T > UNIVERSITY OF ™
-} KWAZULU-NATAL

o INYUVESI
o~ YAKWAZULU-NATALR

DESIGN, MODELING AND OPTIMIZATION OF A
SEAWATER REVERSE OSMOSIS DESALINATION PLANT

Ncube, Randy
218088149

Supervisor: Professor Freddie L. Inambao

Thesis submitted in fulfilment of the requirement for the degree of Master of Science in

Engineering (Mechanical)

College of Agriculture, Engineering and Science, University of KwaZulu-Natal, Durban,

South Africa

20" SEPTEMBER 2021



As the candidate’s supervisor, I have approved this dissertation for submission.

Signed: Date: 20" SEPTEMBER 2021

Name: Professor Freddie L. Inambao



Declaration 1 -Plagiarism

I, Ncube, Randy declare that:

1.

Signed:

The research reported in this thesis, except where otherwise indicated is my original

research.

This thesis has not been submitted for any degree or examination at any other university.

This thesis does not contain other persons’ data, pictures, graphs or other information,

unless specifically acknowledged as being sourced from other persons.

This thesis does not contain other persons' writing, unless specifically acknowledged as
being sourced from other researchers. Where other written sources have been quoted, then:

Their words have been re-written but the general information attributed to them has been

referenced

Where their exact words have been used, then their writing has been placed in italics and

inside quotation marks, and referenced.

This thesis does not contain text, graphics or tables copied and pasted from the internet,
unless specifically acknowledged, and the source being detailed in the thesis and in the

References sections.

Date: 20" SEPTEMBER 2021




Declaration 2 -Publications

This section presents the articles that form part and/or include the research presented in this thesis.

The following papers have been published or are have been accepted for publication:

DoHET Accredited Journals

1. 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.
http://www.iaeme.com/IJMET/issues.asp?JType=IJMET&VType=10&IType=12

2. 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.
http://www.iaeme.com/IJMET/issues.asp?JType=1JMET&VType=10&IType=11

3. 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.
http://www.iaeme.com/IJMET/issues.asp?JType=1JMET&VType=10&IType=12

4. 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.
http://www.irphouse.com/ijert20/ijertv13n12_05.pdf

5. 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.

http://www.tjprc.org/view paper.php?id=15003

6. 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.
http://www.tjprc.org/view_paper.php?id=15210




7. 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.
http://www.tjprc.org/publishpapers/2-67-1623380010-3IJMPERDAUG?20213.pdf

8. Randy Ncube and Freddie L. Inambao, Normalization of a Reverse Osmosis Desalination
Plant, International Journal of Mechanical and Production Engineering Research and
Development. 11(XX), 2021, pp. XX.

Accepted paper for publication (Article in press)

For all the publications the candidate is the main author while Prof. Freddie L. Inambao is the

supervisor.



Dedication

This work is dedicated to the Almighty God who helped me overcome all challenges and obstacles
during my research period and to my family, particularly to my dearest wife Nothando F. Poyah-
Ncube and daughter Noluthando C. Ncube, for the support they gave me through the journey.



Acknowledgement

The author would like to acknowledge Professor Freddie L. Inambao for the unwavering support
and the important role that he played in mouldering him into a researcher that he is today. The
author would not be where he is without his mentorship and guidance. To my wife and better half,
Nothando F. Poyah-Ncube, thank you so much for the support and the sleepless nights that you
put in to make this thesis what it is. The author would also like to recognise Nico-Ben van Jensen
and the Quality Filtration System team for the access to extraction of data from the V & A
desalination plant. Many thanks go to Dr. Richard Steele for helping in the editing and proof
reading of all the publications. The author would like to thank “omtakamama”, translated as

brothers in engineering, for their help in the research and modeling of the system.

Vi



Table of Contents

Declaration 1 -PIagiariSIM .......cceiieiieiiciese et te e naenteeaeeneenns ii
Declaration 2 -PUDICAIIONS..........ouiiiiiieie et sre e ii
DOHET AcCredited JOUMNAIS .......c..oiiiiiei e ii
DT [ or: £ o] o TS TPRTPPPRTRPR %
ACKNOWIBAGEMENT ...t e et e et a e teebeenaesreeneeanes Vi
LI 1o] (o) O] 41 1=] SRS RTR vii
LIST OF FIQUIES ...ttt bbbttt b e bbbttt viii
AADSTFACT ...ttt bbb b e es IX
CHAPTER 1. INtrOdUCTOrY ChaPLEr.......cviiiccece e e 1
T T (801 AT o PSS USTOPRPSN 1
ProbIem STAtEMENT........ciiee et sa e nreenre e e 3
RESEAICH IMOTIVAIION ......eiiiie ettt te et sneenteeneeeneenes 4
ATM AN ODJECHIVES. .....eiiivicii ettt te et e e sae et e e ssesbeebesaeesraesseennesreeneens 4
RESEArCH SIGNITICANCE ... .cviiiice et te et nras 5
THESIS OULIINE ...ttt et e st e te e s e sbeeeeeneesreennenneenreeneens 5
Lol ] LT T ST P TP TR ORI PRPPRPPPPPPORN 6
RETEIBINCES ...ttt bttt b b e bRttt ettt ns 6
CHAPTER 2. A Review of Desalination Systems using the Reverse Osmosis Technique..... 9
CHAPTER 3. Sea-water Reverse Osmosis Desalination: Energy and Economic Analysis... 28
CHAPTER 4. Modeling and Optimization of Reverse Osmosis Desalination Plants............ 45
CHAPTER 5. Membrane Modeling and Simulation for a Small Scale Reverse Osmosis

DESAlINATION PlaNT ... e 57

vii



CHAPTER 6.

Theoretical Data Analysis for a Small-Scale Reverse Osmosis Desalination

PIANT ..t 77

CHAPTER 7. Experimental Data Analysis for a Reverse Osmosis Desalination Plant......... 87
CHAPTER 8. Modeling, Simulation and Optimization of the Reverse Osmosis Desalination

PIANT ..ot 108

CHAPTER 9. Conclusion and RecommeNdations ...........ccccovererenininieneeie e 129

(O70] 0 0d (11 [ o SRR PRSI 129

L EToTo] 0] 017 0T Fo U o 01U 131

Appendix : Editing, Journal acceptance and Journal publications certificates................ccc.cu..... 133

List of Figures

Figure 1-1 Geographical map showing major rivers in South Africa [6] ........c.cccoovvviiiiiinininnns 2

viii



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




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.



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




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.




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;




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.




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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A Review of Desalination Systems using the Reverse Osmosis Technique
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Figure 2. Spiral wound membrane configuration for RO [23].

2.3.2. Carbon Nanotubes

Carbon nanotubes (CNTs) are favourable materials for the next generation thin film because
of the high flow rate of water through it and its excellent selectivity in permeability. CNTs
consist of special molecules made up of carbon atoms in a unique arrangement. A CNT is
hollow shaped and is in the region of above 50 000 times thinner than a human hair [14].
CNTs can overcome the disadvantages and limitations of conventional membranes.
Furthermore, the surface is graphite which is hydrophobic in nature [26]. Most polymeric
membranes are known to have shortcomings from a trade-off between selectivity and
permeability, and in other instances, are also prone to fouling or show low chemical
resistance. However, membranes based on CNTs offer a possible way to overcome these
susceptibilities with a number of interesting structures emerging [27] (see for instance Figure
3).
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2.3.3. Membrane fouling

Fouling of the membrane is a result of the build-up of unwanted materials on, in, or near the
membrane [28]. Membrane fouling is the major hindrance for most applications in the water
treatment and desalination industry, particularly when high concentrations of natural organic
and inorganic matter occur. It increases resistance and this, in turn reduces the permeate flux

http://www.iaeme.com/ITMET/index.asp @ editor@iaeme.com

Figure 3. Illustration of desalination using CNTs [21].
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of the membrane. This fouling can be categorized into three parts namely inorganic, organic,
and biofouling [29]. Membrane fouling reduces water production rate, increases the
consurmnption of power, and periodical Cleaning-in-Place (CIP) procedures for membranes are
required [30]. It is an issue which has been studied globally (Figure 4).
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Figure 4. The number of publications on RO fouling and RO control against time [30]

This may result in low effectiveness, high costs and adds environmental issues related to
the CTP solutions disposal.

The resistances which are responsible for reducing flux are calculated by the following
equation:

Rp = Ry + Rep + Re + Ry 1)

Where: Rt — Total Resistance during filtration,

R, — Membrane Resistance,

R., — Concentration Polarization Resistance,
R. — Cake Resistance,

R. — Pore Blocking Resistance.

Generally, there are two fouling mechanisms in membrane processes: surface fouling and
fouling in pores. But RO membranes have no distinguishable pores and are deemed to be
essentially non-porous. Therefore, for RO membranes, the main fouling mechanism is surface
fouling. Surface fouling may result from a variety of contaminants, including suspended
particulate matter (inorganic or organic), dissolved organic matter, dissolved solids, and
biogenic material. The capacity of water to foul RO membranes is frequently described using
the silt density index, or SDI. The SDI of water is the fouling rate of a 0.45 mm filter at a
pressure of 207 kPa (30 psi) and is described in the ASTM standard method D4189. The
equation used to calculate SDI is given below:

100% ~ (1 — )

SDI = . z (2)
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A Review of Desgalination Systems using the Reverse Osmosis Technique

The water recovery rate, r, and the membrane salts rejection rate, R, are given by the
following equations [20]:

2, (12)
.
Bom L — e e e e e e e e e e e e e e (13D
&
Where: r — membrane water recovery rate (%)

Q; — feed water flow rate, (m> h™")

Qp — permeate siream flow rate, m*h™)

R —rejection rate (%a)

Cyp — permeate salts mass concentration (kg of salts per kg of water)
C; — feed salts mass concentration (kg of salts per kg of water)

Several techniques have been used in the mathematical modelling and optimization of RO
systems. These include sequential quadratic programming (SQP) to determine the optimal
networks of RO modules in a single objective function, multi-objective optimization (MOO)
to simultaneously optimize several non-commensurate objective functions, and Genetic
Algorithms (GAs) which have been widely used to solve optimization problems [37] (see for
instance Figure 7). GAs are stochastic methods of search that imitate certain processes such as
those of natural biological evolution. The application of GA solutions makes use of the
survival of the fittest principle for better approximation solutions [38].

¢ Crmate initial random _"\'

\__populstion iibes

| Appliad in the RC-DI;.n:]

Mibkjective function

Evaluate the process
. S
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| ST — |

e,

- ~—
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-
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. NG sty }/)—._l Best PID values
"‘—\_\_

-

— -
e //
[ Nao Hyfrid randormn gereraios
LSeneiic operabor :
Creale new populators - - | Cauchy
by sweprrrardo st I distribuiomn
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Figure 7. A flow-chart for a Genetic Algorithm with ahybrid random generator [41].
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Figures 8-10 show different types of designs of RO desalination plants from a variety of
scholars.

Szawater Reverse Osmosis Desalination System for Beraso'sle Village, Southemn Red Sea, Ernitrea

1st stage
Low pressure  membranes
pump Post
Fead Wmib@——b( :\J Pr1 § R Treatment
from Red Sea r
P, Q1
Pretreatment w
Q2| Prp 2nd stage Z:E i
Bl s membranes Q7
pump ( Booster) 2y
Pw 2 Q3 Q6
1
P Qs [By Product/
w
Concentrate permeate
Energy water
Recovery
Turbine

Figure 8. A schematic diagram of a two-stage RO system for the village of Bera’esoli, South-Eastem
Red Sea, Eritrea [45].
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Figure 9. A RO plant schematic diagram [17].
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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).
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Sea Water Reverse Osmosis Desalination: Energy and Economic Analysis

by 57%. This movement is expected to continue for the following main reasons: population
growth, Iraditional water resources are diminishing, and advances in membrane technology.
Seawater desalination is a major contributor, with about 59% of global desalination capacity
attributed to it [3]. One of the major significant costs in the economics of desalination of
water is energy costs, but the insufficiency of water is motivating the rapid growth and
development of desalination facilities worldwide. Non-renewable conventional fossil fuels
have been exploited as the main source of energy, but excessive emission of greenhouse
gases, leading to global warming, has encouraged worldwide development and
implementation of minimal energy use strategies and green energy supplies. Several
advancements of RO technology have occurred recently and research continues to be carried
out to improve this process [4].

