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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.
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l. 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

Pretreatment
wumnit

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].

I1. 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.
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Fig. 1. Schematic diagram of an RO plant with pre-treatment [2]

4065


mailto:inambaof@ukzn.ac.za

International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 12 (2020), pp. 4065-4083
© International Research Publication House. http://www.irphouse.com

1$tRO (SWRD)

Wﬂ Cl: HP pumi_b‘

Suction pump

Intake pump
> ERD (PX)
Intake 2M RO (BWRO) }_»
HF pump l
T T o .
Intake Pretreatment RO Process

Fig. 2. RO desalination system with ERD/PX module [11]

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

A. RO System Monitoring

e Pressure and flow are measured at various points in the

RO system to ensure proper function. L .
e 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

e 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 of as the percentage of solute that was removed from
dissolved solute is present, water will conduct the water during reverse osmosis. The percent rejection
electricity more readily. is calculated using (1):

Feed water conductivity — Product water conductivity

+ 100%

Uh rejection =
J Feed water conductivity )

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

TABLE I. AVERAGE FEED WATER TEMPERATURE AND TOTAL
DISSOLVED SoLIDS (TDS) IN MILLIGRAMS/LITRE (MG/L) FOR DIFFERENT
LOCATIONS IN SOUTH AFRICA

efficiency of the RO over time. Percent recovery (also known Location of raw Feed water TDS Feed water
as the water conversion factor) can be used to monitor the water type (mg/1) temperature (°C)
performance of the RO system. The percent recovery can be West Coast > 35000 9to14
calculated using (2), where Q is the flow rate: South Coast 350000 35 400 loto2l

! East Coast 34 700 to 35 400 21t025

'?r.l ermeate

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

bhreco very = + 1000, stretches from East London to Cape Agulhas and the West Coast is a region that stretches from
Qﬂ?rﬂ'?ct? + Qr’?i'?rl.‘ (2) Cape Agulhas to the mouth of the Orange river [13]
The percent recovery does not inform water quality, but it TABLE 1. STANDARD SEA WATER MAIN CONSTITUENTS AND THEIR
is useful for trending the performance of the RO membrane. RESPECTIVE CONCENTRATIONS [14]
Membranes that become fouled over time will drop their Constituent Concentration (mg/l)
percent recovery. Permeate flow rate can also vary due to Sodium Na* 10 561
changes in pressure and temperature. For example, a seasonal Magnesium, Mg?* 1272
decrease in water temperature would be expected to decrease Calcium, Ca** 400
- . R +
the percent recovery. The various measures of RO function— F";tlass_'umx :( 380
pressure, flow, conductivity, % rejection, % recovery, etc.— gulpo:aci:, (s:o - ;86220
B N H y 4
should be recorded in a daily treatment log for regular review Bicarbonate. HCO 117
and trending analysis. Bromide, Br 65
Table | is a summary of the quality and typical Other solids 34
Y q y yp Density (20 °C) 1.0243 s.g.

characteristics of sea water found in different areas of South
Africa [13, 14]. Table Il shows the main constituents of
standard seawater and their respective concentrations, and
Table 11l shows the analysis of seawater near Cape Town,

: Total Dissolved Solids (mg/litre) 35 644
West Coast region. Sodium (as Na mg/litre) 10 957
Magnesium (as Mg mg/litre) 1312
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) 2757
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 (uS/cm) @ 25 °C 51 000
pH (Lab) 8.1
Hardness (as CaCO3 mg/litre) 6417
CATIONS (meg/litre) 614.87
ANIONS (meq/litre) 614.82
Suspended Solids (mg/litre) (No. 1 filter) 3.7
Suspended Solids (mg/litre) (0.45 pm) 15
Turbidity (NTU) 6.5

B. RO Model Equations

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

Permeate flux, Jw:

.Irh' = "411' {"I:I‘P - ‘I:I':IT:] (3)
Q
Ju=7"
Amem 4)
Salt rejection, Rs:
E.
R.=[1+—]
=1 Ay (Bp e (5)
Also, salt rejection, Rs, can be calculated by [14]:
R . TDS,
T TDS; (6)

Osmotic pressure, Am:

T
Ar = RTZ > %
Specific energy consumption, SEC:
— *F:r Q_,r' ':Epuﬂ;g:l]_L - PrQrEERD

EC
@o (8)
Recovery ratio, R:
R=2
Qr 9)

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

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

R L VAR Ca
Cacos 2000 (10)
Calcium sulphate (gypsum), Rcasoa:
[Cso, * Cea

Rppeg, ®1—2
Ca 50y 2500 (11)

Calcium fluoride, Rcarz:
o CE) x €)™
BT 40 (12)

Total mass balance:

QrCr = Qp( — QG (13)
Transmembrane pressure difference, AP:
_B+R
L (14)
Normalised specific energy, SEC*:
S5EC
SEC* = — (15)
Actual permeate hourly flow rate, Qn, [14]:
Qn = 75 = (16)

