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PROSIMPLUS APPLICATION EXAMPLE

SEAWATER DESALINATION

EXAMPLE PURPOSE

This example presents two seawater desalination technologies. One is based on distillation and the other one on
membrane filtration (with the serial and/or parallel association of membrane filters). The purpose of this example is

to present these technologies and compare their performances.

ACCESS |Zl Free Internet |:| Restricted to clients |:| Restricted |:| Confidential

CORRESPONDING PROSIMPLUS FILES | PSPS_EX_EN-Distillation.pmp3
PSPS_EX_EN-V1-1-Stage.pmp3

PSPS EX EN-V2-2-Stages-Series.pmp3
PSPS EX EN-V3-2-Stages-Parallel.pmp3
PSPS_EX_ EN-V4-Hybrid-Version.pmp3
PSPS_EX_EN-V5-1-Stage-ERD.pmp3

PSPS_EX_ EN-V6-Hybrid-Version-ERD.pmp3

Reader is reminded that this use case is only an example and should not be used for other purposes. Although this example is based on actual
case it may not be considered as typical nor are the data used always the most accurate available. Fives ProSim shall have no responsibility or
liability for damages arising out of or related to the use of the results of calculations based on this example.

Energy

Fives ProSim

Siege social : Immeuble Stratege A - 51 rue Ampeére - 31670 Labege - FRANCE

Tél. : +33 (0)5 62 88 24 30

S.A.S. au capital de 147 800 € - 350 476 487 R.C.S. Toulouse - Siret 350 476 487 00037 - APE 5829C - N° TVAFR 10 350 476 487
www.fivesgroup.com / www.fives-prosim.com


http://www.fives-prosim.com/

Seawater desalination
Version : March 2024 Page :2/36

TABLE OF CONTENTS

1 INTRODUCTION . e et 4
2 LO(@ 1171 =@ 18 1\ | 51 5
3 THERMODYNAMIC MODEL. ..o e 5
4 OPERATING CONDITIONS ..o e e e 5
5 D RS I 1 N I [ ]\ R 15
51 L (0TS0 1= 2o g o] £ o 15

5.2 (Rl (0 TotSIX IR {011V LT AT 16

5.3 SIMUIATION FIOWSINEET. ....ceve ettt e ettt e e et e e e e et e e s et e e e sat e easea e esebaeeeeeaasns 16

5.4 (@] 01T 1T g Tl eXoT g T[]0 1S PSR 17

55 (QTLEE= 1TV4= 11T ] o TR 19

5.6 [ LTS U] £ 19

6 ot I AN 0 ] 21
6.1 e feTot TSR o LT ol ] o] 1T I PSR PTRTPPP 21

6.2 ProCESS FIOWSRNEEL . ..cceeiiiieeeeee et e e e e e e e et e e e s e e e e s e b e s e e aa e e e sabaeeraaas 22

6.3 ONe filtrAtiON SLAQE ..ocoeveieeeeeeeeeeeeee 22

6.3.1  SIMUIALION FIOWSIEET...... et e et e e e e e et e e e et e s eaa e e s eaa e e eeaaass 22

SRS I N @ o 1T =il g [o l oo [0 1170 ] o RO PPRPTR 23

(SRS T = =TT UL =3RRI 23

6.4 TWO filtration STAJES IN SEIIES ..cooiiiiiii ettt s e e e nbee e e e aneee 24

B6.4.1  SIMUIALION FIOWSIEEL ... ..ot ettt e e et e e et e e et e e e e et s e e ea e resetaeeeeenaans 24

6.4.2  OPErating CONTITIONS ......ueeiiiie ittt e ettt e e e s e st b b e e et e e e s e e abbeeeeeeeeeaaaannbbeeeeaaeeaaannne 24

LSRG T = T U || = 25

6.5 Two filtration stages iN Parallel .............. e a e 26

Copyright © 2024 Fives ProSim, Labége, France — Tous droits réservés www.fives-prosim.com



Seawater desalination

Version : March 2024 Page : 3/ 36
6.5.1  SIMUIALION FIOWSREEL......cooiiiiiii ettt e et e e s breeeeane 26

SRS @ o 1T - i o oo o 1170 1 PEERR 26

B.5.3  RESUIS ittt e e e e e e e et et et e e e e e e e e abeeeeeee e e e e e nnraereeaaeeeaaane 27

6.6 ()Y 01110 YT €] To] o [ TP U P PP PPPPPPON 27

6.6.1  SIMUIALION FIOWSNEET .......eeeiiie it e e s et e e e e e e s e et eeeaeeesaananes 28

6.6.2  OPErating CONTILIONS ......eeiiiiiiieiitiie ettt e e e st e e e st b e e e e s be e e e e abb e e e e aabb e e e e sbbeeeeaabreeeeane 28

B.6.3  RESUILS ...eii ittt e et e e e bt e e e e b b et e e et bt e e e et bt e e e abbeeeeantreeeenaes 29

6.7 One filtration stage With €NErgy FECOVETY .......uueiiiiiiiiiciieeiee e e e ceee e e e e s e e rer e e e e s s s rnrae e e e e e e s e nnnenees 30

6.7.1  SIMUIALION FIOWSREEL......ccii ittt e et e e e bt e e e s nbreeeeene 30

6.7.2  OPErating CONTILIONS ......eeiiiiiiie it ettt ettt e e e st e e e st e e e e e aabe e e e e abe e e e e anbeeeeeabbneaeanbreeeeaae 30

