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ABSTRACT

The Reverse Osmosis (RO) process has been considered to be one of the most widely utilised
techniques for brackish water desalination for its capabilities to produce high-quality water.
The RO process characterised by its low energy consumption compared to thermal
distillation processes, leading to reduced overall water production cost.

To systematically understand the transport phenomena of solvent and solutes via the
membrane texture, several mathematical models were developed. This interestingly aids to
conduct a huge amount of simulation and optimisation studies to judge the influence of
control variables on the performance indexes and to adjust the key variables at optimum
values to realise optimum production indexes. In this research, a specific accurate model for
a single spiral wound RO process has been successfully developed and used to build accurate
models for the multistage brackish water RO desalination process of two different designs.
The robustness of the model developed was confirmed via validation against the
experimental data collected from simple design of RO system and complicated design of RO
system of Arab Potash Company (APC). This is followed by a thorough simulation of the
RO process to explore the influence of operating conditions on the process performance
indicators. Recently, several contributions were made in this thesis that specifically
comprises the improvement of the original design of brackish water RO desalination process.
The influence of a retentate recycle design is investigated on the process performance.
Moreover, evaluation and minimisation of specific energy consumption (expressed in
kWh/m? of freshwater production) is carried out on the simple and complicated designs of
RO process by implementing an energy recovery device. Also, the most suitable brand of
membranes was explored for the RO system from a set of different brands of membrane to

attain the highest-performance rejection at lowest energy consumption compared to the



original membrane. Furthermore, a single optimisation framework was developed to mitigate
the specific energy consumption of simple and complicated designs of brackish water RO
desalination process. Finally, a thermodynamic limitations and exergy analysis of the
complicated design of RO system are outlined via a thoroughly study to investigate the
locations of high exergy destruction. These contributions were verified as they promoted the

separation performance at a significant energy saving.
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CHAPTER ONE

Introduction

1.1 Water and perspective fact

Water is very important for life as an essential constitutes for growing populations who
require a clean water for drinking, as well as for industrial and agriculture fields. In spite
of 71% of the earth surface is covered by water, but the majority of this water is not
suitable for human use. The oceans account for about 97% of the total water in the earth
which are undrinkable and salty water, and 2% of ice caps and glaciers are not easily
accessible, while the rest about 1% in rivers, underground and lakes. Therefore, the fresh
water natural sources are inadequate to meet the growing demand of fresh water around
the globe. Moreover, increased salinity of aquifers will continuously exacerbate the
problem of water scarcity in many regions of the world especially for the areas completely
dependent on these non-renewable sources. Basically, when the water demand exceeds
the available resources, this would result in water scarcity. The problem of water shortage
is one of the most common and widespread problems in the world. It is expected that this
problem will spread widely in the future (2025) as depicted in Fig. 1.1. Fig 1.1 indicates
the expected increase of water scarcity on a large scale in the world, especially in most
countries of the Middle East and North Africa. Moreover, it is expected that around 1.8
billion of the population of these areas will be affected by absolute water scarcity.

Fig. 1.2 shows an increase of areas exposed to water shortage between 2025 to 2040
compare to those areas exposed to water shortage presented in Fig. 1.1. The future water
stress 1s scored and ranked by world resources institute for 167 countries and shows that
33 countries face extremely high-water stress in 2040, which are mainly located in the
Middle East. In this respect, Jordan, occupies a strategic location in the Middle East, is
considered as one of the ten most water countries in the world suffering from water
scarcity. Specifically, Jordan is expected to score the 14" rank in water stress by 2040

(Andrew Maddocks, 2015).
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Fig. 1.2. The future of water stress over the world in 2040 (Andrew Maddocks, 2015)

For the above discussed reason, it was necessary to search for other sources of fresh water
to compensate the water shortage, and therefore the solution was accomplished via the
desalination and treatment of seawater and brackish water (Temperely, 1995). Recently,
there are more than 16,000 desalination plants in operation worldwide and the total global
capacity of all plants is around 74.8 million m3/day (Bennett, 2013).
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1.2 Background of desalination

The reliance on desalination technology to produce fresh water has been extensively
increased due to the shortage of fresh water with progressive line of industry. Therefore,
there were intensive efforts to invent proper desalination technologies to compensate the
freshwater scarcity, which explicitly comes with developing thermal and membrane
processes.

Desalination is a physical separation process of a saline water to separate salts from water
which in turn obtaining fresh water with low salinity and concentrated brine. This mainly
includes seawater, and brackish water (Al-Zahrani et al., 2012). However, desalination
has been widely used in the provision of water for industrial and agricultural uses, which
entirely aided the setting up of numerous arid regions around the world, especially in the
Middle East.

Selection of the desalination method mainly depends on the salinity of water resource.
This is referred to the concentration of dissolved salts in water, which is presented in
Mass/Volume or Mass/Mass unit ratios. The total dissolved solids (TDS) is reported in
the most desalination industries as the standard indicator measured by part per million
(ppm) (mg/l). Thereby, the water can be classified based on its salinity into low salinity
water (brackish water) and high salinity water (seawater) (El-Dessouky and Ettouney,
2002, El-Manharawy and Hafez, 2001). In this respect, the allowed upper and lower
concentration limits of TDS in drinking water are 1000 ppm and 500 ppm, respectively.
Therefore, TDS more than 1000 ppm would make foul-tasting water. These limits are
reported by the World Health Organization (WHO) on their guidelines of drinking-water
quality (WHO, 2003). Occasionally, the salinity of seawater ranges between 35,000 to
45,000 ppm of TDS (Eltawil et al., 2009). Therefore, the desalination plants are
constructed based on the quality of feed water, i.e, seawater and brackish water, which in
turn would explain the reason of simple and complicated designs of the desalination

plants.

1.3 Water desalination in the Middle East countries
Over the past few years, desalination has become an integral part of water management

strategies in several countries across the world including the Middle east countries. In fact,



the resources of natural fresh water are not distributed equally around the world.
Therefore, there are many countries suffering from water scarcity despite having sufficient
water to support their residents.

The demand of fresh water has been exponentially increased due to the growth of pollution
with employing water in a variety of industries. This is specially noticed in the Middle
East countries, which made the desalination technology as the most important fresh water
source of potable, agriculture, and industrial uses.

The increase of population and economic development in the Middle East countries has
led to an imbalance between supply and demand of freshwater. These countries depend
essentially on desalination to meet the growing of water demands (Nair and Kumar, 2013).
This would interpret the expansion of water desalination plants in this region that
confirmed the appropriateness of desalination as the most expedient solution to water
scarcity compared to other parts of the globe (Khan et al., 2017).

Generally, water scarcity is a major environmental challenge facing Jordan since the early
1960s until these days. In fact, Jordan occupies the 10™ rank in the world in terms of the
shortage and insufficient of water resources (Hadadin et al., 2010). Thus, it is important
to exploit the brackish water besides seawater to be used as a main source of drinking
water, agriculture, and industrial requirements. This in turn would aid to resolve the
challenge of water shortage in this country by employing the desalination technologies.
This thesis focuses on desalinating the brackish water and therefore, the next section will
illustrate more details of brackish water and their characteristics with desalination plants

in Jordan.

1.3.1 Brackish water desalination
The brackish water has a concentration limit of TDS about (<10,000 ppm) and includes
components that basically dependent on the present minerals of the ground where it is
sourced. For instance, the composition of brackish water used in Arab Potash Company
(APC) desalination plant (located in Jordan) before desalinated with RO process are given
in Table 1.1. It is noteworthy to mention that the characteristics of brackish water
including TDS might differ as a result to continuous and intensive desalination operation.

Therefore, this would negatively increase the osmotic pressure that requires a substantial



increase of operating pressure to maintain fixed quantity and quality of fresh water

produced by RO process.

Table 1.1. Brackish water composition of Arab Potash Company

Parameter composition ~ Unit

Value

Calcium (Ca) ppm
Chloride (CI) ppm
Fluoride (F) ppm
Iron (Fe) ppm
Magnesium (Mg) ppm
Manganese (Mn) ppm
Nitrate (NO3) ppm
Potassium (K) ppm
Sodium (Na) ppm
Sulphate (SO4) ppm
Total hardness (CaCO;) ppm
PH -

Conductivity ppm
Turbidity NTU

134
344
0.394
<0.10
68.2
<0.05
30.2
12.3
151
267
615
7.27
1.2352
0.6

Occasionally, the largest brackish water desalination plant in the world is located in Yuma,

AZ, USA with a total capacity of 275,000 m3/day. It uses spiral wound cellulose acetate

RO membranes to treat raw water with TDS about 3100 ppm and produces fresh water

with TDS less than 200 ppm (Lohman, 1994).

1.4 Desalination technologies

Indeed, the spread of desalination technologies has caused an increase in fresh water

supply over worldwide. Desalination technologies can be classified into two processes;

thermal processes and membrane separation processes as follows,

1. Desalination process with phase change, which includes three main methods:

Multi-effect distillation (MED), Multistage flash distillation (MSF), and Vapour-

compression distillation (VC).

2. Desalination process with no phase change, which includes two main methods:

Reverse osmosis (RO), and Electrodialysis (ED).



The selection of desalination method is strictly associated with the requested quality and
quantity of produced water.

Thermal processes can be considered as one of the most widely used methods for seawater
desalination of high salinity. The basics of thermal process are the distillation (boiling and
evaporation) with expensing energy to operate the boilers as steam generators. This is
quite different than the membrane technology that entails the separation of salts from
water via a semipermeable membrane. The main widely used membrane processes are
including the reverse osmosis (RO) process and Electrodialysis (ED) process. RO process
uses high-pressure to separate dissolved salts from water while ED process uses the
electricity as the driving force of salt separation. However, the RO process can be
considered as a superior and efficient technology for both brackish and seawater
desalination. Fig. 1.3 depicts that both seawater and brackish water are the largest water
resources of fresh water with market share account for 61%, and 21%, respectively. These
sources together with river water constitute 90% of the total produced volume of

desalinated water.

= Sea Water (SW) = Brackish Water (BW) = River Water (RW)
Waste Water (WW) = Pure Water (PW)

Fig. 1.3. The total global desalinated water capacity (market share) of operational desalination in term of
feed water type (Adapted from Jones et al., 2018)



In this regard, the RO capacity producing about 69% (65.5 million m3/day) of the total
global desalinated water. This means that RO process accounting for 84% of the total

number of operational desalination plants, as shown in Fig. 1.4.

20, 3%%

|

V

m RO (Reverse Osmosis) m MED (Multi-EffectDistillation
= MSF (Multi-StageFlash ED (Electrodialysis)
m NF( Nanofiltration) m other

Fig. 1.4. The total global desalinated water capacity (market share) of operational desalination in term of
technology type (Adapted from Jones et al., 2018)

Moreover, the number of publications of RO process are twofold of thermal process each
five-year period as depicted in Fig. 1.5. Fig. 1.5 shows a high and rapid increase over the
period from 1980 to 2020 and it is expected to increase in the following years.
Consequently, the progressive of RO desalination research is attributed to its critical
advantages if compared to thermal process. Fundamentally, a significant reduction in total
water production cost was affirmed in the RO membrane technology compared to thermal
technologies. Specifically, the thermal technologies such as MSF and MED necessitate
electricity and heating steam which are more expensive than RO process, and therefore
less reliable. Furthermore, thermal technologies are inadequate based on transportation of
water from different areas than RO process (Al-bahou et al., 2007).

The next section will present in details the RO process (the target of this thesis) in more

details.
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Fig. 1.5. Number of publications by type of desalination technology Reverse Osmosis (RO), Multi-Effect
Distillation (MED), Multi-Stage Flash (MSF), and others (Adapted from Jones et al., 2018)

Today, the installations of RO desalination process have been significantly increased and
comprises about 80% of the total desalination plants over the worldwide. The RO

membrane technique can be considered as the most promising technology for seawater

and brackish water desalination (Mehdizadeh, 2006).

1.5 Principles and description of RO process

There are several invented membrane technologies of water desalination. Among these
technologies, the Reverse Osmosis (RO) process is one of the best invented technologies
that uses partially membranes to reject a wide range of impurities from treated water.

In fact, the RO process falls under the membrane process category, which is devised based
on the theory of solvent and solute fluxes via a semi-permeable medium. This theory
constitutes the fact of natural osmosis, which refers to the net movement of water from a
lower concentration medium to a higher concentration medium.

RO is the opposite phenomenon of osmosis. The osmosis process is a natural flow of water
through a semipermeable membrane from the dilute solution (low concentration areas) to
the more concentrated areas (Fig. 1.6.A). The osmotic flow is attributed to the tendency
to equalise both the membrane sides with same solute concentrations. As schematically

represented in (Fig. 1.6.B), the pressure on the dilute side drops and for that the



concentrated solution rises. This osmotic flux continuously occurs until the equilibrium
between the two sides is reached, where the net water flux through the membrane becomes
zero (Rao, 2011). If excess pressure is applied on the higher concentration, the water
would reversely move from the higher concentration medium to the lower concentration
one across a partially permeable membrane. This in turn would interpret the denoting of
RO process. Specifically, The RO process is operated by pressurising the saline feed water
into a closed vessel using high-pressure pumps above the osmotic pressure, which is
proportional to the concentration of the solutes in the feed water. Therefore, the water
would pass through the membrane towards the low concentration side, which particularly
produces fresh water at the permeate channel and brine (high concentration) leaving the
unit. It is important to know that the feed water is progressively concentrated along the
membrane channel as a result to the water permeation becomes more and more
concentrated. Moreover, the performance of RO system is quite sensitive to the quality of
the feed water and operating conditions. In overall, the two characteristics of water
quantity and quality need to be maximised for the most efficient and economical
desalination technology. In RO systems these two characteristics are adversely affected
by membrane fouling, compaction, and hydrolysis. In practice, the RO process requires
high operating pressure to overcome the reduction in productivity and maintain a constant
production rate. However, this would lead to a higher cost of water production. Moreover,
the prediction of a long-term performance is essential for a successful operation of the RO

system (Abbas and Al-Bastaki, 2001).
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Fig. 1.6. Schematic diagram for representing the RO theory

1.5.1 Theory of water and solute transport in RO membranes
The RO process classified as a pressure driven membrane separation process due to the
use of driving force to carry out the filtration. In this aspect, the osmotic pressure of the
feed solution is justified by applying high pressure using pumps. Specifically, the
hydrostatic pressure difference between the two solutions and the concentration difference
in the feed and permeate channels drive the water to flow from the high concentration side
to the lower one across the membrane matrix. In other words, a pressure must be applied
to the concentrated solution to overcome the osmotic pressure and to force the solvent to
cross the membrane towards the low concentration side. However, the solvent flux in RO
process is associated with some solute flux as they diffuse through the membrane but at
different diffusivities. This in turn would aid to reject the salt on the membrane surface.

This is mainly pictured in Fig. 1.6.C.
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1.6 Characteristics of RO process

RO process has several merits including its reliability and maturity at low investment costs
at low capacities, low maintenance cost. Interestingly, deteriorated and aging or excessive
fouling RO membrane modules can be easily replaced besides the flexibility of adding
new modules to suit any required water quantity and quality with its short construction
periods (Nooijen and Wouters, 1992). Moreover, the RO process operates at ambient
temperature compared to thermal desalination processes (Alghoul et al., 2009). Also, RO
process has a high quality of simultaneous removal of both organic and inorganic
impurities, low discharge in the purge stream, and energy savings. The RO process was
the most widely used technology accounting for over 60% of the market share in 2017
(Islam et al., 2018). RO membranes were used in seawater and brackish water desalination
and affirmed its successfulness to produce water with high-quality by removing most of
the salts and other impurities from water sources (Sourirajan and Matsuura, 1985).

More importantly, the RO process consumes a considerable amount of energy as a result
to the necessity of electric power to drive the high-pressure pumps to pressurise the high
concentration feed. However, the RO process has been proved to consume lower energy
compared to other thermal desalination processes such as MSF or MED. Bouguecha et al.
(2004) concluded that RO process consumes half of the energy needed for the thermal
desalination process. Statistically, the requirement of electrical energy of RO process is 3
to 4 kWh/m? in comparison to MSF and MED of 5.5 to 16 kWh/m? (Global Water
Desalination Market 2018-2025 Current Trends 2018). Interestingly, the energy
consumption of RO process can be also reduced by 30% by adding an energy recovery
unit to the brine discharge. In this regard, seawater and brackish water require a range of
pressures of 55 to 68 atm, and 17 to 27 atm, respectively (Abdallah et al., 2005, Mohsen
and Jaber, 2001).

The expansion of RO desalination plants can also be attributed to the significant
improvements of membrane synthesis that comprehensively employed novel materials
with advantages of high-resistance to high-operating temperature, low energy
requirements, low water production costs, and compact design (Senthilmurugan et al.,
2005). Recently, the aromatic polyamide membranes type is one of the most types used

due to its several advantages of more stability, high resistivity to fouling, and its ability of
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high solute rejection. In this regard, this type is largely acceptable in real applications than
the cellulose acetate type which been used in the past (Mallevialle et al., 1996). The
advantages of RO process are apparently beyond the one provided by thermal processes,
which in turn aid to a wide market of RO process (Kaghazchi et al., 2010). Therefore, RO
process has been used in different industrial desalination plant of small, medium and large
size because of its plausible energy consumption compared to other thermal processes (Oh
et al., 2009).

The successive operation of RO process aided to develop several effective hybrid systems
with other feasible processes to attain high water quality and quantity besides achieving
economic aspects. For instance, the RO plants have adapted a renewable energy supply to
reduce the total energy consumption that entirely mitigates the total production cost. As
reported by Subramani et al. (2011), the use of traditional fossil fuel as an energy source
to desalinate the seawater for RO system, the CO, and NO, emissions were 1.78 kg/m?,
and 4.05 g/m’, respectively. However, the CO, emissions were 0.6-0.9 kg/m> and NO,
emissions were 1.8-2.1 g/m? by using solar photovoltaic energy resource. Consequently,
the using of renewable energy as a source of energy in an RO desalination system would

reduce the water production cost.

1.7 Limitations of RO membrane process
The RO process has disadvantages of a limited retardation of water recovery especially
for treating of high salinity water. For instance, seawater can be recovered with around
35-40% compared to 90% water recovery for brackish water (Abdallah et al., 2005,
Mohsen and Jaber, 2001). The low water recovery of RO process is attributed to its
propensity of fouling. The membrane fouling and concentration polarisation are the two

main limitation of RO process as described below.

1.7.1 Membrane Fouling
Fouling is the major obstacle that affects the operation of the RO systems by shortening
the membrane life, reducing the water flux through a membrane, and increasing the
pressure loss along the feed channel. It is well-known that the membrane fouling of the

RO process is specifically related to the type of feed water and requires a careful
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monitoring of the operating conditions. Therefore, it is fair to claim that membrane fouling
can deteriorate the whole performance of the RO desalination plant (Tran et al., 2007). In
this respect, there are two common fouling mechanisms can be detected. This includes the
membrane surface fouling and the pores fouling. The first surface fouling can be
considered as the most affected one that causes a decline in the filtration performance as
a result to the accumulation of rejected salts on the membrane surface. The detected
surface fouling mechanisms include the cake formation, scale formation and biofilm
formation (Speth et al., 2000). Thus, it is crucial to predict the RO process performance
and understanding the surface fouling phenomena (Hoek and Elimelech, 2003).

The membrane fouling can be limited by feed pre-treatment, periodic membrane cleaning,
and using of fouling inhibitors (Al-Bastaki and Abbas, 1999, Winzeler and Belfort, 1993).
Generally, fouling in brackish water RO is more complex than seawater RO desalination.
This is due to the variability of feed water characteristics compared to seawater (Ruiz-

Garcia et al., 2018).

1.7.2 Concentration polarisation

Concentration polarisation is another important factor affecting the membrane
performance in the desalination plants (Staude, 1992). The concentration polarisation
results from the interactions of the fluid flow and solute mass transfer through the
membrane as well as the permeation properties through the membrane (Staude, 1992).
Zhang et al. (2019) confirmed that the concentration polarisation depends on the solute
properties, hydrodynamics, and the membrane properties.

The accurate prediction of solute concentration polarisation phenomena is an important
target in designing of RO process due to its relationship to increase the osmotic pressure,
surface fouling and scaling, as well as the solute passage (Kim and Hoek, 2005).

The problem of concentration polarisation can be reduced by amending the
hydrodynamics conditions inside the feed channel. For instance, the use of feed spacer

can improve the mass transfer of the spiral wound module.

1.8 Membrane modules
Several types of RO membrane modules have been synthesised by the membranes

manufacturers to suit various purposes, such as the spiral wound module, hollow-fibre,
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tubular and plate and frame. The membrane modules are characterised by different
membrane area and design specifications (Baker and ProQuest, 2012). The spiral wound
module is one of the most economic modules of RO process compared to other modules.
Also, the membranes are designed as high flux membranes (suitable for brackish water),
high rejection membranes (suitable for seawater) and fouling resistant membranes
(suitable for feed waters leading to excessive fouling). In this regard, the spiral wound
membrane modules (the aim of this thesis) have affirmed its consistency in both seawater
and brackish water desalination.

The most important characteristics that must be provided in an ideal membrane are

- High salt rejection and freshwater productivity.
- Low intensity of fouling.
- Consistent and chemically and physically stable.
- Providing high membrane area against its volume.
- Low and reasonable price.
- Hold feed water of high temperatures.
- Long and reliable life.
The next section discusses the most promising features of the spiral wound module and

discussing its limitations.

1.8.1 Spiral Wound
Among the synthesised membrane modules, the spiral wound module occupies the largest
market share. This is due to its characteristics of simple fabrication technology of ease of
operation and compact size and easier to clean (Zhu et al., 2010, Bhattacharyya and
Williams, 1992). Also, the spiral wound module is cheap with high packing density >1000
m?/m3, and high mass transfer rates due to feed spacers (Kaghazchi et al., 2010).
Moreover, this module has higher permeation rates compared to hollow-fibre module
(Bhattacharyya and Wllliams, 1992). More importantly, it has a good balance between
fouling resistance and ease of operation. This might be the reason for nominating spiral
wound modules to be used for water desalination in remote areas (Ahmad and Schmid,

2002).
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Fig. 1.7 shows a basic assembly of an RO spiral wound module. Spiral-wound membrane
elements are made from flat membrane envelopes (sheets), which are wrapped around a
central perforated permeate collection tube. These flat sheets are separated by high porous
spacer materials allowing product water to transfer to the central collection tube. The
advantage of these spacers is to keep the layer of membrane apart and promotes the
turbulence and mixing inside the feed channel. This in turn would promote the mass
transport near the surface of the membrane and reduce the concentration polarisation
(Marriott and Serensen, 2003). In other words, this would minimise the boundary layer of
membrane with a penalty of a slight increase in the pressure drop. However, the presence
of feed spacer would also mitigate the fouling potential. Fig. 1.8 shows a schematically
representation of a flat membrane envelope and the direction of water flow from x to y-

axis and z-axis as the direction of flowing fresh water through the membrane.

Perforated permeate collection pipe

Membrane envelope

Permeate carrier<

Feed Flow :

Inlet Feed Water

Permeate spacer

Feed Flow

Fig. 1.7. Schematic diagram of a spiral wound membrane element
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Fig. 1.8. Diagram of a flat membrane envelope (Adapted from Marriott and Serensen, 2003)

The spiral wound RO process module occupies the largest market share with a noticeable
growth of its use in different filtration fields such as wastewater treatment and beverage
production besides seawater and brackish water desalination due to its aforementioned
techno-economic factors (Kaghazchi et al., 2010; Al-Obaidi et al., 2017b). However, the
spiral wound as any module has disadvantages which can be summarised by its pressure

loss, susceptible to fouling.

1.9 Simple design of RO desalination plant

The RO desalination plants are essentially made with different designs. However, the
desalination plants are mostly operated with the same approach of water filtration to
produce high quality water. The feed water is fed and pressurised by high pressure pump
to pass through a membrane of enclosed vessel which allow the passage of pure water and
retaining salts on the membrane surface. However, the quantity and quality of produced
water are dependent on the salt content of the feed water and the pressure applied.
Moreover, the RO process efficiency depends on the type of membrane used that control
the passage of water and solutes through the membrane’s pores and its resistance towards
the chemical and environmental impacts.

Basically, any practical RO plant has to have essential components including the

membrane modules, high-pressure pumps, and energy-recovery devices (Abdallah et al.,
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2005, Mohsen and Jaber, 2001). However, the site location and the start-up and shut-off
have to be considered (Herold et al., 1998).

In the field of industrial seawater and brackish water desalination (such as APC, Jordan),
a typical RO desalination plant consists of several stages as presented in Fig. 1.9. This
includes five major sub-systems that professionally arranged, water abstraction (intake),
pre-treatment, pumping system, RO membrane separation units, and post-treatment

(Fritzmann et al., 2007).

Pretreatment M Pro duct Post Treatment

Cartridge filters and Sand
filters

water Ion exchanger

And PH control

High pressure pump
A Brine Dlsposal

For boilers using in

cki th
Feed Brackish water e company

From wells

Fig. 1.9. Schematic diagram of the brackish water RO desalination plant

The intake feed water can be abstracted from wells in brackish water desalination case or
open seawater intake systems. However, the wells provide water of less turbidity
compared to open seawater intakes (Veza, 2001). In pre-treatment stage, the feed water is
filtrated from sand and any particulate matter to protect membrane blockage as large
debris can be found. Also, some chemicals are added to control the fouling and scaling
intensity, which aid to increase the lifespan of membranes. The pre-treatment stage is the
key to produce high-quality water and its complexity depend on the quality of feed water
used. The next stage is the RO membrane units. In this stage, the water and salts are
separated and the rejection of membrane depending on the type of membrane used that
ranges between 98% to 99.5%. The pumping system is compulsory in this stage to apply
the required pressure to overcome the osmotic pressure. This in turn allows fresh water to
pass through the membrane’s pores and reject concentrated discharge. Afterwards, the

freshwater flows into the post-treatment stage to guarantee safe water while concentrated
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saline water is discharged. In the post-treatment stage, the product fresh water can be re-
mineralised, PH adjusted, di-ionisation, disinfected by chlorine injection to prevent
bacterial growth and to be adjusted to suit the drinking water standards (Fritzmann et al.,

2007).

1.10 Knowledge gap
Several simulation and optimisation studies can be found in the open literature that
elaborated methods of enhancement for process performance of brackish water
desalination systems. However, critical and thorough studies to enhance the process
performance indicators, specifically the specific energy consumption, of simple and
complicated designs of brackish water multistage RO desalination plants were not
achieved yet. Therefore, the recent research focuses on exploring several strategies to
improve the performance of multistage brackish water RO desalination process
considering different sizes of simple and complicated configurations. The multistage
retentate reprocessing (simple) design of RO process and the multistage multi pass
(complicated) design of RO process based brackish water desalination are considered in
this research. To systematically conduct this goal, a specific model for a single RO process
was developed and used to derive two models to characterise two different sizes of
multistage RO brackish water desalination plants. Firstly, assessing the utilisation of an
improved design of the RO system of retentate recycle mode to sustain the process at
higher product capacity within acceptable specific energy consumption and freshwater
salinity will be achieved. This is followed by applying methods of improvement included
practical ideas of a novel design of RO system and implementing an energy recovery
system to attain the process at a low energy consumption. This is basically carried out via
analysing the performance of the desalination plant under a wide range of operating
conditions. Then, investigating the most suitable brand of membranes for a RO plant from
a set of different brands of membrane that would attain the highest-performance rejection
at lowest energy consumption compared to the original membrane. Furthermore,
exploring the lower energy consumption of the simple and complicated designs of RO
process via optimisation. Finally, analysing the thermodynamic limitations including the

assessment exergy will be addressed in this thesis.
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1.11 Limitations of this research
Several contributions were made in this this research (mentioned above). However, the

research shortcomings are presented in the following.

e The recent research is basically built on a simple model developed to predict the
performance indicators of a single spiral wound RO process. The influence of
membrane fouling has not been critically involved in this model where a fixed
value of fouling factor was considered. In fact, a fixed fouling factor will not
practically characterise the real operation of RO process. Therefore, the
prediction of the model will be less accurate after a long time of operation due to
the possibility of fouling and scaling formations.

e The model developed of a single spiral wound RO process is basically a steady
state model. Thus, the dynamic behaviour of the RO process has not been

analysed.

1.12 Research aim and objectives

1.12.1 Aim of research
The overall aim of this research is to produce a reliable operation of the multistage

brackish water RO desalination system via modelling, simulation, and optimisation.

1.12.2 Objectives of the research
The objectives of the thesis included the following:

(a) To carry out a literature review on the modelling, simulation, and optimisation of
spiral wound RO process besides analysing the thermodynamic limitations and
specific energy consumption.

(b) To implement a novel edition of retentate recycle to the main design of multistage
brackish water RO desalination system and investigate its contribution on the
process performance via simulation based on the model developed for the

multistage RO process.
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(c) To analyse the influence of adding an energy recovery device to the main design
of RO system and explore its contribution on mitigating the specific energy
consumption.

(d) To investigate the most suitable brand of membranes for a RO plant from a set of
different brands of membrane that would attain the highest-performance rejection
at lowest specific energy consumption compared to the original membrane.

(e) To optimise the operation of the simple and complicated designs of brackish water
RO desalination process by exploring the optimal operating conditions that would
ensure the lowest specific energy consumption with fulfilling the highest
performance of the RO process.

(f) To carry out an intensive analysis of exergy and thermodynamic limitations in
several locations of the complicated design of brackish water RO desalination

system of APC.

1.13 Thesis structure
This research has been carried out in different stages and covered several tasks that are
reported in different chapters. The thesis consists of nine chapters that are presented as

follows:

Chapter One: Introduction

In this chapter, desalination background information and the classifications of
desalination technologies are presented. Also, the principles of RO process are
described in detail. After that, the scope of the thesis is introduced followed by a
description of the aim and objectives of the research. The objectives, further, are

broken down into specific points.

Chapter Two: Literature Review

In this chapter, a literature review of previous work on simple and detailed steady
state and dynamic modelling, simulation, and optimisation of the spiral wound

module are presented. Also, the thermodynamic limitations of RO based on the
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desalination process and overview of energy consumption will be discussed in detail

in this chapter.

Chapter Three: Modelling of a Spiral Wound Reverse Osmosis Desalination

System

This chapter shows the development of a steady-state model for an individual spiral
wound RO process that used to characterise the complete mathematical modelling

of multistage brackish water RO plant.

Chapter Four: Performance Evaluation of Reverse Osmosis Brackish Water

Desalination Plant with Recycled Retentate Design

The performance of multistage simple and complicated designs of brackish water
RO desalination plants with a new design of different recycled ratios of the retentate

is investigated via simulation.

Chapter Five: Evaluation and Minimisation of Energy Consumption of Reverse

Osmosis Brackish Water Desalination Plant

In this chapter, the impact of implementing an energy recovery device at different
efficiencies on the specific energy consumption and water recovery of simple and

complicated designs of brackish water RO desalination is studied.

Chapter Six: Performance evaluation of a reverse osmosis brackish water

desalination plant with different brands of membranes

In this chapter, the most suitable brand of membranes for two different designs of
brackish water RO desalination plants from a set of different brands of membrane
are investigated to attain the highest-performance rejection at lowest specific energy

consumption compared to the original membrane.
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Chapter Seven: Optimisation of energy consumption in a reverse osmosis brackish

water desalination plant

An optimisation framework was embedded in the process model to reduce the
specific energy consumption of simple and complicated designs of brackish water

RO desalination plants.

Chapter Eight: Thermodynamic limitations and exergy analysis of reverse

osmosis brackish water desalination plant

This chapter characterises by conducting a comprehensive study to analyse the
exergy and thermodynamic limitations of a complicated design of brackish water
RO desalination plant. Several locations of the RO process were tested to explore

the one of the highest exergy destruction.

Chapter Nine: Conclusions and Recommendations for future work

Final conclusions and recommendations for future work that need to be done are

presented.

22



CHAPTER TWO

Literature Review

2.1 Introduction

The 215t century has been termed as the “century of water shortage”, and its 1% and 2™
decades have been called “water crisis decades” (Kim et al., 2009). This is associated with
a progressive increase of population growth and elevated levels of freshwater demand.
According to some reports issued by World Health Organization (WHO), it is predicted
that the half of population in the world will live in water-stressed regions by 2025. This
means that about 2.1 billion people in the world will find it difficult to have access to safe
drinking water (WHO, 2018). Another report from the United Nations World Water
Assessment Program confirmed that one-fifth of the world's inhabitants are facing
shortage of freshwater resources. In the meantime, several Middle Eastern, South East
Asia and North Africa countries are struggling from water shortage and classified as
water-stressed areas due to a lack of rainwater and water resources pollution (Mancosu et
al., 2015). Accordingly, this scarcity is expected to affect up to 40% of the world's
population by 2030. The improvement of seawater and brackish water desalination
technologies is thus a pressing need. Basically, desalination is a water treatment process
to produce fresh water from high salinity water by removing the dissolved salts and other
contaminants. Therefore, desalination is widely deployed to enhance the quality of high-
salinity seawater and low-salinity brackish water. Specifically, the desalination process
involves the filtration of feed saline water that produces low-salinity water and brine (very
concentrated water) (Alghoul et al., 2009).

Indeed, there was a clear incline and increased application of seawater and brackish water
desalination in the world and especially in the Gulf region as the main technology for
supplying fresh water. The Middle East has thus prevailed the global desalination market
along the last decades (Fig. 2.1). Many of the world’s desalination plants are situated in
the Gulf Cooperation Council (GCC) countries that comprise Qatar, Saudi Arabia, UAE,

Kuwait, Oman, and Bahrain. Based on the statistical data presented by the International
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Energy Agency (IEA), about 58% of total desalination capacity in the world's lies in the
Middle East and North Africa as shown in the Fig. 2.1 (Greenlee et al., 2009). Specifically,
RO desalination projects have been remarkably increased and expanded especially
between 2014 and 2016. For instance, the RO desalination plant of Ras Al-Khair located
in Saudi Arabia associated with freshwater capacity of 1,025,000 m3/day in 2014 (Global
Water Desalination Market 2018-2025 Current Trends 2018). Undoubtedly, the
progressive increased line of water shortage would contribute to grow up the Global
Desalination Market by 2025 as expected by the United Nations Department of Economic
and Social Affairs (UNDESA). Historically, the first large scale desalination unit was
installed in the Middle East in Kuwait in the 1950’s. The world’s biggest RO plant at a
capacity of 274,000 m3/d was constructed in southern Arizona (Burgi et al., 2010).
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Fig. 2.1. The desalination capacity over the worldwide based on the region

According to the level of salinity, the water can be classified into three types of (El-
Manharawy and Hafez, 2001);

e Seawater (high-salinity water) with a concentration of 35,000 mg/l of total
dissolved solids (TDS) or more.
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e Brackish water (medium-salinity water) with concentration between 1,000 —
15,000 mg/1 of TDS.

e Fresh water (low-salinity water) with concentration below 500 mg/1 of TDS.

The application of spiral wound module in the water treatment has initiated with
understanding the transport phenomena of solvent and solute transport the membrane
pores. This is originally required the development of accurate models to assess the
performance of RO membrane via correlating the main operating conditions and the
performance indicators. Basically, modelling of any RO process has a vital role to
understand the transport phenomenon inside the module which helps to implement an
optimum process design. Moreover, it aids to carry out a comprehensive simulation to
specify the influence of each operating variable on the process outputs. Therefore, the
operator can determine the best operating conditions to guarantee the optimum operation
of RO process. In other words, the practical controlling variables can be obtained and
leading to maximum performance. Interestingly, the modelling of a spiral wound module
has a positive contribution to carry out process simulation and optimisation. The merits of

RO process modelling, simulation and optimisation are summarised in the following.

a. The importance of RO process modelling

e A paramount tool to analysis and design the RO system.

e To forecast the long-term performance using the dynamic modelling version.
Thus, the decision-makers can predict when to change the membrane
elements.

e To predict the performance of different designs of RO systems.

e To be combined with the cost functions to assess the water production cost of
different designs of RO systems (small, medium, and large sizes).

e To carry out extensive simulation and optimisation studies to improve the

process performance.
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b.

The importance of simulation
To conceive the power of operating conditions on the performance indicators of
solute removal and water recovery.
To analysis the effect of operating conditions of RO system on the specific energy
consumption.
A simulator tool can be used for process training and examining without the risk
of damaging the equipment.
To obtain suitable operating conditions to maintain the highest performance.
To aid the process designer and select the best membrane area to achieve highest
recovery.
To carry out the process optimisation to progress the process operation and

selecting the optimal operating conditions and process control.

