) Scaling Information | 4) system Configuration | 5) Report I 6) Cost Analysis

Wednesday, March 11, 2015

Fig 5.2: System configuration of first stage in the second pass (case 01)

Run complete: 0 error(s).

The energy consumption of the system is 4.07 Kwh/m3 in pass 1 and 0.15 Kwh/m? in pass 2, as

shown in figure 5.5.
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File  Options Help

System Permeate Flow: 6950.88 m3fh

System Feed Flow: 15277.00m3/h  System Recovery: 45.50%

Current Pass
01 @2

Mo. Passes
01 @2

Adjusted pH:
Configuration for Pass 2

Permeate Flow:
Stages inPass: |2 =
Recovery:
Flow Factor: 0.85
Feed Flow:
Operating Temp: 250 °C
Permeate Flux:

Configuration for Stage 2 in Pass 2
15D E]

Pump
Efficiency

Stage in Pass:  Stage 2 -

Boost: None bar

Boost (2-pass): |Calc 80.0| %
Back Pressure:  None bar
Same back pressure for all stages
Pressure vessels in each stage: 70
Elements in each vessel: 7

Total elements in stage: 430

Products: |BW30HR-440i | [ specs |
Use the same element in the pass

Dosing Chemical:

@ Mo Degasification
MNone ' 2

% Carbon Removal None
Maone () CO2Pressure {atm)

2,451 m3h Redrculation Loops

Blend Permeate 3
20.00 % 4,500 | m3h

Pass 2 Conc to Pass 2 Feed MNone | m3/h

None | m3/h

2,724 m3h
Pass 2 Conc to Pass 1 Feed
28.55 Imh

System Configuration

Concentrate

Concentrate 2

Permeate
Blend

| 1) Project Information | 2) Feedwater Data I 3) Scaling Information | 4) System Configuration | 5) Report I 6) Cost Analysis

Wednesday, March11, 2015

Run complete: 0 error(s).

Fig 5.3: System configuration of second stage in the second pass (case 01)

r - ~ ™
——— — = ﬂ
o~ Flow Calculator - — |
Pass 1
Feed Flow Becovery Pemeate Fow Flioe Pemeate Split
15500, D0|RuES ] 45,60 %% 7223.00 m3fh 12,91 Imh 0 %
1 . .
Specify Specify i
Elend 4500 m3fh
| |
L Pass 2
Feed Flow Recovery Pemeate Fow Fluee Final Pemmeate
N 2723.00 m3h 90.00 % 2450.70 m3fh 28.55 Imh 6950.70 m3h
Spedify [7] spedify
[ Recalculate ] [ Reset ] [ Cancel ] [ Accept Changes and Close
[ = S e o

Fig 5.4: Flow Calculator in first and second pass (case 01)
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E]
-
R]
5]
Pass 1 Pass 1
Stream & Flow Pressure| TDS Strpam & Flow Pressure| TDS
@k | Ga) | (me @h) | G | e
1 1527700 | 000 [3664464] 1A 722412 - 14550
2 15500.00 0.00 (3613047 24 272412 0.00 | 14330
3 15500.00 g0.05 3613047 A 272412 12.06 | 14330
3 B275.44 57.33 |67360.18 A 27324 £31 [1410.18
7 722412 - 145.50 BA 30.24 £31 |1410.13
72 |% Recovery 46.61 TA 2450.88 - 4352
B 4300.00 000 | 14330
Rk 223.00 £31 |1410.18
24 65850 38 .00 9378
TAZA |% Recovery 8097
Pass # Pass 1 Pass 2
Stage # 1 1 2
Element Type SW30XHR-4401|BW30HR-4401|BW 3 0HR-4401
Pressure Vessels per Stage 1956 230 70
Elements per Pressure Vessel 7 7 7
Total Number of Elements 136902 1610 490
Pass Average Flux 12.91 Imh 28.55 Ilmh
Stage Average Fhx 12.91 Imh 30.86 lmh 20.97 lmh
Permeate Back Pressure 0.00 bar 0.00 bar 0.00 bar
Booster Pressure 0.00 bar 0.00 bar 0.00 bar
Chemical Dose - -
Energy Consumption 4.07 kWh/m* 0.15 kWh/m*