Total membrane area, Amem:

1000 = Q 1000 = @5
mem ( ) ] + z( 2 ] a7)

Feed pressure at a given temperature, Ps:
0.00076 = TDS¢
P ————=

! 1-FR

Mass transfer coefficient, ki [11]:

+ (E' + 5) + 1,034 T
3 (18)

ko =assio (42) (2 (27

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

. Qn* P Qn(F —5)(1 - R)
desal — 36*3*?}3 -5 36*R*nr (20)
o[22
other ™ 36 1 (21)
Er = Egecar + Ezap + Eother (22)

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

Er
Fapec =3, 23)
Maximum possible TDS of reject, TDS;:
DS, = TD5¢
TTi1-pR (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:

I‘ Z47.8 ]
1025 +273.L6— 14D/
T+273.16- 140/ (26)

1o
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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:

Vi — Vezs — Vaw

Recovery =
Ve (29)
Hourly feed capacity of the pre-treatment plant, Qnny [14]:
Qhpimy = L
R(1 -5 (30)

C. Theoretical Values of RO Parameters

Availability = .

rt

T

(28)
Recovery, which is the measure of the net water produced:

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].

1.4 5
=
=
=
E 1.2 4
= 2
S z
g 1 - > |3 &
5 =
S E =
E 5
Z = 5
E= 08 2 3
£ | e =
= O
=
2 0.6 1
2
S
=

0.4 ; 0

0 20 40 60 80

(%) Recovery

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

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

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
principle

Overall net
energy trans-
fer efficiency

Effect of devia-

Energy transfer from hydraulic to
mechanical; 50% (F0-80%)

Wide operating range

Energy transfer from
hydraulic to
hydraulic; 83%

Wide operating

Energy transfer from hydraulic to hydraulic;
9%

Moderate impact on performance

tion from range
design point
Discharge Atmospheric Pressurized pressurized
Capital cost Low Moderate High (250% higher than Pelton turbine)
Pumping Connected directly to SWRO Small size SWRO/pump motor required to
requirements pump/motor, requires full sized pump permeate volume only, requires small
SWRO pump/motor booster pump /motor
Material of Metallic construction Metallic construction Awvailable in non-metallic construction for cor-
construcion rosion resistance
Specific energy  2.44-4.35 (kWh/m) 2.42-4.29 (kWh/m* 1.93-2.85 (kWh/m®)
consumption
Capacity Mult MGD < 2.5 MGD <25 MGD
Foot print Compact Compact Large
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I11.  System Modeling

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

Evaluation of
water needs

I SWEO Dezalination unit sizing I

l

Caculation of 83WRO Desalination energy
requiretnents

.
Siring of the availahle PV system to SWERO
desalination enerev reguirernents

Does PV systerm cowver
SWEO energy
reouirements?

Calculation of energy outputs from other sources
of energy available

.
Combination of several energy sources (thybrid)
to cover total SWERO enersy regquirements

MO

Dioes the hybnd energy
systetn cover total energy
reMmUrementa?

I Economic analvsis I
I System capacity simulations I

Does the system satisfy
the energy and water
rEMUreEm enta?

| END |

Fig. 4. Flow diagram for SWRO desalination unit
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B. Permeate Flow Rate and Actual Permeate Hourly Flow

Rate (Qy)

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 (Qy

Assuming R = 0.4 and Q, = 10 m%/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, TDS; is
approximately 35 600 mg/l, the desired design total dissolved
solids of permeate water; TDS; is less than 500 mg/I.

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.

TABLE V.

1. Maximum Possible TDS of reject, (TDS;)

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 Il 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.

SUMMARY OF THE CALCULATED, ASSUMED/SELECTED PARAMETERS TO BE SET AS INPUT PARAMETERS

FOR THE PERFORMANCE ANALYSIS OF THE RO SYSTEM.

Calculated
value

Parameter

pH (Lab)

Permeate flow
rate

Recovery rate

Actual 0.45 mh
permeate

hourly flow rate

Salt rejection 0.99

Operating
temperature

Feed TDS

Permeate TDS

Maximum
possible  TDS
of reject

59 406 mg/l

Assumed/ Equation
Selected
8.1 Table 3
10 m3/d
0.4
(16)
(6)
25°C
35 644 mg/I Table 3
<500 mg/I -
(24)
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Fig. 5. Input parameters on the IMSDesign software
@ Flow Diagram

Date : 9/5/2020
Version : 2.228.86

Project name : SWRO Desalination
Calculated by : Randy Ncube

Temperature : 25 °C
Element age, P1 : 0 years

Fig. 6. A systems configuration obtained after running the IMSDesign program

& (&)=
1 2 3 4 5 6 7
Flow (m3/h} 112 117 1.17 0.720 0.050 0.670 0.450
Pressure (bar) 0 0 436 49.3 0 0 0
TDS {ma/l) 35564 363568 36568 59047 39047 59047 324
pH 8.10 8.10 8.10 B8.13 8.13 813 6.80
Econd (us/cm)| 55499 56974 56974 89596 89596 89596 704
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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.