LA T = =1 U] £ PP PERRR 31

6.8 Hybrid version With €Nergy rECOVETY ........cooiiiiiii i 32

6.8.1  SIMUIALION FIOWSNEET ......e i e e e e s s st r e e e e e s e s snnraeeeeeeeeeaannes 32

6.8.2  Operating CONUITIONS .....ieieieie i e i e s 32

B.8.3  RESUILS .ttt e e e e e e e e e et e e e e e e e a b b e et e ee e e e e e anbaeeeaaeeeeaaaae 33

7 CONCLUSION . Lt e e e et e e et e e e e e e et e e ea e e ean s 34
8 REFERENGCES ...t e e e e e e e e e e e e eenas 35
APPENDIX: FILTRATION RESULTS DEFINITION.....ccuuiiiiiie e 36

Copyright © 2024 Fives ProSim, Labége, France — Tous droits réservés www.fives-prosim.com



Seawater desalination
Version : March 2024 Page :4/36

1 INTRODUCTION

In some places in the world, clean water production is a real challenge. It is not possible or insufficient to draw water
from groundwater or rivers. Moreover, 97.5 % of the world’s water resources are made up of seawater or brackish
water (unfit for human drinking consumption). In this context, the seawater desalination is an interesting process to

produce drinking water.
To achieve the seawater desalination, two major technologies are available:

» Distillation: this process consists in boiling seawater or brackish water concentrated in salt in order to extract
drinking water in the vapor state. Then, this steam is condensed. This type of process is very energy-intensive
because it is based on the vaporization and condensation of water (the heat of vaporization of water is
significant = 2,500 kJ/kg). For these reasons, energy recovery is implemented to limit the energy consumption
of the process. One of the strategies for reducing energy consumption is to « stagger » the water vaporization
into several effects: this type of process is called the multi-effect distillation [DANOQ3]. Several cells (“flashes™)
are placed one after another. The energy contained in the vaporized stream (steam) of drinking water is

transmitted to the next cell using the condensation through a heat exchanger.

» Filtration: this process is based on the use of semi-permeable membranes. The operating principle of
membrane filters was detailed in the example PSPS_EX_ EN-Filtration. To summarize, under the effect of a
pressure higher than the osmotic pressure of the mixture, species can cross the membrane from the retentate
side to the permeate side. The separation or purification of a stream with a membrane filter generates 2 outlet

streams: a retentate (the retained species) and a permeate (the species having crossed the membrane).
For membrane filtration, 6 configurations (versions) of membrane filters are presented:

» One filtration stage (V1);
Two filtration stages in series, i.e., a second filter is placed at the retentate side outlet (V2)

Two filtration stages in parallel, i.e., a second filter is placed at the permeate side outlet (V3);

YV V V

A hybrid version (« industrial » version) with an intermediate configuration with filters in parallel and in series
(V4);

One filtration stage with an energy recovery device (V5);

Y Vv

A hybrid version with an energy recovery device (V6).

The purpose of this example is to compare all the processes in order to determine the advantages and disadvantages
of the different technologies. To perform this comparison, the feed parameters (flowrate and compaosition) remain
unchanged between the different cases studied. Furthermore, for comparison purpose, the global transfer area
remains the same. Finally, the recovery rate, rejection rate and specific consumption (see Appendix: Filtration results

definition) will be calculated and compared.
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2 COMPOUNDS

The compounds considered in the simulation, their chemical formulas and CAS! numbers are presented in the

following table. Pure components physical properties are extracted from the ProSimPlus standard database [WIL21].

Compound Chemical formula CAS number?
WATER H20 7732-18-5
SODIUM

NaCl 7647-14-5

CHLORIDE

To simplify, only sodium chloride (NaCl) is considered for seawater modeling for the different cases studied. It is
possible to model more complex systems with several electrolyte species thanks to an adapted thermodynamic

model.

1CAS Registry numbers® are the intellectual property of the American Chemical Society and are used by ProSim SA

with the express permission of ACS. CAS Registry Numbers® have not been verified by ACS and may be inaccurate

3 THERMODYNAMIC MODEL

The system is composed of an aqueous solution of sodium chloride. Therefore, the thermodynamic profile
“Sour water” is used to model this electrolytic solution. This thermodynamic model is adapted to the constraints of

molality, pressure and temperature used in the examples presented in this document.

4 OPERATING CONDITIONS

For all of the processes presented in this document, the following parameters will remain unchanged:

» The seawater feed

» The scripts to calculate the average permeability of filtration units;
» The operating conditions of the ERD (Energy Recovery Device);
>

The operating parameters of the membrane filters except for the transfer area.
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These unchanged parameters are presented below:

v Process feed

Inlet Water
NacCl
WATER 96.4
Mass fraction (%)
NaCl 3.6
Concentration (g/l) 36.8
Mass flowrate (t/h) 15
Temperature (°C) 30
Pressure (atm) 1

On earth, the seawater concentration varies classically from 30 to 40 g of sodium chloride per kilogram of water.

v" Spiral wound membrane filter

The configuration of the module is inspired by an industrial filter [DUP20]. The surface of this filter is 34 m2. For this

desalination example, the total transfer area of the different cases studied will always be equivalent to 34 m2 in order

to be able to compare the technological solutions.
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The configuration of the filter is made throught the 5 tabs presented below:

PN Spiral wound membrane filter (SCMRET) O >
MName: |Filter |
Desc: | |
ldentification Parameters  Scripts  Report Streams  Motes  Advanced parameters
General Permeation Pressure drop  Numerical parameters
Geometry of the apparatus
Flow direction Counter-current
WMembrane definttion Surface and length
Fittration area (S) mz e
Clearance thickness of the retentate side (r) mm o
Clearance thickness of the permeate side (p) mm ~
WMembrane thickness (&) 1E-5 m
Retentate
Permeate
oK Cancel
1. Configuration
Flow direction Counter-current
Membrane definition Surface and length
Length (m) 1
Filtration area (m2) Variable
Clearance thickness of the retentate side (mm) 0.9
Clearance thickness of the permeate side (mm) 0.9
Membrane thickness (m) 1x10®
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2. General
Temperature (°C) 30
Physical state Liquid
Permeate side pressure (atm) 1

3. Permeation

All the following checkboxes must be ticked:

@ Spiral wound membrane filter (SCMRET) O
MName: |Firter
Desc:|
identification Parameters Scripts Report Streams Notes Advanced parameters
Configuration General EI'ITIEETIUI'I Prezsure drop  Numerical parameters
Membrane type Take into account the membrane polarization
@ Standard (porous or dense)
() Dense with isotopic exchange Take into account the osmotic effect Edit...
Defintion of the membrane permeabilties
(®) Standard () Seript
Membrane type
() Permeabilties of the compounds
O Permeability of a reference compound and selectivities
(®) Permeabilties of solvent and solutes
O Permeabilties of zolvent and a reference compound (selectivities)
Compounds Permeabilties...  Solvent Polarized ? Polarization...
WATER Edit... |
SODIUM CHLORIDE Edit... ] Edit...
oK Cancel

For this type of filtration, permeability values can be found in the literature ((MAU74] and [OKA19]).

The default values for the osmotic effect definition are used (calculation of the osmotic pressure by the thermodynamic

model).
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On the other hand, the values of permeability and polarization for water and sodium chloride are supplied as follows:

Water permeability

Permeation model

Partial pressure

Definition type Constant
Type Volume
Volume permeability (m%/h/bar) 7.1x 10710
NaCl permeability
Permeation model Concentration
Permeability (m/s) 1x1077
NaCl polarization
Model for the mass transfer coefficient (ki) Chen and Qin
Di (m2/s) 1x10°°
a 0.031
B 0.9243
Y 0.3495

4. Pressure drop
Default values are used.
5. Numerical parameters

Only the number of cells is changed to 20.
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v" Windows Script

The following script is used in the «Permeability calculation» Windows script module. This script allows to calculate

the average permeability and the average osmotic pressure drop of the filter:

With CreateObject("Scripting.FileSystemObject")
ExecuteGlobal .OpenTextFile(Project.ApplicationPath & "Scripts\UnitConversion.vbs", 1).ReadAll()
End With

Function OnCalculation()

Parameters

Filter_Name = "Filter"

With Project.Modules(Filter_Name)
' Streams
Set Feed = .InputStream(1)
Set Permeate = .OutputStream(2)
'Osmotic pressure
Nb_Cells = .GridCellsNumber
a = (.OsmoticPressureDifferenceProfile(1) + .OsmoticPressureDifferenceProfile(Nb_Cells+1)) / 2
a = ConvertFromProSim("pressure", a, "bar")
'Membrane transfer area m2
S = .TransferTotalArea

End With

'Pressure deviation
b = Feed.Pressure - Permeate.Pressure
b = ConvertFromProSim("pressure", b, "bar")

'Permeate flowrate m3/h

F = Permeate.VolumeFlowrate
'Permeability L/m2/h/bar
Perma2 = F*1000.0/S

Permal = Perma2/(b-a)

'Save of the parameters

Module.Parameters(l) = a
Module.Parameters(2) = b
Module.Parameters(3) = S
Module.Parameters(4) = F
Module.Parameters(5) = Permal

Module.Parameters(6) = Perma2
OnCalculation = True

End Function
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v" ERD

Because of the osmosis effect, the retentate pressure is important. Consequently, the energy consumption of the inlet
pump on the retentate side is high. To reduce the power consumption due to the pressure increase, there exists
different energy recovery technologies:

» Use of a turbopump in series with the high-pressure pump:

The first two technologies convert hydraulic energy into mechanical energy and then back into hydraulic energy.

Pressure exchangers (ERD) directly transfer residual energy from the retentate to the inlet seawater.

For this example, the ERD technology is selected.
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The pressure exchanger is a rotating energy recovery device. The pressurized liquid transmits energy during a short
period of direct contact between the two fluids. This transfer is done within a rotor. The pressure of the brine (high
pressure) is transferred to the seawater feed (low pressure). The rotating device allows the two fluids to be brought

into contact and then extracted, avoiding mixing of the two fluids.