Fig 5.5: Flow diagram of the process in first and second diagram (case 01)
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Enerqgy consumption of the system by using enerqy recovery

MEMBRAMNES FEED PERMEATE
Temp 25|°C 37, 649|TDS 145.5|TDS
#irains 1 60.05]bar 0) bar
Units Metric| 1,323. 1 m3/hr 602.0] m3thr

p

J |-| Recovery Rate % 45.5%

HP OUT HP IN

HPP cp 38,509| TDS 55.959| TDS

INPUTS 56.9| bar N° of PX units 57.53| bar
712.7|masmr Minmum Ne] 13 721.1] masr

Enter N° 16
] —
> PX-260 —
HPP FEED LPIN LP OUT

36,645|TD5 36,645|TDS Leadflow] 0% | 7,116} TDS

1.5|bar 1.5]|bar 11| bar
510.4] mashr 712.7|masmr 721.1] masmr

Feed Water Supply System ‘

| Total # PX units: 16 |

PX Technology Performance
PX unitary flow 451 m3/hr
Salinity Increase at membranes 2.1%
Volumetric mixing VM 5.8%
Lubrication flow (LF) per PX array 8.4 m3/hr
LF as % of concentrate flow 1.2%
HP DP 0.6 bar
LP DP 0.4 bar
RO Specific Energy ** 2 22 kWh/m3
Efficiency 97 1%

** Includes Feedwater Supply Pump Energy consumption

Fig 5.6: ERI™ PX™ power model results (case 01)
The figure 5.6 shows ERI™ PX™ power model modeling outputs with combination of ROSA

software such as membrane feed and permeate characteristics and concentrate parameters.

The plant will contains 12 array of pressure exchanger each array has 16 PX-260 units with
efficiency 97.1%, flow rate 45.1m%hour and volumetric mixing 5.8%, the energy consumption
reduced to 2.22Kwh/m?,
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522 CASE 02

Rosa Results

1= ROSA Control Pane
File  Options Help

System Permeate Flow: 2750.25m3h  System Feed Flow: 15873.15m3h  System Recovery: 17.32%

Mo, Passes Current Pass . = _

A1 @ 2 @1 @2 : MNone
- - - - Adj - None )
Configuration for Pass 1

Permeate Flow: 7,276 m3h Redrculation Loops

Stages in Pass: |1 (= Blend Permeate M 3
Recovery: 45.00 % | mh

Flow Factor: 0.85 Pass 1 Conc to Pass 1 Feed
Feed Flow: 16,167 m3h

Operating Temp:  25.0 =C | Pass 2 Conc to Pass 1 Feed 283.81 m2
Permeate Flux: 13.00 Imh -

Mane | m3fh

Configuration for Stage 1in Pass 1 System Configuration

Stage in Pass:  Stage 1 -

Feed Pressurer Mone bar Pump
Efficiency

Boost {2-pass): |Calc 88.0 =% Concentrate
Back Pressure:  Mone bar

Same back pressure for all stages

Pressure vessels in each stage: 1356

Elements in each vessel: 7 Concentrate #2

Total elements in stage: 13692

Products: |SW30XHR—440i | [ specs |
Uze the same element in the pass

Permeate

| 1) Project Information | 2) Feedwater Data | 3) Scaling Information | 4) System Configuration | 5) Report I &) Cost Analysis

Wednesday, March 11, 2015 Run complete: 0 erroris).

Fig 5.7: System configuration of first pass (case 02)
The figure 5.7 show the system configuration in case 02 consists of 13692 membrane elements in
1956 pressure vessels where each vessel consists of 7 elements in first stage in first pass, the
membrane element type is SW30XHR-440i (Active area = 40.9m?, flow rate 25m®/day), with flow
factor 0.85.

Figure 5.8 and Figure 5.9 show second pass system configuration consists of 300 pressure vessels
each contains 7 elements type BW30HR-440i (Active area=40.9m?, flow rate 48m°/day).

58% of permeate split in first pass permeate is blended with permeate second pass to reach final
permeate of 6970 m*/hour as shown in figure 5.7 and figure 5.10.