C. ROSA Results

Seawater quality inputs tabulated in Table Il and the
selected/assumed parameters in Table V were fed into the

38 ROSA Control Panel — X
Eile Options Help
System Feed Flow: 1.13m¥h System Pemmeate Flow: 0.45mh System Recovery:  40.00%
Water Type: |Seawaef with Conventional pretreatment, SDI < 5 v I Open Water Profile Library
COL_MAT_ID lons mg/ ppm CaCO03 meq/l 7 o 9 Specify Individual Solutes
Ammonium (NH4+ + NH3) 0.000 0.000 0.000 |0
2 Potassium (K) 393.000 | 502.532 10.051 3. Total Dissolved Solids: 35588.4| mg/)
3 Sodium (Na) 10957.000 23829.930 476.599 1 5
4 Magnesium (Mg) 1312.000 5396.512 107930 | 1. Max T
| ’ ] lax Temp
5 Calcium (C3) 406.000 1012.974 20259 4. Temperstire: | 25.0{°C
6 Strontium (Sr} 0.000 0.000 0.000 0. Fow Rate: 1.13| m¥h
7 Barium (Ba) 0.000 0.000 0.000 | 0. pH: 31
8 Carbonate (CO3) 0.000 0.000 0.000  O.... =
9 Bicarbonate (HCO3) 0.000 , 0.000 , 0.000 | O....
10 Nitrate (NO3) 0.000 0.000 0.000 O....
t 1 Add Sodium
1 Chioride (C) 19751.750 27856.250 557125 | 1
12 Fuoride (F) 1.104 2.906 0.058 | 1.... Cations;  614.84 Add Calcium
13 Suffate (SO4) 2767.474 2882.786 57656 2.. Anions: 61484 Adjust Cations
14 Silica (Si02) 0.000 | na. na.|0... i
' Balance: st Anions
15 Boron (B) 0.000 na. na na. ©oooo =
Adjust All lons
SystempH: 8.10  System Temperature: 250 C Save Water Profile to Library
Note: Any changes in raw feedwater composition will affect scaling calculations. Please review scaling calculations
1) Project Information  2) Feedwater Data  3) Scaling Information  4) System Configuration 5) Report Case
Normal Friday, 08 May 2020 Run complete: 0 error(s). Casel1of 1
Fig. 7. Input parameters on the ROSA software
18 ROSA Control Panel — >
File Cptions Help
Systern Feed Flow: 1.13m¥h  System Permeate Flow: 0.45 m¥h System Recovery:  40.00%
System Design Overview C~y
al
[Faw Water TDS 33388.353 mel %o Swstem Recovery (7/1) F0.00 %
Water Classification Beawater with Conventional pretreatment, SDT < 5 Flow Factor (Pass 13 0.50
Feed Temperature 250C
L
[Pass # [ Pass1 |
1) Project Information  Z) Feedwater Data  3) Scaling Information  4) System Configuration  5) Report Case
Marmal | Friday, 02 May 2020 | Run complete: O error(s). Caze 1 of 1

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 (Imh) 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 | Dow Filmtec
membranes

Material Composite polyamide Polyamide thin-

film composite

Nominal 6.62 2.6

Production (m*/d)

Salt Rejection (%) | 99.7 99.4

Size (m * m) 01*1

Active Area (m?) 2 2.6

Max. Applied | 82.7 69

Pressure (bars)

pH 2t011 2to11

Max.  Operating | 45 45

Temp. (°C)

Price/membrane 269 244

(USD)

Total Number of | 4 12

membrane

elements

Total membrane | 1076 2928

costs (USD)

Advantages -High productivity and salt | -High flux
rejection rates, optimized | reduces energy
flow, low fouling and low | use or pressure
energy consumption; required;
-Optimum salt rejection and | -Good salt
permeate flows at low | rejection results
operating pressures; in good quality
-High energy efficiency at | water.
low costs, low treatment
cost while offering extreme
durability and consistent
performance.

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

4073

above factors, the simulation conducted the

IMSDesign suited the design for this project.

using

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, m?

Aw - Permeability coefficient, m/s.Pa

Bs - Solute transport parameter, m/s

E - Specific energy consumption, kWh/m?

Eero Turbine energy, kWh

Epump Pump energy consumption, kWh

Espec The specific energy required per volume of permeate water,
kwh/m?

