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Abstract 

Potable water is one of the major needs for human, animals and plant survival. But recently, due 

to the growth in population and industrialization, fresh water shortage has escalated to alarming 

levels particularly in the Middle East and Africa. South Africa has not been spared in this 

predicament. Recently, Cape-town and its surrounding areas have been hard hit by water shortages 

and in one of the years, the region almost got to day zero, where all water sources were about to 

run dry, yet the region is surrounded by vast amounts of sea water. Research and development of 

several methods to mitigate this problem is still ongoing. Desalination of seawater is one of the 

several ways which have been used to ease this problem, and Reverse Osmosis (RO) is generally 

taking over as the preferred technique of desalination because of its generally higher efficiency 

and better quality of water produced using generally lower energy. Research has also shown that 

the limitations and concerns of using RO technique on water productivity are membrane fouling 

and high energy consumption in these plants. Design, modeling and optimization using modeling 

and simulation softwares and experiments on seawater reverse osmosis (SWRO) desalination plant 

is one of the ways in which this water shortage crisis may be alleviated.  

This dissertation seeks to attend to the limitations of the available plants in use through 

experimentation, coming up with mathematical models and simulations to increase throughput and 

efficiency of the system. Theoretical data analysis and membrane modeling of a SWRO 

desalination unit was done on the design and undertaken using Hydranautics Nitto Group 

Company powered Integrated Membrane Solutions Design (IMSDesign) software, a membrane 

modeling software that allows users to design a reverse osmosis (RO) system based on 

Hydranautics membranes. The experiments were done on the Victoria and Alfred (V&A) 

Waterfront desalination unit, a seawater desalination plant located along the Atlantic Ocean coastal 

city of Capetown, South Africa. Extracted data from experiments was collected and statistically 

analyzed using Microsoft excel and different relationships of parameters were plotted. Some of 

the design input and output parameters that were studied using include feed and permeate TDS, 

pressure, temperature, pH, energy consumption and conductivity. The effects of different feed 

parameters were compared against their permeate variables in the month of November 2018, and 

several relationships and correlations were plotted. Experimental data showed that an increase in 

feed temperature resulted in a decrease in permeate TDS, whereas and increase in feed pressure 
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resulted in a general increase in permeate TDS. Finding the optimum compromise between the 

two input variables was done and optimum values were found. Energy efficiency and reducing 

energy consumption of the plant while not compromising on product quality is also one of the 

parameters that were studied and the relationships between feed TDS, feed temperature, feed 

pressure and feed pH against energy consumption were modelled. 

Modeling and simulation using ROSA and IMSDesign softwares was undertaken and several 

equations and correlations of specific energy and input temperature, feed temperature and 

permeate TDS, feed TDs and permeate TDS were produced. 

Optimization of the V & A desalination plant was performed using experimental data extracted 

from the plant and some assumed data. Simulation and optimization was accomplished using 

Water Application Value Engine simulation software and improvements in specific energy 

consumption, permeate TDS and permeate productivity were observed. 
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CHAPTER 1. Introductory Chapter 

Introduction  

“Water crisis” and “scarcity” is on everyone’s lips of late. The WHO states that the most obvious 

indicator in this regard is that about 1.2 billion people do not have access to safe and affordable 

water for their everyday use [1]. A huge percentage of the world’s population is subjected to water 

stress. In arid regions there is even more suffering because of the constraining effects of inadequate 

water resources [2]. The most important reasons for water shortages are growing water demand as 

a result of population increase, economic development, and increased per capita consumption of 

goods and services [3]. Supplies of clean water have become more critical in recent years owing 

to excessive use of, and ever increasing pollution of, natural water sources. Furthermore, drinking 

water demand has risen the world over and regulations on the quality of drinking water have 

become a lot tighter and tougher [4]. This global shortage of water stimulates the demand – and 

research – for more energy-efficient desalination technologies. 