Figure 5.10 show system flow calculation based on pass 2 permeate flow, therefore; the permeate

in pass 2 assumed to be 2750m3/hour at recovery 90.0%, in pass 1 the recovery set to be 45%, the
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overall system recovery become 43.90% with final permeate flow 6970 m3/hour.(for more details

see Appendix —A).

File  Options Help

System Permeate Flow: 2750.25m3h  System Feed Flow: 15878.15m3/h  System Recovery: 17.32%

5 @) Mo D ficati
Mo, Passes Current Pass Dosing Chemical:  Nane @ Mo Degasification

@1 @2 @1 @2 (@) % Carbon Removal  None
Adjusted pH: Mone () CO2 Pressure (atm)
Configuration for Pass 2

Permeate Flow: 2,750 m3fh Redirculation Laops
Stages inPass: (2 [ Blend Permeate . El
Recovery: 90.00 % N g
Flow Factor: 0.85 Pass 2 Conc to Pass 2 Feed Mone | m3h
Feed Flow: 7,276 m*h :
Operating Temp: 25.0 =C Pass 2 Conc to Pass 1 Feed

None | m3h
Permeate Flux: 32.04 Imh :

Configuration for Stage 1in Pass 2 System Configuration

1SD E]
Stagein Pass: Stage 1 -

Feed Pressure:  None bar Pum|_:|
Efficiency

Boost (2-pass): Calc 88.0 % Concentrate

Back Pressure:  None bar
Same back pressure for all stages

Pressure vessels in each stage: 230

Elements in each vessel: 7 Concentrate #2

Total elements in stage: 1510

Products: |BW/30HR—440 ~| [ specs |
Use the same element in the pass

Permeate

| 1) Project Information I 2) Feedwater Data I 3) 5caling Information | 4) System Configuration | 5) Repart I &) Cost Analysis

Wednesday, March 11, 2015 Run complete: 0 error(s).

Fig 5.8: System configuration of first stage in the second pass (case 02)

The energy consumption of the system is 4.05 Kwh/m? in pass 1 and 0.43 Kwh/m? in pass 2, as
shown in figure 5.11.
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File  Options Help

System Permeate Flow: 2750.25m3h  System Feed Flow: 15878.15m3fh  System Recovery: 17.32%

. } ; @ Mo Degasification
Mo, Passes Current Pass Dosing Chemical:  None > g

= 1 @ 2 A1 @2 () % Carbon Removal None
Adjusted pH: Mone (7) CO2Pressure (atm)
Configuration for Pass 2

Permeate Flow: 2,750 m3h Redraulation Loops
Stages in Pass: |2 & Blend Permeate M 3
Recovery: 90,00 % e
Flow Factor: 0.85 Pass 2 Conc to Pass 2 Feed Mone | m3/h
Feed Flow: 7,276 m3fh :
Operating Temp: 25.0 °C Pass 2 Conc to Pass 1 Feed

None | m3fh
Permeate Flux: 32.04 Imh :

Configuration for Stage 2in Pass 2 System Configuration
15D

Stage in Pass:  Stage 2 -

. Pump
Boost: Mone bar Efficiency

Boost {2-pass): |Calc 80.0| =% Concentrate

Back Pressure:  None bar

Same back pressure for all stages

Pressure vessels in each stage: 70

Elements in each vessel: 7 Concentrate #2

Total elements in stage: 450

Products: [BW30HR-440i | [ specs |
Use the same element in the pass

Permeate

| 1) Project Information I 2) Feedwater Data | 3) Scaling Information | 4) System Configuration | 5) Report I &) Cost Analysis

Wednesday, March 11, 2015 Run complete: 0 error(s).

Fig 5.9: System configuration of second stage in the second pass (case 02)

5

-
o5 Flow Calculator ——— - - =l
Pass 1
Feed Fow Recovery Pemeate Flow Flune Pemmeate Split
165168. 42/ k] 45.00 % 7275.79 m3fh 13.00 Imh 58.00 % n
| |
[ Blend m3fh l
||
Pass 2
| Feed Flow Recovery Pemeate Flow Flune Final Pemeate
3055.83 m3h 90,00 % 2750.25 m3h 32.04 Imh 6970.21 m3fh
| |
| Specify Specify
| 0
| |
|
Recalculate ] l Reset ] [ Cancel ] l Accept Changes and Close ]
h — i ———