Jw - Permeate flux, m/s

AP - Pressure difference across the membrane, Pa

Ps - Feed water pressure, Pa

Py - Permeate pressure, Pa

P - Rejected pressure, Pa

Qr - Feed flow rate, m3/d

Qn - Permeate hourly flow rate, m3/h

Q - Permeate flow rate, m3/d

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

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

Q - Rejected flow rate, m¥/d

Qbypass -Amount of water mixes with the permeate to achieve the

required salinity, m®
R -
Rs -

Gas constant, J/mol-k
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 -
Vy -

Temperature, °C

Water molar volume, m?
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W - Work, kW

Er - Total energy requirement, KW

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

Ep - Energy required for pre-treatment and post treatment (micro

filtration and pumping), kW
Enp - Energy required by high pressure pump, kW

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

e - Filtration time, h

- Total time, h

Vi - Volume of filtrate, m

Vees Volume of chemically enhanced backwash, m®
Vaw Volume of backwash, m?

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

An - Osmotic pressure, Pa
o - Availability
¢ - Average flux (I/h.m?)

g - Membrane type and its flux per driving pressure

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

M - Pump efficiency (typically around 0.75)

n - Efficiency of the energy recovery unit (if installed)
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APPENDIX 1 - IMSDesign Results

Integrated Membranes Solutions Design Sotware, 2018

Ni EL oranaumcs
Credted on: 9/5/2020 031652 o At Grosp

Water Analysis - Raw Pass 1

Project name SWRO Desalination
WWater source Sea Surface MFUF
fH B.10
E.cond 554990 psicm
o2 0.000 mgl
MH3 0.000 mol
Temperature 250 °C
TOS 352564 mol
lan gl mod Caco3 lon gl mg/l Caco3
Za 40600 1015.00 Zo3 0.014 0.0z
g 1312.00 5377 .05 HCO3 00 0.0s
Ma 10957 00 Y3519.56 S04 2757.00 2871.88
[ 33300 20258 1 19737 81 2733394
MHA 0.oo o.oo F 1.10 289
Ba 0.000 o.oo M3 0.oo Q.00
Sr 0.000 o.oo P4 0.oo Q.00
Total, mey 61428 502 o.oo Q.00
=] ono 0.00
Total, megy G14.28

Saturations Information

CaS04 / KSP* 100 21 %
BasCd /KSP * 100 0%
Srs0d /KSR T 100 0%
CaF2d K3k =100 21 %
Si02 saturation 0%
Ca3(P 042 saturation incex 0
CCPP, mpd 0.0z
lonic strength n.7o7
Osmuotic pressure 26.02 bar

Product performance caloulations are based on nominal element performance when operated on a £ed waterof accepable quality. The results shown onthe prntots producs d by this program are
estimates of product performance. Mo guarantes of product or system performancs is expressed or implied unless provded in @ separate wamranty statement signed by an auth orized Hydranaotics
representative. Calealations for chemical consumption are provided for conwenience and ane based on warious assumption s conceming water quality and composition. A the actual amount of chemical
nezded farpH adjustment iz feedwater dependent and not membrane dependent, Hydranadtics does not wamant chemical consumption. Ifa product or system wamanty iz required, pleasz contact your
Hydranautics representative. Hon-standard or extended wamanties may result in di fierent pricing than previoushy quoted. \ersion (222886 %

Email : im=d-=aup port@hwira nauticsprojections net "f’j el arme.com '}t}““l 760 501 2600
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Nitto = Qrauncs

