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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 

models 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 

system. Membrane design tools and software such as ROSA 

and IMSDesign, which are provided by the membrane 

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; reverse osmosis; modeling; 

simulation 

 

I.  Introduction  

Reverse osmosis (RO) is a process that occurs 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 

mechanical 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 

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 

FILMTEC™ membranes (DOW Water and Process Solutions) 

and Integrated Membrane Solutions Design (IMSDesign) 

(Hydranautics Nitto Group Company). 

IMSDesign is described 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 FILMTEC™ 

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 researchers 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 desalination system with ERD/PX module [11] 

 

A. RO System Monitoring 
 Pressure and flow are measured at various points in the 

RO system to ensure proper function. 

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

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

 The percent rejection of an RO system describes 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 calculated using (1):

   (1)

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 
efficiency 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 
calculated using (2), where Q is the flow rate: 

 (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, % rejection, % recovery, etc.—
should be recorded in a daily treatment log for regular review 
and trending analysis. 

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 III shows the analysis of seawater near Cape Town, 
West Coast region. 

TABLE I.  AVERAGE FEED WATER TEMPERATURE AND TOTAL 

DISSOLVED SOLIDS (TDS) IN MILLIGRAMS/LITRE (MG/L) FOR DIFFERENT 

LOCATIONS IN SOUTH AFRICA 

Location of raw 

water type 

Feed water TDS 

(mg/l) 

Feed water 

temperature (0C) 

West Coast > 35 000 9 to 14 

South Coast 35 000 to 35 400 16 to 21 

East Coast 34 700 to 35 400 21 to 25 

Where: East Coast stretches from East London up to the Mozambican boarder, South Coast 

stretches from East London to Cape Agulhas and the West Coast is a region that stretches from 
Cape Agulhas to the mouth of the Orange river [13] 

TABLE II.  STANDARD SEA WATER MAIN CONSTITUENTS AND THEIR 

RESPECTIVE CONCENTRATIONS [14] 

Constituent Concentration (mg/l) 

Sodium Na+ 10 561 

Magnesium, Mg2+ 1 272 

Calcium, Ca2+ 400 

Potassium, K+ 380 

Chloride, Cl- 18 980 

Sulphate, SO4
2- 2 649 

Bicarbonate, HCO3
2- 142 

Bromide, Br- 65 

Other solids 34 

Density (20 °C) 1.0243 s.g. 

TABLE III.  SEA WATER MAIN CONSTITUENTS OFF THE WEST COAST, 
NEAR CAPE TOWN [14] 

Total Dissolved Solids (mg/litre) 35 644 

Sodium (as Na mg/litre) 10 957 

Magnesium (as Mg mg/litre) 1 312 

Potassium (as K mg/litre) 393 

Calcium (as Ca mg/litre) 406 
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Chloride (as Cl mg/litre) 19 677 

Sulphate (as SO4 mg/litre) 2 757 

Alkalinity (as CaCO3 mg/litre) 117 

Fluoride (as F mg/litre) 1.1 

Cyanide (as CN mg/litre) < 0.05 

Dissolved Organic Carbon (mg/litre) < 1 

Conductivity (μS/cm) @ 25 °C 51 000 

pH (Lab) 8.1 

Hardness (as CaCO3 mg/litre) 6 417 

  

CATIONS (meq/litre) 614.87 

ANIONS (meq/litre) 614.82 

  

Suspended Solids (mg/litre) (No. 1 filter) 3.7 

Suspended Solids (mg/litre) (0.45 μm) 1.5 

Turbidity (NTU) 6.5 

B. RO Model Equations 
The following section is a summary of the RO model 

equations [15]: 

Permeate flux, Jw: 

  (3) 

  (4) 
Salt rejection, Rs: 

   (5) 

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

   (6) 

Osmotic pressure, ∆π: 

  (7) 

Specific energy consumption, SEC: 

  (8) 

Recovery ratio, R: 

  (9) 