2. ENERGY CONSUMPTION IN DESALINATION

Energy is a critical factor for socio-economic development and is also an important need in
industrial growth, as is quality water [5]. Water and energy are two inseparable commodities
that govern the lives of humanity and promote civilization [1]. The progression of
desalination plants in 30 vears of experience related to energy consumption of large seawater
desalination plants is shown in Figure 1 [6].

rconsumption evolution in SW
salination plants in Spai

Figure 1 Energy consumption evolution in Seawater desalination plants in Spain [6]

Usage of renewable energy sources has been implemented in recent years but renewable
sources have proven to have their own inherent disadvantages, including technological
shortcomings and capital intensive installation costs. Energy source and energy efficiency
needs to be considered in designing desalination systems as well as renewable sources and
sustainability, therefore having in place the related infrastructure required to integrate
advanced desalination solutions is important [5]. The amount of energy (thermal and/or
electrical) needed for a desalination plant depends on the technology used. Table 1 shows the
typical values required for the production of 1 m® of water exclusive of the water transport [7].

Table 1 Typical energy requirements for different desalination techniques [7]

Process Thermal Energy Electrical Energy Comm ents
&Wh/m™") kWh/m?)
MFES 12 3.5 Feed steam = 110 °C
MED 6 1.5 Can operate at < 70
e
RO - 427

Note: MFS — Multi-stage flash distillation; MED — Multi-effect distillation.
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The only form of energy required in the RO process is electrical energy. A number of
factors affect the energy consumption of the RO unit. One major factor is the salinity of feed
water and the recovery rate of the system. Feed water with high-salinity requires a higher
amount of energy owing to higher osmotic pressure. Osmotic pressure is associated with the
concentration of total dissolved solids (TDS) of the feed water. RO units vary in size from
very small units with a capacity of 0.1 m’/day to very large units with a capacity of 395 000
m”/day. The average energy consumption reported ranges from 3.7 kWh/m" to 8 kWh/m®. The
consumption may surpass 15 kWh/m” for very small unit sizes [8]. Several aspects such as
process design, energy recovery system, waste water disposal system, quality of desalinated
water, and the type of membrane, affect energy consumption [9].

The leading factors in minimization of energy usage in RO desalination processes can be
categorized as follows: enhanced system design, energy recovery, high efficiency pumping,
innovative technologies, and advanced membrane materials [4]. Figure 2 shows the various
components of an RO system and their respective energy usage [10].

Power usage (%5)

W Product transfer pumps, 6.7 %

B Miscelleneous, 1.8 %

W Seawater supply, 4.5 %

M Fre-treatment system, 2.6 %

M High pressure pumps, 1st pass,
B0.6 %

M High pressure pumps, 2nd
pass, 3.8 %

Figure 2 Different components and their power usage in a RO [10].

In order to grasp RO energy usage, it is important to understand the concept of osmosis
and osmotic pressure. RO is a process whereby a membrane separates two solutions of
different salinities so that potable water moves to the region with low saline concentration and
the molecules with high saline concentration move to the other side of the membrane.
Because there is a blockage in solute movement, momentum is transferred to the membrane.
The exerted pressure on the surface of the membrane is referred to as osmotic pressure. To
produce pure water from salty water, there must be a reversal of the natural osmotic flow.
This is reached by applying a force externally on the solution with higher salinity, resulting in
pressure which is greater than the osmotic pressure. Therefore, the minimum pressure
necessary to produce potable water from saline water is equal to the osmotic pressure if there
is no resistance to the flow of water offered by the membrane. The osmotic pressure can be
calculated using Van’t Hoff"s equation as shown in Eq. (1) [11]:

H = cRT (1)
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in which:

n — Speed of the pump,
O — Flow rate,

H — Total dynamic head.

For optimal energy, n, should be greater than 900 [11].

2.1. Energy Recovery in RO Systems

The RO desalination process is energy intensive. This is due to the low recovery ratio (25 %
to 40 %) and the high operating pressure (60 bar to 80 bar) [17]. A crucial condition for the
layout of an RO system is the specific energy consumption, which should be kept as low as
possible. This, therefore, means that the recovery ratio must be as high as possible and the
associated feed water pressure be kept as low as possible without compromising the standards
of the quality of water produced. For this reason, most, if not all, of the large and small scale
seawater RO plants are fitted with energy-recovery turbines that help recover some of the
pumping energy as shown in Figure 3 [18].

Membrane Unit

Low Pressure
Freshwateg

High Pressure

Seawater
Booster
Pamp

High Pressure
Seawater

High Pressure
Pump

igh Pressure
Reject Stream

Energy Recovery
Device
Low Pressure

g Low Pressure
Seawater

Reject Stream

Figure 3 RO plant with an energy recovery device [12]

Energy recovery devices (ERDs) are the components used to reduce energy consumption
for RO desalination processes and this has been shown to recover the energy from the RO
concentrate stream. The pressure from the concentrate stream is recovered by passing it
through an ERD before the concentrate is sent for disposal. The efficiency of the system
determines the fraction of power recovered.

ERDs are classified into two broad classes: Class T devices which use hydranlic power in
a one step process to cause a positive displacement within the recovery device, and Class 1T
devices which use the hydraulic energy of the RO concentrate that first converts this energy to
centrifilgal mechanical energy and then back to hydraulic energy in a two-step process. ERD
are used by most RO plants today [4]. The positive displacement based devices are pressure
and work exchangers. This type contributes to a higher energy recovery efficiency (ERE) of
between 90 %% and 95 %, compared to the turbine type, which has an ERE of between 50 %
and 90 %. Positive displacement based devices have a more promising and competitive
technology in the field of desalination [12].

Over the past decade, the specific energy for RO desalination has significantly reduced
and is gradually approaching the theoretical thermodynamic minimum. The development of
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membrane technologies. A pie-chart of the components costs (from the year 2002) of an RO
desalination plant is shown in Figure 4 [10].

Costs (%5)

B Maintenance, 8 %

M | abor, 4 %

B Membrane replacement, 32 %
M Equipment amortization, 42 %
M Electric power, 232 2%

W Chemicals, 4 %

Figure 4 Costs associated with RO desalination plants [10].

The power law rule is normally used to calculate the capacity-cost relationship in
engineering. For a plant of known capacity, this law can be used to calculate the capital cost
of a new plant based on the known capital costs of an existing plant as shown in Eq. (15) [28].

Capital Caostp, .1 Plant Capacitypian: 1

= (15)

Capital Costpy,,, » Plant Capacityp, s -

Capital cost refers to the total of all start-up costs, which include land, construction and
infrastructure costs necessary to have the plant operative using the market price. Plant
capacity means the potential desalinated water volume produced per day taking into
consideration the current facilities and available equipment [9].

Several scholars have come up with different methodologies for calculation of the costs of
running a desalination plant. Some of the methodologies are well established and can apply to
different kinds of industries. The commonly used indicator in the investment evaluation is the
net present value (NPV) and the energy related operation costs (Ck ;) which can be calculated
using Eqs (16) and (17) respectively [25]:

R, —C

NPV =Zﬁ—;ﬂ, (16)
=1

CE,t = EEL,: * PEI,t + Eth,t i (17)

Where:

I, — Initial capital investment,

i — Appropriate discount rates,

#» — Number of years,

R;—Revenue in year ¢,

C; — Costs in vear ¢,

E g — Amount of electrical energy used by the plant in year ¢,
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Table 3 Summarised comparigon of MF/UF and conventional pre-treatment methods [34]

Conventional pre-treatiment

MF/UF pre-treatment

Benefits

Capital costs

Cost competitive with MF/UF

Slightly higher than
conventional pre-treatment.
Costs continue to decline as
developments are made

Capital costs of MFE/UF could be

0—25% higher, whereas life eycle
costs using cither of the treatment
schemes are comparable

capital cost

[F ootprint Calls for larger footprint Significantly smaller footprint [Foot print of MF/UF c¢ould be 30-
50 % of conventional filters.

[Energy [Less than MF/UF as it could be  [Higher than conventional ME/UF requires pumping of water

requirements |gravity flow through the membranes. This can
vary depending on the type of
imembrane and water quality

Chemical High due to coagulant and process [Chemical use is low, dependent.ess chemicals

costs chemicals needed for optimization |on raw water quality

RO capital Higher than MF/UF since RO Higher flux is logically [Due to lower SDI values, RO can

cost operates at lower flux possible resulting in lower lbe operated at 20% higher flux if

feasible, reducing RO capital costs

RO operating
costs

Higher costs as fouling potential of
RO feed water is high resulting in
lhigher operating pressure.
[Frequent cleaning of RO
membranes.

cxpected duc to less fouling

life.

[Lower RO operating costs are

ipotential and longer membrane

The NDP (net driving pressure) is
likely to be lower if the feed water
lis pre-treated by MF/UF.
MMembrane cleamng frequency is
reduced by 10 %6, reducing system
downtime and prolonged element
life.

Figure 5 shows the step by step procedure undertaken to produce pre-treated saline water
to be fed into a desalination plant.
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Figure S Pre-treatment technique [35].
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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).
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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).
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Abstract

Reverse osmosis (RO) has proven to be the most effective and
efficient desalination method in recent years. Modelling and
optimization of RO desalination plants is ongoing in order to
come up with sustainable and efficient RO plants, leading to
several techniques being employed in relation to mathematical
mo dels of mass and heat transfer, salt rejection and membrane
solute permeability. Membrane designs and specifications are
factors that affect the efficiency of the RO desalination
systern. Membrane design tools and software such as ROSA
and IMSDesign, which are provided by the mmembrane
manufacturing companies, help in the selection and
authentication of low energy consumption and high salt
rejection membranes for the design of desalination units.

Keywords—  desalination; osmosis; modeling;

simulation

TEVerse

I. Introduction

Reverse osmosis (RO) is a process that oceurs when pressure
that is greater than the osmotic pressure is applied to a high
saline solution (concentrated) through a membrane. Water is
pressurized to flow from the high saline side to the diluted
side, and dissolved salts are retained by the membrane.
Membrane technologies such as RO use high electrical and
mechamnical energies. Future supplies of conventional energy
sources are uncertain. Therefore, for sustainable development
purposes, it is imperative to optimize and reduce energy
requirements of the existing processes [1]. Of late, substantial
membrane  technology advancement has resulted in
improvements in the quality of filtering processes and
reduction of costs [2].

In the current study two membrane software tools were used

Pretreatment

and compared with each other in the prediction and selection
of membranes to be used in the plant. The two software tools
used were the Reverse Osmosis System Analysis (ROSA) for
FIMTEC™ membranes (DOW Water and Process Solutions)
and Integrated Membrane Solutions Design (IMSDesign)
(Hydranautics Nitto Group Company).

IMSDesign is deseribed as a comprehensive membrane
projection program that allows users to design an RO system
based on hydranautics membranes [3]. ROSA on the other
hand, is membrane simulation software that uses FILMTECT™
thin film composite membranes and gives excellent
performance for a wide variety of applications, including
brackish water purification, low-pressure tap water use,
seawater desalination, waste treatment and chemical

processing [4].

II. Mathematical Modeling of a Reverse Osmosis System

There are two basic approaches in the mathematical modeling
of any process. The first approach is the knowledge based
approach, which involve theoretical or parametric models
based on fundamental and essential knowledge {mechanisms)
of the process and the second approach is the empirical or the
non-parametric models, which do not involve the knowledge
of the fundamental principles governing the process [5]. There
are many approaches that have been used to model RO
systems. Different scholars and rescarchers have come up with
many models, some of which include the modeling of
membranes [6, 7], modeling of RO plants using neural
networks [8], and modeling of RO plants using different
algorithms [9, 10]. Fig. 1 shows the schematic diagram of an
RO plant with a pre-treatment mechanism, and Fig. 2 shows
the RO desalination with ERD or pressure exchanger (PX), 1st
pass and 2nd pass RO membranes.