Integrated Membranes Solutions Design Software, 2018

Creded on: 94572020 031910

Concentrate Recirculation

Project name SWRO Desalination Page: 1/6
Calculated by Randy Mcube Permeate flawitrain 0.45 mirh
HF Purmp flow 117 m¥h R wwater flowitrain 1.12 mh
Feed prassire 496 har Permeata recovery 3846 %
Feed ternperature /.0 "CTT.0°F Total systerm recovery 40,00 %
Concertrate recirculation 0.08 m¥h Elermert age 0.0 years
Feed water pH 8.10 Flux decline %, peryear 2.0
Chemdosze, mof, - H2504 Fouling factor 1.00
Specific energy 512 kwhim3 SF increase, peryear 70 %
Pass MOF 14.3 bar
Average Tlux rate 18.1 Imh
Feed type Sea Surface MFIUF
Pass- Perm.  Flow/!Vessel Flux DF  Flux Beta Stagewise Pressure Parm. Element Element  Py#x
Stage  Flow  Feed  Cone LEH Ferm.  Boost  Conc D8 Type Quantity ~ Elem#
mah mh maik Imh har  Imh har har har gl
1-1 0.4 12 07 15.1 03 251 1.06 0 433 325 BWCSLD-4040 4 13 4M
lan (med) Rawater Feed Water Pemneste Water Concentrate 1
Hardhess, as CaCo03 £392.05 BS7367 14302 106420
Ca 405.00 M7 .54 0808 £759
Mo 13200 134828 2836 2843
Ma 10957.00 11265.65 117 457 181801
K 393.00 404.04 5265 6514
MH4 0.00 0.00 Q.00 a.n
Ba 0.000 0.000 0000 0.n
Sr 0.000 0.000 0,000 00
H 0.00 0.00 Q.00 a.n
CO3 0.01 0.01 0,000 00
HCO3 010 010 0002 0.1
S04 2757.00 283532 6630 4589.7
Cl 19737 81 20294 45 191.023 327632
F 110 113 0021 14
MO3 0.00 0.00 0.000 a.n
P4 0.00 0.00 Q.00 a.n
OH 013 013 0o 0z
Si02 0.00 0.00 0,000 00
B 0.00 0.00 Q.00 a.n
coz 0.00 0.00 0.00 0.00
MH3 0.00 0.aa 0.00 0.00
TDS 35564.02 3656755 3432 59046.63
|pH 8.10 8.10 6.80 8.13
Saturations Raw Water F eed Water Concentrate Limits
CaB04/ ksp 100, % il 12 40 400
Sr504 7 ksp * 100, % 0 0 0 1200
Ba504/ ksp* 100, % 0 0 0 10000
5i02 saturation, % 0 0 0 140
CaF2/ ksp* 100, % pal 23 130 50000
Cad(F 04)2 saturation index 0.0 0.0 n.a 24
CCPP, mgh 0.02 0.02 0.03 840
lanic strength 07 073 117
Osmatic pressure, har 26.0 26.8 432

Product performance calalations are bazed on nominal element performance when operated ona #eed water of acceptable quality. The results shown onthe printouts produce d by this program ane
astimates of product performance. Ho quarantee of product or system performance is expressad or implied unless provided in 3 separate wamranty statemert zigned by an authorzed Hydranautics
representative. Caloulations for chemical consumption are provided for conwenience and are basad on wariou s assumption s concerming water quality and composition. Az the actual amourit of che mical
needed £rpH adjustment is feedwater dependent and not membran e dependent, Hydranautics does not wamant chemical consumption. 1fa product or system warmanty is required, pleass con@ct your
Hydranautics representative. Non-standard or estended warmanties may resutt in different priging than previoushy quoted. ‘dersion ;2228 86 %

Email : imzd-zup port@hydranauticsprojectons net

5 wemwnembranes.com £3+1 780501 260 @
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Integrated Membranes Solutiors Design Sofware, 2018

i 5L {DRANAUTICS
Creaed on; 95552020 031911 Nlﬂo it ngmm

Concentrate Recirculation
Project name SWRO Desalination Page : 2/6
Calculated by Randy Mcube P ermeate flowtrain 0.45 m3ih
HP Purmp flow 1.17 math Raw water flowitrain 112 mdih
Feed pressure 49.6 har Permeate recovery 3046 %
Feedtemperature 28.0 "C{7T.0°F) Total systemn recovery 4000 %
Concentrate recirculation 0.08 marh Elemant age 0.0 years
Feedwater pH a.10 Flu decline %, per year a.0
Chemn dose, mail, - H2504 Fouling factor 1.00
Specific energy 5.12 lkwhim3 SPincrease, peryear 70 %
PaszsMDP 143 bar
Average fluy rate 18.1 Imh
Feed type Sea Surface MFIUF
Paszs-  Perm. Flow [ essel Flux DF  Flux  Beta Stagewise Pressure Perm. Element Element Pt x
Stage Flow  Feed  Conc M Perm.  Boost  Cone TDS Type Quartity ~ Elem#*
mih  mh maih Imh hat  Imh har har har gl
11 04 12 07 151 03 251 108 0 0 4593 3245 SWCSLD-4040 4 13 4M
Fermeat Permeate
Pazs- Element Feed  Pressure  Conc MOP  ebater  Water Beta Parmeate (Stagewise cumulative)
Stage  no.  Pressure  Drop o Osma Flow Flug TDS Ca My Nz cl
har har bar har mih Irmh

1-1 1 436 041 31T 18.9 02 251 1.06 162.5 0.4585 1.47 5B8A5S 95729

11 2 49.5 0.07 364 13.8 01 17 1.08 2086 0584 1,887 THETI 122882

1-1 3 434 0.06 40.2 99 01 11.2 1.04 2628 0736 2378 95203 154783

11 4 49,3 0.05 432 B8 01 7.3 1.03 324.5 0808 2937 1rAd 1w

Product performancs calculations are based onnominal elemert parformance when operated on 3 fed water of acceptab le quality. The results shown onthe prirtouts produce d by thiz program are
estimates of product performance. Mo guarantes of product or system performance is expressed or implied unless provded in 2 separate wamranty statement signed by an auth orized Hydranautics
representative, Caleulations for chemical consumption are provided for convenience and are ba sed on waniou s assumption 5 conceming water quality and composttion. A the actual amount of che mical
needed for pH adjustment is feedwater dependent and not membrane depe ndert, Hydranautics does not wamant chemical consumption. If a product or system wamanty is required, pleass contact your
Hydranautics represertative . Hone-ztandard or extended wamarities may result in different pricing than previously quoted. “erdon ; 2.228.86 %