The importance of optimisation
To forecast the appropriate values of the control variables of the RO process that
would attain the highest water recovery and lowest freshwater concentration.
To obtain the optimal configuration of the multistage RO process by considering
a set of several constraints communicated to the unit’s equations or including
inequalities to yield the favorite optimum responses.
To minimise the total freshwater production cost whilst maintaining maximum
quantity and quality of product water.
To improve the design, operation, and assembly of multistage RO process at
different periods of its life cycle.
To reduce the total energy consumption of RO process with delivering a high-
performance ratio and stable operation.
To mitigate the fouling propensity of RO process by selecting the optimum

control variables and process design.

An overview of the modelling, simulation, and optimisation of the SWRO process is

thoroughly outlined in the following sections.
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Up to this point, this chapter focuses on carrying out a critical review of the past work
regarding the modelling, simulation, and optimisation considering the spiral wound
module RO process. Moreover, the thermodynamic limitations based on the RO
desalination process will be utilised in details including the energy consumption. Finally,

the review of methodology of gPROMS will be outlined.

2.2 Overview of modelling of a spiral wound RO module
Modelling of industrial processes is essential since it recognises the process mechanism
and realises the intercorrelation between the process variables and its responses. This in
turn enables the assessment of the influence of each control variable, which aids to
allocating the objective functions through process simulation and optimisation. For
instance, the modelling of RO process helps to understand the contribution of all control
variables that control the process performance without resorting to carrying out extensive,
expensive, and complicated experiments. Therefore, the relationship between the relevant
RO process indicators, such as water recovery ratio, energy consumption and solute
rejection, with the control variables of feed flow rate, pressure, temperature and designing
variables of the membrane module dimensions can been outlined via simulation.
Furthermore, the process variables can be optimised without applying any changes in the
real plant via optimisation. Therefore, it is not surprising to find many serious attempts of
modelling the RO process in the open literature. In this aspect, Oh et al., (2009) reported
that the obtainability of a consistent RO model is of pronounced status for process design
and operation. Therefore, generating rigorous models that could efficiently forecast the
process mechanism was the main aim. However, several mathematical models were
developed based on strict assumptions or relaxing reliable assumptions that entailed with
a noticeable simplicity or difficulty of process modelling. Specifically, the complex
models of the RO process have included membrane fouling, concentration polarisation,
pressure drop and membrane aging. On the other hand, the simple models have relaxed
the membrane fouling and ignoring the concentration polarisation. In addition, several
models have been proposed with fixed mass transfer and permeate pressure at the

permeate channel.
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The earliest mathematical models (~1965) were developed to specify the transport
phenomena of the RO process including both water and solute permeation via the
membrane structure. This was specifically carried out by the investigation of two parental
theories of the solution-diffusion model (homogeneous membrane model), and the
irreversible thermodynamic model (Abbas, 2005, Senthilmurugan et al., 2005, Oh et al.,
2009, Kaghazchi et al., 2010, Al-Obaidi et al., 2017a). This is followed by the
development of several models to represent different complexity of transport phenomena
for different RO process modules and feed type (seawater, brackish water, wastewater)
based on the original basic models.

The next section presents in detail the state-of-the-art of modelling of the RO desalination

Process.

2.2.1 Model of Lonsdale et al. (1965)

Lonsdale et al. (1965) developed the basic solution-diffusion model (homogeneous or
non-porous membrane model). They assumed that both solvent and solute are separately
diffused from the high-concentration and pressure side to the low-concentration and
pressure side, at different rates of diffusion, via the membrane texture due to the pressure
and concentration gradient along the feed and permeate channels. In this regard, the total
water flux (J,,) (m/s) and solute flux (/) (kmol/m?.s) are determined based on their
diffusion mechanism, which are related to their solubility and solute mobility

Jw=Aw (Ap —4Am) =A, ((Pr_Pp)_RT(Cr_Cp)) (2.1)
Js=Bs (Cr_Cp) (2.2)
Water permeability coefficients (m/s atm) is A,,. Moreover, 4p,Am, P,,P, R, T,Cp, C,,

and B express the hydraulic pressure difference (atm), osmotic pressure difference

(atm), the brine pressure (atm), the permeate pressure (atm), gas law constant (8.314 J/mol
K), temperature (K), permeate concentration (kmol/m?), retentate concentration
(kmol/m3) and salt permeability coefficient (m/s), respectively. It is worth noting that
Lonsdale et al. (1965) assumed that solute flux does not rely on the pressure difference

(Eq. 2.2). Interestingly, realising of water and solute transport parameters is critical to
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predict the solvent and solute fluxes. However, ignoring both the pressure influence on

the solute flux and the membrane characteristics are the main disadvantages of this model.

2.2.2 Model of Boudinar et al. (1992)
Boudinar et al. (1992) established a mathematical model for an RO module considering
the main parameters, which affect its performance based on the solution-diffusion model.
The model considered the pressure loss in the feed and permeate channels is controlled by
feed and permeate friction parameters based on the theory of Darcy for porous media. The

features of the model developed are as follows:

2.2.2.1 Assumptions

e Validity of the solution-diffusion model to specify the solvent and solute

transport mechanisms.
e Ignoring the variation of brine and permeate along axial and radial directions.
e Fixed fluid physical properties such as density and viscosity.

e The pressure change is neglected at the permeate collector tube.

2.2.2.2 Model equations
The solvent and solute fluxes via the membrane are measured using Eqgs. (2.3) and (2.4),

respectively. However, the water and solute permeability constants are estimated as

A, =Ko X 105 exp —1.701 x 10%Ps (2.3)

By=1.112 x 106 exp 27415 x107°T (2.4)

Water permeability coefficient at zero pressure (m/s Pa) is K1, while Py and T are the

feed pressure (Pa) and temperature (K), respectively. Eq. (2.5) expresses the correlation
between water flux and solute flux to calculate the permeate concentration
=L TR 0 (2:5)

The retentate concentration C, (kmol/m?) is estimated by a material balance equation as

follows
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CrQr — C,Q
Cr: f er pp (26)
The feed concentration is C; (kmol/m?), and Qf, Q, Q, represent the feed flow rate (m¥/s),

product flow rate (m3/s), and retentate flow rate (m3/s), respectively. The mass transfer

coefficient k (m/s) and solute concentration at the membrane wall C,, (kmol/m?) are

involved in Eq. (2.7)

o CP] .7)

Ju=kIn[e—

The osmotic pressure at operating temperature mr, (Pa) is calculated based on osmotic

pressure at 25 °C (7rr,,) as

)5

T (2.8)

77, = 0.23745 + 6.4784 x 10 ~* C,+1.7753 x 10 7°C;? (2.9)

The bulk concentration is Cj, (kmol/m?). The physical properties of viscosity u (kg/m s)

and diffusion coefficient D (m?/s) correlations are calculated using Egs. (2.10) to (2.12),

respectively.
p=0.1poexp —2.008x 10 72T (2.10)
to=1.4757 x 1072+2.4817 x 1078C, +9.3287 x 10,2 (2.11)
(2.12)

Dy = (0.72598 + 2.3087 x 10 2T+2.7657 x 10™*T?) x 10~°

2.2.3 Model of Avlonitis et al. (1991), Avlonitis et al. (1993) and Avlonitis et al.
(2007)
Avlonitis et al. (1991), Avlonitis et al. (1993) and Avlonitis et al. (2007) presented steady
state distributed models instituted on the solution-diffusion model and the thin film theory

to study the performance of a spiral wound RO module.

2.2.3.1 Assumptions

e The module is made up of a flat channel with fixed geometry.
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e Variable fluid flow rate along the x-axis of feed channel and y-axis of
permeate channel.

e Fixed fluid flow rate across the y-axis of feed side and x-axis of permeate
side.

o Fixed mass transfer coefficient and physical properties.

e Fixed permeate concentration at the permeate channel.

e Fluid velocity specifies the friction parameters of the feed and permeate

channels.

2.2.3.2 Model equations
The brine and the permeate friction parameters at different Reynolds numbers can be

calculated using Eqgs. (2.13) and (2.14), respectively.

K¢ =0.309 R% (2.13)
Kfp=46.2915 R,)*° (2.14)

The retentate and permeate friction parameters (m?) are represented as Kp.and Kgp,
respectively and R, and R,,, (dimensionless) are the Reynolds Number at retentate and
permeate channels respectively. The water permeability coefficient A,, depends on the

operating temperature and applied pressure

T—T

(10.27 T292:15 —0.0015 Py) (2.15)

Ay, =2.955 x 10 exp

The solute transport parameter is expressed as a function of the applied temperature as
depicted in Eq. (2.16). T593 15 1s the operating temperature at 20 °C

T—-T,

14.648
B,=9.54 x 10 exp "o (2.16)

The absolute temperature is 7, (K) at 20 °C.
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2.2.4 Model of Abbas and Al-Bastaki (2001)
Abbas and Al-Bastaki (2001) presented a complete model to expect the performance
of a spiral wound membrane module. Both turbulent and laminar flow regimes were

considered in the model. However, the diffusivity is assumed constant.

2.2.4.1 Model equations
Egs. (2.17) and (2.18) are used to assess turbulent and laminar flow regimes (Wilf
and Klinko 1994)

Sh=0.04 R,%7> Sc 33 for turbulent flow (2.17)
Sh =1.86 (R, Sc dyyL) "33 for laminar flow (2.18)

Sherwood number is S% (dimensionless), while Sc, L, and d), are Schmidt number
(dimensionless), membrane length (m), and hydraulic diameter of the flow channel (m),
respectively. The water A,, (m/s.Pa) and solute B (kg/m2.s Pa) permeability constants
were determined based on the operating time t (day)

) 168 + 0.68 ¢

Aw="Tgez, X 107 (2.19)

79
B;=0.68 x 107° exp(t”o“) (2.20)

The water flux and mass transfer coefficient are the same as those used by (Boudinar

etal. 1992).

2.2.5 Model of Marriott and Sorensen (2003)
Marriott and Serensen (2003) established a distributed dynamic model for a spiral wound
RO module by implementing mass balance, momentum, and energy equations and
disregarded some mutual assumptions. This model describes the flow patterns inside the
module and can be applied to any membrane separation. However, the variation of bulk
concentration inside the feed channel due to solvent flux through the membrane was not

entirely considered.
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2.2.5.1 Assumptions
e The flow behavior in the module is not affected significantly by the bent
channel.
e The channel curvature is negligible.
e The stagnant model describes the concentration polarisation.
e The friction parameter signifies the pressure drop along the feed channel.
e The pressure and temperature in feed channel are assumed constant.
e Fixed physical properties of the fluid.
e Steady state plug flow (no concentration variation in the perpendicular

direction) inside the feed channel.

2.2.5.2 Model equations

Water (permeate) and solute (retentate) fluxes are represented as

Jw= A4, Cp (AP —Am) (2.21)

(2.22)
Jo=B,(C; —Cp)

2.2.6 Model of Abbas (2005)
Abbas (2005) proposed a semi-rigorous model to inspect the performance of a RO
desalination plant designed in three tapered stages. The model developed can predict the

future plant performance.

2.2.6.1 Model equations
The water and salt fluxes are calculated based on Sourirajan (1970) relationships as
follows
_ _ Ap — Am
Cw — Cp
Js="% (2.24)

Total production capacity is @, (m?/s), and A, R, and R, are the effective membrane

. . 1
area (m?), permeate membrane resistance which is relevant to () (s/m), and retentate
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membrane resistance (s/m), respectively. The bulk concentration C;, (kmol/m?) and bulk
flow rate Q, (m3/s) can be calculated based on their relative values on the feed and

retentate sides

Cf + C,

Cyp=""1 (2.25)
Q - Qr

Q=" (2.26)

Water recovery and solute rejection (dimensionless) are used to evaluate the performance

of RO process as follow

Q
WR = Q{ <100 (2.27)

Cf - Cp
Cy

SR = x100 (2.28)

2.2.7 Model of Geraldes et al. (2005)
Geraldes et al. (2005) improved a steady state distributed model for a spiral wound RO
process considering the mass and momentum transport inside the membrane modules. The
model is substantially settled based on the solution-diffusion and ignores the diffusion

flow in the feed channel and the pressure variation along the permeate channel.

2.2.7.1 Assumptions
Plug flow happens in the feed channel.

e Concentration polarisation is considered based on the film theory.
e The decrease of pressure inside the permeate channel is neglected.
e Physical properties of seawater are correlated based on temperature and

concentration.

2.2.7.2 Model equations
Water and solute fluxes are expressed in Egs (2.29) and (2.30)

Jw=Aw[Pf -1, +m,] (2.29)
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Js= Bs(Cr- Cp) (2.30)
The osmotic pressures of the feed water at high-concentration and low-concentration
channels are denoted as m,, and m, (Pa), respectively. Moreover, C, is the permeate

concentration which is calculated via Eq. (2.31)

s

G = (2.31)
The mass transfer coefficient k (m/s) is derived from the following correlation
Sh=0.065 Re®®7°> §¢%2> = k 6.23 Re 03 (2.32)

2.2.8 Model of Avlonitis et al. (2007)
Avlonitis et al. (2007) developed an extensive mathematical model to calculate the
performance of any type of RO membrane modules. Their model considered both axial
and tangential dimensions of RO membrane to determine the quality of the produced

water.

2.2.8.1 Model equations
Egs. (2.33), (2.34), and (2.35) are used to estimate the brine friction parameter, water

permeability coefficient, and salt permeability coefficient, respectively.

kpr =309 x Rep083 (2.33)
8.6464 (T;ZTOZO) —0.0028 P, (2.34)
Ay = Kimexp
14.648 (T ;OTO) (2.35)
Bs= Komexp

Two symbols of K1, and K5, are constants that depend on membrane type.

2.2.9 Model of Majali et al. (2008)

Majali et al. (2008) developed two models for two pilot-scale RO plants to analyse
their performances. Firstly, a semi-empirical simple model was developed for a RO
Sharjah plant used to desalinate brackish water. This model predicts the flow rate,

concentration, and pressure profiles but ignored the membrane area. Secondly, a
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permeability model was proposed to predict the performance of RO plant in Qatar that
desalinates high salinity seawater. Interestingly, the model predicts the membrane area.

The model’s assumptions are as follows.

2.2.9.1 Assumptions
e Steady state and isothermal operation.
e Fixed salt rejection and recovery for each membrane module for the semi-
empirical model.
e Fixed water and salt transfer parameters along the membrane for the
permeability model.

e Atmospheric pressure inside the permeate channel.

2.2.9.2 Model equations of a semi-empirical simple model (Majali et al. 2008)
Egs. (2.36) and (2.37) show the mass and salt balances on the SW membrane module

for both semi-empirical and permeability models

Q=0+ 0Qp (2.36)
QrCr=0rCr+0Qp Gy (2.37)
The product recovery and salt rejection represent the most necessary performance
indicators,
Qp= WRQy (238)
C,=Cr(1—-SR) (2.39)
The pressure drop and the osmotic pressure are given in Egs. (2.40) and (2.41),
respectively.
Ap=10.5(Ps+P,) — P, (2.40)
Am =RT (Cfg’;# —c) (2.41)

The water density is p (kg/m®) and MW is the salt molecular weight (kg/kmole).

2.2.9.3 Model equations of an advanced model of Majali et al. (2008)
The permeability model was developed based on the mechanical-statistical model

basically established by Mason and Lonsdale (1990). This model included the mass and
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salt balances equations of Egs. (2.42) and (2.43), and the following relations give the water

and salt fluxes.

Qp = (AP — Am) Ay, A (2.42)
Cfo + CrQr
CpQp P-Cg, 70, — Cp) Bs A (2.43)
2.2.10 Model of Oh et al. (2009)

Oh et al. (2009) improved a simple mathematical model based on the solution-diffusion

principles and considering the impact of multiple fouling of spiral wound RO system.

2.2.10.1 Assumptions
e Constant water flux and mass transfer coefficient after varying inlet feed

flow rate.
e Constant permeate pressure at the permeate channel.

e The osmotic pressure is proportionated to the solute concentration.

2.2.10.2 Model equations
Water permeation through the membrane structure is formulated to consider the

pressure loss along the membrane feed channel
Jw=Ay (Pf — Ploss) (2.44)
The pressure loss is Pj,ss (Pa). However, the solute flux equation of Lonsdale et al.

(1965) has been used. The osmotic pressure is expressed as

At =(C, - C))RT (2.45)

2.2.11 Model of Lee et al. (2010)
A complete dynamic model was developed by Lee et al. (2010) based on the work of (Lee
and Lueptow, 2001; Marriott and Serensen, 2003; Oh et al., 2009). Lee et al. (2010)
investigated the dynamic features and process design and operation of the Jeddah large-
scaled RO desalination plant of production capacity of 56800 m?/day and located in the
Kingdom of Saudi Arabia. The applied assumptions were the same as the previous models

except RO process was considered as a dynamic operation.
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2.2.11.1 Model equations

Based on steady-state membrane transport, the solvent flux equation is depicted as

Jw=A4w (Pf — Piloss) = Aw [Pf — (At + Pdrop)] (2.46)
The pressure drop along the x-axis of feed side is Pgop (atm). The solute transport

parameter is obtained from
B1(T—273)

B; = By exp 273 (2.47)

The intrinsic and fixed solute transport parameters are Bypand 8; (dimensionless),

respectively. The concentration polarisation @ (dimensionless) is given by Eq. (2.48).

B
Cyw— C Zs
®=Q_g=ewk (2.48)

The mass transfer coefficient k (m/s) for the bulk diffusion of the solute is expressed as

coss () ) 6) 76 o

The feed solution velocity on the bulk high-concentration side us (m/s) and v denotes the

kinematic viscosity (cm?/s). The dynamic equation of retentate concentration (C,) along
the length membrane (x_ dimension (m)) is derived as

oC, 9 acC, 1
5= (Crup— Dy ) — 7 Js (2.50)

2.2.12 Model of Kaghazchi et al. (2010)
Kaghazchi et al. (2010) utilised a steady state model grounded on the theory of the
solution-diffusion model for the spiral wound membrane module to examine the
performance of two industrial seawater RO plants. The equations of Abbas (2005) have
been used to forecast the water and salt fluxes, and consequently the water recovery and
salt rejection were estimated. Interestingly, Kaghazchi et al. (2010) considered the

variation of operating conditions along the feed channel axis.

2.2.13 Model of Ruiz-Saavedra et al. (2015)
A simple model was invented by Ruiz-Saavedra et al. (2015) for a spiral wound brackish

water RO plant located in Spain. The model included the fundamental operational data of
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the plant such as the chemical composition, pH, silt density index (SDI) ! and temperature.
It can calculate the product concentration and quantity, considering the manufacturer’s
membrane design guidelines. The model assumptions considered were similar to those

that have been presented in the previously developed models.

2.2.13.1 Model equations

The water flow rate Q,; (m*/s) through a membrane element i in a series of membrane

elements stuffed in a pressure vessel is calculated as
Qpi = Awi (AP; — AT) Apyi (2.51)

Water permeability constant of the membrane element i is A,,; (m/Pas), and AP;, Am;,
and A,,;, are the pressure drop across the membrane element i (Pa), the differential

osmotic pressure along the membrane element i (Pa), and the membrane surface area (m?)

of the membrane element 7, respectively. The salt flux J,; (kmol/m? s) via the membrane

element 7 is formulated as
Jsi=Bsi AC; Apy; (2.52)

The salt permeability constant of the membrane element i (m/s) and the differential
solute concentration along the membrane element / (kmol/m?) are expressed as B;, and A
C;, respectively. The osmotic pressure of the average concentration of the RO element i

sy (Pa) is expressed as
T[fri = T[fi WRl CPl (253)

The osmotic pressure of the feed concentration of membrane element i ms; (Pa).
Moreover, WR;,and CP; are the water recovery of membrane element i, and the

concentration polarisation of i, respectively.

1Silt density index (SDI) is expressed as the flux decline calculated by differentiating the initial flux to
the flux after a constant time.
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2.2.14 Model of Kotb et al. (2015)
Kotb et al. (2015) developed a simple model by considering several layouts for two
modules of RO systems to study concentration polarisation. The model developed was
based on the same set of assumptions as those made by Boudinar et al. (1992) with ignored

the module pressure drop.

2.2.14.1 Model equations
The volumetric brine flow rate and concentration are calculated based on Egs. (2.7), and
(2.36), respectively.
The water flux via a membrane is estimated based on Wiley et al. (1985). However, the

solute flux has been calculated by Eq. (2.30)

Jw=Aw Pefr (2.54)

The residual transmembrane pressure is P.sr (Pa).
Apf
Posp=(P;— Py —AP — =) — (m,, — ;) (2.55)

The pressure drop in membrane module channel Aps (Pa) consists of pressure losses in
the inlet and outlet module manifolds (Ap;, and Ap,,;) (Pa). The osmotic pressure at the
membrane wall and permeate channel are 7, and 7, (Pa). The correlation of Maskan et

al. (2000) has been deployed to guess the mass transfer coefficient

Re Scd.,_0-33 D,
k=162 (— LC " i Re <2100 (2.56)
D,
k =0.023 Re%875502° o Re > 2100 (2.57)

The membrane channel diameter is d ., (m).

2.2.15 Model of Dimitriou et al. (2017)
Dimitriou et al. (2017) established a model based on the solution-diffusion and film theory
for a spiral wound RO membrane module. Several parameters along the x-axis of feed
channel are explored including the solute and solvent fluxes, concentration at the retentate
and permeate sides and pressure drop in the membrane element under different pressure

and flow rate operation. Therefore, variable values of the solute concentration, pressure

40



and fluid velocity at feed and permeate sides are evaluated at each point along the x-

direction.

2.2.15.1 Assumptions
e The physical properties of fluid are a function of the salinity and temperature.
e Flat feed and permeate channel profiles. Specifically, the channel thickness
is apparently lower than the radius of the module.

¢ Plug flow in both feed and permeate channels.

2.2.15.2 Model equations
The total water flux J;y;q (kg/m?.s) via the membrane structure is simultaneously

represented as the summation of water J,, and solute J, fluxes

Jtotat = Jw +Js (2.58)

The solvent and solute fluxes have been considered the same as those presented by

Lonsdale et al. (1965). The pressure and osmotic pressure variances along the membrane

are defined in Egs. (2.59) and (2.60), respectively.
AP = P.—P, (2.59)
At =n;RT(Cy — Cp) (2.60)

The number of ions per salt molecule is ng (e.g. ng =2 for NaCl).
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Table 2.1. Summary of the models developed for spiral wound RO process

Author and year

Main characteristics

Shortcomings

(Lonsdale et al., 1965)

A homogeneous diffusion model for cellulose acetate membrane.
Explained the transport phenomena through membrane films in the
RO process.

Solvent and solute are dissolved in the nonporous surface layers of
the membrane.

Constant pressure throughout the membrane
channels.

(Avionitis et al., 1991)

Considering the pressure loss occurred in brine and permeate
channels.

Brine and permeate friction parameters, and membrane water
permeability constant were integrated.

The osmotic pressure and the concentration
polarisation were ignored.

(Boudinar et al., 1992)

Involved the main parameters affecting the performance of a SW
module.

Constant fluid density.
Neglected the pressure drop along the permeate
tube.

(Avlonitis et al., 1993)

Considered the thin film theory to characterise concentration
polarisation.

The concentration gradient along the membrane feed channel was
embedded.

Neglected the solute—solute interaction in multi-
component solutions.

Ignored the solute—solute interaction.

(Abbas and Al-Bastaki, Turbulent and laminar flow regimes were considered. L L.
. . Eliminated the description of the membrane
2001) Represented a decay in water flux because of membrane fouling. .
transport mechanism.
Described the flow patterns inside a SW module and characterised
(Marriott and the main features of the membrane.

Sorensen, 2003)

The pressure drop of flow was characterised by the friction parameter.
The stagnant film model presented the concentration polarisation.

The permeate flow area was assumed constant.

(Abbas, 2005)

Investigated a neural network model (NNM) to guess the RO
performance.

The diffusivity, viscosity, and density were
assumed constant.

(Geraldes et al., 2005)

Improved a steady state distributed model for a SW RO process.
Mass and momentum transport inside the membrane modules were
realised.

Ignored the pressure change inside the permeate
channels.
Ignored diffusion flow inside the feed side.

(Avlonitis et al., 2007)

Two-dimensional flow equations were developed.
Easy to be used for any membrane with a bit modification for the
water and solute permeability constants.

Ignored the permeate concentration compared to
the feed concentration.

(Majali et al., 2008)

Developed semi-empirical and permeability models for two types of
pilot scale RO plants.

Comprehensive  mixing conditions  were
presumed in the feed and permeate channels.
The semi-empirical model assumed fixed salt
retention and water recovery.
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Fixed permeability coefficients for water and salt
fluxes across the membrane are assumed.

(Oh et al., 2009)

A simple model relying on the solution-diffusion principles was
developed that signifies the mechanisms of multiple fouling of a SW
RO system.

The diffusion coefficient was irrelated to solute
concentration.

Fixed mass transfer parameter for a specified
fluid condition.

(Lee etal., 2010)

A dynamic model was developed to explore the dynamic features
and process operation of a large-scale RO desalination plant.

Dynamic fouling was not involved.

(Kaghazchi et al., A steady state model was provided for a SW membrane module to Ignored the effect of surface charge, pore length,
2010) examine the performance of two industrial seawater RO plants. tortuosity, bound water, and molecular shape.
(Ruiz-Saavedra et al., A modest model for the SW membrane RO process was investigated Tenored the solute—solute interaction
2015) relying on the solution-diffusion model. g )

(Kotb et al., 2016)

A simple model for RO system was developed to study the
concentration polarisation.

Fouling propensity was not precisely involved.

(Dimitriou et al., 2017)

A dynamic model for a SW RO process was established under a non-
constant operating condition of pressure and flow rate.

Plug flow was assumed in both feed and permeate
sides.

This work

A mathematical model for the multistage multi-pass medium-sized
SW brackish water RO process was presented.
Highlighted the fouling factor.

Absence of a specific formula to signify the
membrane retardation due to fouling for a long
operation time.
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2.3 Overview of simulation of a spiral wound RO process

To obtain higher efficiency and economical use of the RO seawater desalination process,
two important parameters must be maximised: the product water quality and quantity.
These parameters are adversely impacted by the operating conditions, membrane fouling,
hydrolysis, and compaction in the RO unit. Raising the feed pressure is one of the probable
solutions to maintain constant productivity. However, this would cause a increase in
production cost as a result to a higher constraint of energy for filtration. Therefore, it is
crucial to assess the process performance against the control variables via simulation to
operate a RO plant efficiently. Basically, the process parameters are mainly affected by
the characteristics of raw water and the efficiency of the pre-treatment scheme (Abbas and
Al-Bastaki, 2001). This section highlights an overview of the many simulation studies that
have been carried out and deployed to predict the performance of RO desalination system.
Costa and Dickson (1991) used their model, which is based on Kimura Sourirajan
fundamentals, to conduct a simulation to investigate the performance of a spiral wound
RO membrane element under different control variables for a single solute system and
with a different number of RO membrane modules in series. They included the influence
of operating pressure, feed flow rate, and the number of modules arranged in a series
configuration. Their simulation results showed that the recovery rate is increased with
increasing pressure but dropped dramatically with increasing feed flow rate. The recovery
rate is increased by about 10 times at a pressure of 29.6 atm when increasing the number
of modules from 1 to 10.

Boudinar et al. (1992) improved the performance of a spiral wound module based on
physical transportation phenomena via simulation. A wide range of feed conditions
including concentration, pressure and flow rate of the brine and permeate streams were
considered. Their results showed that the brine velocity, pressure, and water flux have a
significant role in limiting the thickness of the mass transfer boundary layer at the
membrane wall, that in turn improves the spiral wound membrane performance.

Abbas (2005) explored the performance of an industrial medium-scale brackish water
spiral wound RO desalination plant (40 m?/day), which was designed in three tapered
stages using their semi-rigorous steady-state model. Specifically, the influence of feed

flow rate and operating pressure have been tested on the plant performance for different
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membrane modules arrangement. The simulation results showed a deterioration of the
product quality as a result of increasing pressure and feed flow rate. This is attributed to a
decrease in the net transmembrane pressure difference caused by the high-frictional
pressure drop. However, both solute rejection and water production were improved at low
to moderate feed pressures and feed flow rates. The influence of feed spacer on the
calculation of pressure drop was also evaluated. This is basically carried out by including
the total drag force of the feed spacer to calculate the pressure drop along the membrane
length using the relationship of Da Costa et al. (1994).

Hyung and Kim (2006) appraised the consequence of feed parameters including
temperature and pH on boron rejection on the performance of a seawater RO process based
on their mechanistic predictive developed model. They confirmed that boron rejection
could be improved due to increasing pH, decreasing temperature, and increasing pressure.
Pais and Ferreira (2007) evaluated the performance of spiral wound membranes based
industrial desalination plant over a working time of 454 days based on the solution-
diffusion model. They demonstrated that water and solute permeability constants are
important pointers in assessing the membrane performance. The simulation results
showed a decrease in water permeability coefficient due to the absence of membrane
cleaning during a given period. On the other hand, salt permeability had significantly
enlarged during the summer season as a result to the temperature impact.

Oh et al. (2009) analysed the effect of several parameters including the water flux,
temperature, and fouling mechanism on the efficiency of a RO system over a wide set of
feed conditions. Also, the impact of feed water temperature on the boron concentration
and energy consumption in permeate was explored. They showed that the recovery ratio
increased with increasing feed pressure. However, the energy consumption decreases with
decreasing water flux despite the improvement of solute rejection. Furthermore, raising
the feed temperature would decrease the specific energy and boron rejection due to
increasing boron concentration in the permeate channel. An optimum permeate flux and
recovery ratio for a specific condition of boron concentration in permeate and energy
consumption were investigated.

Mane et al. (2009) simulated boron removal in pilot and full-scale, single-stage, single-

pass RO processes and based on 6 and 8 spiral wound membrane elements in a series to
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treat seawater. The model considered different water quality and operating conditions.
Their results showed that boron rejection decreases due to a decrease in pressure and pH
or an increase in temperature. Moreover, boron removal is mainly influenced by the
overall water recovery.

Kaghazchi et al. (2010) simulated two industrial seawater RO desalination plants utilising
spiral wound membrane modules. A semi-rigorous mathematical model was used to
examine their performance under various feed conditions of feed pressure and flow rate.
Results exhibited that any growing of feed flow rate would cause a decrease in the
permeate concentration due to increasing mass transfer coefficient and concentration
polarisation. Also, increasing the operating pressure increases the water flux with non-
linear behavior despite increasing the salt concentration along the feed channel that
promotes the osmotic pressure.

Farhat et al. (2013) investigated the performance of a new cohort of RO membranes of
two-pass configuration to remove boron from seawater of Arabian Gulf. Specifically, the
impact of operational parameters of the second pass including feed water concentration,
pressure, bulk velocity, temperature on boron removal was assessed. Their simulation
results show that 96% of boron removal from brackish water can be achieved with low
temperatures, high feed flow velocities and high pressures. However, with high feed
temperatures boron removal decreased markedly.

Kotb et al. (2015) studied the influence of feed characteristics and membrane module sizes
on the salt concentration at the membrane surface using a simple model. They examined
the effect of feed features (feed concentration and feed flow rate), control variables (feed
temperature and feed pressure) and membrane dimensions on the salt concentration at the
surface of each membrane. Results showed a decrease in the wall concentration as a result
to increasing feed flow rate and feed temperature while it is increased with increasing feed
pressure, feed concentration and membrane area. Also, increasing the feed temperature is
more practicable to reduce the wall concentration than decreasing the feed pressure and
increasing the feed flow rate. This is attributed to high energy consumption in case of
increasing pressure. More specifically, raising the temperature from 25 to 50 °C would
reduce the membrane surface concentration by 23%. They concluded that the wall

concentration is nearly double the feed concentration as a result of growing the
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temperature from 25 to 35 °C. Consequently, the wall concentration was condensed by
7% while the flow rate and pressure are increased by 2%.

Al-Obaidi et al. (2018a) simulated the operating conditions of TDS of lower than 2 ppm
multistage, multi-pass medium-sized spiral wound brackish water RO desalination system
of the Arab Potash Company (APC). Simulations were carried out to study the effect of
increasing by 20% the operating conditions from the base case of actual plant data against
numerous operating parameters including feed concentration, feed flow rate, feed
pressure, and feed temperature. Results confirmed that both feed flow rate and pressure
have a positive contribution on the product salinity.

Table 2.2 summarises the simulation results of the selected literature of spiral wound RO

system.

47



Table 2.2. Summary of the previous work of RO simulation

Authors
and year

Highlighted characteristics

Simulation results

(Costa
and
Dickson,
1991)

Predicted the performance of a spiral wound RO membrane element based
on various feed conditions for a single solute system.

Recovery rate increased with increasing the
pressure.
Recovery rate decreased with increasing flow rate.

(Boudinar
etal.,
(1992)

Investigated the performance of two types spiral wound modules against
the concentration, pressure and flow rate of the brine and permeate
streams.

The thickness of the mass transfer boundary layer
was affected by the brine velocity, flux,
concentration, and pressure.

(Abbas,
2005)

Explored the performance of a spiral wound membrane of a medium-scale
brackish water RO desalination system based on the feed flow rate,
pressures, and the membrane modules arrangement.

High operating pressures leads to a weakening in
product quality.

High flow feed rates drive to a drop in the water
production and permeate quality.

(Hyung
and Kim,
2006)

Estimated the performance of full-scale spiral wound RO processes based
on studying the influence of pH and temperature on boron removal.

Boron rejection decreased as a result to a decrease
in pH or an increase in temperature.

(Pais and
Ferreira,
2007)

Studied the performance of a spiral wound membrane desalination system
based on water and solute permeability coefficients evolution.

Water permeability coefficient was decreased due
to the absence of membranes cleaning during the
considered period.

Salt permeability has enlarged during the summer
due to temperature increases.

(Oh et al.,
2009)

Simulation study was achieved to predict the performance of RO plant at
any operating conditions.

Recovery ratio increased with increasing feed
pressure.

Specific energy consumption decreased with
decreasing water flux.

Increasing the feed temperature would decrease
the specific energy and boron rejection due to
increasing the boron concentration in the permeate
channel.

(Mane et
al., 2009)

Analysed the boron rejection of a pilot- and full-scale for single-stage
single-pass RO processed based on 6 and 8 spiral wound elements to treat
seawater.

Boron rejection decreased due to a decrease in
pressure and pH or an increase in temperature.
Boron rejection was mainly affected by the overall
process recovery.

Kaghazchi
etal.,
2010)

Investigated the operation and performance of two industrial seawater RO
plants based on spiral wound membrane modules.

At higher feed flow rate, concentration
polarisation was neglected.
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Increasing feed flow rate caused a decrease in the
permeate concentration.

Increasing operating pressure has increased the
water flux with non-linearly behaviour.

(Farhat et
al, 2013)

Studied the performance of a new group of RO membranes under a two-
pass arrangement and without any pH alteration to remove boron from
seawater.

Lower boron removal was obtained with high feed
temperatures.

Boron elimination was influenced by feed
concentration, membrane material, pH, bulk
velocity, feed pressure, and temperature.

(Kotb et
al., 2015)

A considerable range of control variables was investigated on the
concentration polarisation of a spiral wound module.

Increasing the module area, feed concentration,
and feed pressure would increase the
concentration at the membrane wall.

Increasing feed temperature and flow rate would
decrease the wall concentration.

Al-Obaidi
etal
(2018a)

Simulated the performance of a low-salinity multistage multi-pass
medium-sized spiral wound brackish water RO desalination plant.

The feed flow rate and feed pressure have
positively affected the permeate salinity.

This work

Simulated the small-scale multistage RO brackish water desalination
system.