 

In South Africa the supply of water is limited, unfairly distributed, and climate change and the 

predominance of invasive alien plant species has a negative effect on it [5]. Surface water accounts 

for 77 % of total potable water use along with ground water (9 %) and recycled water (14%). The 

Limpopo and Komati rivers are the largest sources of water in South Africa [6]. However, these 

sources are not adequate and importation of water from the Lesotho highlands and from the Congo 

River offers a solution to the crisis but is costly to consumers [5]. Fig. 1-1 shows the geographic 

map of the major rivers supplying South Africa with fresh water. These rivers include the Limpopo 

River in the province of Limpopo, the Vaal River which cuts across 5 provinces including Gauteng 

and Mpumalanga, the Orange River which starts from Lesotho and flows through the Free State 

province to the North West and Northern Cape spilling out to the Atlantic Ocean. Lastly, the 

Tugela River serves KwaZulu-Natal province. 
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Figure 1-1 Geographical map showing major rivers in South Africa [6] 

Water scarcity also poses a threat to food production, industry (mining and manufacturing) and 

the agricultural sector [7]. Agriculture and industry account for approximately 15 % and 29 % of 

the country’s total GDP respectively, and these sectors use almost 84 % of the country’s total water 

supply [6]. 

 

Scientists and engineers have studied this fresh water shortage crisis and have come up with 

different methods of obtaining fresh water from various water sources. One of the methods is 

desalination of sea (salty) and brackish water. Seawater desalination plays an important role in 

dealing with the challenges of global water scarcity. One of the most used desalination techniques 

is reverse osmosis (RO). The processes of RO have emerged as leaders in water desalination, 

purification and reuse applications. RO has proven that it can be used to produce drinking water 

at lower costs than other conventional thermal-based desalination technologies [8]. Even though 

reports of negative impacts have been made regarding existing plants, many positive aspects are 

present. Desalination has helped in industrial and agricultural production, and the preservation of 

existing natural water resources [9]. 

 

Membranes with high permeability, energy recovery devices, optimization of process 

configuration and control have been developed. These have significantly reduced the cost of RO 
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processes and hugely improved process efficiency [10]. However, RO has its limitations as well, 

including membrane fouling and generally high energy consumption. This thesis seeks to attend 

to the limitations of existing plants in use through experimentation, coming up with mathematical 

models and simulations to increase throughput and efficiency of the RO system. 

 

Problem Statement 

A significant population of the world is under stress due to water scarcity [2]. Recent research has 

shown that almost 4 billion people are facing water shortages for at least one month in a calendar 

year and almost 500 million face fresh water stresses all year round. This is due to the ever 

increasing population, ever developing communities, increase in consumption patterns and growth 

in agricultural irrigation [11]. Africa, and particularly South Africa, has not been spared. South 

Africa is generally a water stressed country, with a population of around 51 million people, 40 % 

of whom live in the rural areas. About 74 % of this rural population depend on ground water, 19 

% do not have access to potable water supply, and 33 % do not have proper basic sanitation. As if 

this is not enough, 45 % of clinics and over 26 % of schools (both rural and urban) have no access 

to clean water [6]. With the advent of Covid-19 and the need for safe and clean water at all times 

for sanitization and washing of hands, this is a cause for concern to all.  

 

The 2014 to 2016 drought in South Africa initiated a policy debate on water security. Water 

security for future generations using affordable technologies was debated and recommendations 

were made to employ technologies to realign supply and demand were made [12]. The city of Cape 

Town, a massive tourist hub in the country, almost reached “day zero”, the projected date when 

the city’s potable water supply would have run dry [13]. The Cape region is surrounded by vast 

amounts of sea water, which, when proper technologies are applied, can remedy such a situation. 

Such technologies include thermal and membrane purification of water, the two most successful 

techniques, but RO desalination takes the lead [2]. Although RO has proven to be one of the most 

efficient techniques of desalination, it still has its limitations. These include membrane fouling 

through concentration polarization, energy consumption, maintenance and low recovery. This 

thesis seeks to improve the performance of the system through experimentation and optimization 

of the plants that are already in use.  
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Research Motivation 

According to the United Nations (UN) Sustainable Development Goal number 6 (SDG 6), 

everyone must have access to safe and affordable drinking water and sanitation by 2030, and this 

requires extensive investment in adequate infrastructure and provision of sanitation facilities [14]. 