Fig 5.10: Flow Calculator in first and second pass (case 02)
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|7 or 1A] [3A]
+{6A]
Pass 1 Pass2
Stream £ Flow Pressure| TDS Stream & Flow Pressure| TDS
(m*h) (bar) | (mg/l) (m*h) (bar) | (mg/) |
1 15878.15 0.00 (36644 .64 1A 727511 - 218.58
2 16166.96 0.00 3602933 3A 3057.01 1229 |218.38
3 16166.96 37.77 |3602% 33 54 30588 825 213536
3 880224 5632 |63390.65 6A 16.82 825 213536
7 727511 - 21858 TA 2751.13 - 5.47
5 42199582 0.00 8455 R 28906 825 213536
712 % Recovery 45.00 82 6969.23 0.00 5334
TANTA |% Recovery 8999
Pass # Pass 1 Pass 2
Stage # 1F 1R 1 2
Element Tvpe SW30XHE-4401] SW30XHE-440i |BW3I0HE-440i|BW30HR-4401
Pressure Vessels per Stage 1936 1956 230 70
Elements per Pressure Vessel 2.8442 4.1538 7 7
Total Number ofElements 3367.1672  |8124.832800000001 1610 490
Pass Average Flux 13 .00 lmh 3205 Imh
Sage Average Flux 1854 lmh 920 Imh 33 88 Ilmh 26.05 Imh
Permeate Back Pressure 0.00 bar 0.00 bar 0.00 bar 0.00 bar
Booster Pressure 0.00 bar 0.00 bar 0.00 bar 0.00 bar
Chemical Dose - -
Energy Consumption 4.05 KWhin? 0.43 kWh'm?

Fig 5.11: Flow diagram of the process in first and second diagram (case 02)
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Enerqgy consumption of the system by using enerqy recovery

MEMBRANES FEED PERMEATE
Temp 251°C A7 571|TDS 214.02|TDS
#1rains 1 58.13|bar 0fbar
Units Metric 1,405 8|m3/hr 617.0]m3thr

%

J I_I Recovery Rate % 43.9%

HP OUT HP IN

HPP cp 28,214 TDS 66.792|TDS

INPUTS 55.9|bar N® of PX units 56.64| bar
780.0| masmr Minimum Ne| 14 788.8] mamr

Enter N® 16
] —
> PX-260 —
HPP FEED LP IN LP OUT

36,645|TDS 36,645|TDS Leadflow] 0% | 55,141] TDS

1.5| bar 1.5| bar 1.0] bar
§25.8] mamr 780.0| masmr 788.8] mamr

Feed Water Supply System

| Total # PX units: 16 |

PX Technology Performance
PX unitary flow 493 ma/hr
Salinity Increase at membranes 2 5%
Volumetric mixing VIV 5.5%
Lubrication flow (LF) per PX array 8.8 m3/hr
LF as % of concentrate flow 1.1%
HP DP 0.7 bar
LP DP 0.5 bar
RO Specific Energy ** 2 13 KWh/m3
Efficiency 96.8%

** Includes Feedwater Supply Pump Energy consumption

Fig 5.12: ERI™ PX™ power model results (case 02)
The figure 5.12 shows ERI™ PX™ power model modeling outputs with combination of ROSA

software such as membrane feed and permeate characteristics and concentrate parameters.

The plant will contains 12 array of pressure exchanger each array has 16 PX-260 units with
efficiency 96.8%, flow rate 49.3m%hour and volumetric mixing 5.5%, the energy consumption
reduced to 2.13Kwh/m3,
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5.2.3 CASE 03

Rosa Results

File  Options Help

System Permeate Flow: §999.70 m3h  System Feed Flow: 15963.28 m#h  System Recovery: 43.85%

Mo, Passes Current Pass
©1@®2 @10z

MNone
Configuration for Pass 1

Permeate Flow: 7,333 m3h Redirculation Loops

Stages inPass: |1 = Blend Permeate 4000 m?
Recovery: 45.00 % 00

Flow Factor: 1.00 [] Pass 1 Conc to Pass 1 Feed None| m3h
Feed Flow: 16,297 m3h

Operating Temp:  25.0 =C | Pazs 2 Conc to Pass 1 Feed 333.23 me
Permeate Flux: 13,10 Imh h