Fig.1. Schematic diagram of an RO plant with pre-treatment [2]
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Fig.2. RO deslination system with ERD/PX moaodule [11]

A. RO Systew Monitoring

o Pressurc and flow arc measured at various points in the
RO system to ensure proper function.

e Conductivity is used to monitor the remowal of solute
by the RO system. Conductivity deseribes the ability of
the water to conduct electrical charge. If more
dissolved solute is present, water will conduct
electricity more readily.

o The conductivity of product water from the RO is
monitored continuously during RO operation and often
displayed as total dissolved solids or TDS.

o The percent rejection of an RO system deseribes the
ability of the system to remove solute, thus reducing
conductivity in the product water, and can be thought
of as the percentage of solute that was removed from
the water during reverse osmosis. The percent rejection
is caleulated using (1):

Feed water conductivity — Product water conductivity

% rejection =

Modern RO systems will monitor and display the percent
rejection in real time during operation. There is no absolute
value that is desirable for the percent rejection. Rather, the
dialysis facility should use the percent rejection to monitor the
cfficiency of the RO over time. Percent recovery (also known
as the water conversion factor) can be used to monitor the
performance of the RO system. The percent recovery can be
caleulated using (2), where Q is the flow rate:

Q_D_‘?’F'r.?:.ff

QD??’?":_‘CC.‘ + Q."P[EEI" (2)

The percent recovery does not inform water quality, but it
is useful for trending the performance of the RO membrane.
Membranes that become fouled over time will drop their
percent recovery. Permeate flow rate can also vary due to
changes in pressure and temperature. For example, a seasonal
decrease in water temperature would be expected to decrease
the percent recovery. The various measures of RO function—
pressure, flow, conductivity, %o rejection, %o recovery, cte.—
should be recorded in a daily treatment log for regular review
and trending anal ysis.

Table I is a summary of the quality and typical
characteristics of sea water found in different areas of South
Africa [13, 14]. Table II shows the main constituents of
standard seawater and their respective concentrations, and
Table T shows the analysis of seawater near Cape Town,
West Coast region.

Shrecovery = + 100%

Feed water

=+ 100%

conductivity

m

TABLE L AVERAGE FEED WATER TEMPERATURE &ND TOTAL
DISSOLVED SOLIDS ( TDE) IN MILLIGE AWS/LITRE (IWi3/L) FOR. DIFFERENT
LOCATIONS IN SCUTH AFRICA

Location of raw Feed water TDS Feed water
water type (mg/1) temperature ("C)
West Coast = 35000 Oto 14
South Coast 35000 to 35 400 lato 21
Fagt Coast 34 700 to 35 400 2110 25

Whee: East Coast stretches fromEast Londonup to the Mozanb canboarer, South Coast

stretehes from East Lordon to Cape dgulhas and the West Coast 15 a vegion that stretehes fiom
Cape Agnlhas to the month of the Crange river [13]

TABLE IL STENDERD SE& WATER MAIN CONSTITUENTS AND THEIR
RESPECTIVE CONCENTRATIONS [14]
Constituent Conceniration {mg/1)

Sodium Na* 10561

Iagnesium, WMg** 11272

Calcium, Ca®* 400

Potassium, K* 380

Chloride, CI- 15950

Sulphate, S04 2 640

Bicarbonate, HCO# 142

Bromide, Br 65

Other solids 34

Density (20 °C) 10243 s.g

TABLE IIL SE& WATER. WMAIN CONSTITUENTS OFF THE WEST COAST,
NE&AR. CAPE TOWHN [14]
Total Dissolved Solids (mgflitre) 35 644
Sodivm (as Ma mgflitre) 10 957
Magnesium (as Mg mgflitre) 1312
Potassium (as K mglitre) 393
Calciurm (as Ca mgflitre) 406
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Chloside (as Cl mgflitre) 19 677
Sulphate (as 304 mgilitre) 2757
Alkalinity (as CaCO3 mgflitre) 117
Fluoride (as F mg/litre) 1iEl
Cyanide (as CH mg/flitre) < 0.05
Dissolwed Organi c Carbon (mg/litre) <1
Conductivity (WS/cm) @ 25 *C 51 000
pH (Lab) 8.1
Hardness (as CaCO3 mg/litre) 6417
CATIONE (meglitre) 614 .87
AMNIONE (meg/litre) 614.82
Suspended Solids (mgitre) (Mo, 1 filter) 37
Suspended Solids (mglitred (0.45 pm) L5
Turbidity (MTU) 6.5

B. RO Model Fguations

The following section is a summary of the RO model
equations [15]:

Permeate flux, Jw:

Jw = Ay (AP — Ax) 3)
%
hl Apmem 4
Salt rejection, Ry
Ry=[14++—F—— % -]+

s A, (dp — An) (5)

Also, salt rejection, R, can be calculated by [14]:

TDs,

= ©)

Osmotic pressure, A
n

Am = RT =
v )

Specific energy consumption, SEC:

EC = Pf Q‘r' (:E_uurr.p }-; == Pr Qr EERD
@ @)
Recovery ratio, R:
R

Qf (9

Assuming no softening is done, the following calcium salts
may typically limit recovery:
Calcium carbonate (calcite) at a feed pH of 7, Roazos:
[Alk » Co
Ry mei]— M %
et 2000 (10)
Calcium sulphate (gypsum), Reasos:

.'C\o. L CC:
Reaso, ¥ 1—Y—2

asos = ST 2500 (11)
Calcium fluoride, Reap:
(C.)2 = C. 1032
Rf:;; o | _A

40 12)

Total mass balance:

QrCr = Q0 — Q4G (13)
Transmembrane pressure difference, AP:
P+ F
LT (14)
Normalised specific energy, SEC*:
. SEC
SEC*=—— as)
Actual permeate hourly flow rate, Qu, [14]:
Qq
Cr=aea (16)
Total membrane area, Awew:
(1000 = @z 1000 = @y
Amem & { o, ) T2 ( 0. } a7

Feed pressure at a given temperature, Pr

0.00076 +TDS; (0 o
Box————L+(-+5) - 1.034

Mass transfer coefficient, k; [11]:
rareds N\ 7 g 4017 —0.77
_ udp (v Chi
k; = 0.5510 — (—
: (\ v ] ( D, ,] o ] (19)

Desalination energy, Fiesal, other additional energy, Eqther,
and the total energy required for the entire RO process, ET [1,
14]:

(18)

E _ Qr*Fr - Qh{F}—E)U—R}
desal = |a3e . R . Ny 36 +R+n, (20)
o ~[227]
orher 36 = 21)
Er = Egesai + Eegp + Egther 22)

The specific energy required per volume of permeate
water, Fope::

Er
Epec = Qn 23)
Maxi mum possible TDS of reject, TDSy:
TDS, = o
: 1-R 24)

The equations for the modeling of the UF unit are
summarized below [16].

Normalized Temperature, TMP™*:
TMP* =TCF « TMP 25)

Temperature correction factor (TCF), which is a factor that
takes into consideration the effect of the temperature, T (°C)
and its influence on the viscosity of water:
| 247.8 '
10'25+273.16=140
TCF=———=337——

10'\T+272.16-130/ (26)
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Different TMP values obtained at different temperatures
can be compared and transported to the same reference
temperature of 25 *C [17].

Efficiency of the UF process, which is defined as the net
yield of the UF process:
Efficiency = Availability = Recovery (27)
Availability, which is the measure of the time the UF
module is producing water:
s
Availability = =
£, (28)

Recovery, which is the measure of the net water produced:

Recovery = ¥ ~ Yezs ~ Vaw
’ ".'f (29)
Houwrly feed capacity of the pre-treatment plant, Quiy [14]:
Qriimy = L
R(1-58) (30)

C. Thearetical Values af RO Parameters

Specific energy consumption (SEC) is the amount of
energy consumed per unit freshwater produced (kJ’kg) and
recovery ratio, and r (%6) is the volume of freshwater produced
per unit volume of the seawater fed. Fig. 3 shows the graph of
theoretical minimum energy consumed against the recovery
ratio [1].

1.4 3
=
=
z g
g > b
2 e = A *
8 - 4 =
2 g
B0 1 ~ > g3 &
5 - I
& B * i S
= g € . /// =
3 = ~ =
E= os e e 2 g
= T - &
= ——
2 0.6 =— 1
=
s
=
- 0.4 ]
0 20 40 60 80
(%0) Recovery
Fig. 3. Theoretical minirmum energy consumed against the recovery ratio [1]
1) Energy Recovery Devices hydraulic turbochargers, pressure exchangers and work
There are four types of energy recovery devices (ERDs) exchangers. Table IV shows the characteristics of three of
that can be used in RO process. These are pelton turbines, these ERDs [1].

TABLE IV.

CHARACTERISTICS OF THREE TYPES OF ERDS [1]

Isobaric energy recovery device {work

Characteristic  Pelton turbine Turbocharger exchanger)
Working Centrifugal mode Centrifugal mode Positive displacement
prndple

Overall net Energy transfer from hydraulic to

Energy transfer from Energy transfer from hydraulic to hydraulic;

energy trans- mechamcal; 80% (F0-80%) hydraulic to a@5%
fer efficiency hydraulic; $3%
Effect of devia- Wide operating range ¥Wide operating Moderate impact on performance
Hon from range
design point
Discharge Atmospheric Pressurized pressurized
Capital cost Low Moderate High (250% higher than Pelton turbine)
Pu:mp]'ng Connected direcﬂy 1o SWRO Small size SWRDfpmnp maotor requj:red to
reguirements pump/motor, requires full sized pump permeate volume only, requires small
SWRO pump/motor booster pump /motor
Material of Metallic construction Metallic construction  Available in non-metallic construction for cor-
construction rosion resistance
Specific energy 244435 (kWh/m*) 2.42-4.29 (kWh/m™)  1.93-2.85 (kWh,/m™*
cemsumption
Capacity Mulh MG < 2.5 MCD <2.5 MG
Foot print Compact Compact Large
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Fig. 5. Input parameters onthe IMSDesign software

D Flow Disgram
Project name : SWRO Desafination Temperature : 25 °C Date : 9/5/2020

Calculated by : Randy Ncube Element age, P1 : 0 years Version : 2,228.86

(v

1 2 3 4 5 6 7
Flow im3/s} 112 147 1.17 0720 | 0050 0570 | 0450
Prezzure (bar) ° o 486 423 o (-] ]
TOS (ma'l) 33564 | 36568 | 36368 | 59047 | 33047 | 39047 324
oH 810 810 8.10 813 813 813 6,80
Ecané (ue/cm)| 55499 | 55974 | 56374 | 23596 | 89536 | BSS36 | 704