Assuming no softening is done, the following calcium salts 
may typically limit recovery: 

Calcium carbonate (calcite) at a feed pH of 7, RCaCO3: 

  (10) 

Calcium sulphate (gypsum), RCaSO4: 

  (11) 

Calcium fluoride, RCaF2: 

  (12) 

 

Total mass balance: 

  (13) 

Transmembrane pressure difference, ∆P: 

  (14) 

Normalised specific energy, SEC*: 

   (15) 

Actual permeate hourly flow rate, Qh, [14]: 

   (16) 

Total membrane area, Amem: 

   (17) 

Feed pressure at a given temperature, Pf: 

   (18) 

Mass transfer coefficient, ki [11]: 

   (19) 

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

 (20) 

  (21) 

  (22) 

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

  (23) 

Maximum possible TDS of reject, TDSr: 

  (24) 

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

Normalized Temperature, 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: 

  (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: 

  (27) 

Availability, which is the measure of the time the UF 
module is producing water: 

  (28) 

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

  (29) 

Hourly feed capacity of the pre-treatment plant, Qh(in) [14]: 

  (30) 

C. Theoretical Values of RO Parameters 
Specific energy consumption (SEC) is the amount of 

energy consumed per unit freshwater produced (kJ/kg) and 
recovery ratio, and r (%) 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].

 

Fig. 3. Theoretical minimum energy consumed against the recovery ratio [1]

1) Energy Recovery Devices 
There are four types of energy recovery devices (ERDs) 

that can be used in RO process. These are pelton turbines, 

hydraulic turbochargers, pressure exchangers and work 
exchangers. Table IV shows the characteristics of three of 
these ERDs [1].

TABLE IV.  CHARACTERISTICS OF THREE TYPES OF ERDS [1] 
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III. System Modeling 

A. Design Modeling 
Fig. 4 shows the design methodology used for the design of 
the single stage SWRO desalination unit. 

 

 

 

Fig. 4. Flow diagram for SWRO desalination unit
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B. Permeate Flow Rate and Actual Permeate Hourly Flow 
Rate (Qh) 
The desired permeate flow rate of the plant is 10 m3/d. 

The actual permeate hourly flow rate, assuming 8 % idle time 
or 92 % availability of the plant, is 0.45 m3/h. 

C. Recovery Rate (R) 
The typical recovery rate design guideline for the 

desalination of seawater is about 0.4 or 40 %, assuming no 
softening of feed water is performed. 

D. Feed Flow rate (Qf) 
Assuming R = 0.4 and Qp = 10 m3/d, the design feed flow 

rate is 25 m3/d. 

E. Feed and Permeate Total Dissolved Salts Concentrations 
(TDSp and TDSf) 
Total dissolved solids of feed water, TDSf, is 

approximately 35 600 mg/l, the desired design total dissolved 
solids of permeate water; TDSp is less than 500 mg/l. 

F. Salt Rejection 
Salt rejection, Rs, is calculated and found to be around 

0.99 or 99 %. 

G. Operating Temperature (T) 
Water becomes less viscous at higher temperatures, hence 

the need for a generally high feed operating temperature. The 
proposed feed operating temperature is in the range of 25 °C 
to 30 °C. The design temperature for this system is 25 °C. 

H. Energy Recovery Devices (ERD) and Power Exchangers 
(PX) 
Research and design has shown that multi-stage systems, 

with modules connected to reject water with booster pumps, 
are able in principle to minimize electricity consumption. This 
system will have no energy recovery devices. 

I. Maximum Possible TDS of reject, (TDSr) 
The calculated maximum possible TDS of reject is 59 406 

mg/l. 

Input parameters are shown in Table V. 

 

IV. Computer Simulation of the RO Simulation 

Computer simulations for the RO system were carried out 
using two different membrane design software tools to analyze 
the performance of the RO system and to ascertain the 
calculations above. ROSA and IMSDesign software tools 
were used. The results obtained from the two tools were 
compared and the software with the results that showed 
greatest similarities to the desired output was selected for 
further manipulation and optimization of the RO process. The 
software tools also helped in the selection of suitable 
membranes for the desired output. 