Configuration for Stage 1in Pass 1 System Configuration

1=

Stage in Pass: Stage 1 -

Feed Pressure:  Mone bar Pump

SR Concentrate
Boost {2-pass): 88.0 %% s
——
Back Pressure: Mone bar

Same back pressure for all stages

Pressure vessels in each stage: 1956

Elements in each vessel: 7 Concentrate #2

Total elements in stage: 13692

Products: [5w30HRLE440i V] [Specs ] ot Permeate
=pl

Use the same element in the pass

| 1) Project Information | 2) Feedwater Data | 3) Scaling Information | 4) System Configuration | 5) Report | &) Cost Analysis

Wednesday, March 11, 2015 Run complete: 0 error(s).

Fig 5.13: System configuration of first pass (case 03)

figure 5.13 shows system configuration in case 03 consists of 13692 membrane elements in 1956
pressure vessels where each vessel consists of 7 elements in first stage in first pass, the membrane
element type is SW30HRLE-440i (Active area = 40.9m?, flow rate 31m3/day), with flow factor 1.

Figure 5.14 and Figure 5.15 show second pass configuration consists of 300 pressure vessels each
contains 7 elements type BW30HR-440i (Active area=40.9m?, flow rate 48m?/day).

4000 m*/hour of permeate in first pass permeate is blended with permeate second pass to reach

final permeate of 7000 m3/hour as shown in figure 5.13 and figure 5.16.

Figure 5.16 shows system flow calculation based on pass 2 permeate flow, therefore; the permeate

in pass 2 assumed to be 3000m3/hour at recovery 90.0%, in pass 1 the recovery set to be 45%, the
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overall system recovery become 43.85% with final permeate flow 6970 m3/hour.(for more details

see Appendix —A).

File Options Help

System Permeate Flow: §999.70m3h  System Feed Flow: 15963.28 m3h  System Recovery: 43.85%

Mo, Passes Current Pass

1 @2 01 @2

Configuration for Pass 2

Permeate Flow:
Stagesin Pass: 2 =

Recovery:
Flow Factor: 0.85

Feed Flow:
QOperating Temp: 250 =C

Permeate Flux:

Configuration for Stage 1in Pass 2

D
Stagein Pass: Stage 1 hd E]

Feed Pressure:  Mone bar Pump
Efficiency

Boost (2-pass): Calc 88.0 =g
Back Pressure:  Mone bar
Same back pressure for all stages
Pressure vessels in each stage: 230
Elements in each vessel: 7

Total elements in stage: 1510

Products: [BW30HR-440i =] [spess |
Use the same element in the pass

Dosing Chemical:  None -

Adjusted pH:

@ Mo Degasification
(7) %&CarbonRemoval  None
None () CO2 Pressure (atm)

3,000 m3h Redirculation Loops

Blend Permeate 000 m2
a0.00 % 4,000| m3fh

[ Pass 2 Conc to Pass 2 Feed None| m3h
3,333 m3h

Pass 2 Conc to Pass 1Feed Mone| m2/h
3455 Inh -

System Configuration

Concentrate

Concentrate #2

Permeate
Blend

| 1) Project Information I 2) Feedwater Data I 3) Scaling Information | 4) System Configuration | 5) Report I 6) Cost Analysis

Wednesday, March 11, 2015

Fig 5.14: System configuration of first stage in the second pass (case 03)

Run complete: 0 error(s).

The energy consumption of the system is 3.90 Kwh/m? in pass 1 and 0.20 Kwh/m? in pass 2, as

shown in figure 5.17.
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File  Options Help

System Permeate Flow: §999.70 m3/h

System Feed Flow: 15963.28m3h  System Recovery: 43.85%

Mo. Passes

91 @2

Current Pass

1 @2

Configuration for Pass 2

Permeate Flow:
Stagesin Pass: |2 |

Recovery:
Flow Factor: 0.85

Feed Flow:

OCperating Temp:  25.0 =C

Permeate Flux:
Configuration for Stage 2 in Pass 2
Stage in Pass:  Stage 2 A

Boost: b Pump
oS None ar Effidency

Boost (2-pass): |Calc 88.0| %
Back Pressure:  Mone bar
Same back pressure for all stages