The feed flow rate, pressure, and temperature have
positively affected the permeate salinity.
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2.4 Overview of optimisation a spiral wound RO process
Optimisation of RO process has been presented with less attention in the last few decades
if compared to modelling and simulation studies. Following to the modern progresses in
advanced numerical approaches, optimisation methods can hold complex problems in the
operation and/or design of different manufacturing processes (Edgar et al. 2001).
Implementation of the operating variables set and designed values at plant start-up time
would not assure the predictable productivity due to operational instabilities. Therefore, it
is important to set an amended set of optimal points of the specified operating conditions
compared to employing of designed and real plant data (Tanvir and Mujtaba 2008).
The optimisation studies of (Hatfield and Graves, 1970; van der Meer and van Dijk, 1997)
focused on maximising the permeate production and specific productivity in order to
reduce the operational cost by manipulating the water recovery, feed flow rate, and
pressure. Moreover, the arrangement of RO modules has also contributed to attaining the
objective function. Specifically, the optimum design of RO process would guarantee the
best connection between the feed and product streams of different stages. Many studies
have also been carried out to diminish specific energy consumption by refining membrane
permeability and based on varying the recovery ratio, salinity, membrane configuration,
existence of energy recovery device, feed pressure, flow rate and temperature ( Wilf and
Schierach, 2001; Oh et al., 2009; Zhu et al., 2009; Li, 2010;). Previous studies on
optimisation of RO processes using spiral wound RO membranes are reviewed in the
following.
Hatfield and Graves (1970) formulated a nonlinear programming problem for a
mathematical model of a RO system based on brackish water desalination to optimise the
product flux and predict the optimal configuration of modules regarding to construction
temperature. They affirmed that the cost of produced water can be condensed by reducing
the size of RO systems.
Boudinar et al. (1992) predicted the improvement in performance of spiral wound RO
modules based on optimising the geometrical parameters at given operating conditions.
They developed a computer simulation program considering the physical phenomena

inside the module and the module geometry. The geometrical optimisation of the ROGA
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module was maximised at a set of operating conditions, which included the permeate flow
per unit volume and the driving force.

van der Meer and van Dijk (1997) used two mathematical models to simulate capillary
and spiral wound modules in order to optimise the module design parameters including
the feed and permeate channel porosity, capillary diameter, and height. They also
optimised the feed pressure and flow rate. A growth in the water production of 100% was
realised by optimising the capillary module configuration and operation conditions
compared to spiral wound module.

Nemeth (1998) Optimised the performance of ultra-low-pressure RO membranes of an
advanced hybrid system of ultra-low and standard RO membranes. The optimisation
methodology led to around 30% higher permeate productivity of ultra-low-pressure
membranes compared to standard membranes. Also, the permeate indicators are
meaningfully upgraded from the low-pressure systems.

Wilf and Schierach (2001) improved the long-term performance of RO membranes to
attain high recovery and high flux operation that satisfies the reduction of water
production cost via optimising the operating conditions. A successful reduction of around
10% in water cost was obtained.

Villafafila and Mujtaba (2003) developed an optimisation framework, subjected to general
constraints for the RO process to maximise the recovery ratio using different energy
recovery devices. The optimisation problem of the highest recovery ratio was solved using
an effectual successive quadratic programming (SQP) based method that included the
determination of optimal control variables (feed flow rate and pressure) and design factors
(total number of tubes, and internal diameter). They included, in the optimisation problem,
the choices of energy recovery with various devices include an improved Energy
Recovery Device (ERD), turbines, and pressure exchangers. Results showed an
improvement on freshwater recovery by connecting a number of RO membranes in a
series. They affirmed that including of ERD would reduce the operating costs and the
energy consumption by more than 50%.

Bouguecha et al. (2004) optimised the operation of a desalination plant coupled with a

source of solar energy that operates itself in an intermittent mode with the aim of
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minimising the energy consumption related to water production cost. Results showed the
contribution of the solar energy system.

Wilf and Bartels (2005) optimised the design of a large-scale seawater RO desalination
plant and decreased the freshwater production cost. They proved that the use of specific
RO configurations such as one-stage array configuration, two-pass, and split partial
permeate treatment, and elevated pH seawater are essential to increasing boron removal
capacity. However, this causes an increase in operating cost. In this regard, the freshwater
production cost has been reduced due to applying high-efficiency ERDs or high-
permeability membranes. Also, the increase of water permeability coefficient and
decrease in the salt passage would contribute to the reduction of water production cost.
Geraldes et al. (2005) optimised a single stage arrangement and the control variables of a
medium-sized SWRO (1000 m3/day) with two stage spiral wound modules to obtain the
optimum design of a minimum specific freshwater production cost (objective function).
In this regard, the optimum design of a single stage with 7 membrane modules in a series
reduced the freshwater production cost by 13.5% when compared to a typical system
design (single stage of four membrane modules). They also claimed that the specific
freshwater production cost could be further condensed by utilising two stages in a series
structure, with 7 membrane modules per pressure vessel. Specifically, a two-stage
seawater RO has decreased the freshwater production cost by around 5.5% compared to a
single stage configuration.

Guria et al. (2005) achieved a multi objective optimisation based on a genetic algorithm
(GA) for brackish and seawater desalination using tubular and spiral wound modules. The
optimisation aimed to minimise the cost of desalination while maximising the permeate
flow rate. Results showed that the membrane area was the most vital decision variable for
spiral wound modules whilst the pressure was the important variable for tubular modules.
Gilau and Small (2008) used the model developed by Hyun et al. (2009) to optimise the
performance of a small-scale seawater RO process connected to a renewable energy
system. The optimisation targeted two objective function of maximising the water
productivity and minimising the specific energy consumption besides attaining a high

boron removal. They looked at achieving the lowest specific energy consumption.
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Vince et al. (2008) optimised the brackish water RO process within an environmental and
economical method based on a flexible superstructure optimization i.e. taking into
consideration the arrangement of membrane modules and the number of membranes in
each module. Their simulation results showed that employing 7 membranes for both 1%
and 2"d stages would have water recovery rate of 82%. In this respect, the performances
of the RO process configurations are appraised by updated cost models, including
electricity consumption and total recovery rate.

Djebedjian et al. (2008) developed a methodology to optimise the performance of a RO
desalination system by the employment of the Genetic Algorithms (GA) technique. They
concluded that an optimal pressure variance along the membrane aids to maximise the
permeate flux and satisfy the permeate concentration limitation.

Zhu et al. (2009a) optimised the energy consumption of a simple sweater RO desalination
process by constraining a fixed permeate flow in the presence of a fluctuating feed salinity.
The analysis confirmed the possibility of predicting the optimal pressure operation to
increase the energy savings of the proposed system. In other words, the total energy
consumption can be decreased by deploying the same permeate flow due to pressure
fluctuation despite the variation of feed concentration. Also, the impact of ERD,
membrane hydraulic permeability, brine disposal cost, and pressure drop are outlined for
one-stage system. More importantly, the possible highest water recovery is recommended
especially when the cost of disposed brine is high.

Oh et al. (2009) applied a simple model to explore the optimum operating conditions of a
RO process including the water recovery, water flux, temperature, and fouling mechanism
to predict the lowest energy consumption and at the same time enhancing the permeate
quality. The feasibility of water recovery was explored via optimisation that reduced the
energy consumption at the highest solute rejection. Moreover, the feed temperature was
found to have a significant impact on the RO process performance.

The minimisation of specific energy consumption for three different RO modules (one
stage, one stage with ERD and two stages) was investigated by Li (2010). The models
were formulated as non-linear optimisation problems. Li (2010) introduced a set of
dimensionless parameters which signified the coupling between membrane properties and

operating variables. The optimal solution to specific energy consumption normalised by
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the seawater concentration was merely dependent on a dimensionless parameter, which is
a function of the hydraulic permeability, membrane area, feed flowrate and concentration.
Kotb et al. (2016) minimised the total operational cost of general superstructures of single
stage, two-stages and three stage RO system via optimisation considering various
operating conditions. They specifically recommended the application of a single-stage
configuration to achieve permeate flow rates below 6 m*/h whilst minimising freshwater
production cost. For freshwater flow rates of up to 12 m3/h, they recommend two-stage
configuration whilst three-stage configuration is useful for production of higher flow rates.
Table 2.3 summarises the characteristics of the discussed optimisation research of RO

Processcs.
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Table 2.3. Summary of the previous work of RO optimisation

Authors and
year

Objective function

Control variables

Constraints

Results

(Hatfield and
Graves,
1970)

Maximised the product flux.

Operating
temperature.

Maximum number of
modules per pressure
vessel.

The cost of produced water is
reduced as a result of reducing
the size of RO systems.
Predicted the optimal
arrangement of modules in a
specific stage.

(Boudinar et
al., 1992)

Optimised the geometrical
parameters of a spiral wound
RO process.

Flow rates, pressures,
and concentrations in
the brine and
permeate channels.

Adopting a more
realistic model which
considers the spiral
geometry.

A set of operating conditions has
been maximised including the
permeate flow per unit volume
and driving force.

(van der
Meer and van
Dijk, 1997)

Maximising the permeate
productivity per module and
minimising the losses in high-
concentration and permeate
channels and  hydraulic
pressure (minimising energy
consumption).

The operating
conditions of feed
pressure, and feed
flowrate.

Water production per
module.

Pressure losses in
feed and permeate
sides.

Improved the performance of the
spiral wound (productivity).

An additional increase in
performance of 100% can be
obtained by optimising the
arrangement and control
variables of a capillary module.

(Nemeth,
1998)

Optimised the performance of
ultra-low pressure RO
membranes in a novel system
design.

Pressure boosting

Utilising permeates
throttling at the 15t
stage.

The hydraulic
behavior of the full-
scale membrane
water treatment
system.

The obtained cost savings by the
ultra-low-pressure  membranes
are noteworthy.

The cost savings principally
originate from energy savings.

(Wilf and
Schierach,
2001)

Improved the long-term
performance of RO seawater
and the cost discount of
systems using UF
pretreatment.

Recovery rate.
Permeate flux.

Deployment of high-
water recovery and
flux operation needs
an improved quality
of the feed seawater.

The economics of the desalting
process is  improved by
increasing the recovery rate and
water flux in seawater systems.
The collective savings due to
operating cost, lower investment
and capability to optimise
system control variables as a
result to better seawater quality
would cause around 10%
decrease  in  total  water
production cost.
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Feed flowrate and
pressure.
Total number of

Optimised control
variables are
dependent on the
constraints presented.

Villafafila - . tubes and internal . e The ener consumption is
aig d Miji; ba, Optimised the recovery ratio. diameter are the The 9pt1ma1 . yalues reduced bygl}l/p t0 50% bI;/ using a
2003) design parameters. are hlgh?sensmve to pressure exchanger device.
changes in water and
energy  prices, in
addition to seawater
salinity.
Assessed the performances of A cont.inuous Represent the time ° T.h cp ar.ticip atign of the storage
a desalination olant with the operating mode was limit of the dissipation unit by means of
(Bouguecha . lon pran’ utilised by autonomous solar energy.
etal., 2004) aim of optimising its eliminating the operating pilot.

operation in terms of energy
accessibility.

impacts of source
variations.

Optimised the design of large-

The arrangement and

A notable reduction of

(Wilf and scale seawater RO control variables of . freshwater cost is obtained as a

Bartels, desalination systems to current large No constraints result to high-permeability,

2005) evaluate the decreasing of seawater high-rejection membranes, and
desalted water costs. desalination systems. high-efficiency ERDs.

. The water cost can be

Number of Maximum condensed to 66.7 eurocent/m?, for a

membrane modules concentration two-stage spiral wound RO unit

(Geraldes et Minimise the cost of water in pressure vessel. polarisation. compared to 81.4 eurocent/m?

al., 2005) production. Feed pressure and Maximum permeate | compared to a single-stage and 4

velocity. salt concentration. membrane modules
(FilmTecSW30HR-380) per pressure
vessel.
Maximise the permeate, The pressure . .
inimise th £ aep Maximum throughput | ® To  attaina  maximum
minimise the cost ot difference along the ; throughput, the permeabilit
. desalination, and minimise membrane, the Maximum ¢ & pf ’ p be at thy
(Guria et al., the permeate concentration. active membrane permissible actor of water must be at the
2005) area permeability highest one.
The membrane coefficients.
types.
(Gilau and Optimise the performance of Specific energy. e Tofal energy consumption was

Small, 2008)

RO process for high boron

Boron concentration.

No constraints

lessened by 70% by using an
energy recovery turbine, a
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elimination and minimum
specific energy consumption.

booster pump, and a suitable
membrane.

Water cost was reduced by 41%
by using ERD.

Optimised the brackish water
RO process within an

The arrangement of
the membrane

Low total costs can be obtained
at high-water flux; however,

economical and module. e Number of desalination environmental
(Vince et al., environmental approach ¢ The number of membranes used in effects ~and 1l hc?l(;ctrlclty
2008) based on the flexible membranes in a the module consumption are still high.
superstructure. module. configuration. Low water flux allows lower
electricity consumption using
larger membranes area (higher
cost).
Optimise the performance of
RO df:salmatpn plant by the e  The pressure Permeate concentration reduces
. . genetic algorithms (GA) to . e  The permeate T .
(Djebedjian .. variance across the . with increasing in water flux and
maximise permeate concentration.
etal, 2008) volumetric flow rate and membrane. the membrane pressure
satisfy the permeate difference.
concentration.
Optimise the energy Specifi .
consumption for a simple pecilic - energy —consumption
model of RO water can be markedly condensed,
(Zhu et al., L e  Membrane hydraulic providing the same water flux.
desalination process by Feed pressure. . .
2009a) . . . permeability. Higher water recovery can be
creating a fixed water flux in Feed concentration. . .
the occurrence of fluctuating ob.talned part1cu}arly when th.e
in the feed concentration of b?me stream  disposal cost is
seawater and brackish water. high.
e  Recovery ratio Higher flux increases the solute
Optimising the design of a | _ Permeate flux ' retention but growths the
(Oh et al., simple model of RO process ’ . specific energy consumption.
5 . e  Temperature. e No constraints
009) for low energy requirement. e TFouli hani Increased temperature would cut
ouling mechanism. the specific energy but worsens
the rejection.
e Several fixed RO
configurations. Specific ener consumption
(Li, 2010) Minimisation of specific * Energy recovery | ¢ Minimum recovery is wl;s reduced w%tbil a much lfetter
b energy consumption. efficiency. constant.

Driving force.

water recovery by using ERD.
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(Kotb et al.,
2016)

Minimisation of total cost of
freshwater production for a
RO system.

Feed pressure.
Membrane area.
Feed flow rate.

No constraints

Single-stage layout can cause a
minimum cost of freshwater
production.

Two-stage layout was endorsed
for the directed water production
of less than 12 m3/h.
Three-stage layout was endorsed
for higher water production
rates.

This work

Minimise the specific energy
consumption of simple and
complicated designs of RO
brackish water desalination
systems.

Feed pressure.
Feed flowrate.

No constraints

The specific energy
consumption for a simple and
complicated designs of RO
brackish water desalination
systems saved by 37.3%, and
35%, respectively.
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2.5 Overview of thermodynamic aspect of RO process

One of the most important concerns related to thermodynamics of seawater RO
desalination process is the high requirements of energy (Miller et al. 2015). Therefore,
minimising the energy consumption has attracted the attention of several researchers. It is
noteworthy to mention that exergy is that part of energy that is convertible into all other
forms of energy and considered as a useful part of energy for any system. The exergy can
be expressed in term of Second Law of Thermodynamics to specify the irreversible losses
that occur within any thermal or power cycle (the exergy destroyed when the heat transfer
from high to low temperature source). Basically, the RO process has various
thermodynamic limitations that necessitates applying operating pressures higher than the
summation of both osmotic pressure and frictional pressure losses to carry out successful
filtration. This is basically required to maintain the water permeation through the
membrane. Therefore, the feed pressure always should be higher than the retentate
pressure to guarantee the filtration process (water flux) and that denoted as the
thermodynamic restriction of crossflow membrane water desalination. In this aspect, a
critical review of the open literature confirmed several successful attempts of the RO
thermodynamics analysis as discussed below.

Cerci et al. (2003) developed a general relationship to anticipate the minimum work
required for RO desalination processes using the second law of thermodynamics.
Specifically, the minimum input work per unit mass of fresh water produced for various
feed water salinities has been recognised. It is concluded that the minimum energy
consumption for the separation of a saline solution into pure water and concentrated brine
is independent of the process configuration. This also confirmed an increase of the energy
consumption as a result to increase the feed water salinity for a fixed product quality and
a recovery ratio.

Song et al. (2003a) formulated several equations to analyse the performance of RO process
and demonstrate the thermodynamic restriction as a limiting factor for full-scale RO
process under common conditions. The thermodynamic restriction arises from a
significant increase in the osmotic pressure downstream of the membrane channel due to

the accumulation of rejected salt on the membrane wall because of water permeation. This
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affirmed that the thermodynamic restriction has a stronger influence on the full-scale RO
process performance than the concentration polarisation.

Song et al. (2003b) examined the transport mechanism that control the performance of a
full-scale RO process under various operating conditions. This showed that the
thermodynamic equilibrium can impose a strong restriction on the performance of RO
membrane under certain conditions. In other words, the performance of RO process is
entirely affected by the thermodynamic restriction as a controlling mechanism. Moreover,
the mass transfer correlation is not enough to describe the RO process. However, the
average permeate flux has significantly deviated from a linear dependence on the trans-
membrane pressure close to thermodynamic equilibrium.

Mehdizadeh (2006) developed a simple and practical mathematical model for multi-solute
fluid processed into industrial membrane modules to predict the plant performance under
various operating conditions. Mehdizadeh (2006) combined the thermodynamic property
of exergy with a mathematical model to determine the optimum operating conditions. The
studied performance indicators are the recovery, solute rejection, and entropy production.
The simulation analysis offered a higher recovery, higher solute rejection, and lower
entropy production for the RO plant.

Mabrouk et al. (2007) presented a thermo-economic analysis for RO process, MSF
(Multistage Flash), and MEE (Multi Effect Evaporation). The thermo-economic of these
processes has been evaluated and compared using a developed Visual Design and
Simulation package (VDS) software. The thermo-economic results showed that the RO
process provided a lowest unit product cost. Moreover, the RO process obtained the
maximum exergetic efficiency due to the using of recovery turbine.

The effect of the thermodynamic restriction on the cost minimisation of the
RO/nanofiltration membrane desalination processes has been studied by Zhu et al. (2008).
They assessed numerous parameters associated with the water production cost such as
energy, membrane area and permeability, brine management, and pressure drop, the
thermodynamic cross-flow restriction, operational feed and permeate flow rate
constraints, and applying energy recovery devices. The optimisation problem of the RO
process has been formulated to maximise the water recovery and minimise the energy

consumption, while constraining the thermodynamic crossflow restriction and feed or
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permeate flow rate. The optimisation results showed the best conditions to satisfy the
minimum energy consumption with lower water production cost. However, the multistage
RO process can save more energy with the penalty of a greater membrane area.

Zhu et al. (2009a) investigated the energy optimisation of a two-pass membrane of RO
desalination process at a limit imposed by thermodynamic restriction. This is readily
compared to the energy optimisation of single-pass membrane RO desalination. The
impact of pump and energy recovery devices, membrane rejection, and retentate recycling
from the second to the first-pass based on the limitations imposed by the thermodynamic
cross flow restriction on the minimum achievable specific energy consumption has been
studied. This showed that the two-pass process consumes lower energy compared to the
single pass. Moreover, recycling of the second pass retentate to the first pass feed in the
two-pass process can mainly reduce the specific energy consumption.

Zhu et al. (2009b) studied the impact of increasing the permeability of the RO membrane
on the reduction of water production cost at the limit imposed by thermodynamic
restriction. The thermodynamic limit has been expressed by the ratio of membrane to
energy cost as a function of the water recovery level and a dimensionless cost parameter
that accounts for the purchase of electrical energy and membrane area. Also, the feed
water salinity, salt rejection and membrane permeability were considered. This showed
that the water permeability constant is the most significant parameter to reduce the water
production cost.

Al-Zahrani et al. (2012) used the second thermodynamic law to carry out a thermodynamic
analysis for three configurations of RO process by calculating the total energy
consumption with and without an energy recovery device (ERD). The performance
indicators such as specific energy and the recovery ratio for these configurations over a
wide range of feed salinity, temperature and applied pressure are investigated and
compared. The results illustrated that the specific energy consumption behavior depends
on the feed salinity. It increases with the applied pressure almost linearly when the feed
salinity is low. Moreover, the importance of employing ERD when the salinity is high has
been verified.

Qi et al. (2012) presented a theoretical analysis for both single-stage and two-stage RO

desalination processes at the limit imposed by thermodynamic restriction. This aided to
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study the impact of RO response parameters including the water recovery, ERDs
efficiency leakage ratio, and pump efficiency on the specific energy consumption. By the
presence of ERDs, the water recovery has visibly reduced at higher ERD efficiency and
became more sensitive to the leakage ratio. Moreover, the specific energy consumption
affected by the leakage at lower water recoveries compared to the higher one.

Banchik and Lienhard (2012) applied a thermodynamic analysis of RO desalination
system to evaluate the energy efficiency of hybrid desalination cycles that are driven by
simultaneous mixed inputs, including electrical work, heat, and chemical energy. The
study confirmed that the energy attained by adding of the chemical input stream can be
served to the lower amount of electrical work required for operation. Moreover, the
significant reduction in work can be obtained by using an ERD.

Feinberg et al. (2013) applied a thermodynamic analysis to evaluate the potential of
pressure retarded osmosis PRO and Reverse Electrodialysis (RED) processes coupled to
a typical seawater RO plant. The possibility of osmotic energy recovery from both the RO
feed stream and the RO brine are assessed. They provided insight into various process
parameters that affect the optimal Specific Energy Consumption (SEC) for a hybrid
reverse osmosis- Hydraulic Energy Recovery- Osmotic Energy Recovery (RO-HER-
OER) plant configuration. In this regard, the process potential through the
thermodynamically available work produced by each OER technology is theoretically
probed by ignoring system-specific losses, for example, hydraulic losses pumps, piping,
modules etc.), membrane losses and other sources of inefficiency. They affirmed that a
coupled system of RO-RED could significantly reduce the net SEC of RO process.
El-Emam and Dincer (2014) investigated the performance of an SWRO desalination plant
involving a comprehensive thermo-economic analysis (based on the first and second laws
of thermodynamics) at different seawater salinities. Specifically, the effects of the system
components irreversibilities on the economics and cost of product water based on the
thermo-economic analysis was carried out. The exergy destruction results showed that the
large irreversibilities occurred in the RO module of 67.8% and 17.16% of a high-pressure
pump. Moreover, an increase in the recovery ratio would decrease the water production
cost. Furthermore, the exergy destruction by using a Pelton turbine as an energy recovery

device has been reduced by about 35.5%, compared to the use of an expansion valve.
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Haluch et al. (2017) assessed and improved the performance of a small capacity RO
desalination systems on thermodynamic grounds. The research has utilised a semi-
empirical model to predict the thermodynamic (exergy) efficiency, the permeate
volumetric flow rate, and the salt rejection as functions of the feed water salinity, pump
and the membrane characteristics. They found that the feed water concentration is the
most important factor that affects all the studied parameters. An optimal feed
concentration has been obtained to maximise the salt rejection. However, increasing the
feed water concentration caused an increase of exergy efficiency, which is attributed to
increasing of work besides diminishing the permeate flow rate.

Table 2.4 presents a summary of all the previous work that carried out in thermodynamic

of RO process.
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Table 2.4. Summary of the past work of RO thermodynamic and exergy analysis

Authors and year

Main objectives

Results

Cerci et al. (2003)

Developed a general relation for the minimum work required per unit
mass of fresh water for the desalination process using the second law of
thermodynamics with various feed water salinities and produced
freshwater salinities

Minimum energy consumption was independent of the
process configuration.

Increasing the energy consumption as a result to increase
the feed water salinity for a fixed product quality and a
recovery ratio

Song et al. (2003a)

Demonstrate the thermodynamic restriction as a limiting factor for full-
scale RO processes under common conditions

The effect of concentration polarisation on the recovery is practically
negligible for all conditions except for a few combinations of very high
salt concentrations and pressures. Therefore, there is no need to consider
the effect of concentration polarisation on mass transfer.

Considered the thermodynamic restricted regime shifts remarkably to a
higher pressure when concentration polarisation without considering
thermodynamic restriction, the operating pressures for the second and
third stages could be substantially underestimated.

The thermodynamic restriction has a stronger influence
on the full-scale RO process performance than the
concentration polarisation.

Song et al. (2003b)

Examined the mechanisms controlling the performance of a full-scale RO
process under various operating conditions without need to consider
thermodynamic restriction for RO processes employing an old generation
of RO membranes.

The thermodynamic equilibrium can impose a strong
restriction on the performance of RO membrane under
certain conditions.

The average permeate flux has significantly deviated
from a linear dependence on the trans-membrane
pressure close to thermodynamic equilibrium.

Mehdizadeh (2006)

Predicted the plant performance under operating conditions of the plant
based on the exergy variations for a desalination plant with changes in
these conditions by combining the thermodynamic property of exergy
with a mathematical model for multi-solute RO systems to determine the
optimum operating condition for an integrated RO seawater desalination
plant.

The performance is studied based on the recovery, solute rejection, and
the entropy production with variation in applied pressure for the Ro plant.

The simulation analysis offered a higher recovery,
higher solute rejection, and lower entropy production for
the RO plant.

Mabrouk et al.
(2007)

Presented a thermo-economic analysis for a widely used desalination
processes based on thermodynamic evaluation.

The RO process is in competition with other desalination processes if the
reliability and long life of the heating surface are taken into consideration.

The RO process provided a lowest unit product cost.
The RO process obtained the maximum exergetic
efficiency due to the using of the recovery turbine.

Zhu et al. (2008)

They optimised the RO membrane process with respect to product water
recovery and considering thermodynamic crossflow constraints.
Considering the limitations due to the mineral scaling and fouling which
impose additional constraints.

Minimise the water production cost.
High recovery operations at lower pressures for the
newer generation of RO membranes.

Zhu et al. (2009a)

Minimise the energy consumption of the two-pass membrane desalination
process relative to a single-pass process operating at the limit of the
thermodynamic restriction and concluded that two-pass membrane
desalination is less energy efficient than single pass.

The two-pass process consumes lower energy compared
to the single pass.
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Considered the energy cost which is a major direct factor affecting water
production cost.

Considered a product water recovery constraints that imposed by mineral
scaling, fouling and operational pressure limits, membrane, and brine
management costs.

The cost associated with feed pre-treatment and post-treatment and
investment costs.

Recycling of the second pass retentate to the first pass
feed in the two-pass process can mainly reduce the
specific energy consumption.

Zhu et al. (2009b)

Minimise the production water desalination cost up to the thermodynamic
restriction limit by carrying out a simple analysis of the specific
membrane cost that relative to specific energy cost for RO desalination
over membrane permeability improvements.

Considered the fouling resistant membranes.

Considered more effective and lower feed pre-treatment.

Considered the brine management costs.

Considered the optimisation of process configuration and control
schemes.

Considered the utilization of low-cost renewable energy sources.

The water permeability constant is the most significant
parameter to reduce the water production cost.

Al-Zahrani et al.
(2012)

Investigated the RO process performance in term of specific energy
consumption and the recovery ratio for three modelled configurations of
the desalination unit with and without energy recovery device (ERD)
using thermodynamic laws.

The concentration polarisation and pressure losses are not considered.
The membrane is considered as a porous environment.

The spacers help not only on promoting mixing but also have a
depolarisation effect.

The specific energy consumption behaviour depends on
the feed salinity. It increases with the applied pressure
almost linearly when the feed salinity is low.

QOietal. (2012)

Studied the impact of ERD performance variables (efficiency and leakage
ratio) on the specific energy consumption of RO process at the limitation
imposed by thermodynamic for both single-stage and two-stage cross
flow RO processes.

Considered the pressure drop in the feed channel.

Considered varying rejection along the RO channel.

Considered the concentration polarisation.

The water recovery has visibly reduced at higher ERD
efficiency and became more sensitive to the leakage
ratio.

The specific energy consumption affected by the leakage
at lower water recoveries compared to the higher one.

Banchik and
Lienhard (2012)

Applied a thermodynamic analysis of RO desalination system to evaluate
the energy efficiency of hybrid desalination cycles that are driven by
simultaneous mixed inputs, including electrical work, heat, and chemical
energy. They assumed the wastewater is only used to recover energy for
the desalination process. This might represent a case where the policy
does not allow for the human consumption of treated wastewater.

The energy attained by adding of the chemical input
stream can be served to the lower amount of electrical
work required for operation.

The significant reduction in work can be obtained by
using an ERD.

Feinberg et al.
(2013)

Applied a thermodynamic analysis to evaluate the potential of PRO and
RED processes coupled to typical seawater RO plant. The currently
accepted configuration used for the operation of PRO the incoming high-
concentration feed is pressurised prior to the membrane-mediated mixing
process. The reasoning behind this configuration is based on efficiency

The coupled system of RO-RED could significantly
reduce the net SEC of RO process.
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considerations (pump and turbine). However, the pressurisation alters the
equilibrium point, which now occurs when An = AP, the applied pressure,
and therefore limits the extractable energy.

El-Emam and
Dincer (2014)

Investigated the effects of the operating recovery ratio of the plant, the
seawater source salinity, the seawater feeding temperature value and the
dead state temperature on the energetic and exergetic performances and
the cost of the product water by varying the feed seawater temperature,
while keeping all other parameters constants, has a very limited effect on
the cost rate of product water.

The large irreversibility’s occurred in the RO module of
67.8% and 17.16% of a high-pressure pump.

Increasing the recovery ratio would decrease the water
production cost.

The exergy destruction by using a Pelton turbine as an
energy recovery device has been reduced by about
35.5%, compared to the use of an expansion valve.

Haluch et al.
(2017)

Evaluate the performance of a small capacity RO desalination systems on
thermodynamic grounds for the semi-empirical proposed models. The
osmotic pressure difference did not exceed the maximum pressure head
provided by the pump due to the maximum feed concentration was 10 g
1L

Increasing the feed water concentration caused an
increase of exergy efficiency.

This work

The exergy losses and thermodynamic limitations of a multistage multi
pass medium-sized spiral wound brackish water RO desalination plant of
APC have been analysed.

The exergy destruction distribution has investigated by incorporating both
physical and chemical exergies of several units and compartments of the
RO system.

e  The highest energy destruction explored at mixing
permeate streams and mixing retentate streams of
the first and second pass with about 62.28 % and
94.08 % and 71.18 % and 63.29 %, respectively.
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2.6 Modelling and Optimisation Software
gPROMS (general PROcess Modeling System) software is a potent modelling platform
mainly used to carry out steady state and dynamic simulation, and primitive optimisation.
However, a successful process simulation requires an accurate model with an applicable
degree of freedom. gPROMS has several advantages of using its simple interface and its
ability of handling steady state and dynamic processes of many algebraic, differential, and
partial differential equations, sensitivity analysis and design of experiments. Moreover,
the parameter estimation tool can be used to forecast the model parameters based on actual
data. More importantly, the model equations of any studied model can be written in a
random way without considering hierarchy model structures as the case of Matlab.
The gPROMS software has many merits including:
e Simple language and easy to be coded.
e Provides the degree of freedom that enables to characterise the full structure of the
model.
e Several solvers are involved in the software and therefore complicated problems
of high order differential and algebraic equations can be solved.
e [Easy to be integrated with other software.
e Can be used to build both steady state and dynamic models.
e Can export the results to Excel sheets.

e Provides parameter optimisation to guess the values of constants.

2.6.1 Modelling and simulation in gPROMS
The gPROMS suits has been used to simulate the simple and complicated designs of RO
systems based on the model developed in Chapter 3. The model equations are coded and
solved via gPROMS software. Afterwards, the variation of inlet parameters of RO system
was achieved to systematically carry out the simulation and evaluate the variation of outlet
parameters.
Fig. 2.2 depicts the platform of gPROMS Model Builder. Many entities can be seen

including the variable types, models, processes, tasks, optimisation... etc.
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ﬂ gPROMS ModelBuilder 5.0.0
File Edit View Entity Activities Tools Window Help
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7 Saved Variable Sets
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Miscellaneous Files

Fig. 2.2. Platform of gPROMS model builder

2.6.1.1 The model entity
The model entity of any mathematical model contains three important components of
parameters, variables, and equations. Occasionally, several algebraic and differential
equations can form the model. Fig. 2.3 depicts the model entity. Furthermore, A snap of

the model is given in Fig. 2.4.
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Fig. 2.3. The model entity
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2.6.1.2 The process

Fig. 2.4. The model equations

entity

The process entity comprises the important specifications to be assigned in order to solve

the model equations and carry out the simulation. A snap of the process entity is given in

Fig. 2.5. these specifications include the unit, set, assign, initial, solution parameters, and

schedule.
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Fig. 2.5. The process entity

2.6.1.3 Optimisation entity
There are three main components of optimisation entity including general, controls and
constraints. These are important to formulate any optimisation problem based on selecting
an objective function to be maximised or minimised. This is specifically determined in the
general part. However, the upper and lower limits of variables can be assigned in the

controls and finally the constraints can be used to constraint one or more control variables.

2.7 Conclusions
The criterion of this chapter has been designed to review the existed models developed
for the RO process and its simulation, and optimisation studies carried out between 1965
and 2019. This is also included an extensive revision of the research done on

thermodynamic restrictions of RO desalination process. The appraisal of the models
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developed was explicitly showed evolution and a specific complexity that resulted in a
lower convergence after comparing its prediction and plant observational data. In this
regard, an approved maturity of simulation studies was also noticed due to advanced
investigation of the inter-correlated variables. However, this chapter showed the
deficiency of simulation of complex design of RO brackish water desalination system
which is already considered one of the objectives of the recent research.

The optimisation studies have precisely analysed in this chapter and affirmed the optimal
operational variables and process arrangement to guarantee the objective functions with
respecting feasible process constraints. The thermodynamic limitations of RO process
were also critically discussed based on minimising the specific energy consumption.
Furthermore, the RO thermo-economic restrictions combine the exergy analysis and
economic principles that provide a clear environment for the system designers to easily
conceive the information of energy analysis and economic evaluations.

More importantly, the recent research would employ the model developed in chapter 3 to
carry out the upcoming studies of this dissertation. The selection of this model is due to
its robustness to forecast the performance indicators of multistage multi-pass RO system

of APC.
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CHAPTER THREE

Modeling of a Spiral Wound Reverse Osmosis Desalination

System

3.1 Introduction

This chapter presents the development of a steady-state model for a spiral wound RO

process that used to characterise the complete mathematical modelling of simple and

complicated designs of multistage brackish water RO desalination plants. The model

predictions for both simple and complicated designs of RO process are compared against

the actual plant data and confirmed the consistency of the model developed. Afterwards,

the model is utilised to explore the performance indicators of small-scale RO process

against a considerable change in the inlet parameters via a comprehensive simulation.

3.2 Modelling of a single spiral wound RO process

Several assumptions were considered to build the model.

The operation is steady state.

The solution-diffusion model of the Lonsdale et al. (1965) is employed to express
the transport phenomenon through the membrane for both solute and water.

The membrane is quantified as a porous flat sheet with feed spacer.

The dimensions of membrane and the height of channel are assumed constant.
The concentration polarisation impact is identified by the film theory model.
Constant pressure of 1 atm at the permeate channel and the pressure drop is ignored
due to a very low velocity for permeate.

Isothermal process, that means the temperature value is constant at the permeate
and feed channels.

The correlation of Da Costa et al. (1994) is used to estimate the pressure drop

inside the feed channel. This includes the pressure drop caused by the feed spacer.
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The solution-diffusion model is utilised to clarify the transport phenomenon of solute and

permeate in the membrane. Eq. (3.1) is expressed the total water flux @, (m?/s).

Qp = Awa) NDPsp Apy (3.1)
Ay (ry (m/s atm): is the water permeability constant

NDPygj, (atm): expresses the feed and brine Net Driving Pressure.

Ay, (m?): is the membrane area.

The process of RO is generally affected by operating temperature. Therefore, the
estimation of the actual water transport parameter is depending on the reference value at
25 °C. Also, the temperature correction factor will be considered as

Awry = Awescy TCF, Fy (3.2)
Awzs ¢y (m/s atm): expresses the water permeability constant (at 25 °C).

TCF, (Dimensionless): The Temperature Correction Factor (at standard conditions).

Fr (Dimensionless): The Fouling Factor.

The temperature correction factor is estimated by the following equations, which are
proposed by the membrane manufacturer (Toray Membrane USA Inc.).

TCF, = exp [0.0343 (T — 25)] ; <25°C (3.3)
TCF, = exp [0.0307 (T — 25)] ; >25°C (3.4)
The driving pressure is quantified by Eq. (3.5)

NDPg, =Py — P, — 1 + 0y (3.5)
T (K) : is the temperature.

Py, (atm): the pressure for feed brine.

P, (atm): the permeate pressure.

1}, (atm): the osmotic pressure of bulk brine.

T, (atm): the osmotic pressure at the permeate channel.

T(°C): the operating temperature.

Py, decreases along the feed channel length because of the pressure drop resulted from

friction as illustrated in Eq. (3.6).
APdrop,E

Prp=Pr——52" (3.6)

P (atm): the operating feed pressure.
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AP 4yop, (atm): represents the pressure drop through the length of membrane element.

