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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/m3 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 
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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 is 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 14th  rank in water stress by 2040 

(Andrew Maddocks, 2015).  
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Fig. 1.1. Projected water scarcity in 2025 (I.W.M.I., 2001)

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, 
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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 10th 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 
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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 134

Chloride (Cl) ppm 344

Fluoride (F) ppm 0.394

Iron (Fe) ppm <0.10

Magnesium (Mg) ppm 68.2

Manganese (Mn) ppm <0.05

Nitrate (NO3) ppm 30.2

Potassium (K) ppm 12.3

Sodium (Na) ppm 151

Sulphate (SO4) ppm 267

Total hardness (CaCO3) ppm 615

PH - 7.27

Conductivity ppm 1.2352

Turbidity NTU 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).
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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. 

61%
21%

8%

6% 4%

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)
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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. 

69%

7%

18%

2% 3% 1%

RO (Reverse Osmosis) MED (Multi-EffectDistillation

MSF (Multi-StageFlash ED (Electrodialysis)

NF( Nanofiltration) 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 
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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/m3 in comparison to MSF and MED of 5.5 to 16 kWh/m3 (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 CO2 and NOx emissions were 1.78 kg/m3, 

and 4.05 g/m3, respectively. However, the CO2 emissions were 0.6–0.9 kg/m3 and NOx 

emissions were 1.8–2.1 g/m3 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-

García 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 

m2/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 WIlliams, 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).



15

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 Sørensen, 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.  

Fig. 1.7. Schematic diagram of a spiral wound membrane element










































































































































































































































































































































































