Email : imsd-sup porti@hydra nauticsprojections n et fg:;' weane. inabranes oo 'gi"“i 760 501 2600 g
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Integrated Membranes Solutions Design Sofware, 20158

Ni SLYDRANAUTICS
Creaed on 952020 031311 ‘Ho mm&é'm

Concentrate Recirculation

Froject name SR Desalination Fage: 36
Temperature 260 °C Element age, P1 : 0.0 years

— D= D= D)=~ @

O

(5) O,

Strearn Mo. Flowy {3k Pressure {har) TOS ol CaF? Langelier lanic strength Osmotic pressure

(har)
1 112 0 35564 21.2 -2.123 nror
2 147 0 36568 233 -2.102 nrz
3 147 496 36568 233 -2.102 0y
4 0.720 493 59047 130 -1.726 1.174
5 0.050 0 59047 130 -1.726 1.174
B 0.670 0 59047 130 -1.726 1.174
7 0.450 0 324 0.000 -7.628 0.006

Product performanecs calaulations are based on nominal element performance when operated on a ®ed water of acceptable quality. The results shown onthe prirtouts producsd bythis pro gram are
egtimates of product performanca. Mo guarantee of product or system performance is expresaad or implied unlezs provided in 3 separate warranty statement signed by an authorzed Hydranautics
representative. Caleulations for chemical consumption are provided for convenience and are based on warious assumption s conceming water quality and oo mpasition. A the acual amount of che mical
needed firpH adjustment iz feedwater dependent and not membran e depe ndert, Hydranautics does not wamant chemical consumption. 1fa product ar systemwamanty is required, please con@ct your
Hydranautics represertative. Hon-standard or extanded wamanties may result in different pricing than previoushy quoted. ‘dErsion 2,228 86 %

Emiail : imzd-sup port@hydra nauticsprojections net l?';m.mmh‘armmm '@"‘1 760 501 2600 a
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Integrated Membranes Solutions Design Sotware, 2015 - s :'!1 nn I [mc s
Creged on: 952020 031211 ‘ u ‘Ho Kitie m&gmm

Concentrate Recirculation
Project name SWRO Desalination Page : 46
Calculated by Randy Meube Permeate flowftrain 0.45 m3ih
HF Pump flow 117 m¥h Ranwy weater flowrtrain 1.12 mih
Feed pressure 48,6 har Permeate recoy ery 3846 %
Feed temperature 5.0 "C{TT.0°F)  Total system recovery 40,00 %
Concentrate recirculation 0.05 m¥h Element age 0.0 vears
Feed water pH a.10 Flux decline %, per year 5.0
Chemdose, mal, - H2504 Fouling factar 1.00
Specific energy 5.12 kwhim3 SP increase, peryear 70 %
Pass MDP 14.3 har
Average flux rate 15.1 Irnh
Feed type Sea Surface MFIUF
Fass- Perm. Flow /Y essel F i OP Flo Beta Stagewise Pressure Perm. Element Elernent P
Stage Flow Feed  Canc M at Perm.  Boogt  Comc  TDS Type Quantity ~ Elem#
mah  m3th m¥h Imh har  Imh har har bar mid
11 04 1.2 07 151 03 251 1.06 0 0 433 3245 8BWCS-LD-4040 4 T dM

CALCULATION OF POWER REQUIREMENT

Pass 1 Tot;lﬁ::fem
PumpiBoost pressure, har 8.6
Product flow, m3th 0.4 0.45
Pump flow, m3fh 1.2
Pump efiiciency, % 80.0
Motar efficiency, % 0.0
YWFD efficiency, % a7.0
Fumping power, BHP kN
Prumping power, kK 2.3 213
Pumping energy, kwhim3 512

Product performance caleulations are based on nominal element performance when operated on a ®ed waterof acceptable quality. The results shown onthe printouts produce d by this pro gram are
eztimates of product performance. Mo guarantes of product or system performance is expressed or imp lied unless provided in 3 separate waranty statement signed by an authorized Hydanadtics
reprezartatve . Caloulations for chernical consumnption are prowided for conwenience and are bazad on sarou s assumption s conceming water quality and composition . A the actual amount of chemical
needed ©orpH adjustment is feedwater dependent and not membran e dependent, Hydranautics does not wamant chemical consumption. If 3 product or system wamanity iz required, pleass cor@et your
Hydranautics representative. Non-standard or estended wamanties may result in different pricing than previously quoted. Merson :2.229.86 %