AP 4yop, (atm) denotes the pressure difference between (the pressure for feed P (atm) and
pressure for retentate P, (atm)). Eq. (3.7) represents the effect of feed spacer on the
pressure drop in the feed channel despite that the existence of feed spacer is important for

increasing the mass transfer coefficient and promoting the turbulence rate inside the

channel (Da Costa et al., 1994).

9.8692x10 % A* p, U2 L
Zdh Rei}

APdrop,E = (37)

A" and n (dimensionless): the feed spacer characteristic.
pp (kg/m?): expresses the bulk density.
Uy (m/s): expresses the bulk velocity.
L (m): is the length of membrane.
dp(m): the hydraulic diameter for feed spacer channel.

Re), (dimensionless): the Reynolds number.

*

A
(@) denotes the total drag force based on the spacer characteristic and Reynolds number (

Rep). Also, the Re, and the bulk velocity are estimated from Egs. (3.8) and (3.9),

respectively.
P dnQp

Rey, = Wi (3.8)
Qb

Up=1v e (3.9)

Qu(m?) represents the bulk flow rate which is calculated by the value of feed average Qf

(m3/s) and flow rates of retentate Q,- (m3/s).

Qf + Qr
Q=" (3.10)

W(m): is the membrane width.

ty (m): is the height of feed channel.

€ (dimensionless): feed spacer void fraction.

The proposed equation by the membrane manufacturer (Toray Membrane USA Inc.) is
used to calculate the bulk and permeate osmotic pressures as illustrated in Eqs.(3.11) and
(3.12), respectively.

mp =0.7994 C, [1 + 0.003 (T — 25)] (3.11)
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T, =0.7994 C,, [1 + 0.003 (T — 25)] (3.12)
Cp(kg/m?): is the bulk salinity

Cp (kg/m?): is the permeate salinity.

The bulk salinity Cj, (kg/m?) can be estimated by take the average of feed salinity and

retentate salinity.

Cr+C,
Cp="-" (3.13)

Eq. (3.14) provides the formula to calculate the solute-flux within the membrane Q;
(kg/m?s)
Qs = Bs(T)(Cw - Cp) (314)

Bgry (m/s): is the transport parameter of solute (at operating temperature), which

illustrated in Eq. (3.15).

C,, (kg/m?®): denotes the concentration of solute (at the membrane surface).

The operating temperature impact on the solute transport parameter is estimated according
to the reference value (at 25 °C).

By = Bssc) TCF (3.15)
Bg(25 ¢ (m/s): represent the transport parameter of solute (at 25 °C).

TCF (dimensionless): is the temperature correction factor of solute (at standard
conditions). TCF is calculated according to both operating temperature and proposed
correlation supplied by membrane manufacturer (Toray Membrane USA Inc.).
TCFs=1+0.05 (T—25) <25° (3.16)
TCFs=1+0.08 (T —25) >25°C (3.17)
Michaels (1968) proposed the theory of analytical film to compute the concentration
polarisation as a function of mass transfer coefficient k (m/s). Therefore, the concentration
at the membrane surface C,, (kg/m?®) is considerably bigger than the bulk concentration C},

(kg/m?) because of the diffusion from the bulk flow.

Cu=Cpt (5= ¢, )exp (20) (3.18)

The equation of Da Costa et al. (1994) is used to estimate the mass transfer coefficient,
which includes the Reynolds number Re (dimensionless), Schmidt number Sc

(dimensionless), diffusivity parameter D;, (m?/s) and feed characteristics.
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D 2d:3 0.5
k = 0.664 k,, RelS Sc033 (d—:) (L—f”) (3.19)

The model water equations of Koroneos et al. (2007) are used to estimate the physical
properties are prophesied as follow.

k4. (dimensionless): is the feed spacer characteristic.

dj (m): represent the feed spacer channel hydraulic diameter.
L (m): is the length of filament in the spacer mesh.

pp (kg/m?): express the bulk density.

Up (kg/m s): is the kinematic viscosity.

Up

Sc="5 (3.20)
pp = 498.4 my +,[[248400 m} + 752.4 my C, | (3.21)
ms=1.0069 — 2.757x10 ~* T (3.22)
Dy = 6.72510° exp{0.154610 3 C; — %} (3.23)
1y = 1.234x10 " exp{0.0212 €, + %ﬁ;ls} (3.24)
The total mass balance and solute balance for the complete unit is

Qr=0rtQp (3.25)
QrCr—Qr-Cr=0Q,C, (3.26)
A new formula for the total recovery Rec (dimensionless) is developed as follows

Qr Cr— Qr Cr — QpCr = Qp Cp — QpCr (3.27)
Qr Cr— Cr(Qr + Qp) = Qp Cp — QpCr (3.28)
Qr (Cr—C) =Qp(Cp—Cy) (3.29)
Rec = 37 = ((EZ:Z ; (3.30)

Rejreqi and Rej (dimensionless) represent the actual solute rejection and observed

rejection, respectively, as specified in Egs. (3.31) and (3.32).
. Cw—1Cp
Rejreal = Co (3.31)
Cr—Cp
Cr

Rej = (3.32)

A new expression for the water flux J,, (m/s) is also developed
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BS(T) Rejreal

Jw="TFep" (3.33)

If Rej equals Rej,.q;, @ new equation is given below for the solute rejection

(3.34)

Bs(r)) -1
Jw

Rej=(1+

Based on the correlations proposed by Saltonstall Jr and Lawrence (1982), the average

permeate salinity and retentate salinity can be calculated as

Cp= Rc—f [1— (1 —Rec)]d ~FeD (3.35)
Cr=Cr[1—Rec] —Rej (3.36)
The above steady-state model is developed for an individual spiral wound RO process
would be utilised to create the full detailed model for any size of RO seawater desalination
or brackish water desalination systems. In this regard, two comprehensive models were
developed to characterise the properties of simple and complicated designs of brackish

water RO desalination systems.

3.3 Model validation against two different sizes of brackish water RO
desalination systems
To represent the robustness of the model developed in this chapter, this section utilises the
model validation against two different sizes of simple and complicated designs of RO
system used to desalinate brackish water. To systematically carry out this validation,
firstly, the description of each design of RO system will be thoroughly described.
Secondly, the experimental results of two designs of RO system will be compared against

the predictions of the model developed.

3.3.1 Description of a simple design of RO system
A simple design of RO system, schematically presented in Fig. 3.1, was considered by
Abbas (2005) to desalinate brackish water. This system is designed in three tapered stages
with an arrangement (2:1:1) of four pressure vessels. Each pressure vessel contains three

Dow/FilmTec BW30-400 spiral wound membranes in a series.
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Fig. 3.1. Flowsheet of a simple design of RO brackish water desalination system

This design of RO system is characterised by feeding the first stage of two parallel
membranes with an inlet feed flow rate of 20.4 m3/h of raw brackish water with total
dissolved solids (TDS) of 2540 ppm. A high-pressure pump is used to deed the water
inside the RO system. The retentate of the first stage is directly fed to the second stage of
a single membrane and so on. The permeate of the first, second and third stages are
collected to form the main product stream. Also, the retentate of the third stage represents
the main brine stream of the RO system. Therefore, it can be said that the retentate
reprocessing design is used to desalinate the simple RO brackish water desalination

system.

3.3.2 Model validation
The characteristics of feed brackish water to the RO system and the operating conditions
are given in Table 3.1. Also, Table 3.2 presents the membrane specifications, and the

water transport parameters.
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Table 3.1. Design specification for a simple RO system

Operation condition

Parameter Unit Value
Feed water salinity ppm 2540
pH of feed water - 6-6.5
Feed water flow rate m3/h 20.4
Feed temperature °C 28.8
Feed pressure atm 12.04

Table 3.2. Specifications of the membrane element and transport parameters

Parameter Value
Membrane and spacer characteristics Membrane type | Dow/FilmTec BW30-400 (spiral wound)
Feed and permeate spacer thickness t¢, t, (m) 8.6x10-4 (34 mils), 5.5x10-4
Hydraulic diameter of the feed spacer channel dp, (m) 8.126x10-4
Effective membrane area A (m?) 372
Membrane length L and width W (m) 1 and 37.2
Maximum operating pressure (atm) 40.464
Maximum feed flowrate (m3/h) 19.31
Maximum pressure drop per element (atm) 0.987
Maximum operating temperature (°C) 45
Minimum salt rejection (%) 97.60
Ay (1,)(m/ atm s) at 45 °C 9.5096x10-7
Bs(r,) (NDMA) (m/s) at 45 °C 5.6459 x10-8
Spacer type NALTEX-129
length of filament in the spacer mesh Ly (m) 2.77x10-3
A (dimensionless) 7.38
n (dimensionless) 0.34
& (dimensionless) 0.9058
kac (-) 1.501

Table 3.3 presents the comparison between the experimental data of a simple design of
RO system of Abbas (2005) and the model predictions. In this regard, a good accuracy
can be confirmed where acceptable relative errors are noticed in the overall water recovery

and salt rejection of 4.4% and -0.3 %, respectively.

Table 3.3. Comparison of simple design RO plant of Abbas (2005) and the model predictions of
multistage model

Parameter Abbas (2005) results | Model predictions | Error%
Permeate flow rate (m*/h) 11.954 11.287 55
Rejection (-) 98.90 99.205 -0.3
Recovery rate (-) 58.6 56.016 4.4
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3.3.3 Description of a complicated design of RO system
The Arab Potash Company (APC) is the 8t largest potash producer worldwide by volume
of production and the sole producer of potash in the Arab World. The RO plant of the
APC (capacity of 1200 m?*/day) is situated in Jordan near the Dead Sea with about 110
kilometres south of Amman and 200 kilometres north of Agaba. APC is designed to
comprise both retentate and permeate reprocessing designs (complicated design) that
already built to ensure very low salinity of the product from brackish water resource. The
raw water is pumped using high pressure pumps type Goulds; ITT to the RO system from
groundwater salt wells at pH=7.45-7.59 and salinity of 1100 ppm. The RO system has 20
pressure vessels of 6 membranes in each. Spiral wound membranes of 37.2 m? type
TMG20D-400 synthesised by Toray Membrane USA Inc., was stuffed in the pressure
vessels. The 1% pass consists 2 stages arranged in parallel of 6 pressure vessels with
configuration (4:2) and the 2" pass consists 3 stages arranged in parallel of 4 pressure
vessels with configuration (2:1:1). The high salinity retentate from the 1% pass is disposed
into the drain system. The low-pressure permeates of the 1% pass are combined and
pumped using two forwarding high pumps into the 2" pass for for further filtration, which
produces very low salinity of produced water around 2 ppm. It is important to note that
the feed water of the 15t pass consists of blending of two streams, i.e., the raw water stream
and the low salinity retentate stream of the 2" pass. In other words, the low salinity
retentate stream from the 2" pass is totally recycled back to be merged with the
mainstream of raw water (with salinity 1098.62 ppm). The plant product stream is the

collected permeates of 2™ pass of around 2 ppm.
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Fig. 3.2. Flowsheet of brackish water RO desalination plant of APC

3.3.4 Model validation

Due to the complexity of the RO system of APC, there is a necessity to develop new
equations to relate the connected streams of the system and quantify the related retentate
and permeate reprocessing designs throughout the RO system. Therefore, the following
equations need to be integrated with the model developed in this chapter to maintain
accurate calculations of the process performance indicators.

Eq. (3.37) expresses the feed flow rate of plant, where RR is the retentate ratio. Also, the
inlet feed concentration is estimated by Eq. (3.38)

Qfplant) = RR Qrpiant) + Qrrw) (3.37)

Qrwiant) Crplant) = RR Qrpiant) Crplanty + Qrrw) Crrw) (3.38)
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The overall retentate flow rate of the RO system and retentate concentration are calculated

in the counter of Eq. (3.39) and Eq. (3.40), respectively.
Qr(plant) = Qr(pass =2) (3.39)
Cr(plant) = Cr(pass =2) (3.40)

The product salinity permeate flow rate, constant temperature, and retentate pressure of

the whole are represented in the context of the following equations.

Cp(prant) = Cp(pass = 2) (3.41)
Qp(piant) = Qppass = 2) (3.42)
T rpianty = Tr(plant) (3.43)
Prplant) = Prpass = 2) (3.44)

The feed salinity, feed flow rate, permeate flow rate, and permeate salinity of 15t pass are

calculated as

Crwass=1) = Crplant) (3.45)

Qfpass =1) = Qf(plant) (3.46)
10

Qp(pass =1)= ZPV - 1Qp(PV) (3.47)

10
ZPV = 1CP(PV) Qp(PV)

Cp(pass =1)= Qppass = 1) (348)

The feed pressure, feed salinity, permeate flow rate, and permeate salinity of 2™ pass are

calculated as

Pf(pass =2)= 1.066x Pf(pass =1) (349)

Crpass=2) = Cp(pass =1) (3.50)
8

Qp(pass =2)= ZPV _ 1Qp(PV) (3.5 1)

Z;?/ —1Gpeev) QP(PV)
Coass=2) =" o5 (3.52)
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The characteristics of feed brackish water fed to the RO system and the operating
conditions are given in Table 3.4. Table 3.5 presents the specifications of the membrane

and transport parameters.

Table 3.4. Design specification for an industrial brackish water RO system of APC

Parameter Unit Value
Feed water salinity ppm 1098.62
Conductivity ps/cm 1983.06
pH of feed water - 7.45 -7.55
Feed water flow rate m3/h 74
Feed temperature °C 25
Feed pressure to the Ist pass atm 9.220
Feed pressure to the 2" pass atm 9.832
Daily production capacity m3/day 1200
Average product salinity ppm 1.96
Total system rejection % 99.80

Table 3.5. Specifications of the membrane element and transport parameters (Adapted from Al-Obaidi et

al., 2018a)
Parameter Value Parameter Value
. Toray Membrane Membrane. type and TMGZQD-
Membrane supplier configuration 400, spiral
USA Inc.
wound
length of filament in the 2.77x1073
Spacer type NALTEX-129 spacer mesh Ly (m)
Feed spacer thickness ( tf) (m) 8.6x10* (34 mils) | permeate spacer thickness 5.5x10*
(&) (m)
Membrane length L (m) 1 Membrane width W (m) 37.2
Effective membrane area A (m?) 37.2 Minimum salt rejection (%) 99.5
-7
Ay r)(m/atm s) at 25 (°C) 9.6203x10°7 ffgﬂ) (NDMA) (m/s) at 25 1.61277x10
Hydraulic diameter of the feed spacer " Maximum pressure drop per 0.987
8.126x10
channel dj (m) element (atm)
A (dimensionless) 7.38 n (dimensionless) 0.34
k4c (dimensionless) 1.501 € (dimensionless) 0.9058
Maximum operating pressure (atm) 40.464 Maximum operating 45
temperature (°C)
Pump efficiency (-) 0.85%

Table 3.6 depicts the high consistency of the model presented in this chapter. Low errors

(maximum error of around 6%) are presented after comparing the experimental data of

the RO system of APC against the model predictions for several performance indicators.
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Table 3.6. Comparison of the experimental results of RO system of APC and the model predictions

15t pass RO process

Parameter :é Experimental results Model El;ror

z %

A Unit Average

Feed water salinity 1 ppm 1098.62 -- --

Feed flow rate 1 mh 74 -- --

Plant feed flow rate 2 m3/h 84 -- --

Plant feed salinity 2 ppm 997 -- --

Temperature 2 °oC 25 -- --

Pressure 3 atm 9.220 -- --

Feed flow rate 3 m3/h 42 -- --

Salinity 3 ppm 997 -- --
Permeate flow rate 4 m3/h 29.233 29.423 -0.65
Retentate pressure 5 atm 8.3809 8.4420 -0.72
Retentate flow rate 5 m*h 12.57 12.576 -0.05
Feed flow rate 6 m*/h 58.466 58.847 | -0.65
Rejection 6 ) 95.466 95.460 0.00
Recovery rate 6 Q) 70.08 70.056 0.03
Retentate flow rate 7 m’/h 25.14 25.152 -0.05

27 pass RO process

Pressure 8 atm 9.832 -- --
Permeate salinity 9 ppm 1.96 2.0358 -3.86
Permeate flow rate 9 m3/h 24.57 24.131 1.78
Rejection 9 “) 95.5 95.501 -1.59
Recovery rate 9 -) 83.5 82.012 1.78
Permeate salinity 10 ppm 1.96 2.0358 -3.86
Permeate flow rate 10 m’/h 49.14 48.262 1.78
Retentate flow rate 11 m’/h 10 10.584 -5.84
Retentate salinity 11 ppm 246 242.31 1.49
Recycled salinity 13 ppm 245 242.31 1.09
Recycled flow rate 13 m/h 10 10.584 | -5.84

3.4 Further simulation for a simple design of RO system
This section utilises further simulation to investigate the influence of inlet parameters on
the performance indicators. The simulation will be carried out on the simple design of RO

process presented in Fig. 3.1.

3.4.1 Impact of feed salinity

The impact of feed salinity on the performance indicators of RO process is carried out via

increasing the feed salinity by 20% from the basic value of 2540 ppm to 3040 ppm in a
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step increase of 100 ppm. However, fixed values of feed pressure, feed flowrate, and
temperature are used as 12.04 atm, 20.4 m*/h and 28.8 °C, respectively. Fig. 3.3 indicates
inconsiderable change in solute rejection of 0.04% from (99.205%-99.168%), and a
significant decrease in water recovery of 19% from (56.02% -54.94%) as a response to
the change of feed salinity. As the feed salinity increases, the bulk concentration and
osmotic pressure will be increased that causes a decrease in the productivity of fresh water
via the membrane. However, the change in the feed salinity was not enough to make a big
change in the total solute rejection due to a simultaneous increase in both feed and
permeate salinities. In this regard, Fig. 3.4 demonstrates an increase in permeate salinity
0f'25.2% from 20.19 ppm to 25.28 ppm due to increasing feed salinity. Also, a significant
increase from 3210.5 ppm to 3790.8 ppm (18%) is deduced in retentate salinity as a

response of increasing feed salinity.
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Fig. 3.3. Impact of feed water salinity on total recovery and solute rejection
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Fig. 3.4. Impact of feed water salinity on product and retentate salinities

3.4.2 Impact of feed water flow rate

Figs. 3.5 and 3.6 present the behaviours of solute rejection, water recovery, permeate and
retentate salinities, respectively, due to increasing the feed flow rate by 20% from 20.4 to
30.4m3/h at fixed values of pressure, feed salinity, and temperature of 12.04 atm, 2540
ppm, and 28.8 °C, respectively. The solute rejection insignificantly increases by 0.011 %
from (99.205-99.216%), while a decrease of 14.98% from (56.016%-48.718%) is noticed
in water recovery.

Fig. 3.6 specifies exponential reductions of both permeate and retentate salinities due to
increasing feed flow rate. Statistically, permeate and retentate salinities are reduced by
1.1% from 20.19 ppm to 19.97 ppm and 9.2% from 3210.5 ppm to 2940 ppm, respectively.
Increasing feed flow rate simply means lowering the residence time of fluid inside the
module that entirely means reducing the total productivity. Also, increasing feed flow rate
has an advantage of reducing the wall membrane concentration and then reduces the solute
flux through the membrane; reduces the permeate salinity. Furthermore, increasing feed
flow rate would increase the turbulence and then reduces the salinity of outlet brine. More
importantly, Fig. 3.6 shows a remarkable increase in water recovery at the low values of
feed flow rate that followed by insignificant increase of water recovery at the high feed
flow rate. Seemingly, the reason behind this phenomenon is that the gain due to the lower
average osmotic pressure due to increasing feed flow rate is outweighed by the high
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frictional pressure drop between the fluid and membrane surface and therefore, the net
driving force of penetrating water through the membrane is retarded. Interestingly, Fig.
3.6 shows that there is an optimum value of feed flow rate that can maintain the lowest
permeate salinity. Beyond this value, the permeate salinity starts to increase that might be

caused due to increasing the solute flux after the optimum value of feed flow rate.
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3.4.3 Impact of inlet feed pressure

An increase of 20% in feed pressure from 12.04 atm to 13.04 atm is considered to explore
the influence of pressure on the performance indicators of the small-scale RO process
(Fig. 3.1). the simulation is carried out at fixed feed salinity, feed flow rate, and
temperature of 2540 ppm, 20.4 m3/h and 28.8 °C. As shown in Fig. 3.7, increasing feed
pressure causes insignificant change in the salt rejection which increased by 0.067% from
(99.205-99.272%), while a considerable increase of 40.94% from (56.016-58.31%) can
be noticed in the water recovery. The higher water flux through the membranes attributed
the increase of productivity and water recovery.

Fig .3.8 depicts a linear relationship between the permeate and retentate salinities and feed
pressure at fixed other operating conditions. Statistically, the permeate salinity decreases
by 9.18% from 20.19 ppm to 18.49 ppm with a decrease in the retentate salinity by 2.99%

from 3306.4 ppm to 3210.8 ppm as a response to increasing the pressure.
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Fig. 3.7. Impact of feed pressure on total water recovery and solute rejection
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Fig. 3.8. Impact of feed pressure on product and retentate salinities

3.4.4 Impact of inlet feed temperature

The influence of feed temperature variation from 28.8 to 33.8 °C on the performance
indicators at fixed other operating parameters of feed water concentration 2540 ppm, feed
water flow rate 20.4 m3/h and pressure 12.04 atm are investigated in this section.

Figs .3.9 indicates negligible influences of temperature on solute rejection (99.205—
99.211%), and water recovery (56.016-56.073%). Also, Fig. 3.10 shows inconsiderable
decreases of permeate salinity by 0.76 % from 20.19 ppm to 20.03 ppm and retentate
salinity by 0.073% from 3210.5 ppm to 3212.8 ppm due to increasing temperature.
Increasing feed temperature means increasing of solute and water transport parameters of
the membrane (directly related to temperature) that means increasing of both water and
solute fluxes through the membranes. Also, increasing temperature would decrease water
viscosity and density besides increasing the mobility of the membrane that aid to increase
water productivity. This in turn would explain the phenomena presented in Figs. 3.7 to

3.10.
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Fig. 3.10. Impact of feed temperature on product and retentate salinities

3.5 Conclusions
This chapter presents the development of a comprehensive model for the prediction of
performance indicators of an individual spiral wound RO process. The model developed

can include any number of stages, pressure vessels, membranes, in addition to its
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capability of amending the stream connections in multistage RO process. Therefore, the
model developed was upgraded to characterise two different sizes of RO process including
the simple and complicated designs. To quantify the robustness of the model developed,
two validation studies were carried out to examine the errors between the model
predictions and experimental data of simple and complicated designs of RO process. The
results showed the accuracy of the model and therefore it was used to carry out a
comprehensive simulation to explore the influence of inlet parameters on the responses of
the simple design of RO process. Furthermore, the model developed will be further used
to improve the reliability of the simple and complicated designs of RO process as will be

discussed in the upcoming chapters.
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CHAPTER FOUR

Performance Evaluation of Reverse Osmosis Brackish Water
Desalination Plant with Recycled Retentate Design

4.1 Introduction

The RO process has stated its robustness as a foremost technology for desalting brackish
water as a response to its high performance of salt rejection and water permeation
(Ghaffour et al., 2015). Moreover, the application of RO process compared to other
conventional thermal technologies is remarkably increased due to its high production with
low cost and energy consumption (Al-Karaghouli and Kazmerski, 2013). The multistage
RO process is eventually designed in several configurations to satisfy the qualifications
of the produced water. One of the tested configurations of RO process in the open
literature is the recycling of permeate stream or retentate stream into the feed stream. In
this regard, the permeate and retentate recycling designs were employed by several
researchers to improve the RO process performance and their influences on the response
indicators were investigated. For instance, Al-Bastaki and Abbas (1999) utilised a
retentate cyclic mode in a small-scale spiral wound RO water desalination plant to explore
its contribution on the permeate flow rate and salt rejection. They demonstrated that
implementing the cyclic mode would significantly reduce the concentration polarisation
and enhance the permeate flux. Statistically, a cyclic operation led to a growth in the water
flux of 6.5% beyond the one registered without retentate recycling.

Al-Bastaki and Abbas (2003) studied the impact of permeate recycling design on the
performance of a small-scale spiral wound RO desalination plant. The permeate recycle
percentage between 0% to 25% has limited the concentration polarisation that completely
enhanced the product quality despite a reduction of the production rate. The product
concentration was reduced by 15% (from 0.175 to 0.149 kg/m?) at 25% of permeate
recycling percentage compared to the case of no recycle mode. However, the production
rate was reduced by 22% from 2.99x10-3to 2.343 x10-3 m3/s compared to the case of no

recycle mode as shown in Table 4.1.
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Table 4.1. Effect of recycle ratio on the overall product flow rate and product salinity (Al-Bastaki and
Abbas, 2003)

Recycle Ratio (%) Cp (kg/m?®) Qp (m?¥/s) x103

4.97 20.964 2.719
5.79 17.336 2.667
7.07 14.571 2.589
10.18 11.790 2.481
12.31 10.238 2418
14.65 8.239 2.362
20.62 7.116 2.259

A scenario of partial retentate recycle was tested on a small pilot-scale brackish water RO
process by Sarkar et al. (2008). Increased retentate recycle requires an increase in the
operating temperature to steadily maintain the performance at a fixed product flow rate.
Table 4.2 depicts a comparison of specific energy consumption with recycle and without
recycle modes. It can be stated that increasing feed salinity causes an increase in the
specific energy consumption without retentate recycle mode. However, the specific

energy consumption remains almost constant with retentate recycle mode.

Table 4.2. Specific energy consumption vs feed salinity (Sarkar et al., 2008)

Specific energy consumption without recycle Specific energy

3 consumption with Feed Salinity (ppm)
(kWh/m?) recycle (kWh/m?)
1.105 1.180 2611.3
1.12 1.186 3031.6
1.143 1.188 3453.1
1.208 1.192 4551.8
1.248 1.210 5250.9

Sharma et al. (2017) studied the performance of a batch closed-loop design RO membrane
process with partial retentate recirculation and opened-loop design process without
recirculation. The simulation results affirmed that the closed-loop design with

recirculation of retentate consumes between 70% to 95% less power energy compared to
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open-loop design. Moreover, implementing recirculation with an optimal ratio (maximum
recirculation) can save up to 95% of energy power consumption.

Al-Obaidi et al. (2019) explored the influence of permeate, retentate and permeate-
retentate streams recycling schemes on the rejection of chlorophenol from wastewater
using model-based simulation. This study confirmed that the permeate recycling scheme
has a considerable influence on the RO process performance compared to other tested
schemes of retentate recycling and permeate-retentate recycling. The permeate recycling
mode casus the highest reduction of phenol product concentration. Moreover, a
continuous reduction in water recovery rate and an increase in energy consumption were

registered as the water recycle ratio decreases as depicted in Table (4.3).

Table 4.3. Simulation results of three schemes of partial recycle on the product phenol concentration

Cp with both permeate and Cp with retentate Cp with permeate Partial
retentate recycling (kmol/m?) recycling (kmol/m?) recycling (kmol/m?) recycle ratio

x103 x103 x103 (%)
1.113 1.12 1.14 0

1.059 1.115 1.05 10
1.059 1.095 1 20
1.018 1.097 0.97 30
0.983 1.096 0.9 40
0.956 1.11 0.8 50

This chapter intends to explore the influence of recycled retentate mode on the
performance of brackish water RO desalination plant. In this regard, two case studies of
retentate recycle mode for simple and complicated designs of brackish water RO
desalination plants will be presented and the performance indicators will be discussed

thoroughly.

4.2 Performance evaluation of retentate recycle mode for a simple design of
brackish water RO process
4.2.1 Description of a simple design RO desalination plant with retentate recycle
mode
The simple design of RO process with retentate recycle mode is schematically given in
Fig. 4.1. Occasionally, Fig. 4.1 shows the same simple design of RO process presented in
chapter 3 (Fig. 3.1). In this regard, the retentate of the last stage is recycled to the feed
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stream at different recycle ratios. The influence of retentate recycle scheme at various
recycle percentage on the overall process performance indicators of the RO process will

be discussed in the upcoming section.

Recycled retentate

Discharge
stream

Feed

Y Product

Mixer Splitter Pump RO membrane Retentatestream  Permeate stream Valve

[ _ —
- o
[ON=" — X

Fig. 4.1. Schematic diagram of a simple RO desalination plant

4.2.2 Impact of retentate recycling scheme on the RO process performance

In this section, the performance of a simple RO plant is tested by implementing various
percentages of retentate recycle of the last stage (Fig. 4.1) from 10% to 100% in a step
change of 10%. Therefore, the performance indicators will be investigated based on this
new scheme of recycling high salinity stream. The methodology applied here is a
spontaneous recycling of the retentate stream which is quite different than employing a
continuous operation of recycling the retentate stream, which would have a negative
influence on the total process performance. In other words, this research intends to explore
the feasibility of a spontaneous retentate recycling mode. The selected performance
indicators of RO process are the water recovery (Rec), solute rejection (Rej), product and
retentate concentrations (Cp, Cr), product and retentate flow rates (Qp, Qr), and specific
energy consumption. It is important to note that this simulation is carried out at fixed feed
salinity, feed flow rate, pressure, and temperature of 2540 ppm, 20.4 m3/h, 12.04 atm, and
28.8°C, respectively.
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Fig. 4.2 depicts the influence of various percentages of retentate recycle on the solute
rejection and water recovery. In this regard, the solute rejection is exponentially increased
with the increase in the percentage of retentate recycle. However, this is an insignificant
increase of 0.0046% in solute rejection that associated with a decrease of 3.55% in water
recovery after applying 100% percentage of retentate recycle. However, the water
recovery has noticed insignificant change along the tested percentages of the retentate
recycle. The decrease of water recovery is essentially attributed to the reduction of
productivity as the retentate recycle percentage increases.

Also, the solute rejection has noticed a clear variation throughout the variation of retentate
recycle percentage. More importantly, the 80% of retentate recycle can attain the
maximum value of solute rejection of 99.21%.

The influence of increasing the percentage of the retentate recycle on the product and
retentate flow rates is depicted in Fig. 4.3. Consequently, it can be stated an insignificant
decrease of product flow rate (water flux) and significant increase of retentate flow rate
as the percentage of retentate recycle increases from 0% to 100%. It is well expected that
increasing the inlet flow rate of the first stage due to an increase in the percentage of
retentate recycle would increase the rate of turbulence inside the modules and therefore
would cause a reduction of water flux, i.e., productivity. This is especially after applying
the 10% retentate recycle that intensively reduces the product flow rate. However, it can
be noticed that the product flow rate starts to upgrade after 20% retentate recycle that
might be attributed to the growth of water flux as a result to increasing the rate of
turbulence and increases mass transfer coefficient. Furthermore, the first depression of
productivity at 10% might be ascribed to an instantaneous increase in pressure drop as a
result to surprisingly increase the fluid velocity inside each module with the increase in
percentage of retentate recycle. This is quite identical to the behaviour of water recovery
(Fig. 4.2). Statistically, a decrease of 0.16% in the product flow rate and an increase of
12.3% in the retentate flow rate are recorded when the percentage of retentate recycle
increases from 0% to 100%. Also, the reduction of retentate flow rate is expected since

the product flow rate increases after applying the 20% retentate recycle and so on.
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Fig. 4.4 presents that increasing of percentage of retentate recycle from 0 to 100% causes
a marginal decrease in the product concentration and a significant decrease in the retentate
concentration. This is specifically recorded 0.22%, and 2.1% increases in the product and
retentate salinities, respectively. The increase of turbulence inside the modules due to
increasing the percentage of retentate recycle would possibly reduce the solute flux
through the membranes and therefore reduces the total product salinity. Fig. 4.3 showed

an increase of productivity after applying 20% retentate recycle that consequently means
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an improvement of product salinity. Also, the increase of turbulence would also reduce

the retentate salinity.
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Fig. 4.4. Effect of retentate recycle percentage of the last stage on the product and retentate salinities

Due to the above behaviour of productivity (Fig. 4.3), it is expected to notice an increase
in the specific energy consumption after applying the first increase of 10% in retentate
recycle. However, a continuous depression of specific energy consumption is confirmed
after applying 20% and so on. Fig. 4.5 pictures the influence of retentate recycle mode at
different percentages on the specific energy consumption. It is therefore can be noted that
any growth of productivity would reduce the specific energy consumption. Fig. 4.5 shows
that the specific energy consumption is increased by 10% as a result to increasing the

percentage of retentate recycle of the last stage from 0% to 100%.
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Fig. 4.5. Effect of retentate recycle percentage of the last stage on the specific energy consumption

To clarify the simulation results and comprehend the associated behaviours of the
performance indicators of RO system, Table 4.4 shows the simulation results of several
performance indicators with 80%, 100%, and without recycling mode for comparison
purposes. It can be stated that recycle mode (100%) can keep the process at the lowest
product salinity where the product salinity decreases from 20.185 to 20.140 ppm at the
same operating conditions. Also, applying 100% retentate recycle mode would not
considerably affect the solute rejection and requires 10% increase in the specific energy
consumption if compared to no recycle mode. However, the no recycle mode of 0% would

ensure the highest water recovery and product flow rate.
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Table 4.4. Simulation results of process performance indicators with 0% (without recycle mode), 80% and

100% percentages of retentate recycle for simple RO system

Performance indicators at 0% Performance indicators at 80% | Performance indicators at 100%
recycle percentage recycle percentage recycle percentage
Rej plant (%) 99.205 | Rej plant (%) 99.213 | Rej plant (%) 99.209
Rec plant (%) 56.016 | Rec_plant (%) 51.064 | Rec plant (%) 54.094
Qp_plant (m?h) 11.287 | Qp_plant (m3/h) 11.220 | Qp_plant (m3/h) 11.269
Qr_recycle from the Qr_recycle from the Qr_recycle from the
16.112 22.052 18.088
last stage (m3/h) last stage (m3/h) last stage (m3/h)
Cp_plant (ppm) 20.185 | Cp_plant (ppm) 20.164 | Cp_plant (ppm) 20.140
Cr_recycle of the last Cr_recycle of the last Cr_recycle of the last
3210.47 3050.20 3146.06
stage (ppm) stage (ppm) stage (ppm)
Specific energy Specific energy Specific energy
consumption 1.897 | consumption 48] | consumption 2 087
(kWh/m3) (kWh/m?) (kWh/m?3)

4.3 Performance evaluation of retentate rrecycle mode for a complicated design

of brackish water RO process

4.3.1 Description of a complicated design of RO desalination plant of APC with
retentate recycle mode

The full description of the original multistage multi pass RO system of APC was presented
in Chapter 3. The recent modification is to upgrade the design of RO system by applying
a retentate recycle mode on the first pass and recycle the high salinity stream (position 4)
at different percentages to be merged with the inlet feed stream of the first pass. Therefore,
the next section intends to test the feasibility of recycling the high salinity retentate stream
of the first pass (that is originally disposed into the drain system) at different ratios
between 10% to 100% to the feed water stream and explore its influence on the process

operation. Consequently, the process performance indicators would be compared against
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the original experimental data of no recycle mode that carried out at specified operating
conditions to assess its contribution. Fig. 4.6 shows the multistage multi pass design of

RO system with the retentate recycle mode of the first pass.
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Fig. 4.6. Schematic diagram of brackish water RO desalination plant of APC with 1%t pass retentate recycled mode (Adapted from Al-Obaidi et al.,
2018a)
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4.3.2 Impact of retentate recycling scheme of I*' pass on the RO process
performance

In this section, the performance of the brackish water RO process of APC plant is
examined by varying the 15! pass retentate stream recycle percentage from 0% to 100% in
a step change of 10%. The process performance indicators include the total plant recovery
(Rec), total plant rejection (Rej), product flow rate and concentration (Qp, Cp), retentate
flow rate and concentration (Qr, Cr), 15t and 2" passes recovery, 15t and 2" passes mass
transfer coefficient, total energy consumption, and 1% pass permeate flow rate. Also, the
current simulation is carried out at fixed values of 1098.62 ppm, 74 m3/h, 9.22 atm, and
25°C of raw water concentration, feed flow rate, operating pressure, and temperature,
respectively.
Fig. 4.6 shows the influence of recycle percentage of the 1% pass retentate stream from 0
to 100% on the solute rejection and water recovery. An exponential relationship and a
linear relationship represent the solute rejection and total plant recovery, against the
increase of in the 1% pass retentate stream. Statistically, this is corresponding to a decrease
of 0.003%, and an increase of 3% for solute rejection and plant water recovery,
respectively. In this regard, it can be said that the optimal value of solute rejection can be
attained at 40% of retentate recycled percentage. More importantly, the insignificant
increase of plant water recovery can be attributed to an insignificant increase in the total
plant permeate flow rate (at fixed raw water flow rate) due to an increase in the retentate
recycle percentage of the 15t pass. As a result of this, the bulk velocities of all the
membrane stages increase that accompanied with a reduction in the residence time of
solution inside the feed channel. As a result of this, the bulk velocities of all the membrane
stages in the 1% pass increases that corresponding to an increase in the concentration
polarisation and entirely retard the permeated water through the membranes. Hence, the
overall 1% pass permeate flow rate is decreased as a response to increasing the retentate
recycle percentage of the 1% pass of high salinity stream (Table 4.5). However, an
incremental increase of water recovery (around 3%) has been occurred due to a continual
increase of total permeate flow rate of the 2" pass (around 3%) as the percentage of

retentate recycle increases (Table 4.5). This in turn has insignificantly increased the



overall water recovery as noticed in Fig. 4.7. It is also worth noting that any increase in
the overall permeate flow rate Qppiant) means a lower necessity for energy consumption.
Table 4.5 presents statistical values of the total permeate flow rate, total water recovery

and energy consumption associated with different recycle percentages of the 1%t pass.
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Fig. 4.7. Effect of different recycle percentage of the 1% pass retentate stream on plant recovery and
solute rejection

The impact of increasing the 1% pass retentate recycle percentage from 0 to 100% on the
plant product and retentate flow rates is shown in Fig. 4.8. It is clear that the product flow
rate and retentate flow rate are considerably increased and decreased, respectively.
Statistically, this is corresponding to an increase of 2.96% in the product flow rate and a
decrease of 45.7% in the retentate flow rate. Increasing of product flow rate is ascribed
to the variation of the product flow rate of the 1% pass. As illustrated above, increasing the
recycle percentage of retentate stream of the 15 pass would decrease the total permeate
flow rate of the 1% pass, which represents the feed flow rate of the 2"d pass. This means a
lower velocity inside all the modules of the 2" pass that resulted from decreasing the inlet

feed flow rate of the 2" pass with increasing the retentate recycled percentage of the 15t
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pass. Therefore, it can be said that an increase in the total permeate flow rate of the 2"
pass is expected due to increasing the residence time of water inside the 2™ pass RO
process. Relying on this point, this would also be related with a reduced retentate flow
rate as noticed in Fig. 4.8 and increased water recovery of the 2™ pass. However, the
overall water plant recovery keeps a marginal increase due to a high proceed of feed flow
rate compared to an equivalent promotion of total product flow rate of the plant as

illustrated in Fig. 4.7 and Table 4.5.
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Fig. 4.8. Effect of different recycle percentage of the 1% pass retentate stream on product and retentate
plant flowrate

The simulation results of Fig. 4.9 confirm that increasing of the 15! pass recycled retentate
percentage from 0 to 100% causes an increase in the product concentration and a
significant increase in the retentate concentration. This is specifically coming with 53.5%,
and 117.8% of increasing in the product salinity and retentate salinity, respectively. This
is attributed to increasing the plant feed water concentration due to increasing the recycle
percentage of high salinity retentate stream. Furthermore, these results support the
findings of Table 4.5 and Fig. 4.8 that associated with a continuous increase of permeate

flow rate of the 2"d pass and total water recovery, respectively
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Fig. 4.9. Effect of different recycle percentage of the 1st pass retentate stream on product and retentate
salinities

The model’s predictions for the impact of changing the recycle percentage of the 1 pass
from 0 to 100% on the water recovery is depicted in Fig. 4.10. This in turn confirmed a
reduction of water recovery ratio of the 1% pass of around 27.7%. An increase in the plant
feed flow rate would possibly explain this. Furthermore, increasing the feed concentration
can raise the concentration polarisation that completely reduces the permeated water of
each membrane. This also supports the reduction of total water recovery of the 1% pass.
Consequently, the 15t pass permeate flow rate and water recover are dropped as a result of
increasing the recycle retentate percentage. In the same aspect, increasing the recycle
percentage of the 15 pass would increase the water recovery of the 2" pass by about 12%.
This is mainly attributed to a reduction of a total feed flow rate of the 2" pass as a result
to the growth of the recycle percentage of the 15t pass, which causes an insignificant
increase of plant water recovery as a result to increasing the permeate flow rate of the 2"

pass (Table 4.5).
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Fig. 4.10. Effect of different recycle percentage of the 1st pass retentate stream on the 1st and 2nd passes
water recovery

To systematically understand, the transport phenomena inside each membrane in both the
15t and 2"d passes, it is vital to explore the variation of mass transfer coefficient as a result
to increasing the retentate recycle percentage of the 1% pass. Basically, the mass transfer
coefficient is a measure of water permeation through the membrane that related to the
fluid physical properties such as diffusivity and fluid velocity inside the module. The
concentration polarisation can be significantly determined by determining the mass
transfer coefficient.