Fig.6. A systerns configuration obtained after running the IMSDesign program
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ROSA software as shown in Fig. 7. A summary of the results
C. ROSA Results o . is shown in Fig. 8 and the detailed report of the results of the
Seawater quality inputs tabulated in Table III and the simulations is shown in Appendix 2 at the end of this

selected/assumed parameters in Table V were fed into the document.
38 ROSA Control Panel - ¥
Eile Options Help
System Feed Flow: 113m%h System Permeate Flow: 0.45m*h System Recovery:  40.00%
Water Type: [Seawdcf with Convervional pretreatment, SDI < 5 v I Open Water Profile Library
COL_MAT_ID lons mg/ ppm CaCO3 megA g A 1 Specify hdividual Soktes
Ammonium (NHé+ + NH3) 0.000 0.000 0.000 | O
2 Potassium (K) 393 000 502.532 10051 3 Total Dissolved Soids: 355884 img/)
3 Sodium (Na) 10957.000 23825.930 476.599 | 1 s
4 Magnesium (Mg) 1312000 5396 512 107.930 | 1.. o Aty e
t t ax Temp
5 Caloum (C3) 405.000 1012.974 20259 | 4 Temoerstue 25 Ofe
(4 Srontium (Se) 0.000 0.000 0.000 | O FlowRate: | 1.13| m%h
7 Barium (Ba) 0.000 0.000 0.000 | 0 oH 81
8 Carbonate (CO3) 0.000 0.000 0.000 | 0.
S Bcarbonate (HCO3) 0.000 | 0.000 0.000 O...
10 Nitrate (NO3) 0.000 0.000 0.000 O...
t Add Sodum
mn Chilonde (C1) 19751.750 27856.250 557125 1
12 Fuoride (F) 1.104 2.906 0.058 | 1 Caons:  614.84 Add Calcum
13 Suffate (504) 2767.474 2882.786 57656 | 2 Aniora: G144 Adjust Cations
14 Siica (SiD2) 0.000 na. na. 0. o
T T Balance: st Arons
15 Boron (B) 0.000 na na lna ce:  0.00 fju
Adjust Al lons
SystempH: 810  System Tempesature: 250 'C Save Water Profile to Library
Note: Any changea in raw feedwater composition will affect scaling calculations. Please review ocaling calculations
1) Project Information  2) Fesdwater Data  3) Scaling Information  4) System Configuration  5) Report Case
Normal Friday, 08 May 2020 Run complete: O error(s) Case10of 1
Fig. 7. Input parameters onthe ROSA software
[ @) ROSA Control Panel e X
File Options Help
System Feod Flow: 1.123m%h System Pormeate Flow: 0.45m”/h System Recovery: 40.00%
|
’ System Design Overview ~
|
a [
[Ravwe Water TDS 333588.35 mal % Syatem Raecovery (//1) 40.00 %
‘Watar Clazsfication Saawvater with Convantional pratraatmant, SDI < 5 Flow Factor (Pass 1) 090
Mend Tetnperature 250C
~
[Pass = I Pasca |
1) Project Infamation  2) Feedwater Data  3) Scaling Information  4) System Configuration  5) Repont ERES
Normal ___ Friday, 08 May 2020 Run complete: 0 error(s). Caselof 1

Fig. 8. A system design overview and summary of the ROSA program
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APPENDIX 1 — IMSDesign Results

Intearated Membranes Solutions Desion Sofware, 2015 i 4 LTS
Created on: Q52020 131652 "‘lﬂo # AR un#éum

Water Analysis | Raw Pass 1

Project name SWRO Desalination
Water source Sea Surface MF/UF
pH 8.10
E.cond 84990 usicm
co2 0.000 mol
NH3 0.000 mgyl
Temperature 250 °C
TOS 35564 mol
lon gl mgd Caco3 lan mgl mol Cacod
Ca 406,00 1015.00 [elal:] 0014 0.02
My 131200 £377.08 HCO3 010 D.08
Na 1055700 23319.56 504 2757.00 2@71.848
K 39300 502,58 Cl 19737 81 2783094
NH4 0.00 0.0o0 F 1.10 2.89
Ba 0.000 0.00 NO3 0.00 0.00
Sr 0.000 0no PO4 0.00 0.00
Total, meg/ 514.28 S0z 0.00 0.00
E n0.oo 0.o0
Total, meg/ B14.24

Saturations Information

Cas0d / KSP* 100 21 %
BasS0d SKEP ™ 100 0%
Sracd S KSF T 00 0 %
CaF2f KsP 100 21 %
S5i02 saturation 0 %
Cad(Pod2 saturation index u]
CCPP, mgd 0.0z
lonic strength 0.707
Cismatic pressure 2E.02 har

Produst parformancs caloulatiors arabazed on nominal elament performancs when opeatedan a fad nater sfacosptable quslity. The rasubts showr an the prictouts producs d by thiz pre gram are
estimates of prduct parformance . No guarantes of praduct or sysem performanes is exoressed orimplied unless provided in @ separate uarrarty staemert signed byan authorized Hydran autics

iors for chemical ion are provided for ¢ =2 and are ba sed on various azsumptions concemnirg wakr quality and compostion. As the actual amount of che mical
needed ilrpH dj iz feedwater ds dent and not Il does notwarrent chemical conaimption. Ifa product or system wamanty is required, please contact your
Hy i p . Non-standard or extended iz mar nesul in dlﬁenerl pricing than previoushy quoted. varsion 2228.86 "{s

Email :im=d hrda i jections net
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Irtegrated Membranes Salutions Design Sotware, 2018

Creded on; 95/2020 031510

Nitto FoRuuams

Froject narre
Caleulated by

HP Furmp flow
Feed pressure
Feed tamperature
Concentrate recirculation
Feed water pH
Chemdosze, mgil, -
Specific energy
Pass NDP
Average fluy rate

Concentrate Recirculation

SWRO Desalination
Randy Meuhe
117 mih
49.6 bar

250 "C(TT.0°F)

Parmeate flowtrain
Raw water flviitrain
Fermeate recavery
Tatal systern recovery

0.05 m¥h Elemert age

g.10 Flix decline %, peryear
H2504 Fouling factor

6,12 kwhim3 5P increase, pet year

14.3 bar

181 Irrh

Page: 1/6

0.45 mih
1.12 miih

38,46 %

40,00 %
0.0 years
a0

1.00
0%

Feed type Sea Burface MFIUF
Pass- Perm. Flowe f Vessel Flax DP Flux Beta Stagewize Pressure Perm. Elernent Element Py
Stage  Fhw  Feed  Conc M 2 Perm.  Boost  Conc DS Twpe quanity  Elem#
math mah r3ith Irth bar  Imh har bar bar g
1-1 04 1.2 07 161 0.3 281 1.06 1] 0 49.3 3245 SWCHLD-4040 4 TxdM
lon (e ) Ry ater Feed Water Pemmeste Water Concenrats 1
Hardness, asCaCO03 633205 B573.67 14302 10642.0
Ca 40600 417.54 0.908 E75.4
My 13200 134926 2,936 21843
NE] 10957 00 11265 66 11T 487 181801
K 33300 404.04 5263 631.4
NH4 00a 0.00 0,000 0.4
Ba 0.000 0oan 0,000 0.a
Sr 0.000 0000 0,000 0.d
H [uful] 0,00 0,000 0.0
CO3 oo 0.01 0.000 0.0
HZQ3 010 040 0,002 0.1
S04 275700 233532 E.6E0 4568 7
Cl 19737 51 20294 45 191,023 3aTES
F 110 1.13 0.021 148
M3 ooo 0.oo 0.000 0.0
PO4 aoa 0.00 0.000 0.4
CH 013 013 0,001 0.2
Si02 oo 0.00 0.000 0.0
B 000 0.00 0.000 0.0
co2 ann 0.00 0.00 0.00
MH3 0oa 0.00 0.00 0.00
108 1666402 3656756 3432 59046.63
lpH 840 810 .30 813
Saturations Raw Water F eed Water Concentrate Limits
CaS04 /kep " 100, % 21 12 40 400
Sre04 fksp 100, % 0 a 0 1200
BaS04 /ksp* 100, % 0 0 0 10000
5i02 saturation, % 0 0 0 140
CaF2 i ksp* 100, % 21 23 130 50000
CadPOd)2 saturation index 0.0 oo 0.0 24
CCPP, mgi 0,02 002 0.03 840
lonic strencth 0. 073 4 b
Osmotic pressure, bar 260 26.8 432

Product performance caloulaions are based on nominal element performancew hen sperated an a ke d waterof acceptzble quality. The resuts shoun anthe printouts produce d bithis pro gram are

estimates of product performance, No guamntes of product or system performance is expressad orlrralled unless prouoed in @separate varranty statement suned By an aumorlze:l }-hdmna.mca ’

representatue. Calalstions for chemical consumption ars provided for ience and

H, standard or 2xtended

Email : msd bl

net

d on ariau s ing water qualityand
nndad rpHadjustmert is faadma‘mr dependent and not mamoran e dependant, Fhdranautios does rot wamant chemical consurmpticn. If a product or system w aranty i requined, please oontact your
may resultin d flerent pricing than prewously quoted. ersion :2.228 86 %

i . maevbrarea.com 2+ 780 301 2600 (B
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Irt=grated Memnbranes Soltions D esign Softwere, 2015 = %mmm
Nitto = DA

Craazsd on; 9/5/2020 031511

Concentrate Recirculation

Froject narme SWRO Desalination Page  2J6
Calculated by Randy Meube Ferrreate flowftrain 0.45 m3h
HF Pump flow 1.17 math Raw waler flowiirain 112 m3h
Feed pressure 49.6 bhar Fermeate recovery 3846 %
Feed termperature 25.0 *CEFT.0F) Tolal system recavery 4000 %
Conzentrate recircuition 0.05 marth Elerment age 0.0 years
Feed water pH a.10 Flu decline %, per year 5.0
Chem dose, mafl, - H2504 Fauling factor 1.00
Specific energy 512 lowhim3 SPincreass, peryear 7.0 %
Pass NDP 14.3 har
Avarage fluy rate 16.10 Irnh
Feed type Sea Surface MFIUF
Fass- Pamm. Flow i Vessel Flux OF  Flx  Beta Slagewise Pressure Ferm. Elerment Element Pyakx
Stage  Flow  Feed  Conc Mhai Perm  Boog  Cone DS Type Quantiyy ~ Elam#
Mk m3h mdh Irrh har  Irmh har har bhar ol
1-1 0.4 1.2 ar 161 0.3 281 108 0 0 49.3 3249 SWCELD-4040 4 1 4M
Permeat Permeate
Pass- Element Fead Pressura cone NOF  eWater  Wwater Beta Parmeate (Stagewise cumulative)
Stage  no.  Pressure  DOp Osrno. F I Fliz TDS Ca Mg I o]
har har bar har mih Imh
1- 1 49,6 0.1 n.7 189 0z 251 1.06 162.5 0.455 1.47 58885 085729
1- 2 495 0.07 J6.4 138 01 17 1.08 208.6 0584 1,887 78573 122862
1- 3 454 0,06 40,2 9.9 01 i B 1.04 2628 0,736 2,378 95203 154783
1-1 4 453 0.05 432 6.8 01 7.3 1.03 3244 0809 2937 11754 19111
Product perbrmance caloulatisns are based onnominal elemsnt uhen d ble quality. The results shown on the prnt euts preduce d hyihlspm gram are
edimates ofpreduct performance, Mo uuamntee of product or sytem perfumanoe is expressed ar rrpiedunleﬁpm\lded in @ separate wamanty signed byan auh
ive . Calwlztiors for chemi are providad for and are bazed on vaniou s assumption s conceming w er qualty and composition. 4 the actual arrmnt of che mical
naadad BrpH is feeduater dapendent and not membrane dapandim Hycrarautizs does not warrant chemical consurrgtion, 1fa product or syetem vamanty is required , please von@et your
reorezeriative. Nor-standand or extended in different pricing than previeushy quated . “dersion :1.223 86 %
Emai : imsd-sup port@hycra nautis sprojections et Hupwmemenbears.com 5 +1 780 501 2500 g
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Irtegrated Membranes Solutiors Design Software, 2018 |
Nitto FIpumnes
i Groan Ganpeny

Credted on: 9152020 0319211

Concentrate Recirculation

Froject narme SWRO Desalinaion FPage: 36
Temparature 160 °C Element age, P1: 0.0 years

—(De D= D= 0

O

{5) ®

O smotic pressure

Stream No, F oy (i3 Frassure (har) TOS (marh CaF2 Langelier lonic strength thar)
| 112 0 35664 0.2 -2123 a7
H 117 0 36568 233 -2.102 a7z
3 117 496 36568 233 -2.102 07z
4 0.720 493 5047 130 -1.726 1174
5 0.050 0 59047 130 -1.726 1174
b 0.670 0 59047 130 -1.726 1174
7 0.450 0 324 0.000 -7.628 0006

Produet performarce calouations are based onnoming element performance when operated on @ ®ed vater ofacoeptad e qualkty, The resuts sown onthe printouts producs d bythis program are
agimztaz afpmdu't peﬂomnoe Mo guarantes ofproduct or system parfornance & axprassed or irpliad unless provided In a separate waranty staterrent signad by an auh orized Hydman autics

far chemical bon are provided for i and arebased on wariou s assumption £ conczming water quality and compostion, Asthe 3 ctual amount of che mical
needad brpHadJunrremus feadwmrdapindnnt and nat lrerrbrana dapndant Hydranawtics does not warant chamical consumgtion. |1 a product or $yetem warranty is requined, please oortact your
rd or extended It indiflerent prizing than previoushyquoted. ‘dersion @ 222886 %
Emall  imsd-sup parti@h fospreject Ewwwamembramocom ([+1 760 B0 2600 (@
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Nitto i DANMIIcs