The UN also states that our planet has sufficient fresh water to achieve the SDG 6, but due to poor 

and inadequate investment in infrastructure, millions of people in the world die from diseases 

associated with inadequate water supply [15]. Water scarcity is projected to become more 

extensive in years to come. This requires renewed consideration of freshwater security and 

management [16]. The South African government is dedicated to achieving this goal by 2030 [17]. 

However, both rural and urban municipalities lack facilities that effectively and efficiently clean 

water and existing plants need improvement [6]. Thermal and membrane desalination processes 

are some of the technologies that can be employed to solve this water crisis. Sea water reverse 

osmosis (SWRO) is a desalination process that is generally energy efficient and produces the 

required permeate total dissolved salts (TDS) recommended for human consumption. It has its 

limitations though; membrane based desalination processes may achieve efficiencies of more than 

40 % [16] but this is still generally low efficiency. Energy consumption of a SWRO desalination 

plant is generally high and optimization of the design without compromising on the quality of the 

output is of paramount importance. The Gulf region, particularly Saudi Arabia, Oman, United 

Arab Emirates (UAE), Qatar, Kuwait, and Bahrain lead the way in the mitigation of water scarcity 

through desalination [18]. Africa needs to invest in research of this process so as to lessen the 

effects of water scarcity in the long run. Research and development is needed to come up with 

more energy efficient systems that will achieve the same output quality with minimum energy 

consumed. 

 

Aim and Objectives 

The aim of this project was to design, model and optimize a SWRO desalination plant through 

experimentation on an already operational plant, extract data, and come up with models and 

simulations of the system. The objectives of this research were: 

1. To conduct experiments on an already operational SWRO plant; 
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2. To extract data and develop mathematical modeling; 

3. To perform analysis and optimization of the system; and 

4. To develop an efficient design of the plant with optimum conditions for potable water 

production. 

 

Research Significance 

Africa and the Middle East regions are the hardest hit areas when it comes to water scarcity due to 

low surface water and groundwater resources. This has necessitated research in alternative supplies 

of potable water derived from brackish water and seawater, which will be energy efficient while 

at the same time not compromising the quality of the output permeate water. Africa in particular 

is the least technologically advanced continent, with most of the population living under rural 

conditions with no clean water supply. This study will help to alleviate this problem. 

 

Thesis Outline 

This thesis contains chapters that are in line with the aims and objectives of the research conducted. 

Most of the chapters take the form of journal articles and publications through various publishing 

houses. The thesis comprises nine chapters. 

 

Chapter 1: The Introductory Chapter introduces the topic, the research significance, aim and 

objectives, problem statement and scope of the thesis.  

 

Chapter 2: The literature review, which is a critical review of the desalination process using RO. 

 

Chapter 3: Seawater Reverse osmosis desalination: energy and economic analysis, where the 

experimental research was conducted. 

 

Chapter 4: Modeling and optimization of SWRO desalination plants. 
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Chapter 5: Membrane modeling and simulation for a RO desalination plant – membranes are one 

of the most important components in desalination. 

 

Chapter 6: Theoretical data analysis of a RO desalination unit. This involves the use of data 

extracted from the Hydranautics Nitto Group Company powered Integrated Membrane Solutions 

Design (IMSDesign) software membrane modeling software. 

 

Chapter 7: The experimental work conducted on the Victoria and Alfred (V&A) Waterfront 

desalination unit, a seawater desalination plant located in Cape Town, South Africa, a city on the 

Atlantic ocean. Extracted data from experiments was collected and statistically analyzed using 

Microsoft Excel and different relationships of parameters were plotted. 

 

Chapter 8: Mathematical modeling, simulation  and optimization of the plant using WAVE 

modeling and simulation software with several correlations of specific energy and input 

temperature, feed temperature and permeate temperature, feed and permeate TDS. 

 

Chapter 9: Presentation of the results and conclusions of the research. The chapter also outlines 

recommendations for future work. 

 

Scope 

This thesis covers work related to modeling, simulation and optimization of a SWRO desalination 

plant. 
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CHAPTER 2.  A Review of Desalination Systems using the Reverse Osmosis Technique 

The author is reviewing the projects done by other researchers and scholars in the field of 

desalination using reverse osmosis and other methods used. The article was published in the 

International Journal of Mechanical Engineering and Technology (IJMET). 