Such a device is schematized as follows:

in
PZ
in
in F
out
out
PZ
onut

F/™: Inlet flowrate of fluid i (m?/s)
FPUt: Outlet flowrate of fluid i (m3/s)
P/™: Inlet pressure of fluid i (Pa)
PPUt: Outlet pressure of fluid i (Pa)
The considered fluids are:
1: seawater
2: retentate
Efficiency is defined as follows:

out pout out pout
_ FPUpYUt 4 FUtps

n= F1inP1in + in‘nPZi‘n

The fluids used in the pressure exchanger are in the liquid state, and the equation is simplified as follows:
Flin ~ Flout

in . pout
F," = F;
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Finally:
Flinplout +F2inP20ut
n= F]l-:nplin + innPZin

In this case, the inlet pressure and molar flow are known for both fluids. Knowing the efficiency of the exchanger and

the discharge pressure of the retentate, it is possible to compute the outlet pressure of the sea water:

T](Flm 1in +F2inP2in) _inn 2oul.“

out _—
P - Fin
1

1

This equation is programmed in the script below implemented in a "Windows Script" module. First, the input streams
are copied and pasted to the output. Then, all the variables used are defined and converted into Sl units (International
System of Units). The calculation of the pressure, the unit conversion and the assignment to the output streams are
performed by using the script below.

With CreateObject("Scripting.FileSystemObject")
ExecuteGlobal .OpenTextFile(Project.ApplicationPath & "Scripts\UnitConversion.vbs", 1).ReadAll()
End With

Function OnCalculation()
set vapor = CreateObject("ProSimPlusScriptableObjects.ProSimStream")
set liquid = CreateObject("ProSimPlusScriptableObjects.ProSimStream")

"Exchanger characteristic
Eta = 0.96 ' (ERD yield)
Pout2 = 101325.0 ' (Pa)

With Module
' Copy streams
.OutputStream(1).CopyFrom(.InputStream(1))
.OutputStream(2).CopyFrom(.InputStream(2))
' Conversions

Fa = .InputStream(1l).VolumeFlowrate

Fa = ConvertFromProSim("volume flow rate", Fa, "m3/s")

Fb = .InputStream(2).VolumeFlowrate

Fb = ConvertFromProSim("volume flow rate", Fb, "m3/s")
Pa = .InputStream(1).pressure

Pa = ConvertFromProSim("pressure"”, Pa, "Pa")

Pb = .InputStream(2).pressure

Pb = ConvertFromProSim("pressure", Pb, "Pa")

Output pressures calculation

Poutl = (eta*(Fa*Pa+Fb*Pb)-Fb*Pout2)/Fa

.OutputStream(1).pressure = ConvertToProSim("pressure", Poutl, "Pa")
.OutputStream(2).pressure = ConvertToProSim("pressure", Pout2, "Pa")

' Temperature calculation
.OutputStream(1).FlashAtHP .OutputStream(1l).Temperature, vapRatio, liquidEnthalpy, _
vaporEnthalpy, liquidFractions, vaporFractions, equiConstants

Physical state of output stream 2

.ComputePhysicalState Module.OutputStream(2), vapor, liquid
.ComputeEnthalpy Vapor

.ComputeEnthalpy Liquid

.OutputStream(2).EnthalpyFlux = Vapor.EnthalpyFlux + Liquid.EnthalpyFlux
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End With

OnCalculation = True

End Function
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5 DISTILLATION

51 Process description

A distillation cell consists of two coils and pumps.

The sea water is brought to its boiling point by a first coil (the red coil on the scheme below). Then, this steam is

condensed in the second coil (the blue coil). Thus, the brine is in the lower part while the pure water is in the upper

part. These two products are evacuated using pumps such as well as the incondensable gases present in the cell.

Seawater-Cutlet

Steam-Inlet

Condensate-Cutlet

Seawater-Inlet
Pure water

|_., Brine-QOutlet

An improvement of this system consists in having different cells in series.

2"

S A

2"

R 2"

i

I ——

The steam produced in cell n°1 is used in cell n°2 to evaporate seawater. Then, the steam produced in cell n°2 is

used in cell n°3 to evaporate the sea water and so on. By adding several cells (effects), it is possible to decrease the

energy consumption of the process. This configuration is simulated in the following example. The cells will be modeled

by two-phases flashes.
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5.2 Process flowsheet

Steam Outlet

Steam Inlet .

—»

. Pure Water

Sea Water
Inlet

—Flash 1 Flash 2 ~—Flash 3 — Flash 4

I

Brine

- >

Rejection

The seawater is preheated using the condensation energy from the outlet of the last cell. The seawater stream is then
divided to be injected into the different cells. The flash heat duty is provided by the condensation energy from the

previous cells, except for the first cell, whose energy comes from a heat source not modeled in this example.

5.3 Simulation flowsheet

Global Performance:

Rejection Rate = 100 %
Resovery Rate - 3292 %
Spacifc canEUMpton = T18.45 KARIME

Tatal consumption = 0.35 MW

Haam Inlet E105 Steam autlet
I
! ~E104]
i H
1 |
i =

. @ E102 :ﬁ
___________ [ — i H
j I— | Water Output

i
H | H

H |
LI H | i
— — I - i |

T : [
\—r’/—. ! i
3104 | i
-117T y | H
B 117TI0ES W ) . | =
............ [
Sea water Inet
5103
P=01487.33 W
0
5102
P=T2T491W
& G
Rejection | ﬁves

Simulation of seawater desalination by multi-stage distillation
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5.4 Operating conditions
v Utility feed
Steam Inlet
WATER 100
Mass fraction (%)
NacCl 0
NaCl Concentration (g/l) 0
Mass flowrate (t/h) 0.1875
Temperature (°C) Dew point temperature
Pressure (atm) 1
v" Simple heat exchanger (E100)
Heat duty (kJ/h) (initialization) -2 000 000

v' Coolers/heaters

All coolers (E101, E102, E103, E104 and E105) have the following instructions:

Outlet temperature

Bubble point temperature

v" Information stream handlers

All information stream handlers are configured as follows:

ﬁ Information stream handler (SMANIT) O X

Name: |l.1ani|::-2

Desc: |

ldentiﬁcatiun{ Scripts Report Streams Motes A ' Y

Out=A*In"+B-C

Power
© Reaivaue
1

() Integer value

These information stream handlers as well as the information streams are used to simulate the energy recovery. The

condensation heat duty of the vapors of the various effects are recovered to heat the flashes.
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v/ Stream splitter

D101

Supplied specification

Mass flowrates

Outlet pressure

Equal to the feed pressure

Automatically

calculated stream 5

Streams Mass flowrates (t/h) To
C6 0.09375 S101
Cc7 0.65625 S104
C8 0.46875 S103
C9 0.1875 S102

v Liquid-vapor separators

All the flashes (S101, S102, S103, and S104) have the following configuration:

Flash type Constant pressure and enthalpy flash
Pressure (atm) 1
Heat duty (kJ/h) (initialization) 2 000 000

v Mixer

The M101 mixer is configured with the default settings.
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55 Initialization

The calculation sequence is automatically determined by ProSimPlus. A tear stream is detected: “C4” (outlet stream

of the “E100” heat exchanger). The following values are used to initiliaze it:

Stream name C4
From E100
To D101
Flowrate (t/h) 15
WATER 96.4
Mass fraction (%)
NaCl 3.6
Temperature (°C) 90
Pressure (atm) 1
5.6 Results
v/ Balance
Sea Water ) L
Brine Water Output Rejection
Inlet
Mass flowrate (t/h) 1.50 0.94 0.46 0.094
Volume flowrate (m3/h) 1.47 0.95 0.48 0.09
NaCl concentration (g/l) 36.84 53.42 0 36.84
WATER 0.964 0.946 1 0.964
Mass fraction (%) SODIUM
0.036 0.054 0 0.036
CHLORIDE
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v Performances

Heat duty E105 (kW) | 118 |

Recovered heat (kW)

S101

S102

S103

S104

91

73

65

62

Recovery rate (%) 30.88
NacCl rejection rate (%) 100
Specific consumption (KWh/m?) 243.59

The distillation produces pure water free of salt. The production of pure water is expensive: for a production of

0.48 m3/h, the total energy consumption is 0.12 MW, so the specific consumption is = 244 kWh/m3.
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6 FILTRATION

6.1 Process description

This example presents desalination processes using one or more membrane filters and different configurations
(series, parallel, hybrid).

Membrane filtration is a physical separation process. It is based on the principle of permeation through a
permselective membrane. This permselective membrane, depending on its intrinsic characteristics and its use,
constitutes a barrier allowing (or favoring) some transfers of matter and limiting others. The driving forces allowing
permeation through the membrane can be diffusion (active transport) but also pressure, concentration, or electrical
potential differentials (passive transport).

| +re,06 0" 0,0 00,0 |

. [ ]
Solutiong ® P ©0° °® 00° °o ° ® ® @ getentate
. 9:0% ®. 5.0%° ° '
Membrane ..-."..'r."..

Permeate

Depending on the pore size, the filtration membrane is an absolute physical barrier for molecules or particles above
a certain size threshold. This is the main advantage of membrane filtration compared to conventional methods (sand

filter, activated carbon...). Indeed, these ones do not constitute an absolute filter [CAU17].
With a membrane filtration operation, two streams are generated:

» The retentate (or concentrate) where the molecules and/or particles retained by the membrane are
concentrated.

» The permeate, free of retained molecules and/or particles.

The V1 example (see 6.3 one filtration stage) illustrates the seawater desalination by a single membrane filtration
stage. Industrially, depending on the specifications (flowrate and concentration specifications), series and/or parallel

filter configurations are generally used.

These more complex configurations are sometimes equipped with a power recovery system (ERD "Exchanger

Recovery Device") or a Pelton turbine to produce electrical energy (see 4. Operating conditions).
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6.2 Process flowsheet

The studied processes of this example are composed of one or more filters. These filters are arranged in:

» Parallel: a second filter is placed on the permeate outlet of the first filter.

» Series: a second filter is placed on the retentate outlet of the first filter.

There are also hybrid configurations between the parallel and series configurations (“industrial" configurations).

The schematic of a simple filter is provided below:

Inlet retentate

Filter

Outlet permeate

» QOutlet retentate

The stream to be treated enters through the retentate side. It is separated into two streams through the filter. The

components passing through the filter exit in the permeate while the retained phase exits on the retentate side.

6.3 One filtration stage

6.3.1 Simulation flowsheet

C = 36.78 g/l
D = 1500 kg'h
P = 80 atm
Water NaCl P101
P =5339.9W

Simulation of seawater desalination by one filtration stage

WAVAV/

Filter

C=79.09g/
D =707.93 kgth

II

=80 atm

C=0899

D = 792.06 kgth

)

Retenate

P =1 atm

_—

Permeate

Permeability calculation:
Delta Pi= 46.66 bar
Delta P =80.05 bar
Area = 34 m?