Email : imzd-sup port@hdra nauticsprojectionz net r?'jm.mmmm ':‘:,1‘“"1 780 501 2600 g
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Irtegrated Membranes Solutions Design Sotware, 2015

Ni L mRaNAUTICS
Creded on: 94,2020 031911 IHD Aliifo Groep

Concentrate Recirculation

Froject name SWRO Desalination Fage: 516
Calculated by Randy Mcuhe P ermeate flowdtrain 0.45 m3th

HF Purnp flow 117 m3h Feaw weater flowitrain 112 m3th

Fead pressure 49.6 bar Permeate recovery 3846 %

Feed temperature 250 "CIFTO0F)  Total system recavery 40.00 %
Concertrate recirculation 0.058 mih Element age 0.0 years
Fead water pH a10 Fliz decline %, per year 5.0
Chemdose, mgl, - H2504 F ouling factor 1.00

Specific energy 512 kwhim3 SPincrease, peryear 0%

Pass MOP 14.3 bar

Avarage oy rate 18.1 Irh

Feed type Sea Surface MF/UF
Fass-  Perm. Flowr /4 essel F i OF  Flu Beta Stagewise Pressure Perm. Element Elerment P i
Stage  Flow  Feed  Conc M Pern.  Boost  Conc DS Type Quantity  Elem#
mih  m¥h  mh Imh har  Imh har har har gl
1-1 0.4 1.2 nr 151 03 251 1.08 ] 0 493 3245 SWCALD-4040 4 1% 4

CALCULATION OF INVESTMENT AND WATER COST

Plart capacity as permeate 0.458 mih
Specific investment 2218111 UEDm3th
Investment 9,968.00 USD
Plart life 15.0 wears

M embrane life A0 years
Interest rate 45 %
Membrane cost 500.00 LSDvelement
Plant factor 800 %
Murmber of elements 4.0

Powear cost 0.200 USDikwhr
Inhibitar cost 2.20 USDikg
Power consumption 5.12 kwhrim3
Inhibitor doging 3.0 mall
Maintenancefas % of investment) 30 %

Arid cost 0.15 USDrky
Acid dosing 0.00 mgl

CALCULATION RESULTS

Capital cost 017 USD¥m3
Power cost 1.02 UsDhim3
Chemicals cost 0.02 USDvm3
Mernbrane replacement costs 011 UsDim3
Waintenance 0.08 UsDvma3
Total water cost 1.41 USD¥m3

Product performance caleulations are based on nominal element performance when operated on a ®ed water of acceptable quality. The results shown onthe printouts produce d by this pro gram are
esgtimates of product performanca. No guarartee of product or system performance is expressed or implied un less provided in 3 separate waranty statement signed by an auth orized Hydran autics
representative. Calculations for chemical consumption are provided for convenience and are based on wariou s assumption s conceming water quality and composition. A= the acual amoeunt of chemical
needed frpH adjustment i feedwater dependent and not membrane depe ndent, Hydranautics does not wamant chemnical consumption. [f3 product or system wamanty is required, please contact your
Hydranautic:s representative. Mon-standard or estended warmanties may reauk in different pricing than previously quated. wersion $2.228.86 %

Ermail : imzd-sop port@hydra nauticsprojections net rg"‘rjm.mhwm l}?‘""‘ 760 504 2600 g
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APPENDIX 2 — ROSA Results

Reverse Osmosis Systemn Analysis for FILMTEC™ Membranes ROBA ROSA Desalitech ConfigDB u399339 336
Project: SWERO Desalination 3ingle Stage 10m3 unit 2 Case: 1
Randy Neube, University of KwaZulu Natal 16/4/2020
Project Information;

Case-specific: 10 m3/d SWE.O Desalination Tnit

System Detail s
Feed Flow to Stage 1 1.13 m%h Pass 1 Permeate Flow 045 m*h Osmotic Pressure:
Faw Water Flow to System 1.13 m%h Pass 1 Eecovery 40.00 % Feed 25,22 bar
Feed Pressure 4744 bar Feed Temperature 23.0C Concentrate 42,68 bar
Flow Factor 0.%0 Feed TD3 3558835 mgil Average 33.90 bar
Chem. Dose Wone Wumber of Elements 12 Average NDP 13.19 bar
Total Active Area 31.21 W Average Pass 1 Flux 1442 lmh  Power 165 KW
Water Classificati on: Seawater with Conventional pretreatment, 3DI < 5 Specific Energy 3,66 K'Whim®
Stage Element #DV #Ele [oodflow Ifreeesf ngféi:r 510;‘5 groeréi %ﬁ f}iﬁi gre::; %?g:st Perm TDS
@ e @k @) Ga) @) (mh) Ga)  (a)  EY
1 3Wal2340 2 6 113 47.10 0.00 068 4617 045 14.42 0.00 000 63330
Pass Streams
(mgfl as Ton)
) Concentrate Permeate
Name Feed Adpusted Feed Stage 1 Stage 1 Total
NHA+ + MH3 0.00 0.00 0.00 0.00 000
K 39300 359300 £49.25 8.62 862
Ha 10957.00 10957.00 18111.67 224.92 22492
Mg 1312.00 1312.00 218058 912 912
Ca 406.00 406.00 674.81 278 278
Sr 0.00 0.00 0.00 0.00 000
Ba 0.00 0.00 0.00 0.00 000
Co3 0.00 0.00 0.00 0.00 0.00
HCO3 0.00 0.00 0.00 0.00 000
NO3 0.00 0.00 0.00 0.00 000
Cl 1975175 1975175 32665.20 38147 38147
F 110 1.10 182 0.03 003
304 276747 276747 4608.22 £.34 634
5102 0.00 0.00 0.00 0.00 0.00
Boron 0.00 0.00 0.00 0.00 0.00
co2 0.00 0.00 0.00 0.00 000
TDS 3558835 3558835 5889157 £33.30 63330
pH 310 3.10 8.10 8.10 310