A. Simulation Results 
According to several simulation processes carried out for 

small scale SWRO desalination plants, a single stage RO 
system was discovered to be much more economical and 
energy efficient compared to a two-stage or multi-stage 
system. Capital costs and power requirements were slightly 
lower in a single stage than in a two-stage system for 
comparable permeate water quality. In this regard, a single 
stage SWRO desalination system was chosen and the above 
selected/assumed parameters were captured in the two 
simulation software tools and the following results were 
obtained. 

B. IMSDesign Results 
Seawater quality inputs tabulated in Table III and the 

selected/assumed parameters in Table V were fed into the 
IMSDesign software as shown in Fig. 5. A summary of the 
results is shown in Fig. 6 and the detailed report of the results 
of the simulations is shown in Appendix 1 at the end of this 
document.

 

TABLE V.  SUMMARY OF THE CALCULATED, ASSUMED/SELECTED PARAMETERS TO BE SET AS INPUT PARAMETERS  
FOR THE PERFORMANCE ANALYSIS OF THE RO SYSTEM. 

Parameter Calculated 

value 

Assumed/ 

Selected 

Equation 

pH (Lab)  8.1 Table 3 

Permeate flow 

rate 

 10 m3/d - 

Recovery rate  0.4 - 

Actual 
permeate 

hourly flow rate 

0.45 m3/h  (16) 

Salt rejection 0.99  (6) 

Operating 
temperature 

 25 °C - 

Feed TDS  35 644 mg/l Table 3 

Permeate TDS  < 500 mg/l - 

Maximum 

possible TDS 

of reject 

59 406 mg/l  (24) 
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Fig. 5. Input parameters on the IMSDesign software 

 

Fig. 6. A systems configuration obtained after running the IMSDesign program
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C. ROSA Results 
Seawater quality inputs tabulated in Table III and the 

selected/assumed parameters in Table V were fed into the 

ROSA software as shown in Fig. 7. A summary of the results 
is shown in Fig. 8 and the detailed report of the results of the 
simulations is shown in Appendix 2 at the end of this 
document.

 

Fig. 7. Input parameters on the ROSA software 

 

Fig. 8. A system design overview and summary of the ROSA program 
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V. Results Analysis 

The following section is meant to analyze the results 
from the two membrane software tools to select the most 
feasible system for further analysis and optimization of the 
system. 

A. Results Comparison 
Table VI shows the results from the two software tools 

obtained after running the programs with the same inputs. 

TABLE VI.  RESULTS OF THE IMSDESIGN AND ROSA SOFTWARE 

 IMSDesign ROSA 

Permeate TDS (mg/l) 324.5 633.3 

Average flux rate (lmh) 15.1 14.42 

Feed pressure (bars) 49.6 47.44 

Average specific energy (kW/h) 5.12 3.66 

Membrane type SWC5-LD-4040 SW30-2540 

Total number of elements 4 12 

TABLE VII.  COMPARISON OF MEMBRANE CHARACTERISTICS 

 SWC5-LD-4040 SW30-2540 

Manufacturer Hydranautics SWC 

membranes 

Dow Filmtec 

Material Composite polyamide Polyamide thin-

film composite 

Nominal 

Production (m3/d) 

6.62 2.6 

Salt Rejection (%) 99.7 99.4 

Size (m * m) 0.1 * 1  

Active Area (m2) 2 2.6 

Max. Applied 

Pressure (bars) 

82.7 69 

pH 2 to 11 2 to 11 

Max. Operating 

Temp. (°C) 

45 45 

Price/membrane 
(USD) 

269 244 

Total Number of 

membrane 

elements 

4 12 

Total membrane 

costs (USD) 

1076 2928 

Advantages -High productivity and salt 
rejection rates, optimized 

flow, low fouling and low 

energy consumption;  
-Optimum salt rejection and 

permeate flows at low 

operating pressures;  
-High energy efficiency at 

low costs, low treatment 

cost while offering extreme 
durability and consistent 

performance. 