Permeat flowrate = 0.8 m3/h

Permeability = 0.7 L/m?/h/bar
Permeability = 23.38 L/m?h

Performances:
Recovery rate = 52.8 %
Rejection rate = 98.88 %

Specific consumption = 6.72 kWh/m3

£

fives
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6.3.2 Operating conditions

v' Spiral wound membrane filter

Area (m?)

34

As explained above (see 4 Operating conditions), the configuration of the filter is extracted from a commercial filter

[DUP20].

v' Centrifugal pump

Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99
6.3.3 Results
v' Balance
Feed Retentate Permeate
Volume flowrate (m3/h) 1.47 0.67 0.80
Mass flowrate (t/h) 1.50 0.71 0.79
NaCl Concentration (g/l) 36.78 79.09 0.89
WATER 0.964 0.976 0.9997
Mass fraction (%)
SODIUM CHLORIDE 0.036 0.024 0.0003
v' Performances
Recovery rate (%) 52.80
NacCl rejection rate (%) 98.88
Specific consumption (KWh/m3) 6.72
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6.4

Two filtration stages in series

A second filter is placed on the retentate outlet of the first filter.

6.4.1

D = 1500 kg/h
S [P =80 aim]|
P=1am

Water NaCl

6.4.2

P101
P=5339.9W

Simulation of seawater desalination by two filtration stages in series

Simulation flowsheet

WAVAV/

Filter 1

Permeability calculation filter 1

Permeat flowrate = 0.61 m3/h

Permeability = 0.7 Lim*h/bar
Permeability = 30.27 Lim*h

Delta Pi =365 bar
Delta P = 80.05 bar

Area =17 m*

Permeability calculation filter 2
Delta Pi=5486 bar
Delta P =80.05 bar

Area =17 m*

Permeat flowrate = 0.29 m3/h

Permeability = 0.68 L/m*h/bar
Permeability = 17 21 L/m%h

Performances filter 1:
Recovery rate = 34.17 %
Rejection rate = 99.02 %

Performances filter 2:
Recovery rate = 2953 %
Rejection rate = 98.23 %

Global Performance
Rejection Rate = 98.92 %
Recovery Rate =5361 %
Specific consumption = 6.62 kWh/m3

Operating conditions

v" Spiral wound membrane filters

v' Centrifugal pump

Retenate
Filter 2
D =29161kgh
=05 Feram
/ [P=tam|
wor Pameate

Filter name Filter 1 Filter 2 Total
Area (m?) 17 17 34
Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99

fives |
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6.4.3 Results
v' Balance
Feed Retentate Permeate
Volume flowrate (m3/h) 1.47 0.66 0.80
Mass flowrate (t/h) 1.50 0.70 0.80
NaCl concentration (g/l) 36.78 80.29 0.87
WATER 0.964 0.924 0.999
Mass fraction (%)
SODIUM CHLORIDE 0.036 0.076 0.001
v Performances
Recovery rate (%) 53.61
NacCl rejection rate (%) 98.92
Specific consumption (kWh/m?3) 6.62

The association in series allows to increase the permeate flowrate produced. But this configuration type tends to

degrade the overall quality of the product. In consequence, the NaCl concentration is higher in the permeate stream.
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6.5

Two filtration stages in parallel

A second filter is placed on the permeate outlet of the first filter.

6.5.1 Simulation flowsheet
Permeability calculation filter 1 Permeability calculation filter 2
Delta Pi=36.5bar 5N Delta Pi= 244 bar [EN
Delta P = 8005 bar ws Delta P = 39.52 bar ws
Area=17 m* Area =17 m*
Permeat flowrate = 0.51 m3/h Permeat flowrate = 0.46 m3/h
[Permeability = 0 7 Lim?h/par | [Permeability = 0.72 Lim?/hibar |
Global Performance: [Permeability = 30.27 Lin# | [Permeability = 26 85 Lim#h |
Rejection Rale = 99 96 % Performances filter 1 Performances filter 2:
Recovery Rate = 30.29 % Recovery rate = 3417 % Recovery rate = 88.67 %
Specific consumption = 23 4 KWhim3 Rejection rate = 99.02 % Rejection rate = 99.55 %
F=1am
=0
Water NaC| . 5!;13(;15 w — CEREE
D = 967.39 ka/h [€=53240]
D = 1045.49 kg'h
101 Retenate
N miVAVAVI
P=92395W iter
| Filter 2 [o= 45441 kah] :H ﬁves
= — FTO21IN
Simulation of seawater desalination by two filtration stages in parallel
6.5.2 Operating conditions
v" Spiral wound membrane filters
Filter name Filter 1 Filter 2 Total
Area (m?) 17 17 34
v' Centrifugal pump (P101)
Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99
v' Centrifugal pump (P102)
Exhaust pressure (atm) 40
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99
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6.5.3 Results
v' Balance
Feed Retentate Permeate
Volume flowrate (m3/h) 1.47 1.01 0.46
Mass flowrate (t/h) 1.50 1.05 0.45
NaCl concentration (g/l) 36.74 53.2 0.02
WATER 0.964 0.949 0.99998
Mass fraction (%)
SODIUM CHLORIDE 0.036 0.051 0.00002
v Performances
Recovery rate (%) 30.29
NaCl rejection rate (%) 99.96
Specific consumption (kWh/m?3) 23.4

The parallel association allows to increase the purity. However, the flowrate of the permeate produced decreases.

6.6 Hybrid version

The parallel association increases the purity but also decreases the flowrate of the permeate produced. For the series

association, the flowrate increases while the purity decreases.