It can be seen from Fig. 4.11 that increasing the 1% pass retentate recycle percentage from
0 to 100% has a positive impact on the 15 pass mass transfer coefficient. Statistically, this
is associated with an increase of 13%. This is ascribed to a significant increase of bulk
velocity associated with increasing the solute diffusivity because of increasing feed
concentration. In other words, the mass transfer coefficient is enhanced due to a higher
turbulence in feed channel as a result to increasing the crossflow velocity. However, the
quantity of water permeation through the membrane pores of the 1% pass has been
decreased as a result to increasing the level of concentration polarisation. The retardation

of permeate flow rate of the 1% pass has already presented in Table 4.5 due to an increase
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in the recycle percentage. However, increasing the retentate recycle percentage from 0%
to 100% has decreased the mass transfer coefficient of the 2" pass as given in Fig. 4.11.
This is specifically causing a reduction of 4.73% in the mass transfer coefficient.
Interestingly, the reduction of mass transfer coefficient in the 2" pass can be attributed to
a noticeable reduction of permeate flow rate of the 1% pass that specifies the feed flow rate
of the 2" pass. Therefore, the bulk flow rate of each module in the 2" pass will be
decreased that accompany with a reduction of mass transfer coefficient (Fig. 4.11).
However, the solution would have more residence time inside each module of the 2™ pass
that would interpret the increase of permeate flow rate of the 2" pass, as illustrated in

Table 4.5.
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Fig. 4.11. Effect of different recycle percentage of the 1st pass retentate stream on the 1st and 2nd passes
mass transfer coefficient

It is important to mention that the current simulation is conducted at fixed values of feed
flow rate, pressure, temperature, and raw water salinity (Table 4.5). Fig. 4.12 and Table

4.6 depict that the total energy consumption of the plant is increased by 10.7% as a
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response to an increase in the retentate recycle percentage of the 15t pass from 0% to 100%.
Basically, the calculation of energy consumption of RO process of APC of power per
cubic meter of fresh water is carried out for the 15 pass and 2"d pass where the pumps are
located. Therefore, it is plausible to expect an increase in energy consumption as a
response to an increase in the feed flow rate of the 1% pass (Qf (raw water) T Qr(1st pass)
Qr(2nd pass)) despite the reduction of feed flow rate of the 2™ pass (Qf(piock 3)) as a
percentage of the recycled stream of the 1% pass increases. Seemingly, the increase of the
total permeate flow rate (Qp(piant)) 18 not comparable with the increase of feed flow rate
of the 1% pass that would explain the growth of energy consumption. Occasionally, a
marginal enhancement of the product flow rate was noticed due to increasing the retentate
recycled percentage of the 1% pass (Table 4.5). On the other hand, a continuous increase
of feed flow rate of the 1% pass has dominated the energy consumption. Statistical results

of total energy consumption are embedded in Table 4.6.
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Fig. 4.12. Effect of different recycle percentage of the 1st pass retentate stream on the total energy

consumption

Table 4.5 summarises all the simulation results that associated with the influence of
varying the 1% pass retentate recycle percentage from 10 to 100% at fixed operating

pressure and raw water salinity, raw feed flow rate, and temperature of raw water of 9.22
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atm, 1098.62 ppm, 74 m3/h, and 25°C, respectively on several operating parameters
including the 1% pass permeate flow rate, 2" pass permeate flow rate, overall solute
rejection and water recovery of the plant, mass transfer coefficient of the 1 pass, and
mass transfer coefficient of the 2" pass.

Basically, the 1%t pass permeate flow rate fed to the 24 pass is significantly decreased by
about 9.4% as a response to this variation. This can be attributed to an increase in the
retentate concentration with increasing the 1% pass retentate recycle percentage.
Furthermore, increasing the feed salinity has entirely impacted the concentration
polarisation, which reduces the permeated water through the membranes. Therefore, the
total permeate flow rate of 1% pass is decreased dramatically due to increasing the retentate

percentage.

Table 4.5. The simulation results of several operating conditions and process performance indicators with
variable recycle percentage of the 1st pass retentate stream

Recycle percentage 10% 20% 30% 40% 50%
Total Qp of the 1% pass (m3/h) 58.39 57.81 57.23 56.67 56.11
Total Qp of the 2" pass (m3/h) 44.147 44.296 44.440 44.578 44.7106
Total solute rejection of the plant (%) 99.80 99.80 99.81 99.82 99.80
Total water recovery of the plant (%) 59.65 56.86 60.05 60.24 60.41
Mass transfer coefficient of the 1% pass (-) 1.09x104 1.10x104 1.12x10% 1.14x10* 1.15x10*
Mass transfer coefficient of the 2" pass (-) 1.27x10*  1.26x10% 1.25x10% 1.25x10* 1.24x10*
Recycle percentage 60% 70% 80% 90% 100%
Total Qp of the 1%t pass (m3/h) 55.57 55.03 54.49 53.96 53.44
Total Qp of the 2" pass (m*/h) 44.837 44.959 45.077 45.189 45.297
Total solute rejection of the plant (%) 99.80 99.80 99.80 99.80 99.80
Total water recovery of the plant (%) 60.591 60.756 60.915 61.07 61.21
Mass transfer coefficient of the 1% pass (-) 1.17x104  1.18x104 1.20x10%4 1.21x10* 1.23x10*
Mass transfer coefficient of the 2" pass (-) 1.23x10*  1.23x10*  1.22x10% 1.22x10* 1.21x10*

To comprehend the performance of multistage RO process with no recycle mode (0%
retentate percentage), Table 4.6 presents the simulation results of several performance
indicators with 40%, 100%, and without recycling mode for comparison purposes.

Precisely, it can be noticed that no recycle mode (0%) can keep the process at the lowest
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product concentration and lowest water recovery that corresponding with the lowest
energy consumption. However, the highest overall product flow rate has been attained at
100% retentate recycle of the 1%t pass, which involved a slight increase in product
concentration from 1.937 to 2.974 ppm at the same operating conditions. Interestingly, the
enhancement of the productivity of fresh water accompanied an increase of energy
consumption by around 11% within almost fixed solute rejection. Up to the authors’
knowledge, increasing the product flow rate for such RO desalination plant of APC by 3%
will be profitable for the long-time of operation that needs to be applied in the original
RO process design. Moreover, the improvement of energy consumption can be enlarged

via the use of more-efficient pumps as the current pump efficiency was 85%.

Table 4.6. Simulation results of process performance indicators with 0% (without recycle mode), 40% and

100% percentages of retentate recycle

Without recrzflzlrlei[)rn ode (APC With recycle mode With recycle mode
Performance indicators of RO Performance indicators of RO Performance indicators of RO
process performance at recycle
process at recycle percentage process performance at recycle ercentace from 1% pass = 100
from 1% pass =0 % percentage from 1% pass =40 % p & o, p
Rej plant (%) 99.804 | Rej plant (%) 99.811 | Rej plant (%) 99.801
Rec plant (%) 59.447 | Rec_plant (%) 60.241 | Rec_plant (%) 61.213
Qpptanyy (m3/h) 43.991 | Qp(plany (M*/h) 44.578 | Qp(plany (M*/h) 45.297
Qr_recycle from the Qr _recycle from the Qr _recycle from the
15.005 12.095 8.139
2" pass (m3/h) 2" pass (m3/h) 2" pass (m3/h)
Cp_plant (ppm) 1.937 | Cp_plant (ppm) 2.319 | Cp_plant (ppm) 2.975
Cr_recycle of the 2nd Cr_recycle of the 2nd Cr_recycle of the 2nd
169.159 228.545 368.465
pass (ppm) pass (ppm) pass (ppm)
Power consumption Power consumption Power consumption
0.997 1.039 1.105
pump (kWh/m?) pump (kWh/m?) pump (kWh/m?)
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4.4 Evaluation of retentate recycle mode on the performance of simple and
complicated designs of brackish water RO desalination process
A simple comparison of the simulation results presented in Table 4.4 and 4.5 confirms
that the retentate mode in the simple design of brackish water multistage RO desalination
process has a marginal contribution where almost all the process responses have not
considerably affected. However, applying of retentate mode in the complicated design of
brackish water multistage multi pass RO process of APC has entailed with an
enhancement of the productivity of fresh water by around 3% in the case of recycling the
retentate by 100% compared to no recycle mode. However, the penalty of this
improvement is associated with an increase of specific energy consumption by more than
10%. Therefore, it can be stated that the retentate recycle mode is not a feasible option
especially for the multistage retentate reprocessing design with a bit increase of

productivity for the complicated design.

4.5 Conclusions

In this chapter, the viability of retentate recycle mode was tested on different sizes of simple
and complicated brackish water RO systems. This in turn enabled to investigate the
influence of retentate recycle at variable percentages on the performance indicators of the
selected RO systems. The simulations have explored the variation of several performance
indicators against the variation of input parameters. The simple brackish water RO system
characterised by retentate reprocessing design while the complicated brackish water RO
system characterised by retentate and permeate reprocessing designs of multistage multi
pass RO system of APC. Moreover, each simulation has considered fixed feed flow rate,
salinity, pressure, and temperature. The simulations of the simple and complicated RO
systems were conducted using the model developed in Chapter 3.

The simulation results of the simple design highlighted the possibility of improving the
product salinity due to applying 100% retentate recycle mode. Also, applying 100%
retentate recycle mode would not significantly affect the solute rejection and necessitates

10% increase in the specific energy consumption if compared to no recycle mode.
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The simulation of the complicated RO system of APC concluded that an implementing of
a 100% recycle percentage can result in an increase in the production capacity (although
with increased salinity of the product water and energy consumption) around 3%
compared to 0% of no recycle mode that is currently used in the RO process of APC plant.
Interestingly, increasing the 1% pass recycle percentage from 0% to 100% has increased
the 1% pass mass transfer coefficient of 13%, which has a positive impact on the quantity
of permeated water. Also, an increase of permeate flowrate of the 2" pass by 7% has been
deduced as a result to increase the residence time of water inside the 2" pass RO modules.
This also associated with an inconsiderable increase of the product water salinity of 2.975
ppm, which is still much below the recommended drinking water salinity limit of ~200
ppm set by various countries of the world. Clearly, the above results would plausibly
confirm the insignificant progress of freshwater productivity of 3% and therefore the
author would attempt different methodologies to raise the productivity at lower energy
consumption and attaining similar product salinity. These attempts will be thoroughly

discussed in the next chapters.
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CHAPTER FIVE

Evaluation and Minimisation of Energy Consumption of Reverse
Osmosis Brackish Water Desalination Plant

5.1 Introduction
Brackish water desalination is a well-known technology used to separate feed salinity
water into low salinity water and concentrated brine. Basically, this technology requires
vast quantities of energy, which is a function of incoming saline water parameters
including the salinity, flow rate, pressure, and temperature (Wei and McGovern, 2017). In
this respect, The RO process is one of the most common industrial applications deployed
to produce reuse water from wastewater (Al-Obaidi et al., 2017a) and fresh water from
brackish water resource (Angqi et al., 2015). This is economically and technically feasible
due to recent improvements of RO membranes (Zhu et al., 2010). This in turn has resulted
in a distinctive decrease in the total energy consumption compared to the other common
technologies (e.g., thermal process of Multi Stage Flash) (Oh et al., 2009). It is noteworthy
to know that the seawater RO process entails between 2 to 5 kWh/m3 of power
consumption based on the feed characteristics (Xevgenos et al., 2016). However, the total
energy consumption of the BWRO process, which comprises the electrical energy
consumption, ranges between 1.5 and 2.5 kWh/m3 (Azevedo, 2014). In general, the
downgrading in energy consumption of RO water desalination plants has been ongoing
since the 1960s due to the development of energy recovery devices (ERDs). However, the
research of mitigating the total energy consumption of RO desalination is still valid by
investigating other feasible options, especially for medium and large size RO desalination
plants (Pérez-Gonzalez et al., 2012). In this regard, there are several designs that have
been considered to decrease the energy consumption of water desalination plants besides
suggesting further process improvements. For instance, Sassi and Mujtaba (2011) utilised
a non-linear optimisation problem to minimise the specific energy consumption (SEC) of
three-stages RO process at a fixed high-quality freshwater flow rate based on optimising
the operating and design parameters. This in turn entailed a reduction of 20% in total
energy consumption compared to the original process design. Also, Koutsou et al. (2015)
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investigated the effect of alternative designs of RO process including membrane sheet
number/width and feed-spacer geometry on the SEC at fixed recovery ratio. More
importantly, the addition of ERD to the RO process has been conveyed by several
researchers such as Al-Zahrani et al. (2012). This is evidenced by investigating the impact
of different ERD efficiencies on energy consumption of seawater and brackish water RO
desalination processes. However, it is necessary to run the RO process at high operating
pressures to overcome the trans-membrane osmotic pressure that would significantly
increase the pumping power. Moreover, the RO process performance in term of the water
recovery and consuming energy is highly sensitive to several operating parameters as
presented in many of steady-state and dynamic RO simulation and optimisation attempts
(Villafafila and Mujtaba, 2003; Qi et al., 2012; Zhao et al., 2013; Al-Obaidi et al., 2017b,
2018a). For instance, Villafafila and Mujtaba (2003) implemented ERDs, and pressure
exchangers in the optimisation target. Overall, they confirmed that the energy
consumption could be dropped by more than half by implementing these devices on the
plants. This improvement is mainly due to the fact that the energy can be absorbed from
the high-pressure high-concentration retentate stream and deliver it efficiently to the raw
water (Anderson et al., 2009). Basically, this is a surplus energy that can be regained by
the ERD from the high salinity stream (brine stream) (Anderson et al., 2009; Al-Zahrani
etal., 2012). Accordingly, the energy consumption can be considered as the most effective
contributor to the total fresh water production cost of RO system (Geraldes et al., 2005;
Qi et al., 2012; Mazlan et al., 2016a). Therefore, any reduction of energy consumption
would afford a primitive effect on reducing the total fresh water production cost of RO
process (Koroneos et al., 2007).

Several successful examples of reducing the total energy consumption in seawater and
brackish water RO desalination process can be found in the open literature. To
systematically realised the progress of reducing the energy consumption of the RO system,
Table 5.1 demonstrates several examples of published studies that covered the mitigation
of total energy consumption with explicitly highlighting the most advantages and

disadvantages.
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Table 5.1. Summary of studies on the energy consumption of RO process

No. aﬁgt}},l:;r Principle of the study Features and advantages Results Shortcoming
A s ey sving of
ption,  pe & . 27% can be achieved based | The influence of feed
of energy saving, the | The influence of ERDs on the energy
Farooque . . on the max. power | flow rate on the total
1 efficiency of ERD and | consumption of several seawater RO . . .
(2008) . . consumption of the high- | energy consumption was
percentage of throttle loss | plants was investigated. .
. ) pressure pump of 7.93 | not specifically analysed.
are  estimated  using 3
. kWh/m?3.
fundamental equations.
The minimum specific
. The influence of operating conditions | energy consumption can be .
Presented an analytical . The impact of several
. . and membrane area and water | achieved at water recovery . .
Sharif et al. | method to estimate the o . operating conditions on
2 . transport parameter on the energy | of 70% for a given feed .
(2009) specific energy . - the energy consumption
. consumption of seawater RO process | salinity and membrane - .
consumption. was not critically studied.
was analysed. permeate flow rate of less
than 2 m’/h.
. Increasing the number of | The calculations were
Analyse the energy consumptions of . . .
Development of A | i ree RO modules. a sinele stage. two stages as well as applying | specifically carried out at
3 Li (2010) constrainted nonlinear L g £e, an ERD would enhance the | fixed retentate pressure.
S stages, and a single stage with an .
optimisation framework. L reduction of  energy
ERD were optimised. .
consumption.
Development of a model The impact of operating
for single and two-stages | The  influence  of  operating | The  optimised  water | conditions such as feed
4 Qi et al. | RO process considering | conditions, ERD and pump | recovery shifts to lower | flow rate and temperature
(2012) the concentration | efficiencies on the specific energy | values because of the | on the total energy
polarisation issue. consumption was studied. existence of ERDs. consumption was not
investigated.
A _primitive model The performance of two-stage RO Art energy savmgo between | The impact of . several
El- equation was used to e : 41% to  42%  was | operating conditions on
. . seawater desalination plant with two . . .
5 Ghonemy estimate  the specific | . achievable for all the trains | the  specific  energy
. different ERDs on the energy | . .
(2012) power consumption and . in the first stage due to the | consumption was not
consumption was analysed.
total water recovery. use of an ERD. analysed.
Simple model equations | One centrifugal ERD and two \?v}:r)?_tearﬁrie(eixp e;lllrtnentt(s)
. were used to calculate the | isobaric ERDs (pressure exchanger | Isobaric ERDs have higher .
Kim et al. . . recognise the
6 energy transfer efficiency, | and pressure exchanger for energy | efficiency than the
(2013) . . . performance of ERD
and  specific  energy | recovery were installed to an actual | centrifugal ERD. system

consumption.

seawater RO plant of 1000 m3/day




and the energy consumption was
assessed under various conditions.

An optimal design and operation of a | The highest energy savings The ~ model agsur.ned
A mass-balance model . . : perfect salt rejection.
. two-stage RO system were achieved | are achieved with a two-
Wei et al. | was presented to calculate . Also, the  pressure
and compared to a single-stage | stage RO system that has .
(2017) the performance of RO . - - . dependence of density
system with attaining a lower bound | optimal configuration and .
system. . and osmotic pressure
for the energy savings. pressure. .
were ignored.
Investigating . the The addition of an ERD causes a The spec1ﬁc energy | The importance of gddlng
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This chapter intends to explore the viability of adding an energy recovery device (ERD)
at different efficiencies to small and large sizes of RO brackish water desalination plants.
Therefore, two case studies of multistage RO systems with and without an ERD will be
presented and the associated water recovery and specific energy consumption will be
thoroughly detailed.

The direction of travel of this research was to conduct a major advance in the multistage
RO design of brackish water RO systems to elucidate an economically viable separation

process.

5.2 Model development

The model developed in Chapter 3 has successfully predicted the performance indicators
of different sizes of multistage spiral wound RO process based on the philosophies of the
solution diffusion model. Interestingly, the model developed considered the existence of
concentration polarisation and signifies the impact of feed spacer on the pressure drop
along the feed channel. The detailed equations of the model developed are given in
Chapter 3.

The performance of any desalination process can be characterised based on evaluating one
of the most significant parameters, i.e. the specific energy consumption (Semiat, 2008).
Therefore, the model of Chapter 3 is currently modified by including energy consumption
correlations. Furthermore, it is highly recommended to quantify the consequence of the
variation of operating parameters on the total energy consumption and plant water
recovery with and without the presence of an ERD. Therefore, the interest of this research
has been directed to weight the possibility of decreasing the total energy consumption by
investigating the impact of adding an ERD at different efficiencies and simulating the
multistage RO process at a wide range of inlet conditions. Generally, the ERD and pump
efficiencies are addressed as the two particular areas that can be employed to decrease the
specific energy consumption for any RO desalination plant. The details of the three new
equations added to the model developed in chapter 3 and specifically used to evaluate the
total energy consumption of the whole plant are as follows.

The specific energy consumption of the high-pressure pump Eypp (kWh/m?) is evaluated

using Eq. (5.1) developed by Qi et al. (2012).



(( Pf(plam)) x 101325) (@ plant)
(@ (plant) €HP pump)
Eppp = 36 % 10° (5.1)

Pf(piant) is the operating feed pressure (atm), Qf plany) is the applied feed flow rate (m?/s),
QP (plant) 18 the total flow rate (m*/s), and g yp pump i the high-pressure pump efficiency
(dimensionless).

However, the specific energy consumption of RO system with the existence of an ERD
(consists of a high-pressure pump (HPP), and an ERD) (Epjane) (kWh/m?) is calculated
using Eq. (5.2). It should be noted that one of the most important characteristics of an
ERD is the recovery of energy from the high-concentration stream (retentate) to the inlet
feed stream via the pressure exchangers. In this regard, the subtraction of the consumed
energy of the pumps and the recovered energy by the ERD presents the net energy

consumption per m? of permeate of the RO process using an ERD.

( Pf(plan)) X 101325 x )(Qf(plam)) ( Proiage 1) X 101325 )(Qr(stage 1))(e ErD)

(@P(plant) € HP pump) (Qp(p]am))

Eplant = 36 x 10° (52)

Pr(stage 1) 1 the retentate pressure of the first stage (atm), Qrepass 1) is the retentate flow
rate for the first stage (m’/s), and g ggp is the energy recovery device efficiency
(dimensionless).

Furthermore, in case of using a booster pump (BP) after the ERD to systematically raise
the pressure of the nominated stream same as the plant feed pressure, Eq. (5.3) can be used

to calculate the specific energy consumption of the whole plant.

( Pf(plant)) X 101325 x )(Qf(plant)) (¢ P(B pump)) X 101325 )(Qf(scage 2)) (« Prgrage 1) X 101325 x )(Qr(stage 1))(e grD)
E _ (@ (plant) € HP pump) (@ (plant) & B pump) - (Qp(p]am))
plant — 36 x 10°

(5.3)

P (B pump) 1 the outlet booster pump pressure (atm), Qfstage 2) 18 the inlet feed flow rate of
the second stage (m?/s), g g pump is the booster pump efficiency (dimensionless),

Hence, the outlet pressure of the ERD can be estimated based on the retentate pressure

and the ERD efficiency, as highlighted in Eq. (5.4).
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Pout(ErD)

€ERD = Pout (Module) (5.4)

Pout(ERD) (atm) is the outlet pressure of the ERD and p_, (MODULE) (atm) is the retentate
pressure of the membrane module. However, the booster pump pressure (P gpy) (atm) can
be obtained by Eq. (5.4).

P(BP) = Pf(plant) _(Prstage 1 € ERD) (5.5

5.3 Case Study 1: Minimisation of energy consumption of a simple RO brackish
water desalination plant

5.3.1 Description of a simple RO brackish water desalination plant with an ERD
The full description of the original simple RO system was introduced in Chapter 3. The
modified system with an ERD is schematically presented in Fig. 5.1. The importance of
an ERD is to absorb the surplus energy from the brine stream of the first stage and deliver
it to the low pressure permeate of the first stage. This in turn aids to further treating the
permeate of the first stage in the second stage. Occasionally, the retentate of the first and
third stages are blended to form the main brine stream. However, the permeate of the

second and third stages are blended to form the main permeate stream.

Feed
= Retentate
ERD
= e— |
Product

¥ 1]
Mixer Splitter Pump Booster pump RO membrane Retentate stream  Permeate
o & T -
v, - — ——

Fig. 5.1. Schematic diagram of multistage, multi pass simple BWRO desalination plant with adding of an
ERD
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5.3.2 Process simulation: Impact of operating parameters of a simple multistage RO
system

In this section, the evaluation of specific energy consumption and plant water recovery of
a simple design of brackish water RO system (Fig. 5.1) is carried out. Occasionally, these
parameters are identified as the most important performance indicators that determine the
feasibility of any industrial process. To systematically carry out this evaluation, the
performance indicators are assessed with considering a wide range of operating feed flow
rate, pressure, and temperature at three different ERD efficiencies of 80%, 85%, and 90%.
Therefore, a variation of 20% in the inlet feed flow parameters of the RO system is
selected. However, the inlet feed salinity of 2540 ppm is kept constant. The full details of
each simulation and the gained results are discussed in the following sections. It is also
important to mention that the model developed in Chapter 3 has been utilised to carry out
the simulation of two case studies of simple and complicated designs of brackish water
RO systems and upgraded by including the calculations of energy consumption with and

without an ERD.

5.3.2.1 Impact of operating feed flow rate
The influence of changing feed flow rate (Qf plant) from 20.4 to 24.48 m3/h, at fixed feed
salinity, pressure, and temperature of 2540 ppm, 12.04 atm, and 28.8 °C, respectively, on
the specific energy consumption and water recovery with and without an ERD at different
efficiencies is investigated in this section. Fig. 5.2 shows a maximum water recovery of
56.01% that can be achieved at the lowest feed flow rate of 20.4 m3/h and attains the
lowest specific energy consumption of 1.897 kWh/m3 without an ERD. Occasionally,
lower feed flow rate means lower pressure drop along the feed channels of the membranes
that permits higher water permeation through the membranes due to a higher time of
residence inside the modules. On the other hand, adding an ERD would positively
contribute the reduction of specific energy consumption. This is clearly noticed in Fig.
5.2. In addition, increasing the ERD efficiency from 80% to 85% and then to 90% would
further reduce the specific energy consumption. Statistically, the reductions of 59.8%,
63.5%, and 67.2% in the specific energy consumption are registered for the addition of an

ERD of 80%, 85%, and 90%, respectively at feed flow rate of 20.4 m3/h. Also, at feed
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flow rate of 24.48 m3/h, the obtained reductions of specific energy consumption are
61.4%, 65.2%, and 69.1% for 80%, 85%, and 90%, respectively. Thus, it is fair to claim
that adding as ERD would certainly reduce the specific energy consumption of the RO

process.
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Fig. 5.2. Specific energy consumption and total water recovery of a small brackish water RO desalination
plant with and without an ERD (at different efficiencies) against plant feed flow rate

5.3.2.2 Impact of operating feed pressure
The influence of feed pressure (Pf(plant)) on the performance indicators including the total
water recovery and energy consumption of RO system has been studied by several
researchers such as Avlonitis et al. (2003) and Dimitriou et al. (2015). Basically, the
pressure is one of the most affected parameters on delivering high water permeation rate
and high-quality water (Wei and McGovern, 2017; Karabelas et al., 2018).
Fig. 5.3 indicates that both water recovery and specific energy consumption are linearly

related to feed pressure as it increases from 12.04 atm to 14.448 atm at fixed feed salinity,
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flow rate, and temperature of 2540 ppm, 20.4 m3/h, and 28.8 °C, respectively. It can be
stated that increasing feed pressure would positively increase the water recovery due to
increasing the productivity at fixed feed flow rate. Therefore, the maximum water
recovery of 58.31% is registered at the maximum tested feed pressure of 14.448 atm. Also,
it can be stated that the maximum water recovery has gained the lowest specific energy
consumption. Statistically, 14.448 atm of feed pressure causes the lowest specific energy
consumption of 1.846 kWh/m3 without an ERD. Interestingly, further reduction of
specific energy consumption can be obtained as a result to adding an ERD where the
maximum reduction can be attained with using the highest efficiency of an ERD and the
reverse is correct. The reductions of 59.8 %, 63.5 %, and 67.2% in the specific energy
consumption are registered for the addition of an ERD of 80%, 85%, and 90%,
respectively at feed pressure of 12.04 atm. Also, at feed pressure of 14.448 atm, the
obtained reductions of specific energy consumption are 59.1 %, 62.8 %, and 66.4% for
80%, 85%, and 90%, respectively. Overall, using 90% ERD can obtain promising

reduction of specific energy consumption compared to 80% ERD.
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Fig. 5.3. Specific energy consumption and total water recovery of a small brackish water RO desalination
plant with and without an ERD (at different efficiencies) against plant pressure

5.3.2.3 Impact of feed temperature
The influence of varying feed temperature by 20% from 28.8 °C to 34.56 °C on the water
recovery and specific energy consumption of a small scale RO system (Fig. 5.1) at fixed
values of feed salinity, pressure, flow rate of 2540 ppm, 12.04 atm, and 20.4 m3/h is
illustrated in Fig. 5.4. In this regard, the maximum water recovery of 56.07% is obtained
at the maximum feed temperature of 34.56 °C, which accompanied to the lowest specific
energy consumption of 1.891 kWh/m3 without an ERD. The reduction of specific energy
consumption with the increase of temperature can be attributed to the increase in water
productivity. Basically, increasing temperature would reduce the density and viscosity of
the solution and therefore increases the mobility and water flux through the membrane

pores. Furthermore, the addition of an ERD to the RO system causes a considerable
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reduction of specific energy consumption. This reduction is increased with the increase in
the ERD efficiency from 80% to 90%.

The reductions of 59.8 %, 63.5%, and 67.2% in the specific energy consumption are
registered for the addition of an ERD of 80%, 85%, and 90%, respectively at feed
temperature of 28.8 °C. Also, at feed temperature of 34.56 °C, the obtained reductions of
specific energy consumption are 59.8%, 63.5%, and 67.2% for 80%, 85%, and 90%,
respectively. overall, it can be noted that the lowest specific energy consumption of 0.619
kWh/m3 can be obtained at the maximum tested temperature of 34.56 °C with the use of

90% efticiency of an ERD.
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Fig. 5.4. Specific energy consumption and total water recovery of a small brackish water RO desalination
plant with and without an ERD (at different efficiencies) against plant temperature
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5.4 Case Study 2: Minimisation of energy consumption of a complicated RO
brackish water desalination plant of APC

The idea of employing an ERD at different efficiencies in the original design of RO system
of Arab Potash Company (APC) constitutes the main target of this section. Also, it is fair
to expect that the drop in energy consumption can be improved at high efficiencies of the
ERD. This fact is clearly presented in the simulation results of the small-scale RO system
(Fig. 5.1). To the best of the author’s knowledge, the sensitivity analysis of the total plant
water recovery and specific energy consumption with and without an ERD and also
towards the variation of operating conditions (the feed flow rate, pressure and
temperature) of a medium-sized industrial brackish water multistage multi-pass RO
desalination plant of the Arab Potash Company APC has not been carried out. Mostly, it
is hard to find comprehensive research in the open literature that discussed the influence
of operating condition on the specific energy consumption of multistage multi-pass RO
process. Therefore, in this section, a thorough analysis of the energy consumption and

total water recovery of the RO process via simulation is carried out.

5.4.1 Description of the complicated design of multistage brackish water RO
desalination plant of APC with an ERD

The full description of the original RO system of APC was introduced in Chapter 3. It is
noteworthy to mention that a new design modification is employed in the current study by
adding an ERD and booster pump after the first pass, as shown in the subfigure of Fig.
5.5. This also excluded the second high-pressure pump of the 2™ pass. The addition of an
ERD is attributed to the possibility of reusing the hydraulic energy in the brine stream of
the 1% pass of multistage RO plant, which has been already sent to the drainage system.
This stream has a relative medium pressure of around 8.6 atm, that can be successfully
transferred to low-pressure permeate stream of the 15 pass (1 atm). In other words, this
research intends to recover the energy from the high-pressure retentate stream and deliver
it to the next pass low-pressure stream by employing an ERD at different efficiencies. For
instance, the 1 atm pressure can be converted into 7.9 atm when an ERD of 90% efficiency

is deployed. Furthermore, the permeate pressure can be further increased into 9.2 atm by
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applying a booster pump (Fig. 5.5). Accordingly, the booster pump is used to elevate the
feed stream pressure of the 2" pass to the same value of the operating plant pressure (9.2
atm). In this respect, the high-concentration stream of the 15 pass will be discharged out
at atmospheric pressure (1 atm).

The next section will explore the contribution of the recent modification in the design of
multistage multi-pass RO plant of APC by applying an ERD and booster pump at different
efficiencies. The energy consumption of this set-up will be compared against the energy
usage in the unmodified RO plant of APC. Also, the calculations of energy consumption

would be estimated for an extensive range of variations in the main operating conditions.
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5.4.2 Process simulation: Impact of operating parameters
In this section, the specific energy consumption and plant water recovery are identified as
the most crucial performance indicators, which are evaluated for the RO system of APC
considering a wide range of operating feed flow rate, pressure, and temperature at three
different ERD efficiencies of 80%, 85%, and 90%. In other words, the impact of different
operating conditions on the performance of RO desalination plant of APC has been judged
by conducting a sensitivity analysis using gPROMS software suits. It is broadly speaking
that the specific energy consumption is at least to some extent controlled by the feed fluid
characteristics and operating conditions. Therefore, it is vital to comparatively analyse the
contribution of these parameters on relevant water recovery and energy consumption.
More importantly, the evaluation of these indicators is carried out at a fixed inlet feed
concentration of 1098.62 ppm (actual concentration of brackish groundwater). However,
it is decided to examine the effect of 20% variation of operating parameters of feed flow
rate and pressure against the specific energy consumption and water recovery. Also, 20%
variation of operating temperature from 25 °C to 30 °C is selected to represent the
temperature variation of stored water in the feed tanks along summer and winter in the
region of Dead Sea (Jordan). It is worth noting that high recoveries of freshwater can be
produced as a result of using low feed concentration due to low osmotic pressure that

exists in the RO modules (Al-Bastaki and Abbas, 2003).