Pressure vessels in each stage: 70

Elements in each vessel: 7

Total elements in stage: 450

Products: |BW/30HR~440i -] [ spess |

Use the same element in the pass

Dosing Chemical:  MNone

Adjusted pH: Mone

15D E]

@ Mo Degasification

) % Carbon Removal lone
(©) CO2Pressure (atm)

3,000 mijh Redrculation Loops

Blend Permeate 3
20.00 % 4,000 | m3fh

Pass 2 Conc to Pass 2 Feed

None [ m3/h

None | m3j/h

3,333 m2h
Pass 2 Conc to Pass 1 Feed
34.95 Imh

System Configuration

Concentrate

Concentrate #2

Permeate
Blend

| 1) Project Information I 2) Feedwater Data I 3) Scaling Information | 4) System Configuration ‘ 5) Repart | 6) Cost Analysis

Wednesday, March 11, 2015

Run complete: 0 error(s).

Fig 5.15: System configuration of second stage in the second pass (case 03)

i N
o= Flow Calculator [ — - ‘:‘-_ u_‘ﬂ:' —
Pass 1
Feed Flow Becovery Permeate Fow Pz
i mz/h 45,00 % 7333.00 m3h 13.10 Imh 0| %
| [ Spedfy Spedfy
Elend 4000 m3fh 1
| |
Pass 2 .
Feed Fow Recovery Pemeate Flow Fluoe Final Permeate
3333.00 m3h 90.00 % 2999.70 m3h .95 Imh £993.70 m3h
R Spedify Spedify
| |
| |
| |
N [ Recalculate ] [ Reset ] [ Cancel l [ Accept Changes and Close ]
— m .- ¢’

Fig 5.16: Flow Calculator in first and second pass (case 03)
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: —
R]
[6A]
Pass 1 Pass 2
Flow Pressure| TDS Flow Pressure| TDS
Sreamnf em | @an | @gn P @em) | @an) | cogn|
1 1506328 000 |37063.50 1A 733315 - 20557
2 1629651 000 |373561.97 24 3333.15 0.00 20557
3 1629651 3557 |37561.97 3A 3333.15 13.50 | 20557
5 8067 78 54 14 |68108.64 SA 333 46 §00 201251
7 733315 - 20557 64A 023 899 201251
772 %o Recovery 45.00 TA 299970 - 4.70
B 400000 0.00 20557
R 33323 890 201251
A 699970 0.00 11947
TAZA |% Recovery 20.00
Pass # Pass 1 Pass 2
Stage # 1 1 2
Element Tvpe SW30HELE-440i|BW3 0HERE-4401|BW 30HE-4401
Pressure Vessels per Sage 1936 230 70
Elements per Pressure Vessel 7 7 7
Total Number of Elements 13692 1610 490
Pass Average Flux 1310 Imh 3495 Imh
Stage Average Flux 1310 1mh 36 83 lmh 2876 lmh
Permeate Back Pressure 000 bar 000 bar 000 bar
Booster Pressure 000 bar 000 bar 0 .00 bar
Chemical Doss - -
Energy Consumption 390 EWhim® 020 kWhim®

Fig 5.17: Flow diagram of the process in first and second diagram (case 03)
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Enerqgy consumption of the system by using enerqy recovery

MEMBRANES FEED PERMEATE
Temp 25|°C 38,005|TDS 205.57|TDS
#lrains 12 55.57|bar 0] bar
Units Metric| 1,393.6{m3/hr 611.1)m3ihr

P

J I_I Recovery Rate % 43.9%

HP OUT HP IN

HPP cp 38.757|TDS 57.525|TDS

INPUTS 53.4| bar N° of PX units 54.14] bar
775.2]mainr Minmum N 14 782.5|mainr

Enter N® 16
1 A —
> PX-Q260 |
HPP FEED LPIN LP OUT

37,064|TDS 37,064|TDS Leadfiow] 0% | 55,847|TDS

1.5] bar 1.5]| bar 1.0] bar
618.4| masmr 775.2]mainr 782.5]mainr

Feed Water Supply System

| Total # PX units: 192 |

PX Technology Performance
PX unitary flow 48.9 m3/hr
Salinity Increase at membranes 25%
Volumetric mixing VIV 5.6%
Lubrication flow (LF) per PX array 7.3 m3ihr
LF as % of concentrate flow 0.9%
HP DP 0.8 bar
LP DP 0.5 bar
RO Specific Energy ** 2.04 kWhim3
Efficiency 06 8%