Therefore, it is necessary to find a trade-off between these two configurations in order to achieve the desired purity

and flowrate specifications.

The V5 example is based on the Barka Il installation [SUEQ9]. For this industrial plant, the nominal flow rate treated

is of 5000 t/h. For the comparison of the performances of the different configurations, the flowrate used to model this

case study was set at 1.5 m3h (see 4 Operating conditions). Compared to the V5 simulation file, the Barka Il

installation has more pumps (higher flowrate) and filters (larger surface transfer area) in parallel to treat the nominal

flowrate of 5000 t/h (identical configuration).
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6.6.1 Simulation flowsheet

@

Permeability calculation 1

Delta Pi=3559 bar (|5
DeltaP =80 05bar | =

Area=16m*

Permeate flowrate = 0.49 m3/h

Permeability calculation 3.
Delta Pi=7.34 bar lsi=
DetaP=39.52bar | =

Area=Tm?

Permeate flowrate = 0.18 mah

P103
P=3d.02W [[Permeability = 069 L'm*/hvpar | [Permeability = 0 78 Lim/bar |
[Permeaility = 30 8% Lim*h | [[Permeabity = 25 18 Lim#h |
Performances Filter 1 Performances Filter 3
Rejoction rale = 99.03% Rejection rae = 99.55%
\/\/\/ Recovery rate = 32.41% Recovery rate = 90.43%
R
Retenate Permeabillty calculation 2 Global Performance

101 Fiter 1 Delta Pi= 0.8 bar Rejection Rate = 99.94 %
P=5330.9W Delta P = 39.52 bar Recovery Rate = 3157 %
Permeate flowrate = 0.3 m3h

ity = 27,22 Umeh

0 = 194 1 kg/h
P =40alm

Performances Filter 2.

Rejection rate = 99 17%

WAVAVI

Recovery rate = 60.57%

P02

P =887 31 W Filter 2. Filter 3

C-00300

D = 473 62 kaih

£

fives 1

B e ar oaEE

-y

Water Outlet (Permeate]

Simulation of seawater desalination by a hybrid version
6.6.2 Operating conditions

v' Spiral wound membrane filters

Filter name Filter 1 Filter 2 Filter 3 Total

~

Area (m2) 16 11 34

v' Centrifugal pump (P101)

Exhaust pressure (atm) 80

Volumetric efficiency 0.65

Mechanical efficiency 0.95

Electrical efficiency 0.99

v' Centrifugal pump (P102)

Exhaust pressure (atm) 40

Volumetric efficiency 0.65

Mechanical efficiency 0.95

Electrical efficiency 0.99
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v' Centrifugal pump (P103)
Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99
6.6.3 Results
v/ Balance
Feed Retentate Permeate
Volume flowrate (m3/h) 1.47 0.99 0.48
Mass flowrate (t/h) 1.50 1.03 0.47
NaCl concentration (g/l) 36.74 54.29 0.03
WATER 0.964 0.947 0.99997
Mass fraction (%)
SODIUM CHLORIDE 0.036 0.053 0.00003
v' Performances
Recovery rate (%) 31.57
NaCl rejection rate (%) 99.94
Specific consumption (kWh/m?3) 22.52

This case is a trade-off between series and parallel filters:

» Better rejection rate and therefore higher purity than the V2 series configuration.

> Better recovery rate than the V3 parallel configuration.
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6.7 One filtration stage with energy recovery

As explained previously (see 4 Operating conditions), it is possible to recover hydraulic energy from the retentate
stream to reduce the installations electrical consumption. The example presented in this paragraph proposes the

addition of a pressure exchanger (ERD).

6.7.1 Simulation flowsheet

Permeability calculation
Delta Pi = 45 66 bar
Delta P = 80.05 bar
Area =34 m*
C=3678g/ C=79.09 g/ Permeate flowrate = 0.8 m3/h
D = 1500 kg/h D = 707.93 kglh Permeability = 0.7 Lim“h/bar
Fo80am Permeability = 23.38 L/m*/h
Performances:
Filter
Recovery rate = 52 8%
Rejection rate = 98.88%
' Specific consumption = 3.76 kWh/m3
Waler MaCl
Fratam
C-0890l B .
D = 792.06 kg/h ‘
II: VEs
Permeate
i Retenate ﬁves
P=299213W

Simulation of seawater desalination by one filtration stage with energy recovery

6.7.2 Operating conditions

v' Spiral wound membrane filter

Area (m?) 34
v' Centrifugal pump (P101)
Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99

v" ERD

The pressure exchanger parameters (ERD) are described in the ERD paragraph of the global operating conditions

(see 4 Operating conditions).
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6.7.3 Results
v' Balance
Feed Retentate Permeate
Volume flowrate (m3/h) 1.47 0.67 0.80
Mass flowrate (t/h) 1.50 0.71 0.79
NaCl concentration (g/l) 36.78 79.09 0.89
WATER 0.964 0.976 0.9997
Mass fraction (%)
SODIUM CHLORIDE 0.036 0.024 0.0003
v' Performances
Recovery rate (%) 52.80
NaCl rejection rate (%) 98.88
Specific consumption (kWh/m?3) 3.76

The mass balance, the conversion rate and the sodium chloride rejection rate are unchanged compared to the V1

version without ERD. The pressure exchanger (ERD) only has an influence on the power consumption and thus the

specific consumption. Here, it is reduced by 44% compared to the single-stage V1 version.
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6.8

Hybrid version with energy recovery

Another version consists of improving the specific consumption of the V5 hybrid version, by using a pressure

exchanger (ERD).