5.4.2.1 Impact of operating feed flow rate
This section demonstrates the effect of operating feed flow rate (Qf (piane) variation from
74 to 88.8 m3/h (20% increase), at constant feed salinity, pressure, and temperature of
1098.62 ppm, 9.22 atm, and 25 °C, respectively, on the total energy consumption and
plant water recovery with and without the application of an ERD at different efficiencies.
Fig. 5.6 shows a maximum water recovery of 65.84% that can be attained at the lowest
feed flow rate of 74 m*/h and commensurate with the lowest energy consumption of 0.837
kWh/m?3 without an ERD inclusion. This is attributed to a lower pressure drop inside each
RO module due to the practice of low feed flow rate, which elevates the water permeation
through the membranes. In other words, the loss of pressure increases with increasing feed

flow rate due to the growth in friction along the membrane length, which limits the
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resultant water driving force. This played a weighty role in reducing the water permeation
through the membranes despite the advantages of lowering the concentration polarisation
and osmotic pressure due to increasing the feed flow rate (Villafafila and Mujtaba, 2003).
In this regard, higher turbulence in the high concentration channel is an anticipated
statement as a result to increasing the feed velocity in all the membranes situated in the 1%
pass of the RO plant, which in turn increases the total retentate flow rate, decreases the
retentate pressure and decreases the total permeate flow rate of the same pass. This can
explain the noted reduction of total plant permeate flow rate and water recovery as a
response to growing plant feed flow rate.

Fig. 5.6 also depicts an increase in the specific energy consumption due to increasing the
feed flow rate; while keeping all the other operating conditions constant, due to a lower
gain of fresh water penetrated the membranes. This is basically true due to an apparent
reduction of water recovery and water permeation due to increasing the feed flow rate.
Consequently, it is recommended to run the RO process at low values of feed flow rate to
guarantee high values of water recovery at low values of energy consumption. In this
respect, Al-Shayji (1998) provided a neural network model for simulation of a large-scale
commercial Jeddahl seawater RO Plant Phase II (the Kingdom of Saudi Arabia). The
model used to appraise the influence of several operating conditions on the total
consumption energy including water recovery. The simulation results showed an increase
in the rate of production would reduce the energy consumption.

Fig. 5.6 also shows that increasing the ERD efficiency from 80% to 85% and then to 90%
can result in a reduction of specific energy consumption by around 47.7%, 50.8%, and
53.8%, respectively, at inlet feed flow rate of 74 m3/h. However, the reductions of specific
energy consumption are 47.6%, 50.7%, and 53.7% with ERD efficiency of 80% to 85%
and 90%, respectively, at inlet feed flow rate of 88.8 m3/h. Therefore, it is concluded that
an increase in ERD efficiencies would decrease the specific energy consumption of the
RO process. More precisely, the energy consumption falls by a constant value of 6.6% for
all feed flow rates when increasing the ERD efficiency from 80% to 85%. However, a
reduction of a fixed value of 6.9% in energy consumption is noticed for all feed flow rates
by elevating the ERD efficiency from 85% to 90%. Thus, it is suggested to implement a
low feed flow rate with the presence of an ERD at the highest possible efficiency at fixed
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pressure and temperature to guarantee lower energy consumption. Moreover, running the
RO system at the highest feed flow rate requires a maximum specific energy consumption
due to diminishing the water permeation through the membrane pores. It is noteworthy to
mention that increasing the feed flow rate inside the membrane feed channel would
increase the axial pressure drop that entirely reduces the water recovery. In this respect,
Fig. 5.6 confirms the highest energy consumption for the case of without ERD, which
stimulates the original design of multistage multi-pass RO system of APC.

The presented results of Fig. 5.6 are in a good agreement with the findings of Al-Obaidi
et al. (2018c) over the range of feed flow rate for the removal of N-nitrosamine at a very

low concentration from wastewater using multistage RO system.
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5.4.2.2 Impact of operating feed pressure

This section aims to investigate the impact of increasing the plant pressure by 20% on the
nominated performance indicators of total water recovery and specific energy
consumption.

Linear correlations between the feed pressure and both specific energy consumption and
water recovery are illustrated in Fig. 5.7 for the selected variation of operating pressure
from 9.22 atm to 11.06 atm at fixed feed salinity, flow rate, and temperature of 1098.62
ppm, 74 m3/h, and 25 °C, respectively. However, an insignificant jump of water recovery
is noticed close to 10.4 atm, which can be attributed to an insignificant increase of water
permeation through the membrane texture. Specifically, any variation of feed pressure
would directly affect both the water and solute flow rates through the membranes, which
in turn alter the total water recovery (Thomson et al., 2003; Greenlee et al., 2009). More
specifically, an increase in the applied pressure far away from osmotic pressure would
enhance the driving force and hence water permeation through the membrane.

Fig. 5.7 presents that total water recovery with and without an ERD is significantly
increased by increasing the operating pressure. This is agreed with a continuous reduction
of the retentate flow rate of the 1% pass, an increase of fresh water flow rate of the 1% and
2nd passes of the RO plant, that guarantees the evolution of total plant permeation flow
rate. Also, it is fair to expect the production of high-quality water as a result to increasing
operating pressure. It should also be noted that a maximum selected operating pressure of
11.06 atm would attain a maximum water recovery of 81.42% at a maximum energy
consumption of, 0.943 kWh/m? without an ERD (Fig. 5.7). This is comparable with the
maximum water recovery achieved at the lowest feed flow rate (Fig. 5.6), which affirmed
the superiority of feed pressure in the RO process. Also, this would reflect the advantages
of the two-pass multistage of RO process of APC, which is critically designed to operate
at high water recoveries that commensurate with low feed salinity. In this respect, Mazlan
et al. (2016a) confirmed the feasibility of the RO process configuration to maintain the
process at high water recoveries. This is specifically characterised by selecting a single
stage (2:1) configuration of seawater RO system running at 50% of water recovery and a

two-stage (3:2) configuration was nominated for running at 75% of water recovery.
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In contrast, increasing of feed pressure has a considerable passive impact on the specific
energy consumption, which is dramatically increased (Fig. 5.7). In other words, the RO
system operating at high recoveries (high operating pressures) would require higher
energy than those working at low recoveries and low water permeation (low operating
pressures). The simulation results of this case confirm the authority of feed pressure to
control the energy consumption compared to the incomparable impact of total permeate
flow rate (QpP piant))- In other words, the progress of permeate flow rate due to an increased
pressure was not sufficient to reduce the energy consumption. Therefore, the simulation
results of Fig. 5.7 indicate that at the fixed feed flow rate, salinity, and temperature, the
lower feed pressure results in lower water recovery and permeate flow rate, which
generally sustain with lower specific energy consumption. The results obtained are also
commensurate with the results of Stover (2007) and Sharif et al. (2009).

The specific energy consumption decreases, as expected when an ERD is used. As shown
in Fig. 5.7, the lower energy consumption can be obtained by increasing the ERD
efficiency from 80% to 85% and then to 90%. Apparently, the energy consumption
dropped by a fixed value of 6% of all pressures with increasing the ERD efficiency from
80% to 85%. This is compared to 6.4% of energy reduction at all pressures, which is
detected by increasing the ERD efficiency from 85% to 90%. Consequently, the specific
energy consumption can be significantly decreased by around 47.7%, 50.8%, and, 53.8%
in the case of adding an ERD in the original RO system of APC at the ERD efficiencies
of 80%, 85%, and 90%, respectively, at an inlet pressure of 9.22 atm. Moreover, increasing
the ERD efficiency from 80% to 85% and then to 90% can result in a reduction of specific
energy consumption by 46.9%, 49.9%, and 52.9%, respectively, at inlet feed pressure of
11.06 atm. The recovery of the surplus energy of the high-pressure retentate stream of the
1%t pass has quietly represented a substantial amount of hydraulic energy that can be saved
for the studied RO system of APC. Furthermore, the maximum specific energy
consumption is registered for the case of the original design of RO system of APC where
only pumps are used (Fig. 5.7). The above results agree with the findings of Farooque
(2008). Farooque (2008) investigated the influence of various ERDs of different

efficiencies on the performance of seawater desalination RO plant in Saudi Arabia. This
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is originally confirmed the possibility of 27% as a maximum energy saving based on the

maximum power consumption of the high-pressure pump of 7.93 kWh/m?3.
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Fig. 5.7. Specific energy consumption and total water recovery of BWRO desalination plant of APC with
and without an ERD (at different efficiencies) against operating feed pressure

5.4.2.3 Impact of feed temperature
Jiang et al. (2015) reported that the feed temperature (Tpiany) (°C) has a considerable
contribution on energy consumption and water recovery for any RO system. In this regard,
the performance indicators of the brackish water RO desalination plant of APC (the total
energy consumption and water recovery) are assessed in this section by imposing an
increase in the applied temperature from 23 °C to 30 °C (within the feed water temperature

variation due to seasonal variation in the plant area). Fig. 5.8 shows a growth in the water
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recovery with the increased operating temperature at fixed feed salinity, flow rate, and
pressure of 1098.62 ppm, 74 m3/h, and 9.220 atm, respectively. These results are in a good
agreement with Agashichev and Lootahb (2003) and Saasi and Mujtaba (2012). It is well
known that any increase in the applied temperature would enhance the water penetration
through the membrane matrix as a result to affecting the membrane pore size (Malaeb and
Ayoub, 2011). This is specifically attributed to enlarging the membrane pore size due to
the thermal expansion of the membrane material, which would increase the water flux
through the membrane texture. In this regard, Morin et al. (2004) deduced that increasing
the pore size during buttermilk Microfiltration process causes an increase in the
permeation flux. Moreover, Dang et al. (2014) experimentally affirmed an increase in the
effective pore radius of NF membrane from 0.39 to 0.44 nm as a result to increasing the
feed temperature from 20 to 40 °C. Apparently, increasing the operating temperature
would decrease the water viscosity and density in addition to increase the water transport
parameter. Consequently, this would increase the water permeation through the membrane
pores. Therefore, it is fair to expect an improvement of water permeation and water
recovery as a consequence of increasing temperature (Gude, 2011). Simulation carried out
in this study show an increase in water recovery by around 12.7% due to increasing
temperature from 25 °C to 30 °C. However, it is noteworthy to mention that increasing
temperature would increase the solute diffusion through the membrane due to enlarging
the membrane pore size. Therefore, it is also fair to expect that increasing temperature
would slightly reduce the quality of permeated water at the permeate channel and reduce
solute rejection. The simulation results affirmed an increase of freshwater concentration
from 1.99 ppm at 25 °C to 3.58 ppm at 30 °C. This in an agreement with the findings of
Jin et al. (2009) who studied the effect of feed temperature of the RO process on both
energy consumption and salt rejection. The results confirmed that increasing temperature
could limit the concentration polarisation, which increases water and salt permeabilities.
This in turn reduces the relevant salt rejection and specific energy consumption.

Fig. 5.8 approves a maximum water recovery of 75.45% has been achieved at the
maximum tested temperature of 30 °C, which associated with the lowest energy
consumption of 0.786 kWh/m3. Basically, Fig. 5.8 depicts that the specific energy

consumption significantly decreases due to increasing temperature from 23 °C to 30 °C
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with approximately 4.9% without an ERD (original design) and 2.3%, 4.8%, and 2.6%

with an ERD efficiency of 80%, 85%, and, 90%, respectively. Specifically, the specific

energy consumption decreases by 47.7%, 50.8%, and 53.8% for the employment of 80%,

85%, and, 90% of the ERD efficiency, respectively, at the feed temperature of 25°C,

compared to the original design of APC (without an ERD). However, increasing the ERD

efficiency from 80% to 85% and then to 90% can result in a reduction of specific energy

consumption by around 46.3%, 49.3%, and 52.2%, respectively, at inlet feed temperature

of 30°C.
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Fig. 5.8. Specific energy consumption and total recovery of brackish water RO desalination plant of APC

without and with an ERD (at different efficiencies) against feed temperature

To summarise, the simulation results confirm that low values of feed flow rate and

operating pressure reduces the energy consumption. Moreover, increasing operating
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temperatures would reduce the energy consumption. It is also concluded that any increase
of water permeation of the RO process would serve the minimisation of total energy
consumption. The same trend of these simulation results is inconsistent with the
simulation results of Stover et al. (2005) who presented the reduction of energy
consumption of SWRO plant in Ghalilah (United Arab Emirates) as a response to
increasing permeate flow rate.

This study has also affirmed the positive impact of employing an ERD in the actual design
of the RO process of APC. Precisely, the implementation of an ERD plays a considerable
role in mitigating the energy consumption over the range of operating conditions.
Increased the ERD efficiency also results in higher energy savings. There is also a
noticeable positive impact of increasing feed pressure and temperature on the water
recovery rate. However, it is important to note that the outputs of this study are based on
the assumption of ‘high-performance’ RO membranes of APC, which corresponds with
the current upgraded membranes of infinite water permeation (Al-Obaidi et al., 2018b).
This is originally proposed in the model developed in Chapter 3 which assumed fixed
fouling factor of 1 (new synthesised membranes). Therefore, it is fair to expect that the
simulation results of the current study would not accurately stimulate the process
performance of a multistage multi-pass RO system of APC after a long time of operation.
In other words, the evaluation of specific energy consumption and water recovery has
been carried out based on fixed membrane permeability that would definitely vary (a
prime concern) and affect the process performance due to fouling propensity. This in turn

would result in a greater energy loss during the filtration process.

5.4.3 Expected merits of the advanced design of APC
On the basis of simulation consideration, several expected merits of the implementation
of an ERD in the multistage multi-pass RO system of APC can be drawn as follows:
e Installing an ERD in the multistage multi-pass RO design of APC would result in
a decrease in the total energy consumption between 46.2% - 53.8% compared to
the original design without an ERD. In this regard, Khawaji et al. (2007)
presented a reduction of energy consumption from 6-8 kWh/m?3 without an ERD

to 4-5 kWh/m? with an ERD for seawater RO desalination plant with capacity of
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13.3 million gallons per day (MGD) located in the Kingdom of Saudi Arabia.
Moreover, Stover (2007) affirmed the possibility of a dramatic improvement of
seawater RO system as a result to use isobaric ERDs, which can diminish the
energy consumption by as much as 60% compared to RO systems operating
without ERD.

e  Although the addition of an ERD and a booster pump is relatively expensive
compared to the original design of RO system and would increase the fresh water
production cost, it is expected that the benefit of this design will recover the
capital cost of purchasing the ERD and booster pump. This is due to lower energy
consumption over a prolonged operation time.

e Reducing the total energy consumption would aid to reduce the CO, gas
emissions in the atmosphere. This is basically true since increasing the energy
consumption means a higher necessity of fossil fuel combustion for electricity
generation. In this aspect, the casual nexus between different sources of energy
consumption and CO, gas emissions was explored by Palamalai et al. (2015).
This in turn showed a statistically positive correlation that illustrates a high-level
of energy consumption from the electricity sector would lead to high-gas
emissions that passively impact the environment. Therefore, there are numerous
publications that emphasised on energy saving.

Based on the above results, it is recommended to fine-tuning the original design of RO
system of APC to comprise an ERD where a subsequent power saving can be achieved.

Some attempts were made considering different aspects to minimise the total energy
consumption of RO system that would be in a meaningful relationship with the recent
study. For instance, Karabelas et al. (2018) analysed the contribution of several key design
parameters to reduce the specific energy consumption of seven spiral wound modules in
the pressure vessel for typical seawater and brackish water RO desalination processes.
The assessed parameters were the retentate osmotic pressure, membrane permeability,
friction losses in the feed and permeate channels, and the efficiency of ERD and high-
pressure pumps. They demonstrated the importance of water permeability and efficiency
of ERD and pumps to attain marginal reduction of specific energy consumption.

Moreover, a superstructure optimisation methodology was used by Du et al. (2019), which
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include all possible stream configurations in an RO network. In this regard, the optimal
blending of different salinity streams could cause insignificant exergy destruction and
lower total energy requirements. The effect of applying different membrane types of the
original design of APC on the specific energy consumption will be investigated in the next

chapter.

5.5 Critique of specific energy consumption of simple and complicated designs of
brackish water RO process

Based on the simulation results presented in the previous sections, Table 5.2 has been
built. Table 5.2 is specifically presented the calculations of specific energy consumption
of simple and complicated designs of brackish water multistage RO desalination systems.
Simply, the energy saving of these systems within the existence of three efficiencies of an
ERD are illustrated based on the variation of 20% in the inlet parameters of feed flow rate,
pressure and temperature. Occasionally, the energy saving of RO system with the addition
of an ERD is calculated based on the specific energy consumption of RO system without
an ERD. Table 5.2 clearly indicates that the simple design of RO system of retentate
reprocessing design has obtained higher energy saving with the existence of an ERD if
compared to the complicated multistage multi pass RO system of APC in all the three inlet
feed parameters of feed flow rate, pressure and temperature. However, it is important to
noting that the complicated design of RO process of APC requires less specific energy
consumption compared to the simple design of RO process. This is specifically attributed
to the higher productivity of the complicated design. It can also be stated that the
complicated design of RO system of APC contains two passes of higher number of
pressure vessels where the second pass is responsible to further polishing the obtained
permeate of the first pass. This in turn requires the instillation of other pumps to raise the
pressure of the feed of the second pass. These pumps drive the permeate of low salinity at
same operating pressure of the plant that maintains higher productivity compared to the
simple design of RO process. In other words, the simple design of RO system has lower
productivity of lower quality water (compared to the complicated design) and works at a

higher operating pressure that interprets the necessity of a higher energy consumption.
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Table 5.2. Simulation results of specific energy consumption of two different sizes of brackish water RO desalination systems

Energy consumption with an ERD

Energy saving with an ERD

. Energy
Case stud V;E}?nlezg; y consumption (W) (%)
Y L without an ERD
variation (kWh/m3) Efficiency | Efficiency | Efficiency | Efficiency | Efficiency | Efficiency
(80%) (85%) (90%) (80%) (85%) (90%)
Feed flow rate at
24.48 m3/h 2.906 1.123 1.011 0.899 61.355 65.209 69.064
Simple design of Pressure at
multistage RO 1.847 0.756 0.688 0.619 59.068 62.750 66.486
Temperature at 1.892 0.761 0.690 0.619 59.778 63.530 67.283
34.56 °C
Feed flow rate at 0.913 0.479 0.451 0.423 47.535 50.602 53.669
88.8 m/h
Complicated design Pressure at
of multistage multi 0.943 0.501 0.473 0.444 47.323 49.8401 52.916
11.06 atm
pass RO system
Temperature at
0.786 0.423 0.399 0.375 46.183 49.236 52.290

30°C
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5.6 Conclusions

The viability of adding an ERD at different efficiencies to two different sizes of brackish
water multistage RO desalination systems with the possibility of saving energy is
investigated in this chapter. This include the evaluation of the main performance
indicators of specific energy consumption and water recovery of the brackish water
multistage RO process of simple and complicated designs. To attain this goal, the model
developed in Chapter 3 has been utilised and appropriately upgraded to estimate the
specific energy consumption for with and without an ERD. The simulation studies covered
the evaluation of the inlet feed conditions of brackish water RO process, including feed
flow rate, pressure, and temperature, on the plant performance indicators at different
efficiencies of an ERD. The results show that water recovery improves with increasing
feed pressure and temperature but reduces with increasing feed flow rate. More
importantly, lower energy consumption can be attained at lower values of feed flow rates
and pressures and higher values of operating temperatures. Also, implementing an ERD
would significantly reduce the specific energy consumption of the RO system when
compared to the original design (without an ERD) for all the tested operating parameters.
Specifically, this showed maximum reductions in specific energy consumption of the
multistage multi pass RO system of APC of 47.5%, 50.6 %, and, 53.6% in line with 80%,
85%, and 90% of ERD efficiency, respectively. Also, the maximum energy savings of the
simple design of RO process are 61.3%, 65.2%, and 69.0% in line with 80%, 85%, and
90% of an ERD efficiency, respectively. This in turn confirmed the feasibility of installing
an ERD in the brackish water RO systems.

The simulation results of this chapter have utmost achieved the main targets of this
dissertation where promising water recovery at low specific energy consumption were
obtained. The next chapter would explore the viability of replacing the original membrane
of RO system with other brand of membrane to quantify an upgraded performance of the

system.
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CHAPTER SIX

Performance evaluation of a reverse osmosis brackish
water desalination plant with different brands of
membranes

6.1 Introduction
The Reverse Osmosis (RO) process was first used in the 1950°s and counted about 80%
of the total desalination plant used worldwide (Anis et al., 2019). RO was designed to
desalinate seawater and brackish water using an asymmetric cellulose acetate membrane.
Membrane processes are more successful water desalination techniques compared to
thermal ones. This is due to producing high-quality water at competitive low capital and
operating costs (Goosen et al., 2005, Qasim et al., 2019). This also explains the popularity
of membrane desalination plants around the world and especially in the Gulf countries
that suffer from the lack of freshwater resources (Pearce and Kumar, 2003; Droogers et
al., 2012). RO membranes are non-porous and semi-permeable and therefore exclude
many particles of low-molecular weight such as salt ions and organic pollutants (Fujioka
etal., 2018; Sagle and Freeman, 2004). Moreover, the low-energy consumption is a major
advantage of RO technology due to the absence of an evaporation step (Van der Bruggen
and Vandecasteele, 2002). However, low-productivity, concentration polarisation, and
fouling are demonstrated as the main drawbacks of RO processes (Yang et al., 2013;
Qasim et al., 2019). For instance, the concentration polarisation phenomena, causes solute
buildup on the membrane surface and thus blocking the pores. This leads to a decrease in
the filtration performance with time as it retards water permeation (Goosen et al., 2005).
On top of this, the membrane fouling causes gel-layer formation and solute adhesion at
the membrane surface, which requires periodic cleaning or replacing of the membranes
(Pandey, 2014). Therefore, over the years, researchers have strived to improve the
performance of RO processes by perform efficient and effective solute separation at low
concentration polarisation and fouling propensities. Moreover, purified water standards

issued by health organizations became more stringent, which forced scientists to
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continually improve the design of water desalination plants (Sagle and Freeman, 2004).
The enhancement of RO systems has been made in several aspects including membrane
synthesis, structure, material and configurations of RO systems to obtain higher
productivity and improved quality of freshwater besides attaining low-energy
consumption and freshwater production cost at low fouling propensity. Therefore, several
researchers focused on synthesizing new brands of membranes of high durability by using
different polymers and liquids, polymeric structure, surface chemistry, bulk texture,
morphology, and spacer’s design (Du et al., 2012; Yan et al., 2019; Ruiz-Garcia and de la
Nuez Pestana, 2019). A wide variety of membranes were therefore developed with
variable morphology, surface chemistry and production techniques. RO membranes are
basically made from either cellulose acetate or polysulfone coated with aromatic
polyamides (Sagle and Freeman, 2004). In this aspect, the manufactured membranes were
sorted out based on the type of liquid to be treated, i.e., seawater, brackish water, and
wastewater (Osada and Nakagawa, 1992; Khawaji et al., 2008). Recently, many
polyamide RO membranes have been intensively used due to their high selectivity and
good durability (Taniguchi and Kimura, 2000). On the other hand, the adaptation of an
enhanced configuration of RO process and optimisation of membrane modules have
mainly contributed to reduce the total energy consumption (Saif et al., 2008; Bartman et
al., 2010). Due to the aforementioned advancements, the RO process has become more
economical, adaptable and environmental friendly. This has made it a more attractive
water desalination technology compared to the intensive-energy thermal technologies
(Sagle and Freeman, 2004).

Although, the energy consumption has greatly improved from as much as 20 kWh/m? to
nearly 2 kWh/m? at 50% recovery (Elimelech and Phillip, 2011), the interest of lowering
the destructed energy due to the existence of intensive energy units such as pumps, is one
of the most projected aims of recent research. This is due to a positive relationship between
energy consumption and freshwater production cost; lower energy consumption means
lowering freshwater production cost (Mazlan et al., 2016). Several successful studies can
be found in the literature that provided a reliable RO system based on water desalination

at low energy consumption. Some of these studies are now discussed.
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Fethi (2003) upgraded the performance of brackish water at the Kerkennah Islands
desalination plant by replacing the cellulosic acetate membranes with polyamide
membranes stuffed in spiral wound modules. Improved productivity of freshwater at a
high efficiency was obtained. The new brand of polyamide membrane required only 15
atm of pressure to generate the same production rate as that of acetate membranes
operating at 29 atm. Therefore, a substantial energy saving of about 46% was obtained
when using polyamide membranes compared to the original ones.

Pearce and Kumar (2003) utilised two new generation of brackish water RO membranes;
ESPA 4 (Hydranautics, Inc, Oceanside, CA) and 4040 BL (Saehan Industries, South
Korea) and their performances were compared against the old membranes of ESPA 2. The
new membranes were more efficient due to improved rejection and water recovery. The
total energy consumption was sufficiently reduced besides a substantial reduction in
production cost.

Stover (2008) succeeded to reduce the total energy consumption of a large-scale
desalination plant located in Singapore. They tested the Toray 8-inch TM820C of TFC
spiral wound RO membrane and showed that the permeate flux, the salt rejection and the
specific energy consumption were improved by 1.8%, 0.15%, and 1.7%, respectively.
The performance indicators of two large-scale seawater desalination plants with two
different membrane types of SWC4+ 8-inch (Hydranautics) located in Spain and
SW30HRLE 8-inch (DOW FILMTEC™) located in Australia were compared by Laine
(2009). The results showed that the permeate flux, salt rejection and specific energy
consumption of Hydranautics were 24.6 m3/day, 99.7-99.8 %, and 4.17 KWh/m?3,
respectively. However, 28 m3/day, 99.6-99.75 %, and 3.40 KWh/m? were recorded when
using the DOW FILMTEC™ membrane. The DOW FILMTEC™ membrane thus reduces
energy consumption by 18.5%.

Al-Obaidi et al. (2018b) assessed the possibility of lowering energy consumption of two
configurations of RO systems (with and without energy recovery device, ERD) through
altering the membrane dimensions. They tested the influence of membrane length, width
and feed channel height on the energy consumption for the elimination of chlorophenol
from wastewater. Their results showed up to 60% and 54% energy savings for the two

configurations with and without ERD, respectively.
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This chapter focuses on evaluating the performance of brackish water multistage RO
process of two sizes (simple and complicated) via the implementation of different brands
of membranes. The idea is to explore the most successful brand of membranes that can
offer a higher performance of the RO process compared to the original one used. The
performance indicators of the RO process including the solute rejection, water recovery,
productivity and product salinity, and specific energy consumption will be under the focus

for the two case studies of different sizes of RO brackish water desalination RO plants.

6.2 Case study 1. Performance evaluation of a simple multistage RO brackish
water desalination plant with different brands of membranes

This section intends to investigate the viability of changing the membrane’s brand of a
simple RO brackish water desalination plant. The simple design of multistage spiral-
wound membrane type Dow/FilmTec BW30-400 of RO system was used to desalinate
brackish water and presented by Abbas (2005). The full description of the RO system was
presented in Fig. 3.1 in Chapter 3. In this regard, the performance of a simple multistage
RO system is assessed against several brands of membranes and the associated results are
compared against the original membrane’s brand of Dow/FilmTec BW30-400. The
performance indicators of the RO system including the water recovery, solute rejection,
product salinity and most importantly the total energy consumption are considered.
Therefore, this section will explore the appropriate brand of membrane that could be used
in a simple RO system to attain the upgraded performance at the lowest energy
consumption.
The proposal here, is that different spiral wound membranes will have differing water and
solute transport parameters that directly influence the water and solute fluxes via the
membrane’s pores and therefore controlling the performance indicators of the process
including solute rejection, water recovery, product salinity, productivity and more
importantly the specific energy consumption. Therefore, the characteristic of the tested
membranes including the water and solute transport parameters will be collected from
literature. Moreover, the water and solute transport parameters of the original membrane
(Dow/FilmTec BW30-400) are 9.5096x107 m/atm s, and 5.646x10-% m/s, respectively,

and the actual inlet parameters of the RO system are given in Table 6.1 as the base case.
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Table 6.1. Input operating conditions of RO system of APC

Parameter Operating feed Operating temperature Operating pressure  Salinity of brackish
flowrate (m*/h) ©C) (atm) water (ppm)
Value 20.4 28.8 12.04 2540

6.2.1 Simulation results and discussion
This section discusses the simulation results (presented in Table 6.2) of applying several
brands of membranes of the simple design of RO system. To assess the performance of
RO system for these membranes, the simulation results of the original membrane type
(base case) are also listed in Table 6.2. A simple comparison of the performance indicators
shows that the membrane brand Filmtec BW30LE-440 can attain the best results of the

total water recovery, productivity, and specific energy consumption.
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Table 6.2. Simulation results of different brands of spiral wound membrane in a simple RO system with characterizing the performance indicators

Water permeability . . Energy
No. Membrane Types constant, Aw (m/atm Salt permeability Rej;p lant Recgp lant | Cp_plant QpJ; lant consumption Reference
constant, Bs (m/s) (%) (%) (ppm) (m3/h) 3
s) (kWh/m?)

| | Dow/FilmTec BW30- 9.5096x10°7 5.646x10° 97.791 56.330 56.112 4351 1.869 Al-Obaidi et al. (2018a)

400 (Base case)
2 | SW30XLE-400 3.5463 x1077 3.2x108 98.916 43.023 27.548 1.637 4.969
3 | SW30HR-380 2.7357 x107 3.2x108 98.618 41.210 35.109 1.267 6.419 (Lu et al. (2007), Du et al.,
4 SW30HR-320 3.141 x107 2.2x108 99.161 42.112 21.306 1.451 5.606 2012)
5 | BW30-400 7.599 x1077 6.2x108 98.948 51.939 26.711 3.456 2.354
6 | Filmtec8I" SWC3 5.07x107 5.6 x 107 99.862 46.384 3.499 2.323 3.502 Avlonitis et al. (2007)

FilmTec spiral wound 4 g (Du et al. (2012), Sassi and
7 from DOW 3.434 x10 5.65x10 98.047 42,788 49.597 1.589 5.119 Mujtaba, 2011)
8 | 4°ROGA 4160-HRa 2.112 x107 1.444x1077 92.592 39.871 188.156 0.994 8.185 Boudinar et al. (1992)

FT 30 SW 2.5” - < (Avionitis et al. (1991),
9 FilmTec 4391 x10 3.506 x10 99.025 44903 24.755 2.0203 4.026 Avionitis et al,, 1993)
10 | ROGA-4000 1.985x107 2.3 %1077 88.185 39.626 300.101 0.943 8.618 Marriott and Sorensen (2003)
11 | FilmTec SW30HR-380 2.360 x1077 2.21 x10°® 98.896 40.360 28.033 1.0934 7.438 Geraldes et al. (2005)

Spiral wound Qatar s 5 .
12 SWRO plant 7.092 x10 1 x10 93.592 40.871 198.156 1.0656 9.185 Majali et al. (2008)
13 gg(;MTEC SW30HR- 3.039 x10°7 1.7%10°% 99329 | 41881 17.023 | 1.4036 5.795 Kaghazchi et al. (2010)
14 | Filmtec, SW30-4040 9.058 x10°8 2.11x10°% 97.368 37.074 66.849 0.423 19.23 Dimitriou et al. (2017)
15 | SW30-HR380 2.533 x107 2.5x 1078 98.834 40.751 29.606 1.173 6.933 .

Vince et al. (2008)
16 | Filmtec BW30LE-440 1.215 x10-¢ 15% 1078 98.283 61.594 43.615 5.425 1.499
17 | TORAY SU 820 1.136 x10°¢ 2.264 x 107 97.303 60.025 68.502 5.105 1.593 Djebedjian et al. (2008)
18 | Filmtec8"RE 8040SN 5.88x107 1.7x 108 99.635 48.172 9.263 2.687 3.027 .
- Avlonitis et al. (2007)

19 | Filmtec8I"SW30HR380 4.56x107 6.8x 107 99.816 45.259 4.682 2.092 3.886
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To systematically drive the discussion and analyse the results of Table 6.2, it has been
decided to formalise the simulation results in separate figures that would show the
influence of using different brands of spiral wound seawater and brackish water
membranes on each individual performance indicator with a thorough discussion.

The solute rejections of different membranes are given in Fig 6.1. This elaborates a trend
of high solute rejection for most the tested membranes except the membrane 4” ROGA
4160-HRa, ROGA-4000, and Spiral wound Qatar SWRO plant (lines 8, 10, and 12,
respectively). The seawater membrane type Filmtec8I" SWC3 (line 6 in Table 6.2) has
attained the maximum solute rejection of 99.862 while the membrane Filmtec BW30LE-
440 (line 16 in Table 6.2) has close and promising solute rejection of 98.283%. the
improved solute rejection of the tested membranes can be ascribed to the high values of
water transport parameters. The obtained results of these membranes are greater than the
solute rejection of the base case membrane of Dow/FilmTec BW30-400 that achieves only
97.791%.

The increase of solute rejection of these membranes is attributed to their high values of
water permeability coefficient compared to the base case membrane of Dow/FilmTec
BW30-400. Simply, the membrane brand Filmtec BW30LE-440 has 1.215%10° (m/atm
s) of water transport parameter compared to 9.5096 x10-7 (m/atm s) for the Dow/FilmTec
BW30-400 (base case). Furthermore, the solute transport parameter is an important
indicator of the solute flux. In this regard, the maximum solute rejection of the membrane
brand Filmtec8I" SWC3 has the lowest solute transport parameter of 5.6 x 10 (m/s)
compared to the base case membrane brand of Dow/FilmTec BW30-400 of 5.646x108
(m/s). Occasionally, the lowest solute rejection of 88.185% of the membrane brand
ROGA-4000 is due to the very high solute transport parameter of 2.3x1077 m/s that
intensively stimulates the solute passage. Furthermore, this membrane has one of the
lowest water transport parameters. Therefore, it is fair to admit that both water and solute
transport parameters can simultaneously affect the performance indicator of solute

rejection.
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Fig. 6.1. Impact of membrane brands on solute rejection of a simple design of brackish water RO
desalination system

Fig. 6.2 shows the water recovery of the simple design of RO system at various brands of
spiral wound membrane applied for the operating condition presented in Table 6.1. The
membrane brand of BW30LE-440 (line 16 in Table 6.2) has the maximum water recovery
of 61.594 %. This is an improvement of 9.34% in water recovery compared to the base
case of membrane brand Dow/FilmTec BW30-400. Occasionally, the membrane brand
has the highest water transport parameter of 1.215x10 (m/atm s) compared to 9.5096x10-
7 (m/atm s) of the membrane base case. Basically, the water transport parameter is a
specified indicator of water flux. Therefore, high water transport parameter is an
indication of high-water flux through the membrane pores and therefore high productivity.
Fig. 6.2 shows that the membrane type Filmtec, SW30-4040 (line 14 in Table 6.2) has
attained the lowest water recovery. This is due to the low water transport parameter of
9.058 x1078 (m/atm s). In other words, improving the water permeation tendency of the
membrane is of high importance to gain high productivity.

The simulation results of Fig. 6.3 are supporting the results of Fig. 6.2 of maximum and
minimum water recovery. In this regard, the membrane type of BW30LE-440 has
improved the water permeation by 24.7% compared to the membrane base case.
Statistically, BW30LE-440 gains 5.425 m?/hr of productivity compared to 4.351 m3/h of

the base case. Again, the lowest water productivity of membrane brand Filmtec, SW30-

150



4040 of 0.423 m?/h is linked to the lowest water recovery. It is important to mention that
the calculation of both water recovery and water productivity is conducted at a fixed feed

flow rate of 20.4 m3/h (Table 6.1) for all the tested brands of membranes.
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Fig. 6.2. Impact of membrane brands on total water recovery of a simple design of a brackish water
RO desalination system

= 5
g
Q
§ 4
2
=
= 3
g
- 2
3
kS
& 1

O "7 72 3 4 5 6 7 8 9 10 Il 12 I3 14 15 16 17 18 19
B Qp_plant 4.351.641.271.453.462.321.590.992.020.941.091.07 1.4 0.421.175.435.112.692.09

Membranes brand

Fig. 6.3. Impact of membrane brands on total product flowrate of a simple design of brackish water
RO desalination system
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The simulation results of product salinity of different brands of membranes are presented
in Fig. 6.4 at fixed operating conditions (given in Table 6.1). This specifically shows that
membrane type Filmtec8I" SWC3 (line 6 in Table 6.2) has the optimum (lowest) product
salinity of 3.499 ppm. This membrane has occasionally the lowest solute transport
parameter. Moreover, the membrane type Filmtec BW30LE-440 (line 16 in Table 6.2)
produces a lower product salinity of 43.615 ppm compared to the base case membrane
type Dow/FilmTec BW30-400 of 56.112 ppm. This is specifically an improvement of
22.2% with reduction in the product salinity. This improvement can be attributed to the
water and solute parameters of the corresponding membranes. For instance, the water
transport parameter of Filmtec BW30LE-440 is higher than the base case membrane of
Dow/FilmTec BW30-400. This in turn causes a higher possibility of water dilution in the
permeate channel due to a higher water flux through the membrane pores.