** Includes Feedwater Supply Pump Energy consumption

Fig 5.18: ERI™ PX™ power model results (case 03)

The figure 5.18 shows ERI™ PX™ power model modeling outputs with combination of ROSA

software such as membrane feed and permeate characteristics and concentrate parameters.

The plant will contains 12 array of pressure exchanger each array has 16 PX-Q260 units with
efficiency 96.8%, flow rate 48.9m3hour and volumetric mixing 7.3%, the energy consumption
reduced to 2.04Kwh/m3,
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Pump Efficiency:

The pump efficiency assumed 88%, since larger pumps generally have higher specific speed and

more efficient.

Membrane element type:

For membrane element (SW30XHR-440i), the Active area = 40.9 m? and the flow rate = 25
mé/day. The required feed pressure is 60bar in case 01 and 57.77 bar in case 02.

For membrane element (SW30HRLE-440i), the Active area = 40.9 m? and the flow rate =
31m3/day. The required feed pressure is 55.57 bar in case 03.

Therefore; the element has direct effect on the energy consumption.

Flow factor (Fouling Factor):

As the flow factor is set as1.0 for new membrane element, to optimize membrane performance as
seasonal variations in the seawater occur or as the membrane elements age the flow factor 0.85.
For instance, if heavy fouling conditions occur, the recovery rate can be lowered, increasing
membrane cross flow and reducing contaminant deposition and biological growth on membrane

surfaces.

Recovery:

As recovery rate is reduced, the reject water concentration reduces and the osmotic pressure in the
membrane elements decreases accordingly. Reducing recovery essentially dilutes the concentrate
stream which reduces the membrane feed pressure. This reduces the load on the high-pressure-
pump motor. As recovery rate is increased, membrane feed pressure increases but the SWRO

system requires less feed water.

Pressure exchanger:

The pressure exchanger is preferred due to its high efficiency, the selected model PX-Q260
reduced the power consumption with value 2.04 KW/m?.
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Specific Energy:

The specific energy is calculated from total power consumed by pumping system divided by total
permeate flow. The optimal (minimum) value can be achieved by different scenarios as following:

e Increasing permeate flow quantity with keeping power consumption constant.

e Increasing permeate flow quantity larger than the increasing power consumption.

e Decreasing the power consumption with keeping permeate flow quantity.

e Decreasing the power consumption with quantity larger than decreasing the flow rate.
After performing several trials by Rosa software and ERI™ PX™ power model, the resulted
values are illustrated below in table 5.01.

Table 5.01: Summary of Final Results

Specific Energy Consumption (SEC) Case 01 Case 02 Case 03
SEC without PX (1 Pass) 4.07 4.05 3.90
SEC with PX (1% Pass) 2.22 2.13 2.04
SEC (2" Pass) 0.15 0.43 0.20
Total 2.37 Kwh/m® | 2.56 Kwh/m® | 2.24 Kwh/m?

Table 5.01shows the specific energy consumption in case 01 reduced from 4.07 Kw/m?3 to 2.22
Kw/m? after addition the pressure exchanger PX-260 with efficiency 97.1%.

In case 02 the specific energy consumption reduced from 4.05 Kw/m?3 to 2.13 Kw/m?® by using the

pressure exchanger Px-260 with efficiency 96.8%

In case 03 the optimal specific energy consumption value 2.24 Kw/m?® is achieved after using
pressure exchanger with efficiency 96.8% and using membrane element SW30HRLE-440i with

active area 40.9 m? and flow rate 30m3/day.