6.8.1 Simulation flowsheet

Permeability calculation 1: Permeability calculation 3:

0.48 mah

[Fermwabiny = 058 Umihear |

[Fermeahillty = 0.78 Uimhibar |

®

P u34,02 W

D= 159658 kg

= 18770 W

C= 542091
D = 1026,33 kgih
Waar sy o8
VBS

[[Permaakility = 30,88 Lim'h | [Permeabiliy = 25,18 Limh |

Performances Filter 1. Performances Filter 3:

Rejection rate = 88,03%

Recovery rate = 32.41%

Fermeability calculation 2 Global Performance:
99.84 %

0 m 31,57 %

Specific cansumption = 797 kKiAh/m3

orm =07 L
Parmeabilly = 27.22 Lim'ih

Performances Filter 2

C=1453gl
D = 16,58 kgh
e 40 aim

Rejection rate = §6.17%

| proren] | B

Ruesvery rate = 60,87%

D = 175,53 kgth

T v 475,82 kgh

fives 4

Water Outlet (Permaate]

Simulation of seawater desalination by a hybrid version with energy recovery

6.8.2

Operating conditions

v' Spiral wound membrane filters

v" Centrifugal pump (P101)

Name filter Filter 1 Filter 2 Filter 3 Total
Area (m?) 16 11 7 34
Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99
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v' Centrifugal pump (P102)

Exhaust pressure (atm) 40
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99
v' Centrifugal pump (P103)
Exhaust pressure (atm) 80
Volumetric efficiency 0.65
Mechanical efficiency 0.95
Electrical efficiency 0.99

v" ERD

The pressure exchanger parameters (ERD) are described in the ERD paragraph of the global operating conditions
(see 4 Operating conditions).

6.8.3 Results

v' Balance
Feed Retentate Permeate
Volume flowrate (m3/h) 1.47 0.99 0.48
Mass flowrate (t/h) 1.50 1.03 0.47
NaCl concentration (g/l) 36.74 54.29 0.03
WATER 0.964 0.947 0.99997
Mass fraction (%)
SODIUM CHLORIDE 0.036 0.053 0.00003
v' Performances
Recovery rate (%) 31.57
NaCl rejection rate (%) 99.94
Specific consumption (KWh/m3) 7.97

Specific consumption is reduced by 65 % compared to V4 version (see 6.6.3 Hybrid version\Results).
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7 CONCLUSION

o 2 stages 2 stages . 1 stage + Hydrib +
Name Distillation 1 stage i Hybrid
series parallel ERD ERD
Version V1 V2 V3 V4 V5 V6
Permeate
flowrate 0.48 0.8 0.81 0.46 0.48 0.8 0.48
(m3/h)
NaCl
concentration
0 0.89 0.87 0.02 0.03 0.89 0.03
of produced
water (g/l)
Recovery rate
%) 30.88 52.80 53.61 30.29 31.57 52.80 31.57
0
Rejection rate
100 98.88 98.92 99.96 99.94 98.88 99.94
(%)
Specific
consumption 243.59 6.72 6.62 23.4 22.52 3.76 7.97
(kWh/m?3)

The combination of filters in series allows to obtain a greater flowrate. In this configuration, the water potability limit is
exceeded (according to the WHO (World Health Organization), the threshold is set at 0.2 g/l NaCl [WHO11]). To avoid
exceeding this limit, the use of parallel filters can be considered. Nevertheless, this parallel configuration involves a

lower permeate flowrate produced.

Finally, the most relevant choice to reach the specifications is to find a trade-off between these two configurations, in
series and in parallel. The hybrid configuration presented in this document is used industrially for seawater
desalination [SUEQ9].

In order to reduce energy consumption, a pressure recovery system can be interesting.

The order of magnitude of the specific consumption of seawater desalination units is from 2.5 to 4 kwWh/m3 [OKA19].
This specific consumption has only decreased due to technological advances (more efficient pumps, energy recovery
systems, higher membrane efficiency...) from more than 20 kWwh/m3 in the 1980s, to 5 kWh/m?3 in the 1990s and then
to 2.5-4 kWh/m3,

Membrane filtration is more interesting than distillation in terms of energy consumption. However, distillation may be

relevant to produce totally pure water.
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APPENDIX: FILTRATION RESULTS DEFINITION

The main results of a membrane filtration are summarized with coefficients traditionally used in the field of filtration:
v' Recovery rate:

Fp,out - Fp,in

Recovery rate =
Fr,in

If there is no inlet connection on the permeate side, the formula is simplified as follows:

F,
Recovery rate = —pout
Fr,in
Fp.out: Permeate outlet mass flowrate (kg/h)
Fp.in: Permeate inlet mass flowrate (kg/h)
Frin: Feed mass flowrate (retentate inlet) (kg/h)
v' Compound i rejection rate:
RTi =1— Cp,i,out
Cr,i,out

Cp.iout: Permeate outlet mass concentration of compound i (kg/m3)

Criout: Retentate inlet mass concentration of compound i (kg/m?3)

v" Specific consumption (kWh/ms3)

Pw

Specific consumption =
p,out

Pw: Total electrical power consumption (kW)

Fp.out: Permeate outlet volume flowrate (ms3/h)
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