The worse product salinity (maximum) of 300 ppm is linked to the membrane type
ROGA-4000 (line 10 in Table 6.2) that has the maximum solute transport parameter

compared to other tested membranes.
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Fig. 6.4. Impact of membrane brands on total water salinity of a simple design of brackish water RO
desalination system

Finally, the specific energy consumption is one of the most attractive indicators of the RO

process. Fig. 6.5 shows that the Filmtec BW30LE-440 requires the lowest specific energy
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consumption if compared to all the other tested membranes. Statistically, the membrane
type Filmtec BW30LE-440 performs the brackish water desalination within 1.499
kWh/m3 compared to 1.869 kWh/m> of the base case membrane type Dow/FilmTec
BW30-400. This is specifically an improvement of 24.7%. In this regard, the simulation
results of the productivity of Fig. 6.3 can interpret the results of Fig. 6.5 of the lowest
specific energy consumption. Furthermore, the seawater membrane brand of SW30-4040
requires the maximum specific energy consumption of 19.23 kWh/m?3 due to the lowest
water productivity if compared to the other tested membranes. Therefore, it can be said
that the specific energy consumption of RO system is quite related to the water
permeation. Due to simulating the membranes at a fixed set of operating conditions, the
variation of membrane pores, design, and numbers, can interpret the variation of water

flux through the membrane pores.
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Fig. 6.5. Impact of membrane brands on plant energy consumption of a simple design of brackish

water RO desalination system
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6.3 Case study 2. Performance evaluation of a complicated multistage RO
brackish water desalination plant of APC with different brands of
membranes

This section intends to improve the performance of a multistage multi-pass (complicated
design) of brackish water RO system of the Arab Potash Company (APC) located in
Jordan of a capacity of 1200 m*/h of potable water of 2 ppm salinity. The full description
of RO system of APC was illustrated in Chapter 3 (Fig. 3.2). The plan is to test several
brands of spiral-wound commercial membranes in the original RO plant and evaluating
the performance indicators including water recovery, solute rejection, freshwater salinity
and most importantly the specific energy consumption. The type of membrane currently
used in the plant is TMG20D-400, Toray Membrane USA Inc. The performance results
of the new membranes will be compared against the actual membrane used in the RO
system. The water and solute transport parameters of the tested membranes will be
collected from literature.

To gain fair results, the simulation based the new membranes will be carried out at fixed
and same operating conditions of RO plant of APC including the brackish water salinity,
flow rate and temperature. The model developed in Chapter 3 will be used to carry out
this simulation using gPROMS suite software. Therefore, this research will identify the
appropriate brand of membrane that could be used in the RO system of APC to perform
the lowest specific energy consumption. In other words, this study would specify the best
brand of membrane that integrates both performance metrics and lowest energy
consumption.

The characteristics of the original membrane and water and solute transport parameters of
the original membrane are given in Table 6.3 as the base case. Also, the actual inlet

parameters of the RO system are provided in Table 6.4.
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Table 6.3. Characteristics of the membrane used in the RO system of APC and transport parameters

Membrane brand

Transport parameters at 25 °C

Parameter Value Parameter Value
Membrane supplier Toray Melnr: (l:)rane USA 1 Water Ay (r,)(m/atm s) 9.6203x107
TMG20D-400, Ultra
low pressure BWRO,

Membrane type and

spiral wound,

Solute BS(TD)

1.61277x107

configuration polyamide thin-film
Composite
Dimensions Characteristics of spacer

Parameter Value Parameter Value
Membrane area A (m?) 37.2 Spacer type NALTEX-129
Membrane length L (m) 1 length of filament in the 2.77x1073

spacer mesh Ly (m)

Feed and permeate "
Membrane width W (m) 37.2 spacer thickness tf, tp 8.6x10 (34

mils), 5.5x10*

(m)
Limits of operating conditions A (dimensionless) 7.38
Max. feed pressure (atm) 40.464 n (dimensionless) 0.34
Max. pressure drop per . .
0.987 € (dimensionless) 0.9058
membrane (atm)
Max. feed temperature (°C) 45 Ko (-
Max. feed flowrate (m/h) 18 de () 1501
Table 6.4. Input operating conditions of a complicated RO system of APC
Parameter Operating feed Operating Operating Salinity of brackish
flowrate (m*/h) temperature (°C) pressure (atm) water (ppm)
Value 74 25 9.22 1098.62

6.3.1 Simulation results and discussion

Here, the evaluation of applying different brands of spiral wound membrane on the

performance of RO system of APC is carried out with a simple comparison against the

simulation results of the original membrane (Toray Membrane USA Inc, TMG20D-400).

The simulation results of employing different brands of membranes on the first and second

passes of the RO system are shown in Table 6.5. In this regard, the simulation results of

the original membrane type (base case) are also listed in Table 6.5 for comparison

purposes. The Filmtec BW30LE-440 membrane shows the most promising results of the

main performance indicators including the water recovery and specific energy

consumption. Overall, this membrane also can remove salts from brackish water at very

plausible product salinity.
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Table 6.5. Simulation results of different brands of membranes in the complicated design of RO system with characterising the performance

indicators
Water permeability - . Energy
No. Membrane Types constant, Aw (m/atm Salt permeability Rejzp lant Recgp lant Cp_plant Qp_g) lant consumption Reference
constant, Bs (m/s) (%) (%) (ppm) (m3/h) 3
s) (kWh/m?)
Toray Membrane 4 4 Al-Obaidi et al.
1 | TMG20D-400 9.6203x10 1.6127x10 99.798 56.442 1.9879 48.133 0.8401 20184)
2 | SW30XLE-400 3.5463 x107 3.2x10°8 99.964 25.379 0.3823 19.612 1.4107
3 | SW30HR-380 2.7357 x107 3.2x10°8 99.945 19.924 0.5788 15.237 1.6967 (Lu et al. (2007), Du et
4 | SW30HR-320 3.141 x107 2.2x108 99.979 22.725 0.2209 17.460 1.5344 al., 2012)
5 | BW30-400 7.599 x10°7 6.2x108 99.963 20.514 0.2806 15.453 1.4126
6 | Filmtec8I" SWC3 5.07x107 5.6x 107 98.891 31.833 0.0508 15.762 1.9767 Avlonitis et al. (2007)
FilmTec spiral wound 4 g (Du et al. (2012), Sassi
7 | from DOW 3.434x10 5.65%10 99.882 24.537 1.2509 18.955 1.4435 and Mujtaba, 2011)
8 | 4°ROGA 4160-HRa 2.112 x107 1.444x1077 98.499 15.258 16.271 11.629 2.0687 Boudinar et al. (1992)
FT 30 SW 2.5” 5 . (Avionitis et al. (1991),
9 | FilmTer 4.391 x10 3.506 x10 99.966 20.730 0.2694 15.460 1.4239 Avlonitis et al,, 1993)
10 | ROGA-4000 1.985x10°7 2.3 x1077 96.406 14.222 39.169 10.846 2.1696 M‘””"”(;(’)’gﬁ”re’”e”
11 | FilmTec SW30HR-380 2.360 1077 2.21 %108 99.968 17.349 0.3473 13.200 1.8966 Geraldes et al. (2005)
Spiral wound Qatar s 5 -
12 | swrO olant 7.092 x10 1 x10 99.872 13.788 1.3158 15.179 1.0425 Majali et al. (2008)
13 gg(;MTEC SW30HR- 3.039 x1077 1.7x1078 99.987 22.058 0.1333 16.922 1.5706 Kaghazchi et al. (2010)
14 | Filmtec, SW30-4040 9.058 x1078 2.11x10°8 99.824 6.803 1.9171 5.089 4.2494 Dimitriou et al. (2017)
15 | SW30-HR380 2.533 x107 2.5% 1078 99.963 18.548 0.4002 14.144 1.7969
- — Vince et al. (2008)
16 | Filmtec BW30LE-440 1.215 x10- 15% 108 99.829 68.998 1.6896 58.836 0.7593
17 | TORAY SU 820 1.136 x106 2264 x 107 99.651 63.041 3.4136 54.931 0.7943 Djebe(gfo’gg)e’ al
18 | Filmtec8"RE 8040SN 5.88x107 1.7x 108 98.919 28.567 0.0774 15.685 1.8197
: Avlonitis et al. (2007)
19 | Filmtec81"SW30HR380 4.56x107 6.8 x 10? 98.823 31.101 0.0556 15.745 1.9419
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Fig. 6.6 shows the variation of solute rejection for the different brands of membranes. The
simulation results of Fig. 6.6 indicate that almost all the membrane brands have succeeded
to give high values of rejections except 4” ROGA 4160-HRa and ROGA-4000 (lines 8
and 10, respectively). In this regard, the brackish water membrane, Filmtec BW30LE-440,
shows the most improvement of solute rejection. The Filmtec BW30LE-440 membrane
(line 16 in Table 6.5, and Fig. 6.6) shows very promising solute rejection of 99.83% that
exceeds the rejection of base case membrane (Toray TMG20D-400) which rejects solutes
with efficiency of 99.8%. Therefore, the deployment of this membrane brand will
positively influence the rejection parameter of the RO system of APC. However, the
optimum solute rejection can be achieved using the seawater membrane FILMTEC
SW30HR-380 (line 13 in Table 6.5 and Fig. 6.6) that results in an efficiency of 99.987%.
The growth of solute rejection of these membranes is attributed to their high values of
water permeability coefficient compared to the base case membrane. For instance, the
water permeability coefficient of Filmtec BW30LE-440 is 1.215 x10¢ (m/atm s)
compared to the Toray Membrane TMG20D-400 (base case) of 9.6203 x10-7 (m/atm s).
Increasing the water permeability coefficient means an increased propensity of water
permeation through the membrane pores that would reduce the salt concentration in the
permeate channel and result in high rejection. It is also important to note that the solute
transport parameter is related to solute flux through the membrane pores and therefore
affects the solute rejection. For instance, the FILMTEC SW30HR-380 membrane obtains
the optimum rejection due to its solute transport parameter of 1.7x1078 (m/s), which is less
than that of the Filmtec BW30LE-440 membrane of 15x 1078 (m/s). Moreover, the
membrane ROGA-4000 has the lowest solute rejection due to its low water transport
parameter of 1.985x10-7 (m/s atm) and high solute transport parameter of 2.3 x1077 (m/s)
that triggers the propensity of solute passage. However, the membrane brand Spiral wound
Qatar SWRO has the highest solute transport parameter and gained high solute rejection
due to its 7.092 x1073 (m/s atm) water transport parameter that represents the highest value
of the membranes.

From an engineering view, it can be said that the solute rejection of any membrane is
affected by the combination of both water and solute transport parameters. Furthermore,

the solute rejection is predominantly reliant on the membrane pore size, structure and their
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intensity that would directly control the solute passage through the membrane pores.
However, this study has not covered the membrane texture and pore design (beyond scope
of this research) and therefore the results are interpreted based on the characteristics of

water and solute transport parameters.
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Fig. 6.6. Impact of membrane brands on solute rejection of a complicated brackish water RO desalination
system

Fig. 6.7 and Table 6.5 show the total water recovery of the RO system for different brands
of spiral wound membrane. In terms of water recovery, the results in Fig. 6.7 show that
the best brand of membrane is Filmtec BW30LE-440 which has an optimal water recovery
of 68.998 % followed by the TORAY SU 820 membrane (line 17 in Table 6.3) achieved
a recovery of 63.041%. Statistically, the improvement of water recovery made by the
Filmtec BW30LE-440 membrane is larger than the water recovery of base case (56.442%)
by 22.2%. Again, the water flux is progressively increased with the Filmtec BW30LE-440
membrane due to its high-water transport parameter compared to the original membrane
brand.

Fig. 6.7 confirms a considerable variation of water recovery for the tested membrane
brands compared to the results of solute rejection (Fig. 6.6). This in turn explains the

reason of recognising the water flux and associated water recovery for the RO system.
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It is important to note that the simulation of the different membrane brands was carried
out at the same operating conditions. Therefore, the trend of water recovery results would
similarly reflect the results of total water productivity as illustrated in Fig. 6.8. In this
regard, the maximum and minimum productivities obtained with the Filmtec BW30LE-
440 and the Filmtec, SW30-4040 are 58.836 m’/hr, and 5.089 m/hr, respectively.
Furthermore, the productivity of the original membrane brand used in the RO of APC
plant is 48.133 m3/h whereas the Filmtec BW30LE-440 membrane shows a productivity

of 58.836 m¥/hr i.e. an improvement in productivity of 22.2%.
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Fig. 6.7. Impact of membrane brands on total water recovery of a complicated brackish water RO
desalination system
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Fig. 6.8. Impact of membrane brands on total product flow rate of a complicated brackish water RO
desalination system

The product salinity is a paramount indicator of the performance of a RO process. Based
on the simulation results shown in Fig. 6.9, the product salinity varies with the membrane
brand. The data shows that the Filmtec BW30LE-440 membrane can generate product
water with the lowest salinity compared to the original base case membrane brand.
Statistically, the improved membrane brand attains high quality water of 1.689 ppm,
compared to 1.988 ppm of the original membrane brand. The improvement percentage of
product salinity of around 15% beyond the base case membrane is ascribed to an improved
water flux of the new membrane that retards the product salinity. Interestingly, the result
of product salinity comes with the tendency of reducing the product salinity that fits the
required of distilled water to be used in the boilers. The Filmtec8I"SW30HR380 and 4”
ROGA 4160-HRa membranes have constituted the best and worse product salinities of
0.055 ppm and 16.271 ppm, respectively, compared to other membrane brands. These
results are derived due to the solute transport parameters that hit the maximum and

minimum values of Filmtec8I"SW30HR380 and 4” ROGA 4160-HRa, respectively.
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Fig. 6.9. Impact of membrane brands on product salinity of a complicated brackish water RO desalination
system

One of the most important performance indicators of any industrial process is the specific
energy consumption, which needs to be limited as much as possible since it relates the
total production cost and gases emissions. Fig. 6.10 shows the specific energy
consumption profile of different membrane brands deployed in the RO system of APC.

It is clear from Fig. 6.10 that the Filmtec BW30LE-440 is the optimum membrane that
can perform efficient filtration at the lowest specific energy consumption of 0.7593
kWh/m3 compared to the original membrane’s (Toray Membrane TMG20D-400)
consumption of 0.8401 kWh/m3. This new membrane would reduce the energy
consumption by 9.62%. This is due to the improvement of water flux that reduces the
specific energy consumption. In this regard, Ettouney et al. (2002) confirmed the
relationship between the feed salinity and total energy requirements of the RO system.
The lower the water salinity, the higher the product purity, which permits the operation to
be carried out at a lower specific energy consumption level. Furthermore, the Filmtec,
SW30-4040 membrane is the worst one due to attaining the highest specific energy

consumption of more than 4 kWh/m3.
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Fig. 6.10. Impact of membrane brands on plant energy consumption of a complicated brackish water RO
desalination system

Overall, using membranes with high-water permeability parameter and low solute
transport parameter would improve the treatment efficiency since there is a clear
proportional relationship between these parameters and the performance metrics of RO
system. Based on the results shown in Table 6.5 and Figs. 6.6 — 6.10, installing the Filmtec
BW30LE-440 membrane in the RO system of APC would guarantee an improved
operational performance compared to the existing membrane. Therefore, the
improvements of the total plant water recovery, the total product flowrate and the energy

saving at plausible product salinity are highlighted in this research.

6.4 Critique of performance indicators of simple and complicated brackish water
RO desalination systems based on the best brand of membranes

This section focuses on comparing the performance indicators of the two selected case
studies of simple and complicated RO brackish water desalination systems based on the
best brand of membrane. Table 6.6 presents that the membrane type Filmtec BW30LE-
440 is the best membrane type that can afford the best performance indicators for both the
simple and complicated designs of brackish water RO desalination plants. However, the
implementation of Filmtec BW30LE-440 in the complicated design of multistage multi

pass RO process of APC has entailed promising performance indicators compared to the
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implementation of Filmtec BW30LE-440 in the simple design. Specifically, the specific

energy consumption of the complicated design of RO system is around the half of the

simple design. This can be attributed to the high productivity of the complicated design

compared to the simple one. Moreover, the product salinity of the complicated design of

RO system is incomparable (lower) with the one obtained by the simple design. In other

words, the replacement of the original membrane of RO system of APC would offer

several merits compared to the same replacement of membrane for the simple design of

RO system. The Filmtec BW30LE-440 membrane has been characterised by several

promising advantages (Vince et al., 2008) that can support the results of this research as

follows.

High salt rejection and freshwater productivity.

Sufficient to be instilled in the RO systems that work under low pressure to
produce fresh water from brackish water resources. This membrane has been
designed to produce the desired productivity with a significant saving of energy
and low number of pumps.

Adequate in managing high feed flowrate with a maximum limit of 18 m3/h.
Large effective surface membrane area that would enhance the water productivity.
Provides excellent structural stability.

Fouling resistant.

Table 6.6. Comparison of performance indicators of two selected RO systems

Type of | Best Solute Water Productivity Prngct Specific enerey
RO membrane reiection %  recovery % (m*/h) salinity consumption

system | type . ’ Y7o (ppm) (kWh/m?)
Simpl Filmtec

D¢ | BW30LE- 98.283 61.594 43.615 5.425 1.499
design

440

Compli | Filmtec
cated BW30LE- 99.829 68.998 1.6896 58.836 0.759
design | 440

6.5 Conclusions

This chapter focused on testing different brands of seawater and brackish water

membranes from various suppliers on the multistage brackish water RO desalination
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systems of simple and complicated designs to determine which brand of membranes gives
the best performance indicators. Specifically, the performance indicators of solute
rejection, water recovery, productivity, product salinity and specific energy consumption
were used to compare the efficiency of these membranes and compared to the original
one. The tested membranes were characterised by different values of water and solute
transport parameters. Among the nineteen brands of membranes looked at, Filmtec
BW30LE-440 has shown the best performance indicators for both simple and complicated
designs of RO systems with the highest energy saving. In this regard, the Filmtec
BW30LE-440 membrane shows an improvement of 22.24% in water recovery, 15% in
product salinity and 9.62% in the specific energy consumption compared to the original
membrane of the complicated design of RO system of APC. However, the Filmtec
BW30LE-440 membrane shows an improvement of 9.34% in water recovery, 22.2% in
product salinity, and 24.7% in the specific energy consumption compared to the original
membrane of the simple design of RO system. Therefore, the Filmtec BW30LE-440
membrane is recommended as the best choice to be used in the RO system of both designs.
The simulation results of this chapter have confirmed a considerable improvement of
water recovery and associated specific energy consumption. However, the next chapter
would discuss the optimisation of the simple and complicated designs of RO system to
investigate the possible operating conditions that can entail the lowest specific energy

consumption of each RO design.
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CHAPTER SEVEN

Optimisation of energy consumption in a reverse osmosis
brackish water desalination plant

7.1 Introduction

Fresh water is becoming rare in some regions of the world that associated with progressive
people worldwide demands due to the increase in population growth and change of their
lifestyle. Therefore, several desalination processes were invented. In this regard, the
desalination of brackish water offers a feasible solution to tackle the water shortage.
Membrane technology has been used very effectively to produce fresh water from
different resources of water (Tsiourtis, 2001). Specifically, RO process is a pressure-
driven process and considered as one of the commercially attractive membrane
technologies available for desalting brackish and seawater (Pefiate and Garcia-Rodriguez,
2012). The RO membrane can differentiate, and selectively separate salts and water based
on the operating conditions such as feed salinity, applied pressure, flow rate and
temperature (Tsiourtis 2001). The simple design of RO process and high quality of water
produced are the main reasons why it is widely accepted throughout the world compared
to other technologies such as the thermal desalination processes. However, the RO process
consumes a considerable amount of energy that needs to be reduced considerably.
Therefore, several studies have been carried out to minimise the specific energy
consumption and accordingly the freshwater production cost, which in turn make this
process more affordable. In this regard, the optimisation of the RO system has been
successfully used to attain these goals. For this, the RO process market has seen a steady
increase due to a primitive advancement in RO operation that is associated with lower
energy consumption and reduced freshwater production cost (Shenvi et al., 2015). Some
comments on the most successful research are reported below.

Zhu et al. (2008) minimised the energy consumption of RO membrane process via
constraining the thermodynamic feed flow rate or permeate flow rate. Results showed that
lowering of osmotic pressure would limit the energy consumption. The optimisation of

energy consumption of two-pass RO seawater desalination unit and a single pass
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membrane desalination unit, by considering the goal of product recovery and salt
rejection, was investigated by Zhu et al. (2009b). This affirmed the optimal operational
conditions need to be applied to lowering the energy consumption. Their studies showed
that the two-pass process performs better than the single-pass RO one. Bartman et al.
(2010) used an energy optimisation methodology of multiple RO system variables to
estimate the optimal operating conditions that minimise the specific energy consumption.
The results showed that increasing water recovery would lower the energy consumption
with reduced salt rejection. Li (2010) implemented a constrainted nonlinear optimisation
framework to minimise the total energy consumption of single-stage, two-stage, and
single-stage RO modules with an energy recovery device (ERD). The results showed that
the two-stage module is better than one stage based on specific energy consumption and
water recovery.

This chapter focuses on investigating the possibility of reducing the specific energy
consumption via optimising the main control variables of two case studies of simple and
complicated brackish water RO desalination systems. Finally, this chapter will compare

the optimisation results of the two designs of RO systems and discuss the main outputs.

7.2 Case Study 1: Optimisation of energy consumption of a simple RO brackish
water desalination plant

The full details of the simple design of brackish water RO desalination process was
provided in Section 3.3.1 in Chapter 3. Also, the detailed of the membrane used in the RO
system was presented in Table 3.2 in Chapter 3. To systematically optimise this RO
system, a steady-state operation model presented in Chapter 3 is coded to represent the
configuration of RO system and then embedded within an optimisation framework.
Typically, the optimisation problem is expressed as a Nonlinear Programming problem to
attain the lowest specific energy consumption (objective function), as well as optimising
the decision variables of operating flow rate and pressure for a given feed concentration
and temperature. The fixed feed water characteristics of 2540 ppm and 28.8 °C of feed
water salinity and temperature respectively are considered. Moreover, the optimisation
problem has been associated with upper and lower limits of decision variables as

characterised by the membrane manufacturer. Also, to quantify the high standards of the
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filtration process, feasible constraints of the upper and lower bound of feed flow rate of
each membrane are considered. To represent the viability of the optimisation, the
optimisation results will be compared against the simulation results of the simple design

of RO system.

7.2.1 Mathematical optimisation problem
Given: Feed water conditions, RO module specifications.
Optimise: The optimisation variables of feed pressure, and flow rate.
Minimise: The specific energy consumption of RO system.
Subject to: Equality and inequality constraints of the process model and limits of
optimisation variables, respectively. Hence, the optimisation problem is mathematically
fashioned as

Min Econsumptt’on

Prianty Qfplant)

Subject to: Equality constraints: RO process model

Inequality constraints:

a) Lower and upper limits of feed flow rate of RO system
(72m%h) Qrtant)” < Qrepiansy S Qf(plansy’ (396 m*/h)
(10 atm) Py (piant)’ < Pppiany < Prptany)’ (40.464 atm)
b) Lower and upper limits of feed flow rate of each membrane module

(3~6 m3/h) Qf(membrane)L = Qf(mgmbrane) =< Qf(membrane)u (198 m3/h)'

7.2.2 Optimisation results

Table 7.1 shows the simulation values as the base case (not optimised) of the simple design
brackish water RO desalination process at given feed salinity and temperature. Also, Table
7.1 represents the optimisation results including the performance indicators. The ratio of
energy-saving of RO system is calculated by subtraction of simulated and optimised

values. It can be clearly seen that the optimisation framework has entailed a gain of energy
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saving of 37.3% based on the optimum feed flow rate of 14.46 m3/h and pressure of 24.62
atm. Also, the water recovery has been improved by 22.4% due to applying the optimal
operating conditions. In this regard, the water productivity has reduced by 12.2% that
associated with a reduction of retentate flow rate by 50.1% and causes an improvement of

product salinity by 35.66 %.

Table 7.1. Simulation and optimisation results of a simple RO system at base case conditions

Feed conditions Optimised feed conditions
Parameter Value Unit Parameter Value
Plant feed pressure 12.04 Atm Optimal operating pressure 24.62
Plant feed flow rate 20.4 m/h Optimal feed flow rate 14.46
Feed operating salinity 2540 ppm Feed operating salinity 2540
Feed operating temperature 28.8 °C Feed operating temperature 28.80
Simulation results Unit Optimised results
Plant water recovery 56.016 % Plant water recovery 68.548
Plant salt rejection 99.205 % Plant salt rejection 99.488
Produced water flow rate 11.290 |  3/h | Produced water flow rate 9.912
Produced water salinity 20.190 ppm Produced water salinity 12.990
Retentate flow rate 9.110 m3/h | Retentate flow rate 4.548
Specific energy consumption  1.897 | wh/m3 | Specific energy consumption  1.189

Energy-saving = 37.3%

7.3 Case Study 2: Optimisation of energy consumption of a complicated RO
brackish water desalination plant of APC

The RO process has been employed to produce potable water from brackish water
resources in the APC. However, the RO process still operates at an elevated level of energy
consumption, in kWh per m? of product water, due to the use of high-pressure pumps. The
description of the complicated multistage multi pass RO system of APC is provided in
Chapter 3 in section 3.3.3. Also, the feed operating conditions and characteristics of the
membrane used are included in Tables 3.4 and 3.5, respectively, in Chapter 3. To the best
of the author’s knowledge, the lowering of the specific energy consumption of RO system
of APC via optimisation cannot be found in the open literature. Therefore, the current
section attempts to optimise the decision variables of feed pressure and flow rate for a

considered feed salinity of 1098.62 ppm and temperature 25 °C to explore the lowest
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energy consumption. The model developed in Chapter 3 is characterised to predict the
performance indicators of the complicated configuration of RO system of APC.
Afterwards, the model is embedded within an optimisation framework to attain the lowest
specific energy consumption. To formalize a safe operation of the RO system, the
optimisation has considered the upper and lower limits of decision variables as
characterised by the membrane manufacturer. Also, to quantify the high standards of the
filtration process, feasible constraints of the pressure loss along the x-axis of membrane
length and upper and lower bound of feed flow rate of each membrane are considered. To
affirm the viability of the optimisation, the simulation results of the RO process are
compared against the optimisation results to explore the total energy saving and the
improvements of performance indicators.

The original simulation of the multistage multi pass RO plant of APC is achieved under

the base operating conditions are listed in Table 7.2.

7.3.1 Mathematical optimisation problem
The main goal of this optimisation is to optimise the RO system of APC, i.e., to target the
objective function of minimising the specific energy consumption by forecasting the best-
operating conditions (optimal values) of the process, which include feed pressure and feed
flow rate at fixed salinity and temperature. The fixed feed water characteristics of 988.93
ppm and 25 °C of feed water salinity and temperature respectively are considered. The
mathematical expression of the optimisation is as follows.
Given: Feed water conditions, RO module specifications.
Optimise: The optimisation variables of feed pressure, and flow rate.
Minimise: The specific energy consumption of RO system.
Subject to: Equality and inequality constraints of the process model and limits of
optimisation variables, respectively.
Hence, the optimisation problem is mathematically fashioned as

Min Econsumption

Pp(plant)' Qf(plant)

Subject to: Equality constraints: RO process model
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Inequality constraints:

a) Lower and upper limits of feed flow rate of RO system
(29.04m*h) Qppiant)” < Qpptansy < Qfplansy” (15448 m*/h)

(5 atm) Prpiant)” < Prpigney < Prptany’ (20 atm)
b) Lower and upper limits of feed flow rate of each membrane module

(3-63 m3/h) Qf(membrane)L = Qf(membrane) = Qf(membrane)u (19~31 m3/h)-

7.3.2 Optimisation results
Table 7.2 displays the simulation values as the base case (not optimised) of the RO process
at given feed salinity and temperature. More importantly, the optimisation results
including the performance indicators are presented in Table 7.2. The ratio of energy-
saving of RO system is accounted by subtraction of simulated and optimised values. It can
be clearly seen that the optimisation framework has entailed a gain of energy saving of
35% based on the optimum feed flow rate of 61.66 m*/h and pressure of 7.574 atm.
Moreover, there is a considerable enhancement of water recovery by 12.8%, which
contributes to improving the produced water salinity by 13.5%. Furthermore, the produced
water flow rate is reduced by 17.9% whilst at the same time reducing the retentate flow

rate by 39.7%.
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Table 7.2. Simulation and optimisation results of RO system of APC at base case operating conditions

Feed conditions Optimised feed conditions
Parameter Value Unit Parameter Value
Plant feed pressure 9.220 atm Optimal operating pressure 7.574
Plant feed flow rate 84.760 m3/h Optimal feed flow rate 61.660
Feed operating salinity 988.930 ppm Feed operating salinity 988.930
Feed operating temperature 25 °C Feed operating temperature 25
Simulation results Unit Optimised results

Plant water recovery 57.205 % Plant water recovery 64.545
Plant salt rejection 99.797 % Plant salt rejection 99.922
Produced water flow rate 48.490 m*h | Produced water flow rate 39.790
Produced water salinity 2.0052 ppm | Produced water salinity 1.734
Retentate flow rate 36.27 m¥h | Retentate flow rate 21.87
Specific energy consumption ~ 0.9977 | kWh/m?® | Specific energy consumption  0.6478

Energy-saving = 35%

7.4 Evaluation of optimisation of two different sizes of brackish water RO
desalination systems
This section utilises a comparative assessment of the obtained optimisation results of

simple and complicated designs of brackish water RO desalination systems. A precise
look at the optimisation results of the two case studies presented in Tables 7.1 and 7.2 will
confirm that the complicated design of RO process requires less specific energy
consumption compared to the simple design one.

The optimised lower feed pressure used in the complicated design associated with the
higher productivity of fresh water are the main reasons behind the necessity of a lower
specific energy consumption. Furthermore, the feed salinity of the complicated design of
RO process is almost less than half the feed salinity of the simple design. In this regard,
Karabelas et al. (2018) asserted that seawater desalination is associated with a higher
specific energy consumption compared to brackish water desalination. This is due to much
smaller feed salinity and lesser osmotic pressure for the brackish water desalination.
However, Tables 7.1 and 7.2 show that the simple design of RO process has entailed with
a higher energy saving after optimising the decision variables of the process compared to

the complicated design of RO process.
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Obviously, the multistage multi pass of retentate and permeate reprocessing design of RO
process of APC requires higher feed flow rate due to the existence of higher number of
pressure vessels in the first column of the first stage compared to the simple design of
retentate reprocessing design of RO process. However, lower feed pressure is applied in
the complicated design compared to the necessity of a higher operating pressure in the
simple design of RO process. Again, the high salinity of simple design of RO process
requires a higher feed pressure. Another advantage of the complicated design is the
producing of very low salinity of fresh water at a higher productivity compared to the

simple design of RO process.
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7.5 Conclusions
In this chapter, a single optimisation framework was developed to mitigate the total energy
consumption of two different sizes of simple and complicated brackish water RO
desalination systems. This is basically carried out within allowed operational limits of the
operating conditions to maintain a safe process. In general, the manipulation of control
variables via optimisation has a positive influence on raising the water recovery of simple
and complicated RO design processes by 22.4% and 12.8%, respectively. Furthermore,
the optimisation caused a reduction of the specific energy consumption by 37.3 and 35%
for the simple and complicated designs when compared with the original simulation value
of consumed energy. Also, the product water salinity has been improved by 35.66% and
13.5% for the simple and complicated designs. Therefore, it can be said that the
optimisation used in this chapter has economically upgraded the RO systems with a
substantial improvement in the process performance. The optimisation results of this
chapter introduced a noticeable improvement of several performance indicators.
Therefore, it is fair to claim the consistency of using the optimisation to upgrade the
performance of RO system especially for the hypothesis of adding an ERD in the RO
system. Furthermore, the specific energy consumption is quite related to the energy losses
in the compartments of RO system. Therefore, the next chapter will attempt to investigate
the locations of the highest destruction exergy and thermodynamic limitations in a detailed

study specialized for the complicated design of RO process of APC.
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CHAPTER EIGHT

Thermodynamic limitations and exergy analysis of reverse

osmosis brackish water desalination plant

8.1 Introduction
Due to the scarcity of freshwater resources, the improvement of water desalination
technologies is by far the most important target for current researchers aiming to deliver
clean, safe, and healthy water (El-Emam and Dincer, 2014). Furthermore, there is an
exponential growth of water need for domestic, agricultural, industrial, and other usages.
The main desalination processes used to desalinate water are the Reverse Osmosis (RO)
and multi-stage flash (MSF) processes which counting about 90% of the total fraction of
fresh water produced in the world. However, the other water desalination technologies of
multiple effect desalination (MED), Electrodialysis, and vapor compression are sharing

the remaining fraction of 10% of freshwater produced (Kim, 2011).
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The seawater and brackish water desalination using the RO process has dominated the
membrane technologies due to producing freshwater at reduced energy consumption.
Indeed, the simple design of compact size and modularity of RO units and ease of
operation at ambient temperature have added other merits and introduced the RO process
on the top list of water desalination technologies (Ahmad and Schmid, 2002).
Interestingly, the flexibility in capacity expansion of RO process with short construction
periods, low investment costs and low periodical maintenance enable the construction of
RO desalination plants of different sizes in the rural areas of water shortage. However, the
performance capacity of RO process is directly related to the inlet conditions and therefore
it varies based on the seawater quality, site location and the start-up and shut-off (Herold
et al., 1998; Latorre et al., 2015).

The main principle of RO process is to treat poor quality (high salinity) water and produce
high quality freshwater and disposed brine. This is originally occurring due to using higher
pressure than the osmotic pressure that serves water passage through the membrane pores
from the high concentration side into the low concentration side complemented by the
rejection of majority salts (Goh et al., 2016; Al-Obaidi et al., 2018a). However, the RO
process and especially the large-scale RO systems require a vast amount of energy to
operate the pumps. In other words, the RO process consumes a considerable amount of
energy due to the exergy destruction in several units of the process especially in large
scale RO desalination systems. In this regard, the necessity of energy is directly related to
the operating conditions where an increase in the feed salinity or pressure would cause an
increase in the supplied energy (Patel et al., 2020; Alsarayreh et al., 2020; Al-Obaidi et
al., 2018b). Although, water desalination based RO process has been proved to expense
less than the half of energy needed for thermal processes (Bouguecha et al., 2004), the
research on improving the existed water desalination plants is important to introduce the
RO process as the most reliable, efficient and economical option compared to other
involved water treatment technologies (Cerci, 2002). In this regard, the brackish RO and
seawater water desalination consume about 1 kWh/m3, and 1.5 to 2.5 kW h/m3,
respectively. However, the MSF and MED thermal processes require 4 to 6 kW h/m?, 1.5-
2.5 kW h/m3, respectively. Therefore, it is expected to notice several articles in the open

literature that interested on improving the RO desalination plants. The main intention of
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these articles was to investigate the most reliant parts of energy dissipation. The exergy
based on thermodynamic properties was on top of other methodologies used to explore
the energy losses in actual RO desalination plants (Al-Zahrani et al., 2012). Exergy is
quite different than energy, where exergy is always destroyed and not conserved like
energy in the process. More importantly, the thermodynamic imperfections of any
industrial process cannot be measured by energy calculations (first law of thermodynamic)
unlike the exergy that signifies the causes of energy losses and justifies the irreversibilities
such as chemical reactions, heat transfer through a finite temperature difference, friction,
mixing, and unrestrained via the second law of thermodynamic (Aljundi, 2009).