Irtegrated Metmbranes Sclutiors Design Softwere, 2018

Creded cn: 9052020 031211

Concentrate Recirculation
Froject name SIWRO Desalination Fage : 4/6
Calculsted by Fandy Mcube Permeate flowdtrain 0.45 m3h
HP Purnp flow 1.7 math Raw water flowitrain 1.12 m3h
Feed pressure 49.6 har Fermeate recoy ary 1846 %
Feed termperalurz 2580 °CT0R) Total system recovery 40,00 %
Cancentrate recirculation 0.05 m3fh Elernent age 0.0 years
Feed watar pH a.10 Flug decling %, per year 8.0
Chemdose, mgll, - H2504 Fouling factor 1.00
Specific energy 512 kwhiri3 SP increase, peryear 7.0 %
P ass NDP 14.3 bar
tverage fluy rate 15.1 Imh
Feed type Sea Suface MFAJF
Pass- Perm Fiow [ Wessel F e DF F iz Beta Stagewisa Pressure Ferm, Elerment Element Py
Stage  Flow  Feed  Conc L Pemm.  Boost Cone TDS Type Guantity  Elem#
mith mith mdh Itmh har  Irh har har har 1]
1-1 0.4 1.2 07 14.1 03 281 106 0 0 193 3245  BWCSE-LD-4040 4 130 4m
CALCULATION OF POWER REQUIREMENT
Tolal systern
Pass 1 DOWET
FumpBoost pressure, bar 49,6
Product flow, m3th 0.5 0445
Pump flovy m3lh fiad
Fump efficiency, % a0.0
M otor efficiency, % a0.0
YFD efficiency, % ar.0
Pumping pover, BHP 31
Pumping power, kw 2.3 23
Fumping enercy, kwhim3 611

Product performance calculatons are kased on nomingl elerment performance when opersted on a ke d water ofactepatle quality, The resuts shown onthe printouts praduce d by this program e
agtimates of product parforrance . No guarartes of product o systern parormancs is exprassad or implied unlass provided in 3 saparate waranty staemant signad by an auth erized Hylranatics

reprasentative. Calolat for chemical

are provided for

ard are based on varous assumpdons caneeming w ater quality and sompesition. Asthe adual ameunt of themical

needed ©orpH adjugmentis eedwatar deperdent znd not me mhran depandert, Hydmnautics doss rot waman: shemical consumgticn, fapredust or system wamarty iz required, pleass sor@et your
Hydranautos reprasertative . Non-standard of exterded warrantizs may resuk in diferent pricing than previouslyquoted . \irson : 232806 %

q L

Email :i

nat
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Irtegratec Membranes Solutions Design Sofwere, 2018

Cresed on; 9/5/2020 031911

Nitto FIprauuncs

Concentrate Recirculation

Praject name SWRO Desalination Faga 55
Caleulated by Randy Neube F ermeate lowdirain 0.45 m3th
HF Furmi flow 1.7 m3h R aw water flowitrain 1.12 m3th
Feed pressure 496 bar P ermeate recovery 3846 %
Feed tarmpersture 5.0 "CITTOF)  Total systemn recavery 40.00 %
Concentrate recirculaton 0.05 m3h Elerrent age 0.0 years
Feed watar pH 810 Flug decling %, per year 4.0
Chemdose, mgil, - H2504 Fouling factor 1.00
Specific energy 512 kwhim3 SPincrease, per year 7.0 %
Pass NDP 14.3 bar
Average flux rate 18.1 Imh
Feed type Sea Suface MFILUF
Pass- Perm.  Flow /i Vessel F I DP  Flutx  Beta Stagewise Pressure Parim. Elerment Element  PyW#x
Stage  Flow Feed  Core M & Pern.  Boogt  Com DS Type Quantty ~ Elem#
mih  m3h mash Irnh bar  Imh har bar bar mgll
141 0.4 1.2 07 15.1 03 251 1.08 0 0 49.3 3245  BWOCE-LD-4040 4 13 4M
CALCULATION OF INVESTMENT AND WATER COST
Plant capacity as permeate 0.45 mih
Specific investmeni 22145111 UsDImath
Investmeant 9,962.00 USD
Plant life 15.0 years
Wembrane life 5.0 years
Interest rate 45 %
Membrane cost 500.00 LISDlelerneant
Flart factor 900 %
Mumber of elements 4.0
Power cost 0200 USDlkwhr
Inhikitor cost 2.20 UsDiky
Power consumption 5.12 kwhrlm3
Inhibilor dosing 30 moll
M aintanance(as % of investrmant 30 %
Acid cost 0,15 LEDky
Acid dosing 0.00 rmafl
CALCULATION RESULTS
Capital cost 017 Us0rm3
Power cost 1.02 UsDim3
Chemicals cost 0.02 UsDim3
Merrbrane replacerment costs 041 USOima
M aintenance 0.08 UsDim3
Tetalwater cost 1.41 USDim3
Praduct performrance caloulations are based onnominal element periormanee uhen op d d of acoeptable quaity. The results shown on the prntogts produce d by this pro gram are

edimates ofpmdua perfomance. Mo guarantes of product or =ystem performance is expressed or impled unlessprovded in @ separats wamanty statement signed byan authorzed Hydran auics

ions for ch are provided for i and are based on wariou s assumption s concerring wanter qualty and composition. As te actual ameunt of dhe mical
neaded brpH adjustmnnt i# feeduater dnpendent and not rmerbean e dependent, Hyd-anautics does not w arrant chemical cansy rrnuon Ifa product or syetern warmanty isrecuired, pleass contact your
Hydranautics represeniative. Non-standard o estended warrenties mayresult in different pricing than pravieusly quoted . ‘ersion : 2.228 86 %

Hwemernembraroa.com 3+ 760 501 2600 [

Email : imsd supp o ivsprojections n et
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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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THEORETICAL DATA ANALYSIS FOR A SMALL-SCALE REVERSE OSMOSIS
DESALINATION PLANT
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ABSTRACT

Reverse Osmasis (RO has proven fo be the mast cammanly applied technigue in desalination technolagioes owing fo ifs
relatively low energy consumpfion. Ongeing research on improvemient af this technology through the analysis of
stafisical dota extacted from experimenss and simulaion software is being undertaken se as to moximize permedate
water while at the same timie using minimum energy. Analysis of experimental and theoretical dae exiracied from
experiments aid software helps fo describe the performarnce af the RO unit and came up with satisfaciory cerrelation
madels for the sysiams. In this article, statisfical analysis of different parameters was carvied out and several graphs of
correlations ware plotfied apainsi each other Imporiant RO paremeters such as specific energy consumpiion,
tfemperatire, feed pressure and permeate total dissolved salis (TDS) were plotted against each ofther to come up with their
orap kical correlatians.
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1. INTRODUCTION

All over the world potable water scarcity has always been a problem, particularly in the Middle East and Africa.
Population growth and the ‘improved’ standard of living together with pollution and inethcient use of available water
resources has added to the fresh water erisis (Kazemain et al., 2018). Water scarcity has been and will always be a
problem, particularly in developing countries in Africa and the Middle East. The development of technologies that
will help in the alleviation of this erisis is an ongoing process. Research and development of desalination techmi ques
that include Reverse Osmosis (RO), Multi-Stage Flash (MSF), Vapor Compression (VC) and Multiple Effect
Distillation (MED) have been carried out to supplement the supply of potable water for human, animal and plant
consumption. This has led to more investment in research and development for alternative sources of potabl e water.
Technologies such as seawater reverse osmosis (SWRO) desalination have proven beyond reasonable doubt to be the
answer to this erisis. Reverse Osmosis (RO) remains the most popular technol ogy because of high recovery rates and
a relatively low permeate product TDS, accounting for 65 % of world-wide installed desalination capacity. Even
though RO is the leading desalination technology, it has its own shorteomings especially when it comes to energy
consumption (Kazemain et al., 2018). Robust analysis for the evaluation of alternative designs for more efficient
plants is required at the feasibility stage. Optimization of the complete plant is also required (Atab et al., 2016). Table

1 summarizes several factors that need to be varied so as to potentially save on energy consumption of the system.
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Figure 1: Schematic of a Single Stage RO with Concentr ate Recir culation Flow

Table 4: Different Par ameters Measured at different stages of RO Desalination

1 2 3 4 = 6 7
Flow (m’/h) 1.12 1.17 1.17 | 0.720 | 0,030 | 0.670 | 0.450
Pressure (bar) 0 0 49.6 49.3 0 0 0
TDS (mg/T) 353564 | 36568 | 36 368 [ 39047 | 59047 | 539047 | 324
pH 8.10 8.10 8.10 8.13 8.13 8.13 6.80
Econd (us/em) | 35499 | 56 974 | 56 974 | 89 5396 | 80 596 | 89 396 | 704

In Table 4, the simulated results are summarized per stage, from the feed flow (stages 1 and 2) to the permeate
(stage 7). Feed water is passed through a high pressure pump at 49.6 bars and a flow rate of 1.17 m?/h (stage 3) and is
forced through the RO membranes in pressure vessel(s) for desalination to take place. Concentrate water is released at a
pressure of 49.3 bars (stage 4). Feed water TDS and conductivity at stage 2 slightly inereases from feed water TDS at stage
1 due to the concentrate water recirculation. Stages 4, 5 and 6 represent the concentrate water characteristies. A high
concentrate water TDS and conductivity is recorded in these stages because desalination has taken place. In stage 7,

permeate TDS and conductivityis 324 mg/l and 704 ps/em as per design requirements.
2.1. The Effects of Feed Temper ature on Specific Energy

Operation temperature is one of the most significant factors that affects the RO process. Temperature varies inversely
proportionally to water viscosity. As temperature increases viscosity decreases, leading to RO membranes becoming more
permeable. Specific energy is defined as the amount of energy required to produce a unit of potable water (Bartels & Andes,
2013). An increase in temperature subsequently leads to reduced power consumption and hence speafic energy
consumption. This in turn leads to inereased productivity at lower production costs and consequently, economic gains (Nisan
et al_, 2005). The effects of temperature change on the efficiency of the system, especially on energy, for temperature ranges
of between 15 °C to 40 °C leads to a decrease in water viscosity, resulting in an inecrease in membrane permeability. A
change of a degree in temperature results in a variation of approximately 3 %% change in permeability flux (Koutsou et al.,
2020). The effects of temperatire on the specific energy of the system is analysed in Figure 2.
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Specific Energy vs Temperature graph
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Figuwre 2. Evolution of Specific Energy as a Fumction of Feed Temperatires

2.2. The Effects of Feed T emper atire on Permeate Total Dissolved Solids (TDS)

Temperature variations lead to several changes in the functioning of the RO technology. An increase in feed temperature
decreases the viscosity of the feed water. A decrease in viscosity leads to the RO membrane becoming more permeable.
Accordingly, actual operations with a higher temperature condition may lead to a rise in both the permeate TDS and
permeate flow rate (Kim, Oh et al., 2009; Salahi et al., 2010). Salinity and temperature variations for a given pressure
influence the physiochemical properties of water (Koutsou et al., 2020). Thus, optimization of operating temperature control
is needed to improve the SWRO desalination process efficiency (Kim, Oh et al., 2009). Figure 3 shows the analysis of the
effects of feed temperature on the permeate TDS of the system.

2 3. The Effects of Temperature on Feed Pressure

Approximately 75 % of the total nmning cost of an RO plant is related to high pressure pumps {Gude, 2011). The efficiency
of these high pressure pumps is of paramount importance. A seawater RO desalination process generally uses high pressure
centrifugal feed pumps (Koutsou et al., 2020). The required feed pressure depends on the following factors: the design
permeate flux, feed water osmotic pressure (feed salinity), and the temperature of the feed water (Wilf & Klinko, 2001).
Figure 4 shows the relationship between feed pressure and temperature.