*Permeate Flux reported by RO3A 1s caleulated based on ACTIVE membrane area. DISCLAIMER: NO WARFANTY, EXPRESSED OFR. IMPLIED, AND NO
WARRANTY OF MERCHANTABILITY OR. FITNEZS FOR. 4 PARTICULAR PURPORE, I3 GIVEN. Neither FilmTec Corporation nor The D ow Cherrd cal
Cotnpany assume any obligation or liability for results obtained or damages incurred from the application of this information. B ecause use conditions and applicable
laws may differ from one location to another and may change with time, customer is respotsible for deterrnining whether products are appropriate for customer”s uge.
ROGA projections do not guatantes performance nor are such proj ections meant to be a watranty for the system or its design. If you choose to design your systetns
bazed on the ROSA projections, you will take full responsitility for such design and for the systemn. Youacknowdedge that Dow gives a system watranty only in
limited crcumnstances and only wnder certain specific terms and conditione. Showld you decide to buy Membranes, to the extent Dow gives ite standard hlembrane
warranty, which is the standard FilmTec 3-year promted eletnent warranty, Dowwill provide such a litnited warranty. Y ou acknowledge that a system watranty is not
typical andis not an entitlement. Youagree to use best engineering practices and process judgment in product selection and systern design FilmTec Corporation and
TheDow Chemical Cormpany assumne no liability, 1f, asa reqilt of customer's use of the B OBA membrane design software, the customer showld be sued for alleged
infiingement of any patent not owned or controlled by the FilmTec Cotporation nor The Dow Chemical Company.
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Design Warnings

Mone-

Solubility Warnings

CaF2 (% Saturation) = 100%
Antizcalants may be required. Consult your antizcal ant manufacturer for dosing and masimum alowable system recovery.

Stage Details

Stage 1 Element Recovery Perm Flow (m%h) Perm TDS ({mg/) Feed Flow (m3h) Feed TDS (mgi) Feed Press (bar)

1 01z 0.07 299.93 0.56 35588.35 47.10
2 011 0.05 415.21 0.50 40376.48 46589
3 009 0.04 595.12 0.44 45105.24 46.71
4 0.07 0.03 847.64 0.40 43467.93 46.55
5 006 0.02 1215.24 0.37 53268.56 46.42
& 0.04 0.02 1704.85 035 56387.86 46.29

*Perrneate Flux reported by ROSA is caleulated tased on ACTIVE membrane area. DISCLAMER: NO WARRANTY, EXPRESSED OR IMFLIED, AND MO
WARRANTY OF MERCHANTABILITY OR FITMNESS FOF. A PARTICULAR PURPORZE, IS GIVEN. Neither FilmTec Corporation nor The D ow Chermnical
Company assume any ohligation or liability for results obtained or damages incurred from the application of this information. B ecause use conditions and applicable
laws may differ from one location to another and may change with time, customer isresponsible for determining whether products are appropriate for custormer’s use.
ROSA projections do not guarantee performance nor are such projections meant to be a watranty for the system or its design. If you choose to design your systems
based on the ROSA projections, you will take full responsitility for such design and for the system. You acknowledge that Dow gives a system warranty only in
litnited circumstances and only under certain specific tertms and conditions. Should you decide to buy Membranes, to the extent Dow givesits standard Metnbrane
wartanty, which is the standard FilmTec 3-year promated element waranty, Dow will provide such a lirnited warranty, Y ou acknowledge that a system wamranty is not
typical andis not an entitlement. Youagree to use best enginesring practices and process judgtnent in product selection and system design FilmTee Corporation and
The Dow Chernical Company assune no liability, if, asa result of customer’s use of the ROBA tnetnbrane design software, the custotner should be sued for alleged
infringement of any patent not owned or controlled by the FilmTec Corporation nor The Dow Chermical Company.
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