The exergy and energy analysis have gradually attracted the attention to achieve the
requirements for thermodynamic calculations with high accuracy. This attributed to the
complexity of power-generating units, which significantly increased and necessitated the
operation of power plants in the most efficient manner, as a result to depletion the rate of
fossil fuel reserves and the environmental impacts. Interestingly, the most aim of exergy
analysis is to improve the thermodynamic performance of the process by offering an
option to reduce the supplied electrical energy and therefore making the desalination plant
more cost effective. In other words, investigating the main sources of exergy dissipation
would conceivably reduce the total energy consumption (Villafafila and Mujtaba, 2003;
Qietal., 2012; Zhao et al., 2013)

Aljundi (2009) stated that the exergy analysis is a potential tool to determine the
inefficiencies of the RO process, which can aid to improve the overall performance. The
exergy enables the evaluation of maximum work that can be extracted from a certain
system relative to the surrounding environment (El-Emam and Dincer, 2014). The
following present some successful examples of these articles.

Cerci (2002) conducted the exergy analysis of RO desalination plant in California with
capacity 7250 m3/d using actual plant operation data. The exergy destruction distribution
is evaluated, and the results showed that in the membrane modules the largest exergy
destruction is occurred with about 74.07% of the total exergy input. Moreover, the mixing
chamber has got the smallest exergy destruction of 0.67% of the total exergy input.
Kahraman et al. (2005) examined the exergy destruction rates and exergy flow rates in a

brackish water RO desalination plant. They showed that the most exergy destruction can
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be found in motor, pump, and separation units. Statistically, 39.7% of the total exergy is
destructed in the pump/motor of the RO unit. This also showed that the cost of desalination
can be reduced drastically using high efficiency pumps and motors. Moreover, the Second
Law efficiency of RO system is about 8% which is very low.

Aljundi (2009) evaluated the exergy flow rates and the exergy destruction rates
thermodynamically throughout the RO plant of Al-Hussein thermal power station located
in Jordan. He showed that the exergy destruction occurred within the throttling valves and
in the pumps and motors with rates 56.8%, 21%, and 19.6%, respectively. However, the
second law efficiency was very low and accounted about 4.1%. Therefore, Aljundi (2009)
highlighted the importance of employing high-efficiency pump/motor with energy
recovery devices with replacing the existed throttling valves.

El-Emam and Dincer (2014) investigated the RO seawater desalination plant performance
based on the first and second laws of thermodynamics. The results showed that the largest
amount of irreversibility occurs within the high-pressure pump of 17.16% and in the RO
module of 67.8%. However, the overall system exergy efficiency is about 5.82 %, and the
exergy destruction reduced by 35.5% by using a Pelton turbine as energy recovery
compared with using an expansion valve.

The above research confirmed the possibility of mitigating the thermodynamic limitations
of RO systems where several researchers focused on delivering feasible options to resolve
this issue. Most importantly, the intention was to specify the most units responsible to
dissipate energy. However, no attempts can be found in the open literature to analyse the
exergy losses and thermodynamic limitations of the RO system of Arab Potash Company
(APC). More specifically, the sensitivity analysis of exergy at the thermodynamic
restrictive limit of a medium-sized industrial RO brackish water desalination plant of APC
has not been yet investigated. Therefore, this chapter comes to resolve this challenge by
carrying out a thorough exergy analysis based on chemical and physical exergies for all
the main parts of the RO desalination plant. It is fair to expect that this study would be a
successful tool to determine the parts of RO system of APC to be considered for further
improvement. Furthermore, it is well expected that the consequences of this study would
aid to attain the aim of this dissertation and improve the performance of brackish water

desalination via the multistage RO process.
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8.2 Thermodynamic limitations and exergy analysis of brackish water RO
desalination plant of APC

This section focuses on analysing the thermodynamic limitations and exergy destruction
of the multistage multi pass brackish water RO desalination system of Arab Potash
Company (APC). The examined parts of RO system include (1) the RO membrane
modules in which the saline water is separated into the permeate and retentate, (2) the
throttling valve where the pressure of liquid is reduced, (3), mixing zones where the
permeates or retentate streams are mixed, (4) and various process components such as
pumps, disposal water stream, and product water stream. To carry out this study, a sub-
model of exergy analysis was collected from literature and embedded in the original RO

model developed in Chapter 3.

8.2.1 General overview of the RO system of APC and tested locations

The RO desalination system of APC was mainly constructed to desalinate the brackish
water of feed salinity 1098.62 ppm and flow rate 74 m3/h. The pure produced water is
demineralized by ion exchangers and directly fed to the boilers. The RO plant produces
1200 m3/d equivalent to 13.85 kg/s of pure water with salinity around (2 ppm).

At this point it is worth to noting that there are two groups (A, and B) in first and second
passes of RO process, which have the same number of RO membranes and arranged in
parallel. The flow diagram of the plant is shown in Fig. 8.1. At position (0) the brackish
raw water fed to the plant with a total flow rate 1776.00 m3/day which contains 1536
m?/day raw feed water mixed with a recycled retentate of plant 240 m3/day. The mass feed
flow rate is divided into two parallel streams (group A and group B) called stages and then
pumped with high pressure pump (1-2) to the RO membrane modules (3-10). The
membrane modules require high operating pressure to overcome the osmotic pressure and
fluid friction that occurs across the membranes. The high-pressure pump is used to raise
the feed water from 923.071 kPa at position (3) to 934.22 kPa at position (4). The retentate
water results from the RO module (6,8, 10 and 12) are mixed and fed to the next stage in
the first pass of RO process to produce a retentate at (14,16) and then is dis-charged to the

a drainage system at position (18). However, the permeate water streams (5, 7,9, and 11)
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collected with permeate from next parallel stage (13, 15) at position (17). Then, this
permeate is fed into the membrane modules in first stage of second pass RO process by
high pressure pumps (19, 20). Next, the result permeates from all RO modules of second
pass (21, 23, 26, and 28) are mixed and collected in a product tank at position (30) with
salinity of around 2 ppm at a relatively daily production capacity of 1200m?3/day. The
retentate results from the first stage composed of two RO modules (22, 24) is fed to second
stage (one RO module) and then fed to the third final stage (25) of one RO module. Finally,
the retentates result from the third final stage of second pass (27) of group A is mixed with
retentate of group B at position (29) and recycled back to couple with plant feed raw water.

The recycled flow passes through a throttling valve (31).
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Fig. 8.1. Schematic diagram of the multistage RO desalination plant of APC
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8.2.2 Exergy analysis
The RO brackish water desalination plant of APC performs an efficient separation process
in which the incoming brackish water is separated into retentate water (brine) and product
water (low salinity water). Based on this, the analysis of salt and pure water properties
must be considered. Salinity is usually expressed in part per million (ppm) and defined.

The mole fraction of salt x is determined from the following relations (Cengel et al.,

1999)

ms N M, M,
mfs = @ = Nmimeix = xSMmix (8.1) mfw
= xW = 1 —_ me (82)

M,
Mfy =y (8.3)

mf, M, N, and x are the mass fraction, molar mass, number of moles, and the mole
fraction, respectively. Also, the subscripts s, w, and mix represent the salt, water, and
mixture of saline water, respectively.

The molar mass of the saline water can be expressed as

Mm  NsMs+ NyM,

Mm=N7m=N7m= x Mg+ x,,M,, (8.4)

Combining Egs. (8.1), (8.2), (8.3) and (8.4) yields Eq. (8.5), and (8.6) to convert the mass
fractions into mole fractions. The molar masses of water and NaCl are 18.0 kg/kmol, and

58.5 kg/kmol, respectively.

M, 58.5
Xy = T = n =1—Xq (8.5)
Mw(m—fw— 1) + M, 18("7“/— 1) +585
M, 18
X = n = n =1-x, (8.6)
s(m—fs— 1) +M, 58.5("75— 1) +585

Also, the summation of salt and water mole fractions equal one (x,, + xg = 1).

The salinity of brackish water of APC plant is 1098.62 ppm is corresponding to salt and
water mass fractions of mfs= 0.001098 and mf,, = 0.99890138 as PPM = mf, x 10°,
respectively. Also, the mole fractions are calculated from Egs. (8.5), and (8.6) to be x;

=3.383 x 10 ~* and x,, = 0.9997, respectively.
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The average salinity of brackish water of APC is 0.109862% and therefore it can be
considered as diluted solution since the salinity is lower than 4%. The diluted solution can
approximately behave as an ideal solution where it is reasonable to ignore the effect of
dissimilar molecules (molecules of salt and water) on each other.

The extensive properties per unit mass of a mixture can be represented by enthalpy h
(kJ/kg) and entropy s (kJ/kg K). These properties can be determined by the sum of each
individual component in a mixture at specified temperature and pressure (Klotz, 1964) as
depicted in the following expressions

h =Ymfh; =mfsh; + mf,h, (8.7

s =Yymfis;=mfsg+ mfysy (8.8)

hs, ss, by ,Sw , are the specific enthalpy of salt (kJ/kg), specific entropy of salt (kJ/kg K),
the specific enthalpy of water (kJ/kg), and specific entropy of water (kl/kg K),
respectively.

The inlet conditions of brackish water are presented in Table 8.1. These values will be

taken as the properties at the dead state.

Table 8.1. The dead state operating conditions of RO desalination plant of APC

Temperature Pressure Salinity Flow rate
25 (°C)
9.22 (atm) 1.0986 (kg/m?) 0.0205 (m3/s)
(298.15 K)
(934.217 kpa) (1098.62 ppm) (20.49 kg/s)

The enthalpy and entropy of salt and water at a given temperature T (K) can be determined

from the following relations (Cerci, 2002, Kahraman and Cengel, 2005)

hs =hgo + Cps(T —T,) (8.9)
T
Ss = S50 + Cpsln (70) (8.10)
hy = hyo+ Cpw(T —T,) (8.11)
T
Sw = Swo + Cpyin (70) (8.12)
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It is worth to mention that the enthalpy and entropy are dependent on temperature but
independent of pressure (Cerci, 2002). The specific heat of salt Cpg at 25 °C 1s 0.8368
(kJ/kg K), while the specific heat of water Cp,, at 25 °C (dead state) is 4.1816 (kJ/kg K).
Moreover, the enthalpy and entropy of salt and water at 25 °C are hg,= 21.0455 (kJ/kg)
and sgo= 0.07328 (kJ/kg K), hy,,=104.86 (kJ]/kg) and s,,= 4.180 (kl/kg K),
respectively (El-Emam and Dincer, 2014).

The entropy of saline water per unit mass in an ideal solution at a specified temperature T
(K) and pressure P (kpa) is determined by

s =mfs X ss(T,P) + mf,, X s,,(T,P) —R(xsln x; — x,,In x,,) (8.13)
R represent the gas constant and equals 8.314 (kJ/kmol K)

The exergy Exg, (kJ/kg) of a flow stream is given as (Cengel and Boles, 2007; El-Emam
and Dincer, 2014; Cerci, 2002; Kahraman and Cengel, 2005)

Exgy = (h—hy) —To(s + 5,) (8.14)
Also, the rate of exergy flow associated with a fluid stream is given by Eq. (8.15)

X° = m°Exg, =m°[(h—h,) — To(s + 5,)] (8.15)
The model equations presented above is coded and solved within gPROMS software suite
and used to evaluate the specific exergy and exergy flow rates of various locations
throughout the RO system. Afterwards, the exergy flow rates of the specified locations
will be used to evaluate the exergy destructed within any selected unit, component, and

stream via the evaluation of exergy balance.

8.2.3 Discussion of exergy distribution of the RO system

The specific exergy, exergy rate and the rate of exergy change at all major states for each
component of RO desalination plant are evaluated. The results are listed in Table 8.2. The
selected locations of the states for each component are numbered in the schematic diagram
of the RO desalination plant in Fig. 8.1.

The exergy at position (0) is zero since no energy consumption at this point. However, at
position (1), the high-pressure pump provides the system with energy to work at the dead
state, (25 °C, 9.22 atm, 950.16 ppm, and 17.72 kg/s). Point (1) presents the feed brackish
raw water stream of plant before connected with retentate plant stream at point (2), where

the exergy rate is 25.163 kJ/kg. Occasionally, this pump has not been involved in the RO
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system of APC since it only used to draw water from well and pumping it into the RO
system. The RO system contains four high pressure pumps, two in the first pass and two
in the second pass.

It is worth to note that the exergies of retentate (brine) streams are negative because of
higher salinity than the dead state level.

The input brackish water stream enters the RO system at temperature 30 °C and pressure
9.22 atm, and the output streams are the permeate and retentate that exit at the same
temperature and pressure but with different salinities. As shown in Table 8.1, there is a
total of 9.432 kW exergy input to the system through the pumps. About 67.8% of the
exergy destroyed by the group A of first pass RO process at position (3, and 4) and the
remaining 32.2% is contributed by the high pressure pumps of group A of second pass
RO process at position (19, and 20).

The exergy of raw brackish water at position (2) which presents a mixing point will be
assigned as zero since it indicates the dead state (Cerci, 2002). However, Fig. 8.1 shows
that the feed raw water relates to a recycled retentate stream of 2.77 kg/s. At the connection
point, the measured temperature confirmed an increase from 25 °C to 30°C that causes an
increase in the exergy rate by 16.699 kJ/kg, that associated with an increase in the raw
water salinity to 1098.62 ppm and the total feed plant flow rate to 20.49 kg/s. A total
9.31% of the input exergy is destroyed (Table 8.2) due to the mixing of recycled stream
of the second pass and the feed raw water at location (2). This is not surprising statement
because a mixing dot has a potential to produce work when solutions of different
concentrations are mixed reversibly. Location (2) represents a reversible mixing point
where low salinity water is mixed with high salinity water, and therefore a reversible work
could be delivered, but it is not. Thus, the exergy destroyed during the mixing process
represents the work that would be produced if the mixing process occurred reversibly
(Wark, 1995) .

The positions (5-16) represent the 1% pass RO membrane components where the feed
brackish water separates to the permeates at (5, 7, 9, 11, 13, and 15) and the retentates at
positions (6, 8, 10, 12, 14, and 16) at which the exergy destroyed with 28.26 % by RO
permeate streams, and 41.33% by RO retentate streams of total exergy input. Table 8.2

indicates that the pressure drops from 9.22 atm to 8.94 atm in the separation process (the
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first pass). The decreases in brine pressure causes an increase in the dissipated exergy and
that means the exergy destroyed by retentate lines more than exergy destroyed by
permeate lines.

Regarding the second pass of RO system, the permeate product from the first pass is
pumped by high pressure pumps to the second pass at positions 21 to 28. Then, this point
indicates the total input exergy. The fed permeate water is processing in the second stage
and produces the high quality water at positions 21, 23, 25, and 27 and retentates at
positions 22, 24, 26, and 28. This is reasoned a dissipated exergy of the total exergy input
0f 69.39 % caused by the permeate streams and 71.36 % by retentate streams. This can be
attributed to a decrease in the brine pressure, which results in an increase in the exergy
destroyed in retentate lines than the permeate lines. The outgoing retentate at position 29
leaves the system at dead state of system 25 °C and 9.22 atm with a high salinity of 409.2
ppm and has a negative exergy rate of -0.087 kW. The negative sign is an evidence that
the work input to the brine is essential to drive the brine into its dead state. It is worth to
noting that this point considers as a mixing point of retentate However, the product
permeate water at position 30 has a positive exergy rate of 6.04 kW and has a potential to
produce work relative to the dead state. The difference between the exergies of the
retentate and the product water is the net exergy discharge from the system, which is equal
to 2.91 kW. This quantity is the minimum work requirement to extract product water with
a salinity of 2 ppm at a mass flow rate of 13.85 kg/s from the incoming saline water of
1098.62 ppm flowing at a mass flow rate of 20.49 kg/s.

The net exergy discharge is another feasible tool to represent the net salinity exergy
discharge due to its relation to the salinity variation. Table 8.2 shows positive and negative
values of the rate of exergy change of components. This is also a clear indication of
transferred exergy to component (positive) and destroyed exergy by component
(negative).

Table 8.2 indicates that the largest exergy loss occurs in the desalination process at
position (17) of mixed permeate streams, and mixed products at position (30) with rate of
5.88 kW, and 9.03 kW, respectively. This accounts for 62.28%, and 95.74% of the total
exergy input. Furthermore, the disposed retentate stream at position (18) and the mixing

point of retentate streams of plant at position (29) with rate of 7.57 kW, and 6.13 kW,

185



respectively. This accounts for 71.18 %, and 64.95 % of the total exergy input,
respectively.

The disposal retentate at position (18) has a negative exergy rate of -4.33 kW , this
attributed to the work input to the retentate is required to bring it to the dead state 25 °C
and 9.22 atm from 29.9 °C and 8.68 atm, besides the high salinity of discharged retentate
water of 4426.27 ppm.

Table 8.2 also shows that the brine pressure in throttling valve at position (31, and 32)
decreased from 13.8 atm to the dead state pressure 9.22 atm, resulting in a total 2.99 kW
of exergy destruction, which amounts to 31.71% of the exergy input.

The second law of efficiency of the RO desalination plant is determined by dividing the
net salinity exergy by the total exergy input provided by the first and second passes pumps.
It gives

Net Exergy rate

Efficiency = (8.16)

Total Exergy Input

From the above relation, the efficiency of the first pass of RO system is 1.86% of the total
input energy, while the second pass is 2.63%. This indicates that the RO system at
specified rates could be accomplished using only 4.48 kW of exergy instead of 9.43 kW.
In a fact, most of the exergy input to the RO system is destroyed in the components, and
the remaining exergy is discharged from the system. The exergy destruction occurs due
to the pressure drops in the mixing points, the membrane modules, the brine
transmission streams, and the throttling valve. Based on this, it can be said that the

different results of exergies for outgoing streams depend on the salinities different.
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Table 8.2 Rate of exergy change of major components of RO of APC desalination plant

. Temperature Pressure Mass Salinity Chemical Physical Specific Exergy rate X Rate of exergy AX
Component Location ©°C) (kpa) rate (ppm) Exergy Exergy Exergy Ex (kJ/kg) change A X (kW)
(kg/s) (kJ/kg) (kJ/kg) (kJ/kg) (kW)
Pump for tank 0 25 101.325 | 17.72 950.16 0 0 0 0 25.1624 25.1624
Pump for tank 1 25 934.22 17.72 950.16 -0.08 1.5 1.42 25.1624 -17.577002 -
Mixing with 2 30 934.22 20.49 1098.62 -0.1037 0.4739 0.3702 7.585398 -0.877798 0.8778
opening valve
st
Before 1* pass 3 25 923.07 10.25 54931 -0.0531 0.7075 0.6544 6.7076 0.003075 0.0031
pump 1% stage
st
After 1  pass 4 30 934.22 10.25 54931 -0.0529 0.7076 0.6547 6.710675 -6.3939653 6.3939
pump 15 stage
Permeate of RO 5 29.6 934.22 0213 60.49 -0.0062 1.4931 1.4869 0.3167097 -0.5500203 0.5500
membrane
Retentate of RO 6 29.6 905.85 1.142 2414.17 -1.495 1.2907 -0.2043 -0.2333106 0.3826236 0.3826
membrane
Permeate of RO 7 25 934.22 0213 60.49 -0.0061 0.7071 0.701 0.149313 -0.3833088 0.3833
membrane
A 8 30 905.85 1.142 2414.17 -1.5767 1.3718 -0.2049 -0.2339958 0.3833088 0.3833
membrane
Permeate of RO 9 25 934.22 0213 60.49 -0.0061 0.7071 0.701 0.149313 -0.3831946 0.3832
membrane
Retentate of RO 10 29.9 905.85 1.142 2414.17 -1.5561 1.3513 -0.2048 -0.2338816 0.3831946 0.3832
membrane
Permeate of RO 11 25 934.22 0.213 60.49 -0.0061 0.7071 0.701 0.149313 -0.3831946 0.3832
membrane
Reteniate of RO 12 29.9 905.85 1.142 2414.17 -1.5561 1.3513 -0.2048 -0.2338816 0.3354292 0.3354
membrane
Permeate of RO 13 25 934.22 0.147 163.55 10.0163 0.7071 0.6908 0.1015476 -0.482988 0.4829
membrane
Retentate of RO 14 29.9 879.5 1.221 4426.27 -1.5575 1.2451 203124 -0.3814404 0.482988 0.4829
membrane
Permeate of RO 15 25 934.22 0.147 163.55 0.0163 0.7071 0.6908 0.1015476 -0.482988 0.4829
membrane
Retentate of RO 16 29.9 879.5 1.221 442627 -1.5575 1.2451 -0.3124 -0.3814404 1.9309266 1.9309
membrane
Mixing of 17 30 934.22 4258 106.89 -0.0109 0.3748 0.3639 1.5494862 -5.87445 5.8745
permeate stream
Mixing of
retentate stream 18 25 934.22 4.882 442627 -1.006 0.1201 -0.8859 -4.3249638 7.5659405 7.5659
and disposal
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Table 8.2. Rate of exergy change of major components of RO of APC desalination plant (continued)

Mass - . . Specific Rate of exergy
Component Location Tem(;iecrgi ture Pr(tle{ss;ll)re rate S(am;t)y Cél:g;lcal lgl)z/;lcal Exergy Ex Exe(rlgy;kra;e X change A X (ﬁ\i/()
P (kg/s) PP i gy (k/kg) & (kW)
nd
Before 2 pass 19 30 879.5 2.129 534.46 -0.0529 1.5752 1.5223 3.2409767 0 0
pump 1% stage
nd
After 2  pass 20 30 996.03 2.129 534.4586 -0.0529 1.5752 1.5223 3.2409767 -3.0352979 3.0353
pump 1% stage
Permeate of RO 21 25 934.22 0.291 2.008113 -0.0002 0.707 0.7068 0.2056788 1.8753876 1.8754
membrane
Retentate of RO 22 30 933.2 2.104 | 106.23672 -1.5748 2.5639 0.9891 2.0810664 -1.4882412 1.4883
membrane
Permeate of RO 23 25 934.22 0.291 2.008113 -0.0002 2.0374 2.0372 0.5928252 2.0590564 2.0591
membrane
R 24 30 933.2 2.104 | 106.23672 -1.3035 2.5639 1.2604 2.6518816 0.5678768 0.5679
membrane
Retentate of RO 25 30 856.19 2.568 172.2393 -1.3035 2.5573 1.2538 32197584 268605654 2.6861
membrane
Permeate of RO 26 25 934.22 0.262 3.662468 -0.00037 2.0374 2.03703 0.53370186 1.98910134 1.9891
membrane
Retentate of RO 27 30 856.19 2.568 172.2393 -1.5749 2.5573 0.9824 2.5228032 -1.98842014 1.9884
membrane
Permeate of RO 28 25 923.07 0.262 3.662468 -0.00037 2.04 2.03963 0.53438306 -0.62100926 0.6210
membrane
Mixing of 29 30 934.22 2.118 | 409.19554 -1.5545 1.5136 -0.0409 -0.0866262 6.1266112 6.1266
retentate stream
Mixing of
permeate stream 30 30 934.22 13.85 | 2.000186 0.0109 0.4252 0.4361 6.039985 9.0308128 9.0308
or product
Throttling valve 3] 30 1400 2.118 | 409.19554 -1.4528 0.0407 -1.4121 2.9908278 2.9908278 2.9908
Throttling valve 32 30 1400 2.118 | 409.19554 0 0 0 0 0 -
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8.3 Conclusions

This chapter focused on the calculations of exergy analysis based on thermodynamic
limitations of the multistage multi pass brackish water RO desalination plant of APC of a
daily production rate of 13.85 kg/s. The exergy calculations have considered both physical
and chemical exergies of the RO desalination plant. To carry out this aim, a
comprehensive set of thermodynamic equations was embedded in the model of RO system
(developed by the same authors) to precisely carrying out the analysis of exergy
destruction. In this regard, a computational code was developed using gPROMS software
to analyse the system and asses its performance.

Several locations throughout the RO system were selected and subjected to the
calculations of exergy destruction to investigate the most locations of the highest energy
loss. The results of this study indicated that the mixing location of permeate of the first
pass and the product stream at positions (17, and 30) are responsible of exergy rate of 5.88
kW, and 9.03 kW, respectively. These are causing the highest exergy destruction in the
RO system. Statistically, these results account 62.28 %, and 95.8% of the total exergy
input. Also, the disposed retentate stream causes an exergy rate of 7.57 kW, and mixing
retentate of plant with rate 6.13 kW at positions (18, and 29). These account 71.18 %, and
64.95 % of the total exergy input, respectively.

Interestingly, the study introduced several opportunities to improve the thermodynamic
performance of the plant due to investigating the locations of high exergy destruction. The
obtained results of this study are in a full agreement with the findings of other studies
carried out on different RO desalination systems. In this regard, the RO system has a
second law efficiency of 4.48%, which is close to the second law efficiency presented in
Cerci (2002). However, it is vital to realise that all the exergy calculations are carried out

based on the hypothesis of ideal solutions of water and salt (brackish water).
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CHAPTER NINE

Conclusions and Recommendations for Future Work

9.1 Introduction
This chapter summaries the research progress toward modelling, simulation and
optimisation of multistage brackish water RO desalination system. More specifically, two
different sizes of multistage brackish water RO desalination systems were considered
including simple and complicated designs. The main conclusions of this research and

recommendations for the future work are presented in the following.

9.2 Conclusions
RO process is considered as one of the most successful technologies for the commercial
production of large quantities of fresh water from brackish and seawater at low energy
consumption compared to alternative thermal processes. The main goal of this research is
to generate a reliable brackish water desalination process via introducing several methods
of improvements. In this regard, saving energy has a fundamental role in the cost reduction
of water production in a desalination process which is the main objective of this research.

Several contributions were made in this research as summarised below.

e A comprehensive mathematical model was developed for an individual spiral
wound RO process and then used to generate successful models to predict the
performance of two different case studies of simple and complicated designs of
brackish water RO desalination systems. The robustness of the model developed
was confirmed via two validation studies against experimental data of the two sizes
of brackish water desalination RO process.

e A new mode of recycling the retentate stream was suggested for the multistage
brackish water RO desalination process. The viability of this mode was
investigated for both simple and complicated designs of RO process. More
specifically, the retentate of the last stage of the simple design (retentate

reprocessing design) to be linked to the feed stream was applied. Furthermore, the
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design of multistage multi pass RO system of APC was improved by presuming
the recycling of the high salinity retentate stream of the 15! pass to be mixed with
the inlet feed stream. The simulation results confirmed the inconsistency of the
retentate mode on the improvement of performance indicators of the simple design
of RO process. In this regard, the product salinity has been slightly improved at
100% retentate recycle mode. However, 100% retentate recycle mode has
insignificant impact on solute rejection and requires an increase of 10% in the
specific energy consumption if compared to no recycle mode. On the other hand,
the simulation results of the complicated design of RO process confirmed the
possibility of increasing the productivity by around 3% with 100% recycle ratio of
the high salinity retentate stream as a response of retentate recycle mode of the
first pass.

Another vital improvement of the multistage simple and complicated designs of
RO process was achieved via adding an energy recovery device (ERD) to the RO
process. The simulation results affirmed that the specific energy consumption
could be reduced at low values of feed flow rates and pressures and high values of
temperatures. More importantly, there is an opportunity to reduce the specific
energy consumption between 47%-53.8% for the complicated design of RO
process compared to the one calculated for the original design without an energy
recovery device. On the other hand, the simple design of RO process has entailed
a higher energy saving with the existence of an ERD if compared to the
complicated multistage multi pass RO system of APC in all the three inlet feed
parameters of feed flow rate, pressure and temperature. This has specifically
achieved 61.3%, 65.2%, and 69.0% of energy saving for 80%, 85%, and 90% of
an ERD efficiency, respectively. However, it is important to noting that the
complicated design of RO process of APC requires less specific energy
consumption compared to the simple design of RO process. Moreover, increasing
pressure and temperature are positively affecting water recovery of RO process.
The performance of multistage brackish water RO desalination system of two
different designs (simple and complicated) has also improved by testing several

brands of spiral-wound commercial membranes in the original RO plant. The
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improvement was clarified via evaluating the performance indicators including
water recovery, solute rejection, freshwater salinity and most importantly the
specific energy consumption. The simulation results showed that the Filmtec
BW30LE-440 membrane brand has shown the best performance indicators with
the highest energy saving for both the simple and complicated designs of RO
process. Specifically, the specific energy consumption of the complicated design
of RO system is around the half of the simple design. This was attributed to the
high productivity of the complicated design compared to the simple one. In this
regard, the Filmtec BW30LE-440 membrane shows an improvement of 22.24% in
water recovery, 15% in product salinity and 9.62% in the specific energy
consumption of the complicated design of RO process compared to the original
membrane.

The optimisation framework has been developed for simple and complicated
designs of multistage brackish water RO desalination process and its contribution
on mitigating the specific energy consumption was presented. The optimisation
results confirmed that the specific energy consumption can be reduced by 35% for
the complicated design of RO process when compared with the original simulation
value of consumed energy. In this regard, the product water salinity has been
enhanced by 13.5% to fulfil the requirements of high-quality water. On the other
hand, the simulation results show that the simple design of RO process has entailed
with a higher energy saving after optimising the decision variables of the process
compared to the complicated design of RO process. Statistically, the optimisation
caused a reduction of the specific energy consumption by 37.3 for the simple
design when compared to the original simulation value of consumed energy. Also,
the product water salinity has also been improved by 35.66%.

The exergy losses and thermodynamic limitations of a multistage multi pass
medium-sized spiral wound brackish water RO desalination plant of APC have
been analysed. In this regard, the exergy destruction distribution has investigated
by incorporating both physical and chemical exergies of several units and
compartments of the RO system. The simulation results explored the most sections

that cause the highest energy destruction. Specifically, it is confirmed the largest
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exergy destruction occurred in the mixing permeate streams and mixing retentate
streams of the first pass and second pass of 62.28 % and 94.08 % and 71.18 % and
63.29 %, respectively.

9.3 Recommendations for Future Work

Justifying the influence of critical membrane fouling by amending the model
developed in Chapter 3 to comprise the fouling propensity that would measure the
deterioration of the membranes for a long time of operation.

Investigating the possibility of refining the design of brackish water RO
desalination process via the application of complicated optimisation methods such
as the Mixed Integer Non-Linear programming optimisation Problem that can
predict the best design of multistage RO system to satisfy any required fresh water
salinity and productivity.

Implementing different practical methodologies of process modelling and
optimisation such as artificial neural network and response surface methodology
is vital to be investigated as they shown high accuracy of predicting the model
parameters.

The possibility of developing the dynamic version of the model developed in
Chapter 3 to characterise the dynamic variation of the operating conditions and
predict the process responses for any specified operating time.

A comprehensive optimisation study is important to be carried out to investigate
the viability of combining the proposed improvement methods of this research in
one run. The optimisation needs to be built to simultaneously explore the feasible
operating conditions, the best membrane type, the optimal retentate recycle ratio,
and the optimum efficiency of an ERD. This would introduce the best
methodology to upgrade the performance indicators of the complicated design of

brackish water RO desalination process of APC.
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Abstract

Reverse Osmosis (RO) process can be considered as one of the most widely utilised
technologies for brackish water desalination due to its capabilities of retaining salts
and producing high-quality water. This paper focuses on the retentate recycle
design of an industrial medium-sized spiral wound brackish water RO desalination
plant (1200 m?/day) of Arab Potash Company (APC) located in Jordan. The plant is
essentially designed as a multistage and multi pass RO system including a low
salinity retentate recycle stream from the nd pass and a high salinity retentate
disposal from the 1%t pass. However, in this work, we have considered recycle of
high salinity retentate stream from the 15 pass and explored the impact of different
recycled ratio on the process performance indicators such as the fresh water salinity,
overall recovery rate, and specific energy consumption. The simulation is carried

out using the model developed earlier by us for the specified RO plant using
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+ The energy consumption of BWRO desalination plant was weighed with
and without ERD.

+ An proper model was used to predict RO process performance and

ENETgy C ODS'lePtiO]'l.

+ The energy consumption reduced between 47% and 53.8% due to the
existence of ERD.

+ Increasing pressure and temperature are positively affecting water

Trecovery OfRO Process.

+ Itis confirmed the feasibility of installing an ERD in the original design
of APC.
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Abstrack: The reverse osmosis (RO) process is one of the best desalination methods, using membranes
tor reject several impurities from seawater and brackish water. To systematically perceive the transport
phenomena of solvent and solutes via the membrane texture, several mathematical models have been
developed. To date, a large number of simulation and optimisation studies have been achieved to
gauge the influence of control variables on the performance indexes, to adjust the key variables at
optimum values, and o realise the optimum production indexes. This paper delivers an intensive
review of the success ful models of the RO process and both simulation and optirnisation studies carried
out on the basis of the models developed. In general, this paper investigates the scope and limitations
of the RO process, as well as proving the maturity of the associated perspective methodologies.

Keywords: water desalination; reverse osmosis process; spiral wound (SW) module; modelling:
simulation; optimization
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Highlights

+ Different membrane brands are applied on the original design of RO
system of APC.

« An accurate mathematical model was used to carry out an intensive

simulation.

+ The performance metrics of the membrane brands are compared vs the

original one.
+ The most suitable membrane brand for a RO plant is explored.

+ The energy consumption is improved using the Filmtec BW30LE-440

membrane brand.
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Abstract

In thiz work, the performance for multistaze and multipass of an industrial medivm-sized spiral wound brackizh water RO
desafination plant {1200 m¥day) of Arab Potash Company [APC) located in Jordan with different recycled ratios of 1st pass
retentate [hizh =afinity] i investizated viz simulation. The impact of different recycded ratios & explored on the process
perfarmance indicators such as the fresh water salinity, overall recovery rate, and specific energy consumption.

Introduction

The application of RO process i interestingly increased due to its low cost and energy consumption compared to other
conventional thermal technologies [al-kzrazhouli 2nd Karmerski, 2013). The influence of different ratios of retentate stream
recycle (that combined with raw water stream| on the process performance indicators i investizated via simulation. The
simulation is carried out using the model developed earfier by ALCbaidi et 21 (201E) for the specified RO plant using ZPROMS
software. The perfarmance of RO proczss with 10% to 100% high szlinity retentate stream of the 1t pazs has been investizated.
Then, the proczss performance has been compared against the origingl experiments! dsts with no recycde mode operstion
camied out at specfied operating conditions.

Description of BWRQ desalination plant of APC
The low-pressure permeates of 1st pass (position 1) are combined r = — X
and pumped to the 2nd pass. Therefore, two forwarding hizh
pumps are used to drive the water through the membranes in the T
2nd pass. Howewver, the high saiinity retentate from the 15t pass s
discharged into drain system (position 4). The permeate streams of | " 5 ||
2nd pass are gathered to form the plant product stream, which is ] I:!T e EI
collected in product tank with safinity around 2 ppm (position 3).

However, the low s3linity retentate stream from the 2nd pass .
[position 2) is recycled back to be coupled with the main stream of 1
raw water [with szalinity 1088.62 ppm). Fiz.l depicts the = :
configuration of BWRO plant which contains 120 membranes, 20 s i im *
pressurs vessels [§ membranss in each) and includes two passes —
with retentate reprocessing design. The 1st pass comprizes 2 g [ 1
stages amanged in parallel of § pressure veszels with confizuration
[4:2) and the 2nd pass comprises 3 stages of 4 pressure veszels
with configuration (2:1:1).

Results and discussions

Table L presents the simulation results of energy consumption with the tested recycle ratio of the 1% pazs retentate at fed
aperating pressune and raw water concentration. The results indicate the possibility of increasing the prodect capacity by around
3% with 100% retentate recycle ratio of the 13 pass which involved a slizht increaze of product concentration from 1.937ta 2.574
ppm 3t the same operating conditions. Basically, the energy consum ption iz significantly increased by around [15%]) a5 3 responze
to this vanation. Table. 2 presents the simulation results of several performance indicatars with 40% and without recycle mode
for comparison purposes.
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Fig.1. Schematic disgram of EWRO desslinstion plant of APC.

Taile 2 The simulation results of process performance indicartors with 100%, 40%,

Taile 1. The enenzy consumption simulation results and without recyce mode.
with varistion of recycied retentais
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Conclusions

The simulation is carried out at fived raw water flow rate, concentration, pressure, and temperature. This in tum explored that
100% retentate recycle canresult in the increazed production capacity (3lthoush withincreased salinity of the product water and
energy consumption) compared to no recyde mode that in currently being wsed in the RO process of APC plant. However, note
that the product water quality [2.975 ppm) is still much below the recommended drinking water safinity limit (~200 ppm) set by
various countries of the workd.
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