Permeate TDS vs Temperature graph
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Figure 3. The Relationship of Temperatur e and Permeate TDS
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Feed pressure vs Temperature graph
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Figure 4: The Feed Pressure vs Temperatur e Correlation

2 4. The Effects of Pressure on Specific Energy

Previous research indicates that temperature and operating pressure can be used in the performance improvement process as
controllabl ¢ factors. The net driving pressure, influenced by the operating pressure, can control and determine permeate flow
rate (Kim, Lee et al., 2009). There is an almost linear direct proportionality between feed pressure and energy consumption
of the RO plant as well as permeate production (Gandhidasan & Al-MOjel, 2009). To overcome the osmotic pressure of the
saline feed water, a relatively high hydraulic pressure is necessary. This therefore implies that when pressurizing the feed
flow, a high consumption of energy is required. Generally, an increase in applied pressure vields an increase in the flux of
feed water (Atab et al., 2016; Guler et al. 2009). The energy required to drive a RO plant is directly proportional to feed
pressure (Wilf & Klinko, 2001). Figure 5 shows the relationship between feed pressure and specific energy, clearly
indicating the effects of feed pressure on the specific energy of the system.

Specific Energy vs Feed Pressure graph
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Figure 5. The Specific Energy vs feed Pressure Graph
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2.5. The Effects of permeate TDS on Specific Energy

The required feed pressures for desalination for brackish water are in the range of 10 bars while for seawater they may be as
high as 75 bars (Laborde et al. 2001). As feed pressure increases the solute concentration gradually decreases, indicating that
less permeate TDS is produced (Atab et al., 2016; Gandhidasan & Al-MOjel, 2009). There is an exponential decrease in
permeate TDS when feed pressure is increased from around 50 bars to around 70 bars as shown in Figure 6. For optimuum

operation, RO units require automatic pressure adjustments and controls (Laborde et al. 2001).

Feed Pressure vs Permeate TDS graph
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Figure 6. The Feed Pressure vs permeate TDS Graph

3. RESULTS AND DISCUSSIONS OF THE RO SYSTEM

In the current study, the development of the correlations started with the computer simulations for the RO system, using
conceptual design carried out by the IMSDesign membrane modeling software. Tn this setup, four elements of SWC3-1LD-
4040 Hydranautics SWC composite polyamide membranes were selected. These elements have high salt rejection and

maximum allowable pressure.

Water characteristics in Table 3 were used as inputs into the software. According to Stillwell and Webber (2016),
the statistical evaluation of the small scale RO specific energy consumption (SEC) is given by Eq. 1:

SEC =7.7+39% 1072¢,,, — 8.6 1072q,,, + =+ 6.2 % 107%¢,,, + 42 % 1073C,,, — 0.34P — 5.4ER —

0.27 Eq. 1

Where: SEC represents the estimated specific energy consumption (kWh/m?), grw is raw water flow rate (m>/day),
gpw is product water flow rate (m’/day), R is recovery, ¢ is raw water TDS (mg/l), ¢y is product water TDS (mg/l), P is
pressure (bar), F'R represents the use of energy recovery systems, and Tis temperature (°C).

The graphs above show the effects of varying certain inputs to affect the outcome. Figure 2 shows a trend where an
inerease in temperature shows a decrease in specific energy consumed. At temperatures of more than 30 °C the graph shows
that there is a minimum or no change at all in specific energy. In Figure 3, the relationship between temperature and

permeate TDS shows that as temperature increases, the permeate TDS also increases. For temperatures between 20 *C and

Impact Factor (FOC): 9.6246 MNAAS Raring: 3.11
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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
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ABSTRACT

Water scarcity is slowly Becoming a threat fo the normal liveliloods of peaple as the human population continues ta
increase. Afferdable opfions of saurcing petable waier are needed, especially in Africa where purification of water is
generally expensive. Reverse osmasis (RO) desalination has proven o be one of the most preferved and applied technigues in
the desalinaion of water due o its production of goaod permedate water guality af low cost compared fo other desalination
tzchnigues. Research and developrment for the design and opdmizagion af this process fo comie up with opdmum design
parameters kos been ongoing. This ordicle summarizes the dota extracted from experiments done on one of the major
desalinatian plants in Cape Town, Sauth Africa. The datawas callected and statistically andy zed using Micrasaft Fxcel and
different relafionships of parameters like feed and permeate toicd dissoly ed salts (TDS), temperature, pressiire, energy and
B were platied.

KEYWORDS: Desclination, Reverse Osmosis & Experimental Data Anclysis
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1. INTRODUCTION

According to WHO guidelines, humans need drinking water with less than 300 mg/l of salt [1]. With the shortage of
clean and drinkable water and the abundance of seawater, a process known as desalination has been emploved.
Desalination, sometimes known as desalting, is defined as the process of removing salts from water in order to
produce potable water [2]. Recent studies have shown that reverse osmosis (RO) has, and is still proving to be, the
most efficient desalination technique for brackish water and seawater [1]. Efficient as itis, it still has several issues
that need to be addressed to improve its operations. Some of the design parameters like membrane fouling, osmotic
pressure, specific energy and permeate water quality produced need to be improved in order to optimize
desalination plants [3]. Some of these input and output parameters were studied based on experimentation in a
seawater desalination plant located along the Atlantic Ocean coastal city of Cape Town, South Africa. Parameters
like feed and permeate total dissolved salts (TDS), pressure, temperature, pH, energy consumption and conductivity
were measured and compared against each other in the month of November 2018, and several relationships and

correlations were plotted.
2. DESIGN PARAMETERS

The design of a sea water reverse osmosis (SWRO) plant involves several parameters that need to be studied so as
to optimize the desalination process. Parameters such as feed water temperature, pressure, pH and TDS need to be
considered before the operation takes place. Some of the important parameters to be considered for optimization are

described in the subsections below.
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filtration surface, an increase in productivity, and high salt rejection [15]. Polymeric membranes have dominated
commereial applications of RO since the very first desalination plant. Owing to their technological development, they offer
ease of handling, improved performance and low-cost fabrication in permeability and selectivity. Thin film composite
(TFC) polyvamide RO dominates the membrane market. These membranes consist of three layers: a structural support layer
made of polyester web (120 pm to 150 pm thick), an ultra-thin (about 0.2 pm) barrier laver on the upper surface and a
microporous intetlayer of about 40 pun on the surface [16]. Studies have shown that usage of high permeability membranes
during the desalination process has the potential to reduce RO costs [17]. Fig. 1 shows the RO spiral wound membrane

configuration.
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Figure 1: Spiral Wound RO Membrane Module Configuration [18].

3. MODELING AND MODEL VALIDATION OF THE PLANT

Modeling of the plant is done so as to come up with mathematical relationships between the different variables. Below are
the selected equations for the modeling of a SWRO desalination unit. Permeate flow rate, Q+, can be calculated using Eq.
1:

Q.. = AP — An) Eq.1

Where AP is feed and permeate pressure difference and Amis osmotic pressure [19].

The recovery ratio, K, is given by Eq. 2:

%
k=2 Eq.2
Qf
Where Qpis permeate flow and Qris feed flow. The recovery ratio tends to decrease with an increase in feed TDS
at a given temperature [20].The temperature correlation factor (TCF) for a given RO plant is calculated by Eq. 3:

{E“v A |

_1..|_—_L',‘
TCF = g! R ‘273+T 298/1 EQ_3
Where En is membrane activation energy, R is gas constant and T is temperature [21].
The theoretical calculations of specific energy consumption (SEC) and permeate flux (J) are given by Eq. 4 and

Eq. 5 respectively [22]:

Ep + Epp + By

SEC =
Qs

Eq. 4
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8

Jv= A

Eq.5

Where: Eup, Eny and Eg, are energies consumed by the booster pump, high pressure pump and supply pump
respectively, and Qp and A represent the permeate water flow rate and area of membrane respectively. Salt rejection, Rs,

and total mass balance, QsCr are calculated respectively by Eq. 6 and Eq. 7:

R, =1 00 Eq.6
*T " TDS; q-
QsCs = QpCp — QrCy Eq.7

Where Cs, Cp and C; are feed, permeate and reject salts mass concentrations respectively, and Qy is reject water

flow rate [23].
Normalized Temperature, TMP*:

TMP® =TCF »TMP Eq.8

Temperature Correction Factor, (TCF) which is a factor that takes into cognisance the effect of the temperature.
Different TMP values can be compared to each other at different temperatures and transported to the same of 25 °C
(reference temperature) [24].

4. EXPERIMENTAL DATA

The experiments were conducted on the Victoria and Alfred (V&A) Waterfront desalination unit in Cape Town, South
Africain the month of November, 2018. Figure 2 and Figure 3 show the aerial and side view of the plant respectively.

Figure 2: Aerial View of the V& A Desalination Plant [25]. Figure 3: Side View of the Desalination Plant [25].

The plant is a fully containerised 2MLD SWRO desalination plant. Figure 4 shows the schematic diagram of the
plant.

Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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Figure 4: Schematic Diagram of the Plant [25].

The plant consists of 3 main trains, namely 500-3, 500-4 and 1000-10. Each train is different. The following
scction is dedicated to the description of the trains.

4.1 The S00-3 Desalination Train

The 500-3 train consists of 6 pressure vessels, each housing 7 membranes, making a total of 42 membranes. The
membranes are 8 inch LG-SW-440 SR membranes, with a surface area of 41 m?. Table 1 shows the summary of the
characteristi es of the membrane used. Feed water is pumped through the media and cartridge filter by a low pressure pump.
After filtration, the saline water is pumped into the vessels by a high pressure pump. Permeate water is collected. Brine
energyrecovery is done with a pressure exchanger (ERTIPX355). The mass balance for the feed flow (not directly measured)
is exactly equal to the permeate flow. The remainder of the feed flow (which makes up for the volume lost in brine) is
“pumped” to the feed by the pressure exchanger. Figure 5 shows the schematic diagram of the train.
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1 | water
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HF pumg (S el g

|:|-!=!—I g
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Figure 5: Schematic Diagram for the S00-3 Train.
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Table 1: LG-5W-440 SR Membrane Specifications

Membrane element LG-SW440 SR
No. of vessels 6
No. of membranes in each vessel 7
Total no. of membranes 42
Max. operating temperature/ (*C) 43
Max. operating pressure/ (bars) 827
Max. feed flow/ (m*h) 18
Salt rejection/ (%o) 99.85
pH range 2to1l
Membrane area’ (m®) 41
Membrane configuration Spiral wound
Membrane polymer Thin-film nanocomposite polyamide

4.2 The 500-4 Desalination Train

The 500-4 train consists of 7 pressure vessels, each housing 6 membranes, making a total of 42 membranes for the train.
The membranes are § inch, hydranautics SWC-5, not LD, with a surface area of 41 m? Table 2 summarises the
characteristics of the membrane used in this train. Feed water is pumped through the media and cartridge filter by a low
pressure pump at a pressure of around 3 bars. Filtered water is pumped at about 40 bar into the vessels for desalination by a
horizontal multistage centrifugal high pressure pump. Brine energy is recovered with a turbo energy recovery system. The
brine flow powers the turbine, and the turbine shaft turns a pump, which boosts the pressure from the feed pump from
about 40 bars to operating feed pressure of about 55 bars. This specific modular equipment (skid) has no pressure on the
brine, only feed pressure. Permeate pressure can be assumed to be at 0.3 bar (static and negligible friction loss). Figure. 6

shows the schematic diagram for the 500-4 train.