-High flux 
reduces energy 

use or pressure 

required; 
-Good salt 

rejection results 

in good quality 
water. 

 

B. Selected Design Setup 
Although both the IMSDesign and ROSA desalination 

design tools showed certain individual advantages, there are 
two factors that led to the selection of the design setup to be 
used for optimization. These factors include the permeate 
TDS and the capital (setup) costs (particularly the cost of 
membranes). The desired output for the permeate TDS in 
this design was < 500 mg/l according to WHO standards for 
potable water for human consumption [2]. From the number 
of membranes elements required to set up the plant, the 
setup costs could be calculated and determined. From the 

above factors, the simulation conducted using the 
IMSDesign suited the design for this project. 

 

VI. Conclusion 

A clear analytical mathematical model and membrane 
simulations using ROSA and IMSDesign software tools was 
used for the performance predictions of the type of 
membrane module and consequently for the performance of 
the RO plant. The IMSDesign setup showed that the setup 
cost was lower than that of the ROSA software whereas the 
specific energy 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 pilot plant will be built based on 
the selected RO setup and will be used in the optimization 
of the complete system through experimentation so as to 
reduce specific energy, thereby reducing the running costs. 
Experiments on the effect of temperature and pressure 
variation on energy consumption of the pilot plant will be 
carried out and the optimum conditions will be employed. 
Optimization and simulation of the RO plant control system 
using Matlab Simulink will be performed so as to improve 
energy consumption without compromising the permeate 
water quality. 

 

Nomenclature 

Amem Total membrane area, m2 

AW  - Permeability coefficient, m/s.Pa 

Bs - Solute transport parameter, m/s 

E - Specific energy consumption, kWh/m3 

EERD Turbine energy, kWh 

Epump Pump energy consumption, kWh 

Espec  The specific energy required per volume of permeate water, 
kWh/m3 

JW - Permeate flux, m/s 

∆P - Pressure difference across the membrane, Pa 

Pf - Feed water pressure, Pa 

Pp - Permeate pressure, Pa 

Pr - Rejected pressure, Pa 

Qf - Feed flow rate, m3/d 

Qh - Permeate hourly flow rate, m3/h 

Qp - Permeate flow rate, m3/d 

Qp, el Permeate flow rate per membrane element, m3/s 

Q_ p  Mass flow rate of permeate in one element, kg/s 

Qr - Rejected flow rate, m3/d 

Qbypass  -Amount of water mixes with the permeate to achieve the 
required salinity, m3 

R - Gas constant, J/mol-k 

Rs - Salt rejection, % 

s - The selection parameter, s = 1 if an energy recovery unit is 
installed, and s = 0 if no recovery unit is installed 

T - Temperature, °C 

Vw - Water molar volume, m3 
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Ẇ - Work, kW 

ET - Total energy requirement, kW 

Ein - Energy required to draw the feed water from the source, kW 

Ept - Energy required for pre-treatment and post treatment (micro 
filtration and pumping), kW 

Ehp - Energy required by high pressure pump, kW 

Eother Energy required by other accessories (chemical dosing, filter 
backwashing/cleaning and pumping the product water), kW 

tf - Filtration time, h 

tt - Total time, h 

Vf - Volume of filtrate, m3 

VCEB Volume of chemically enhanced backwash, m3 

VBW  Volume of backwash, m3 

z - Selection factor, one for a double pass system, or zero for a 
single-pass system 

∆π - Osmotic pressure, Pa 

α - Availability 

ϕ - Average flux (l/h.m2) 

ε - Membrane type and its flux per driving pressure 

β - Fraction feed water lost at the pre-treatment plant (typically 
between 3 % and 15 %, depending on the process) 

ηp - Pump efficiency (typically around 0.75) 

ηr - Efficiency of the energy recovery unit (if installed) 
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