 

Cite this article: Randy Ncube and Freddie L. Inambao, A Review of Desalination Systems using 

the Reverse Osmosis Technique. International Journal of Mechanical Engineering and 

Technology 10(11), 2019, pp. 353-370. 
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CHAPTER 3. Sea-water Reverse Osmosis Desalination: Energy and Economic Analysis 

This chapter outlines the energy and economic analysis of seawater reverse osmosis. This includes 

the factors that affect the operation of the plant, energy consumption of already operating plants 

and the investment required to operate the plants. This article was published in the International 

Journal of Mechanical Engineering and Technology (IJMET). 

 

Cite this Article: Randy Ncube and Freddie L. Inambao, Sea Water Reverse Osmosis 

Desalination: Energy and Economic Analysis. International Journal of Mechanical Engineering 

and Technology 10(12), 2019, pp. 716-731. 

 

Link to the article: 
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CHAPTER 4. Modeling and Optimization of Reverse Osmosis Desalination Plants 

This chapter is a critical review on the mathematical modeling and optimization of RO desalination 

plants. Several modeling techniques of mass and heat transfer, salt rejection and membrane solute 

permeability, including genetic algorithms (GA) and neural networks techniques were reviewed 

and also improvement of dynamic response to eliminate steady state errors. Control system of the 

plant using PID controllers was also analysed. This article was published in the International 

Journal of Mechanical Engineering and Technology (IJMET). 

 

Cite this Article: Randy Ncube and Freddie L. Inambao, Modelling and Optimization of Reverse 

Osmosis Desalination Plants. International Journal of Mechanical Engineering and Technology. 

10(12), 2019, pp. 732-742.  
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CHAPTER 5. Membrane Modeling and Simulation for a Small Scale Reverse Osmosis 

Desalination Plant 

Membranes are the most important components of the RO plant as the main operation happens 

inside them. Modeling of these membranes is essential and proper simulations and optimization of 

these components greatly affect the operation of the system. Membrane modeling softwares like 

Dow powered Reverse Osmosis Software Analysis (ROSA) and the Hydranautics Nitto Group 

Company powered Integrated Membrane Solutions Design (IMSDesign) were used in the 

modeling of the membranes. This article was published in the International Journal of Engineering 

Research and Technology (IJERT). 

 

Cite this article: Randy Ncube and Freddie L. Inambao, Membrane Modeling and Simulation for 

a Small Scale Reverse Osmosis Desalination Plant, International Journal of Engineering Research 

and Technology. 13(12), 2020, pp. 4065-4083.  
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CHAPTER 6. Theoretical Data Analysis for a Small-Scale Reverse Osmosis Desalination 

Plant 

Theoretical data analysis of a RO desalination plant involves the use of data extracted from the 

(IMSDesign) software membrane modeling software. Several relationship of parameters like feed 

water TDS, feed pH, feed pressure and feed temperature were plotted against permeate parameters 

like permeate TDS and specific energy. This article was published in the International Journal of 

Mechanical and Production Engineering Research and Development (IJMPERD). 

 

Cite this article: Randy Ncube and Freddie L. Inambao, Theoretical Data Analysis for a Small-

Scale Reverse Osmosis Desalination Plant, International Journal of Mechanical and Production 

Engineering Research and Development. 11(2), 2021, pp. 31-40. 

 

Link to this article: 

http://www.tjprc.org/view_paper.php?id=15003 
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CHAPTER 7. Experimental Data Analysis for a Reverse Osmosis Desalination Plant 

Experimental data analysis of a RO desalination plant involves the use of data extracted from the 

Victoria and Alfred (V & A) desalination plant located in Cape Town, South Africa. The data was 

collected and statistically analyzed using Microsoft Excel and different relationships of parameters 

like feed and permeate total dissolved salts (TDS), temperature, pressure, energy and pH were 

plotted. This article was published in the International Journal of Mechanical and Production 

Engineering Research and Development (IJMPERD). 