=32 bar

O
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T able 2: SWC-5 Membrane Specifications

Membrane dement SWC-S
No. of vessels 7
No. of membranes in ¢ach vessel 6
Total no. of membranes 42
Max. operating temperature/ (°C) 45
Max. operating pressure/ (bars) 82.7
Mazx. feed flow/ (m*/h) 17
Salt rejection/ (%a) 99.8
pH range 2t01l
Membrane area/ (m”) 41
Membrane configuration Spiral wound
Membrane polymer Composite polyamide

4.3 The 1000-10 Desalination Train

427

The 1000-10 train is sirnilar to the 500-4 in that it has a turbo charged and multistage feed pump. All operating conditions

are sitnilar to the 5004 train. Figure 7 shows the schematic diagram of the 1000-10 train. The only difference is that 1000-

10 has 6 pressure vessels, each holding 7 membranes, making a total of 42 membranes. This is also an internally staged

design, which means that the lead membrane in each vessel (on the side of the feed) are DOW SW30XLE-440i, and the
remaining 6 are DOW 5W30-ULE-440i. Table 3 and 4 are summaries of the membranes used in this train.
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E. coli | cfi imi
Heterotrophic Plate count cfi' 100mi
Treatment chemicals (soda Ash) ez
Treatment chemicals (calcium chloride) kg

Raw W ater

Conductivity 50.1 524 51.1 S om
TDS 32064 33536 32704 mgil
pH 6.3 7.8 7.2
Turbidity 1S 4.6 2.9 NTU
Temperature 12.2 17.0 13.3 deg

Brine/W asie Discharge
Salinity 69.3 743 71.4 S
TDS 44352 47552 45696 mgil
pH 6.2 77 6.7
Temperature 12.2 14.6 13.4 C
Dissolved Oxygen oo
TS5
Turbidity 0.5 2.4 1.2 NTU

T able 6: Recor ded Flow Meter Values for Feed, Permeate and Brine Flows and Plant Recovery

Process volumes
Daily Accumulated Flow for the Day
Target
Flow meter Start End Actijal Through- |Unit
Throughput
put
Raw Water Fead " soessz0 [ oswomze0 [ 44460 miday
Final Product Discharge " 1032170 [ 148340 [ 13670 e iday
Final WWaste Discharge _ 2079.0 mday
YWater distribution network miday
Plant water recovery [ 31% %

Feed water, at an average temperature of 16 °C, is pumped into the trains by a pressure pump at an average

pressure of 55 bars. The actual feed flow rate of the plant is 4 446 m¥d at an average feed flow of 240 m*h. At a plant

recovery rate of 31 %, the permeate fl ow rate is 1 367 m*/d as compared to the design specification of 2 000 m/d. To boost

the feed pressure and recover energy for the plant, an energy recovery unit is used. The plant uses an ERT pressure

exchanger. A pressure exchanger is arotary energy device comprising two end caps, a sleeve and a rotating rotor [26]. The

general schematic diagram of the ERT pressure exchanger is shown in Figure. 8.
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from SWRO membrane
+

Figure B: Schematic Diagram of an ERT Pressure Exchanger [27].
Figure 9: Pressure Exchanger Working Principle [26].

The pressure exchanger working prineciple is summarized in Fig. 9. Pressure is transmitted through a short period

of contact time. The main principle is to transmit pressure from high pressure reject water to the low pressure feed [26].
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5.1 Effects of pH on Permeate TDS and Conductivity

Feed pH was recorded every time before the operation proceeded. The average pH for the experimental period of operation
and experimentation was 7.735. The average experimental day values of pH and permeate TDS are plotted in the bar graph
in Figure 10.
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Figure 10: Average Parmeate TDS and Feed pH Values on Experimental Days.

The feed pH and permeate TDS graph is plotted in Figure 11. The effects of feed pH on permeate conduetivity on
the month of November 2018 is plotted in Figure 12. These graphs clearly show a general decrease in permeate TDS and

conductivity as feed pH increases.
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Figure 11: Permeate TDS as a Function of Feed pH Figure 12: Permeate Conductivity as a Function of Feed pH

5.2 The Effects of Feed TDS on Permeate TDS

Feed TDS has a major effect on the quality of water produced [28]. Permeate TDS tends to systematically increase as feed
TDS increases [20]. Feed TDS was recorded before being pressurised in the plant for the whole period of operation. The
average daily values for feed and permeate TDS are plotted in the bar graph in Figure. 13.
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Feed and Permeate TDS daily average values
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Figure 13: Average Daily Values for Feed and Permeate TDS.

The effects of feed TDS on permeate TDS at constant temperature is plotted in the graph in Figure. 14.
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Figure 14: The Relationship between Feed and Pearmeate TDS.

5.3 The Effects of Feed Temperature

Feed water temperature change has several effects on the desalination process. Recent research has found that both the
product concentration and flow rate increases with an increase in temperature and this results in an increase in recovery,
and subsequent increase in the mechanical power consumption [21] According to Guler (2019), a decrease in temperature
reduces the conductivity and turbidity but increases the mineral rejection of the permeate water [29]. Figure 15 shows the

average experimental day values of feed temperature and permeate TDS.

Feed Temperature and Permeate TDS daily average values
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Figure 15: Average Experimental Day Values of Feed Temperaiure and Permeate TDS.
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Below are graphs of feed water temperature against several parameters. The graph of feed temperature vs
permeate conductivity, Figure 16, shows a general decrease in permeate conductivity levels as the feed temperature

increases.

Feed Temperature vs Permeate Feed Temperature vs
Conductivity Permeate TDS graph
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Figure 16: The Relationship between Feed Water Temperatures Figure 17 The Effects of Permeate
Temperature on permeate TDS and Permeate Conductivity.

The experimental results that were obtained on the last day showed the variation that followed the trendline
observed in Figure 16. A decrease in permeate TDS was recorded as feed temperature increased. Figure. 17 shows the

November 2018 experiment results.
5.4 The Effects of Feed Pressure

Research has shown that as pressure increases, percentage recovery increases and specific energy decreases [30].
Increasing feed temperature leads to a decrease in feed pressure requirements, leading to a decrease in production cost.
This has a negative effect on recovery ratio as it tends to decrease with a decrease in feed pressure [31] The average daily
values of feed pressure and permeate TDS is shown in Figure 18 while Figure 19 shows the effects of feed pressure on
permeate TDS for the plant.
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Figure 18: Average Daily values of Permeate TDS and Feed Pressure.
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Feed Pressure vs Permeate TDS graph
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Figure 19 Permeate TDS as a Function of Feed Pressure.

5.5 The Effects of Feed Temperature, Pressure and TDS on Specific Energy Consumption (SEC)

Specific energy consumption is one of the most important parameters of RO desalination. High values of SEC are the main
barriers of expansion of SWRO desalination therefore reduction of this parameter is key [5]. Kim et al. [19] concluded that
if feed temperature is increased, the net driving pressure decreases. An increase in feed temperatire (decrease in net
driving pressure) will also result in a reduction in energy consumption of the plant [20]. SEC is also affected by feed
pressure. An increase in operating pressure significantly decreases SEC [32] To inerease the efficiency of energy
consumption, recovery devices are employed so that pressure is recovered from the concentrate [3]. The efficiency of high
pressure pumps and energy recovery devices is also affected by the feed temperature. An increase in temperature tends to
reduce the efficiency of these mechanical devices [33]. High feed TDS increases SEC owing to the inereased hydraulic
pressure necessary to overcome the high osmotic pressure [5], thereby inereasing the cost of production [34]. Figure 20 to
Figure 26 show the effects of different input parameters on energy consumption of the plant. Feed pressure, feed TDS and
feed pH tend to increase the energy consumption as these parameters increase as shown in Figure 20, Figure 21 and Figure.
22 respectively. Figure 24, Figure 25 and Figure 26 represent the bar graphs of power consumption and feed pressure, feed
TDS and feed temperature daily average values respectively. It can be deduced that as feed TDS increases, power
consumption will generally inerease. This is due to the increase in high feed pressure needed to overcome the high osmotic

pressure.
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Feed Pressure vs Energy Feed TDS vs Energy Consumption
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Figure 21: Feed TDS and Energy Consumption Correlation
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Figure 24: Daily Average Values of Feed Pressure and Energy Consumption.

Tmpact Factor (JCC): 9.6246 NAAS Rating: 3.11

101



Experimeniad Data An dysis for ¢« Reverse Osmosis Desalination Plani 435

Daily Average Values
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Figure 25: Average Daily Values of Feed TDs and Energy Consumption.
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Figure 26: Power Consumption and Feed Temperature Daily Average Figures.

6. DISCUSSIONS

The graphs in Figure 10 and Figure 11 show a general decrease in permeate TDS and conductivity as pH increases. A
hypothetical regression shows a strong positive correlation between pH and permeate conductivity. This is certified by
Vaseghi et al. (2016) who stated that pH varies inversely with permeate TDS and conduectivity. A higher pH results in a
lower product ion concentration. [7]. Research conducted by Su et al. (2017) found that feed pH has a slight effect on
permeate TDS in extreme cases of pH, that is, when the pH is acidic and basic. The research showed an increase in ion
rejection with an increase in pH [35]. Several dynamic pH experiments show a stable permeate flux and higher TDS
rejection at low pH, nevertheless, the overall permeate flux is generally higher at high pH [36]. Figure 16 and Figure. 17
show a general decrease in permeate conductivity and TDS as temperature increases. This follows a trend that when the
temperature of water increases there is a subsequent increase in the water permeability coefficient and the salt permeability
cocflicient of the membrane [3, 37]. This increcase in temperature leads to a decrease in water viscosity, which in turn leads
to membranes becoming more permeable [20] and also in the increase of permeate flux [31]. Recent research has found
that both permeate concentration and flow rate inerease with an increase in temperature resulting in an inerease in recovery
and subsequently, an inecrease in the mechanical power consumed [21]. According to Guler (2019), a decrease in
temperature reduces the conductivity and turbidity but increases the mineral rejection of the permeate water [29]. Feed
TDS ws permeate TDS is plotted in the graph shown in Fig. 14. The graph shows a slight decrease in the permeate TDS as
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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).
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ABSTRACT

Reverse osmosis modeling and simulation is essentiol in the design of a seawaler reverse osmosis desalination plani. Proper
procedures will resuli in designs that will help engineers and designers fo come up with opiimized plants. This article gives
modefing, simulation and optimization of the V & A desalination piant located in Cape Town, South Africa. Mathemaftical
modeling was assumed fo De following the basic principles and egquations of mass and fransport theory. Simulafion and
opiimizntion were aoccomplished using Water Application Value Engine simulation sofiware. The optimization resulis
showed a 7.3 % improvement in specific energy consumption (SEC) and about 18 % hnprovement in permedie prodiuctiviy

using the same membranes, recovery rate and feed ioial dissolved solids.
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1. INTRODUCTION

Potable water scarcity is proving to be a global problem as the number of people with inadequate supply of fresh
water keeps on increazing. South Afiica is also faced with this problem. The drought in 2018 was the worst
recorded in the country, and the city of Cape Town is now exploring alternative sources of potable water supply and
water management systems (Enqvist & Ziervogel, 2019). One of the alternatives is desalination of brackish and
seawater, particularly by means of seawater reverse osmosis (SWRO) dezalination. RO has taken leadership in the
desalination market (Lappalainen et al., 2017). At least 60 %o of the world’s total installed desalination plants are
RO operated (Ahmed et al., 2019). RO plant performance is sensitive to input parameters such as feed water quality
and operating conditions (Oh et al., 2009). Energy consumption is one of the most important parameters that is still
relatively high in the RO desalination process and this needs to be minimized. Optimization of the plants that are in
operation iz one of the ways that will help in minimizing the SEC, at the same time optimizing the desalination
system. This paper seeks to develop a software-based model for simulation and optimization with respect to the
already operational plant.

2. MODELING OF THE PLANT

Modeling iz a procedure in which mathematical equations are used to describe real-life problems =0 as to zolve
these problems more easily (Ahmed et al., 2019). RO modeling, if done properly, will result in fewer experiments
needing to be undertaken, thereby reducing time and costs associated with desalination (Ang & Mohammad, 2015).
Several modeling techniques are applied to come up with mathematical relationships between the different
parameters. Membrane modeling software is often used to estimate the performance of the system but is limited to

membranes that are designed by a specific company. Coupling of different software or membrane manufacturersis

AANIY [eUISLIO)

WWW. ifpre. org editor@ifpre.org

109



110



111



3¢ Ruandy Neube & Freddie L. Inambao

Simulations for the 100-10 train were carried out. Most of the variables were extracted from experimental values
and some of the values were assumed before performing the simulations. One of the parameters assumed was the permeate
water flow, Quemeate. The assumption was that all three trains produce equal amounts of permeate water, therefore the total
permeate flow rate of 1 367 m”/d was divided into three equal parts, resulting in each train producing approximately 460
m?/d or 20 m*h. DOW SW30 ULE 440i membranes are now obsolete therefore all the membranes were assumed to be
DOW SW30 XLE 440i. Table 1 shows experimental values and assumptions made on the plant.

