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Salinity gradient power (SGP) — concept

Gibbs free energy of mixing low concentration (LC) and
high concentration (HC) streams, AG,,,:

AG 1—
mix, VLOC C ¢
— T ~ ;I Inc,, —¢,.Inc, . — —¢ Coree IN C e

molar concentration
volume fraction of low concentration (LC) stream

number of electrolyte ions (e.g., 2 for NaCl)
gas constant
absolute temperature

Subscripts:
M — mixture; LC — low conc stream; HC — high conc stream
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Salinity gradient power (SGP) - concept

Dis-equilibrium Equilibrium
A Partition B A+B
changes to
A = pure water B = salt solution
Semi-permeable membrane
A
Pressure
changes to head
> A 4
_ Reversible by applying pressure
0SmosIs = reverse osmosis

- seawater (35 kg of salt per m3): osmotic pressure = 2,700,000 Pa => 27 bar => 270 m of water column
- to squeeze potable water out of seawater, a pressure of over 27 bar must be applied
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Salinity gradient power (SGP) — some figures

» Indirect calculation: seawater osmotic energy content:
E=PxV=PxSxd

v producing one m?3 fresh water from an infinite amount of seawater :
E=2,700,000 N/m?x1m?x1m=2,700,000 Nm =2,7 MJ
v seawater : 2.7 MJ/m3 =0.75 kWh/m?3

v equals the potential energy “m x g x h” of 1 m3 of water (1000 kg) at
a height of about 270 m

v"in theory: the osmotic energy within 1 m3 of seawater allows to lift 1
m?> of water to a height of 270 m
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Energy of mixing from natural salinity gradient
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SGP-PRO (Pressure retarded osmosis)

» Most intensely studied and
advanced SGP principle:
research initiated by Sydney
Loeb (1976)

» Principle of operation:

= Transport of water through e
membrane from low .
concentration to high
concentration

.—;—-—.\ s
—
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) v:‘n“““-.w

W

2 VAVAVaway . T

= Skin layer in contact with high
salinity side

= Back pressure on high salinity ~ e
side and increase of volume B L RS it

‘ v I t O -:; Statkraft
PURE ENERGY
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SGP-PRO (Pressure retarded osmosis)

» RO versus PRO . e
» Ap =0 QFO ) PRO (AP < Am) j/ RO (4P > Am)
» 0 < Ap <Ant ->PRO % H&fgj'z’fﬂzm :
» Ap>Ant RO £ i :
» Work delivered by transport Produte enerzy
of water through membrane N Consume P
energy
W = A(A7 —Ap)Ap
AT? Ideal case for seawater:
WMAX = — Optimal pressures
4 AP= Amr/2 =12 ~ 13 bar
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SGP-PRO (Pressure retarded osmosis)

. support  skin
» Membrane challenges  Concentrations =
Freshwater Sea water
) Rejection layer: °
®
= High A-value (water flux) — ° ¢ .
= Low B-value (salt flux) °
Effective osmotic
) Support layer: ,
® pressure gradient
= Small S-value Apparent
osmotic pressu_re<0 )
5 < gradient ®, W
— e
L
xXQ ﬂ . l
» Thinner Cross ¢ Cross
f : f
» More porous = \ ] *
» Lower tortuosity Concentration

. . boundary layers
= Higher back-pressure resistance
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RO Membranes Perform Poorly
in PRO

_ _ 24} | ——TFC-RO]:
Commercial RO polyamide 5 5
thin-film composite membrane é ~ 16}
— s €
IaTvisible} \ E ‘\TI../ 8 |
Polysulfone (PS) & g
support 1 60 )i{m : ; '~> O
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Skilhagen Desal. & Water
Treatment2010,15 (1-3), AP (bar)
271-278

Draw: Seawater
Feed: River water
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Commercial Cellulose Acetate FO
Membrane has Limitatiolns

c 21 FO cellul 24y —— CTA-FO |4
ommercia cellulose < i
triacetate asymmetric membrane = q:'; 1 TFC-RO ]
g 5
CU N
= 5F
e
15 20 25|

Limitations
 Low intrinsic water
permeability

o N S OO Qo O
(&)
8.

o

Power density,
W (W/m?)