 

Cite this article: Randy Ncube and Freddie L. Inambao, Experimental Data Analysis for a Reverse 

Osmosis Desalination Plant, International Journal of Mechanical and Production Engineering 

Research and Development. 11(3), 2021, pp. 421-440. 
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http://www.tjprc.org/view_paper.php?id=15210



  

  88 

 



  

  89 

 



90 



  

  91 

 



  

  92 

 



  

  93 

 



  

  94 

 



  

  95 

 



  

  96 

 



  

  97 

 



98 



  

  99 

 



100 



101 



  

  102 

 



103 



  

  104 

 



  

  105 

 



  

  106 

 



  

  107 



  

  108 

CHAPTER 8. Modeling, Simulation and Optimization of the Reverse Osmosis Desalination 

Plant 

Modeling, simulation and optimization of the V & A desalination plant was performed using 

experimental data extracted from the plant and some assumed data. Mathematical modeling was 

assumed to be following the basic principles and equations of mass and transport theory. 

Simulation and optimization was accomplished using Water Application Value Engine simulation 

software and improvements in specific energy consumption, permeate TDS and permeate 

productivity were observed. This article was accepted for publication in the International Journal 

of Mechanical and Production Engineering Research and Development (IJMPERD). 

 

Cite this article: Randy Ncube and Freddie L. Inambao, Modeling, Simulation and Optimization 

of a Reverse Osmosis Desalination Plant, International Journal of Mechanical and Production 

Engineering Research and Development. 11(4), 2021, pp. 27-46. 
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CHAPTER 9. Conclusion and Recommendations 

Conclusion 

The main aim of this thesis was to perform experiments on an already existing plant, extract data, 

and perform simulations and optimization of the system. The experiments were performed on the 

Victoria and Alfred (V&A) Waterfront desalination unit, a plant located in Cape Town, along the 

coast of the Atlantic Ocean. The plant comprises three desalination trains namely the SW100-10, 

SW500-4 and the SW500-3 trains. The experimental data used was extracted from the SW100-10 

train and statistically analyzed using Microsoft Excel in terms of relationships between parameters 

like feed and permeate total dissolved salts (TDS), temperature, pressure, energy and pH (Chapter 

7). The results of objectives 1 and 2 are summarized below: 

 The extracted data showed that the plant operated at an average recovery ratio, feed

pressure, feed pH and feed temperature of 31 %, 55 bar, 7.2 and 16 ℃ respectively. Other

parameters such as permeate TDS and permeate flow were recorded as 490 mg/l and 460

m3/d (20 m3/h) respectively.

 The mathematical modeling results showed a general decrease in permeate conductivity

and TDS as temperature increased. This follows a general trend evident in the literature as

well that when the temperature of water increases there is a subsequent increase in the

water permeability coefficient and the salt permeability coefficient of the membrane as

well. This increase in temperature leads to a decrease in water viscosity leading to increased

permeability of membranes.

 In this study, the graph of permeate TDS and conductivity against pH showed a general

decrease in permeate TDS and conductivity as pH increased.

 The relationship between feed TDS and permeate TDS showed a slight decrease in the

permeate TDS as feed TDS increased, but research shows that high feed TDS results in

membrane surface fouling and scaling thereby reducing the effective area, ultimately

reducing the membrane flux leading to an increase in permeate TDS.

 The analysis of results also showed that as pressure was increased, permeate TDS slightly

increased. This is so because an increase in feed pressure leads to an increase in the

recovery rate, that is, a higher flowrate on the permeate side is observed compared to the
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concentrate side. This results in an accumulation of the rejected salts in the membrane 

surfaces causing surface concentration and mass transfer in the surfaces leading to an 

increase in concentration polarization and subsequently low permeate quality. 

 The energy consumption as a function of temperature graph showed an increase in energy

consumption as feed temperature increased. The main reason is that an increase in

temperature leads to an increase in recovery rate leading to an increase in mechanical power

consumption.

 Lastly, the experimental data plots for feed pressure and feed TDS against energy

consumption showed a general increase in energy consumption as the two variables

increased. This is because high feed TDS increases energy consumption owing to the high

hydraulic pressure required to overcome the high osmotic pressure.