Table 1: Assumed and Experimentally Extracted Values for Different Parameters

Parameter Assumed Value Experimental Value
Qgea [m/d (m>h)] 460 (20)
Qpemeats [m/d (m°/h)] 1480 (62)
Average temperature, (T/ °C) 14.5
Average pH 7.2
Average pressure (P/ bars) 55
Recovery (%o) 31
Feed TDS (mg/) 33728
DOW SW30 XLE 440i 7 membranes
DOW SW30 ULE 440i {Obszolete)
No. of vessels 6

Table 2: Simulated Results of the V & A Desalination Plant

Parameter V & A Desalination Plant | Simulated Value | Error (%0)
Permeate flow (m’/h) 19 20 5
Feed TDS (mg/) 33 728.88 33 619 0.3
Permeate TDS (mg/1) 399.79 104 73
Feed pressure (bars) 55 46.7 15
Energy consumption (kW/h) 6.58 5.68 13.7
Peak power (kW) 125 113.5 9.2
Recovery (%o) 31 31 0
Rejection (%a) 98.81 99.69 0.9

The schematic diagram and the description of variables of the simulated results are shown in Figure 1. and Table
3 respectively. Stage 1 shows the raw feed water inlef and stage 2 shows the pressurized feed water to the RO vesszels.
Stages 3, 4 and 5§ indicate concentrate water. Some of the concentrate is recyded back to feed water {(stage 3) whilst some
of the concentrate is discarded as waste (Stage 5). Stage 6 shows the permeate (potable water). At every stage of the

simulation, TDS and pressures are recorded. Feed pressure is recorded as 46.4 bar (stage 2) compared to the experimental

value of 55 bar.

=]

Bl ey
[ (2] =7
.. 2 ﬁ >

Fignre 1: Schematic Diagram of the Simulated Design.
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Table 3: Description of Different Stages of Simulation and their Corresponding Values

# Description Flowr TDS Pressure
(m*/h) (mg/1) (bar)
1 |[Raw Feed to RO System 4.5 33,619 0.0
. 2 |Net FeedtoPass 1 693 3,750 464
3 |Concentrate Recyclefrom Passl to Pass 1 494 48,751 43.6
. 4 |Total Concentratefrom Pass 1 494 48751 436
S |Met Concentrate from RO System 444 48,751 43,6
| & |Net Product from RO System 200 117.8 0.0

31

A summary of the simulation results system overview and flow table iz shown in Tables 4 and 5 respectively.

These results show several deviations to the values extracted from the actual plant. Ideal SEC was recorded as 5.6 kWh/m®,

while the actual SEC of the plant is 6.58 kW/h, a higher value. An average flux of 11.6 LMH and permeate TDS of 117.8

mg/l was recorded.

Table 4: RO System Overview

Pass Pass 1
Stream Name Stream 1
Water Typea S ea Water {With conventional
pretreatment, SOl < 5)
Number of Elements 42 .
Total Active Area (m3) 1717
Feed Flow per Pass {3 h) €9.3
Faad TOSs? (g /L) 24,750
Feed P ressu re {bhar) A6.4
Flow Factar Per Stage 0.85
Permesate Flow per Pass (m*/h) 20,0
Pass Average flux (LWIH ) 11.6
Permeate TDS? (mg/L) 117.8
.Pass Recovery T 28,9%
Average NDP (bar) 133 I
Specilic Energy W hA ™) 5.60
Temperature (9Ch 160
PH 7.2
Chemical Dose
RO System Recovery 3L.O0%
Maet RO Systerm Recovery 31,006
Table 5: RO Flow Table
| Feed Concentrate Permeate
Stage Elements #PV | #Els | Feed Recirc | Feed Boost Conc | Conc Press Perm |Avg Flux| Perm Perm
per Flowr Flowr Press Press Flow | Press Drop Flowr Press s
v
(m*/h) | (m%/h) | (bar) | (bar) | (m'/h) | (bar) | (bar] | {m%/h) | (LMH] | (bar) | (mg/L)
1 SWI0XLE-4400 6 7 [ 69.3 4,94 46.0 Qo 494 43.6 25 2.0 11.6 30 1178

A detailed report on the simulation iz provided in Appendix A. This includes the behavior of each RO element

{membrane) during the operation, several solute concentrations, el eciricity costs, utility and specific water costs.
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The following section is dedicated to graphs that were obtained from the WAVE simulation project (Figure. 2 to

Figure 6).
pH vs Permeate TDS graph Feed Pressure vs Permeate TDS graph
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Figure 2: pH vs Permeate TDS Graph Figure 3: Permeate TDS as a Function of Feed Pressure.
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Figure 6: Simulated vs Experimental Values of Feed Pressure vs Permeate TDS.

4. OPTIMIZATION

Optimization iz a procedure undertaken to come up with the best poszible solution to a problem by using different

alternatives (Ahmed et al., 2019). Some of the optimization techniques include the genetic algorithm {GA) technique

Impact Factor (JCC): 9.6246
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114



115



34 Randy Neube & Freddie L Inambao

around 19 m%h at 55 bars. Although most of the parameters showed positive changes, specific water costs increased
glightly, by 2 %6. The summary of input and cutput parameters is shown in Table 6 and Table 7. Table 6 shows the RO
optimization system overview, a set of input parameters, and expected output values. Table 7 depicts the RO optimization
flow figures. Appendix B shows a detailed optimization report of the 100-10 plant.

Table 6: RO Optimization System Overview

|pass Pass 1

| stream Mame Stream 1

.WCILI:I Type Sea vwater (WWith corv entional
pretreatrnent, S0 < 5)

| Murmber of Elerents a2

l!DtEl ALV e Area [Sa1ay] 1717

|Fead Flows per Pacs (3 Fh) a3 2

|Fecd T {mefL) 34,752

Feed Presaure (bar) 505

Florw Factor Per Stage nas

IPl:ullea.:I'Iuw per Pass (m® Sy 24.0

Fass sverage Tiux (LM H) 14.0

IDermeaﬂ‘.eTD‘.’!’ (mgfL) 82.80

Pass Recovery 20.0 %

!Averaze NDP (bar) 17.3

Spacific Enargy (AR ) .10

Ternper ature (=] 13.0

inH 73

‘Ch‘cmic:.l Dose

|RO sy stermn Recovery 310 %

Net RO Sy e m Recovery =1 0%

Table 7: RO Optimization Flow Table

i | Feed Concentrate Permeate

isnge Elements #PV | #Els Feed | Recirc Feed | Boost Conc Conc Press Perm |AvgFlux| Perm | pPerm
per Flow Flove Piess Piess Flove Piess Diop Flowe Piess TDS
PV

| (m’M) | m’/h)y | (bary | (bar) | (m7/hy | far) | {bar) | (m’/h) | (LMH) | (bar) | (mgA)

| 1 SA30XLE-4400 & 7 832 | S92 s02 | 00 59.2 46.9 34 240 14.0 30 | 8280

The following graphs are the optimization graphs of permeate TDS against feed temperature, feed pressure and
feed pH. The graph of permeate TDS and feed temperature (Figure 7) shows a general increase in permeate TDS as
temperature increases, while the graph of feed pressure and permeate TDS (Figure. 8) shows a decrease in salt content with

respect to an increase in pressure. An increase in pH resulted in a decrease in permeate TDS as shown in Figure. 9.

Feed Temperature vs Permeate TDS Feed Pressure vs Permeate TDS graph
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Figure 7: Permeate TDS as a Function of Feed Temp erature. Figure 8: Feed Pressure and Permeate TDS
Relationship.
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Feed pH vs Permeate TDS
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Figure 9: Feed pH Against Permeate TDS Graph.

5. DISCUSSIONS

The main objective of optimization iz the minimization of energy consumption of the plant, without compromising the
quality of the permeate water. To achieve the theoretical SEC isnot possible due to concentration polarization, hydraulic
rezistance and membrane fouling (Gude, 2011). Optimization of the ¥V & A desalination plant using WAVE software
resulted in a decrease of about 13.7 % compared to the experimental value. This decrease in SEC will lead to a reduction in
total costs of the plant. The optimization graph on Figure. 7 shows that an increase in temperature resulted in an increase in
permeate TDS. This means that a decrease in temperature will result in improved permeate water cuality. This is in
agreement with Guler et al. (2010) who stated that a decrease in temperature enhances the quality of permeate water.
According to Koutsou et al. {2020) increasing temperature of high saline water negatively impacts the salt rejection
capabilities of the membranes, hence optimization studies have to be considered. Membrane performance generally
decreazes with an increase in temperature, thereby increazing the permeate TDS with respect to temperature increaze (Kim,
Lee et al., 2009; Kim ef al., 2020; Kim et al., 1919). This increase in permeate TDS is due to an increase in the vizcosity of
the water (Kim, Lee et al., 2009) and the expansion of the membrane pores {Atab et al., 2018). Khalifa et al. (2017) are in
agreement with the theory that an increase in temperature increases permeate flux resulting in high permeability of

membranes and an increase in permeate TDS.

In recent years, high permeate water quality has been expected to be produced from SWRO desalination plants.
Permeate water with TDS as low as 200 mg/l or less after re-mineralization is the expected quality (Kim et al., 2020).
Optimization of the ¥V & A plant resulted in a permeate TDS of around 82 mg/l (Table 6 and Table 7), which is very
desirable. On the other hand, an increase in temperature results in a reduction in SEC and an increase in recovery ratio

(Atab ef al., 2018).

Figure 8 shows that feed pressure is directly proportional to the quality of product water. This means that as feed
pressure increases, permeate TDS generally decreases, leading to improved quality of water produced. This isin agreement
with Lee et al., (2015) and Du et al. (2020) who stated that an increase in feed pressure increases permeate flux and salt
rejection while at the same time reducing SEC. Gandhidasan and Al-Mojel (2009) also agree that an exponential decrease
in permeate TDS was recorded when input pressure was increased. Gude (2011) concluded that pressure increase has a

positive impact on several parameters like salt rejection, recovery ratio and energy consumption.

The results in Figure. 9 show that a slight increase in pH led to a decrease in permeate TDS. The product quality
improved dramatically with a slight increase in pH. Vaseghi et al. (2016) are in agreement with this phenomenon as they
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Appendix B: Detailed Optimization Report of the 100-10 Train
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RO Detoiled Report
RO System Flow Diagram
3 3
[N
2 | 1 s " Pressure
[m¥h) (mg/L) (bar)
1 | Raw Fooc to RO System 4 44819 Q.0
2 | Net FeedtoPass 1 B2z 0,752 B05
3 Concentrate Recydefrom Pass 1 to Pass 1 3.92 4R.766 469
4 Total Concentrate from Pass L 522 43767 462
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RO System Overview
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System Flow Rate (m*fh| |MNet Feed = 774 MNet Product = 40
Pass Pass 1
Stream Name Stream 1
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Feed TDE (rme /L) 3,732
FeedPressure {bar) 50,5
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ROSystem Recovery 3L.0%
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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:

e 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 °C respectively. Other
parameters such as permeate TDS and permeate flow were recorded as 490 mg/l and 460
m/d (20 m®/h) respectively.

e 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.

e In this study, the graph of permeate TDS and conductivity against pH showed a general
decrease in permeate TDS and conductivity as pH increased.

e 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.

e 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 m®/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/I, 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/m?3. Increasing the feed flow and reducing feed pressure to about 24 m®h and 50.5
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bar respectively during the optimization process resulted in a reduction in SEC to 6.10

kWh/m?3, 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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