In addition using large centrifugal pump with high efficiency reached up to 88% contributed in

reduction of energy consumption in the system.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

The main controlling factors that have potential effect on power consumption are membrane

elements, high pressure pumps, energy recovery devices. From this research the following

concluding remarks can be outlined:

For plant design and determination of the specific energy consumption of the SWRO, an
SWRO plant calculation and design model was used, which covers different RO
configurations and the design and energy consumption of the SWRO plant systems. A
characteristic SWRO plant size capacity (140,000 m®/d) and configuration (two pass RO
system) was selected for modelling purposes. With the most efficient energy recovery
system, specific energy consumption under the modelling conditions for the 1% pass and
2" pass of the SWRO plant is about 2.04 and 0.20 kWh/m? respectively.

In the first pass, without using ERD, the SEC for all trains varies between 3.90 and 4
kWh/m3.While by using ERDs, the SEC for all trains varies between 2.04 and 2.13
KWh/m?,

By introducing the PX, a 46% power saving and size reduction of the high pressure pump
is possible at 45% product recovery in SWRO plant.

Staging is a function of hydraulics, so it is important to maintain the fluid velocity in the
membranes above the minimum requirement.

The partial two passes system can produce the required permeate quality, this
configuration results in smaller second pass unit; therefore lower capital and operating
costs, as well as higher combined permeate recovery rate (utilization of the feed water).
Plant performance is consistent with the design goals which are pre-determined.

The three center design is an attractive solution for large desalination plants due to its
benefit of power saving and plant availability.
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e Maximum pumping efficiency depends on good pump design & proper design of SWRO
system completely.

e ERD performance is mainly dependent on the operating parameters such as flow and
pressure.

e The active area and flow capacity are the most effecting parameters of membrane element
performance.

e Membrane system flux does not have to change with the change in membrane types
because the feed water quality determines the maximum membrane flux.

e Large plants preferable to split up into a number of identical trains. Then the number of
trains in service can be adjusted to the needs to achieve the most flexible & reliable
operating conditions.

e The high efficiency energy recovery devices will become the most popular process for
RO seawater desalination process in the near future.

e Due to advances in the efficiency of energy recovery systems the performance of the
SWRO plants has been increased in the last decade.

e Optimization problem formulation is presented to minimize an objective function while
optimizing design and operating parameters of the process. It is found that considerable
reduction in pumping cost is achievable. Furthermore, commercial module designs might
be further refined in order to reach more economic improvements for RO processes
subject to technical limitations.

e The main technological improvements have come from the optimized process design and
improved equipment. Process development such as two pass, split partial permeate
treatment, have proven to be cost effective.

e Most modern SWRO desalination plants save energy by utilizing isobaric energy recovery
devices such as the (ERI PX) Pressure Exchanger device.

e The behavior of the membrane element affects the operation conditions (fouling factor;
0.85), a differential pressure and a system salt passage.

e The membrane type selection make a substantial contribution toward the energy

consumption. (Affecting the operating pressure).
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6.2 Recommendations

The power consumption is a very key factor in total operation cost of desalination plants.

Accordingly, the following recommendations should be considered:

It very important to establish the finished water quality goals when starting the design of
SWRO system.

The usage of energy recovery devices is useful in designing a new SWRO system or
expanding of the existing one.

An extensive researches should be focused on the membranes performance improvement,
energy recovery enhancement and reliable plant design.

Most operating data should be monitored, recorded and reviewed to normalize the plant
performance.

A pilot plant should be run for a specific period of time more than one year to optimize
SWRO desalination plant performance effectively and efficiently, when it goes on stream.
In order to determine the robustness of the methodology, the model requires some additions
such as energy recovery calculations, especially for the design of an actual SWRO system.
Although the desalination technologies are mature enough to be a reliable source of fresh
water from the sea, A significant amount of research and development (R&D) should be
carry out in order to constantly improve the technologies and reduce the cost of
desalination. Long term multidisciplinary and integrated R&D programs are needed for the
purpose of making the seawater desalination techniques affordable worldwide.
High-pressure pumps have to be properly designed to operate with maximum efficiency
and maintenance simplicity. Energy Recovery devices have to form a unitary block,
capable of changing pumping flow independently of high-pressure pumps.

For energy efficiency improvement in pumping system, the optimal pump sizing and pump
operational conditions should be taken in considerations.

Integration of advanced high-pressure pumps and energy recovery systems in seawater RO

systems will yield to reduction in power consumption and operating cost.
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