Studies on modeling, simulations and optimization of the plant were performed. Mathematical 

modeling was assumed to be following the basic principles and equations of mass and transport 

theory. Simulation and optimization was accomplished using Water Application Value Engine 

(WAVE) simulation software. WAVE simulation and optimization resulted in the following 

theoretical improvements of the plant: 

 Increasing the feed flow rate from 20 m3/h to about 24 m3/h on the train resulted in 86 %

production capacity, an increase of about 18 % towards achieving design capacity of the

plant. This was necessitated without changing the membranes or recovery ratio of the

plant.

 The plant produced an average permeate TDS of 490 mg/l. An increase in feed flow

resulted in a theoretical permeate TDS of around 82 mg/l, a positive increase of about 18

% which is very desirable. This also led to a theoretical increase in salt rejection from

98.81 % (experimental data) to 99.76 %, a positive increase of 0.95 %.

 Specific energy consumption (SEC) optimization, which was the main objective of

optimization, also resulted in a 7.3 % improvement in energy consumption, a reduction of

about 0.48 kWh/m3. Feed pressure of the system was also reduced to 50.5 bar from an

average of about 55 bar after optimization. The V & A plant operated with a SEC of 6.58

kWh/m3. Increasing the feed flow and reducing feed pressure to about 24 m3/h and 50.5
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bar respectively during the optimization process resulted in a reduction in SEC to 6.10 

kWh/m3, also leading to a reduction in total running costs of the plant. 

A comparison of the theoretical modeling and optimization of a RO system using two membrane 

modeling softwares namely Reverse Osmosis System Analysis (ROSA) for FILMTEC™ 

membranes (DOW Water and Process Solutions) and Integrated Membrane Solutions Design 

(IMSDesign) (Hydranautics Nitto Group Company) showed that for a small scale desalination 

plant, IMSDesign had lower setup cost than that of the ROSA software, although the SEC of the 

ROSA setup was lower than that of IMSDesign setup. The IMSDesign setup also showed that the 

required design output of less than 500 mg/l permeate TDS could be obtained. 

A comprehensive theoretical data analysis of the SWRO desalination unit, and a statistical analysis 

of different parameters were carried out to come up with several graphs of correlations. Important 

RO parameters such as SEC, temperature, feed pressure and permeate TDS were plotted against 

each other to come up with their graphical correlations. These analyses showed that factors such 

as feed water flow rate, temperature, salinity, and membrane type, are very important in the 

monitoring and controlling of the RO system so as to achieve optimal performance. The results 

showed that energy efficiency could be improved by variation of feed temperature, that is to say, 

an increase in feed water temperature resulted in the reduction of SEC. It was deduced that the 

SEC increases as feed pressure increases, and the relationship between temperature and permeate 

TDS showed that as temperature increased, the permeate TDS also increased. Therefore, to 

promote the adoption of a more sustainable, cost-effective, and environmentally friendly 

desalination operation, parameters such as temperature and feed flow rate should be optimized 

over other parameters. 

Recommendations 

Since optimization of the system was mainly theoretical, there is a need to implement the above 

changes in input parameters on a real plant for feasibility studies, comparison of theoretical and 

practical results, and certification of the results. 

One of the greatest limitations of RO is membrane fouling. This includes the process of 

concentration polarization. Ongoing research to reduce this problem is being undertaken by 

engineers and membrane design companies. Incorporation of scheduled self-cleaning using 
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machine learning programs in the RO process may be the solution to this problem. This will help 

in the reduction of membrane fouling and increase the life-span of the membranes. But self-

cleaning does not happen on its own, it requires process control and coding of the system. The RO 

system needs to be installed along with machine learning programs that include self-diagnostics, 

where each and every component is monitored by a program which will measure the component’s 

working efficiency and report in real-time to the user. Whenever a component exceeds its life 

cycle, or as a result of wear and tear, does not operate in the required range of operation efficiency, 

the program will recommend a component check-up or component replacement. This will lead to 

optimum working conditions for all the components and consequently a reduction in corrective 

maintenance, thereby improving output while at the same time reducing the costs of operation. 
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This appendix contains certificates of editing by a professional editor for language, layout and 
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