5 10 15 20 25

« Narrow operable pH AP (bar)

range Draw; Seawater
Feed: River water
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Performance Determined by
Active and Support Layer Properties

Finger-like

\{ Sponge-like [
¥ microstructure |§
__ T

Polymer Conc. morphology
O 9wt% K 3 -
—{|1— 12 wt% 5
A 15 wt%
& 18 wit%
_ Minimize ICP S High Water Permeability
0.3} - High Salt Selectivity |$| '
— 1.0} X
o2} f__ ! = I /
% h—o—p ¥ 1.2 +
[h S S N
0.1f $ 1 —1 0.8}
, . , B << , : , ,
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DMF content % DMF content %
Tiraferrietal. J. Membr. Sci. 2011, 367,340-352
PSf /INMP-DMF phase-inversion process
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Increase Membrane Permeability on

the Expense of Membrane Selectivity

« Post-treatment of polyamide selective layer

e —
-,

Membrane Chlorine Alkaline Apermeability
“LP” No post-treatment —

Low permeability

“MP” 1,000 ppm NaOCl 0.1 M NaOH, ﬁ
Medium permeability @ pH 7.0, 60 mins 16 h

“HP” 2,000 ppm NaOCl 0.1 M NaOH,

High permeability @ pH 7.0, 120 mins 62 h

Yipetal. Environ. Sci. Technol.2011,45,4360-4369
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TFC-PRO Membrane Performance
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SGP-PRO Market Players

d HTI: supplier CTA FO membrane (first generation)

OsMEM™ FO Cellulose Triacitate
Flat Sheet Membrane

« Commercial 40 inch production
« Woven and non-woven backed versions

» Spiral FO modules (2.5”, 4” and 8” diameter by 40 lengths, single
element and multi-element configuration)

« Plate and frame cassette modules

« Available for large production orders

qTI’s historical and founding membrane product. Extreme@‘
hydrophilic and oleophobic (contact angle 60°). Excellent
non-fouling properties. Long lived and Chlorine tolerant.

eAverage flux in FO mode - 9.0 LMH (1M 1act vs DI water)
eNaCl rejection - 99% (<500 mg/ liter)
\_ eOperating pH range -3to8 J

© Copyright 2012 Hydration Systems, LLC www.htiwater.com A
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SGP-PRO Market Players

d HTI: supplier TFC FO membrane (novel product)

Announcing Commercial Availability of OSMEM™ FO
TFC Flat Sheet Membrane Modules

« High performance thin film composite (TFC) polymer membrane
« 40 inch production on durable woven backing - very robust

« Spiral FO modules (2.5”, 4” and 8” diameter by 40” length,
single and multi-module configuration)

« Available for large production orders

7~ HTI’s high performance FO membrane product is hydrophilic\

(contact angle 45°). Excellent non-fouling properties.
e Average flux in FO mode - min 20 LMH (1M NaCl vs DI water)
e NaCl rejection - 99.4% (<300mg/L salt leakage)
e PRO rating (flat cell - 160psi, 10¢) - 3.5 Watts/M?
\* Operating pH range - 2to 11 J

% Hycinckn ehmeien ® Copyright 2012 Hydration Systems, LLC  www.htiwater.com
’ 2 v I to
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SGP-PRO Market Players

) Perifera Inc.: new membrane supplier FO

New FO membranes ready for commercial production (June 2012)

TFC membranes = stable in wide range of pH & solvent, low
propensity to foul

High power density ~ 10-12 W/m?

! Pilot- / Demo-projects

vﬁ‘j v

Norway: Statkraft project (Statkraft + Hydranautics / Nitto Denko)
Japan: Mega-ton Water System project (Toray)

Ito ==
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-> No environmental showstoppers detected

-> |[ncreased belief in commercial possibility
-> Possible to operate throughout seasonal variations

-> PRO membranes behave different in real
conditions than in the lab

-> NOM fouling on FW side, main fouling issue

3 R
| S

“Proof of concept”

System scale-up

“Moving down the learming curve...”

Membrane and component testing and optimisation
Operation and maintenance experience

Meeting place for manufactures and utilities

Ito T
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Mega-ton Water System

FIRST Program: Mega-ton Water System %

Research Promotion Organization e

Them e [F’ursuit of ultimate technolog;ﬂ [F'u rsuit of future essential techn ology]

Core technology _QOUt ut

( High Efficient Membrane,
11 Large Size Element 1) 1=DOO’000m3’fd
. and Module SWRO System

2 Intake Technology b’

13 Pressure Retarded
! Osmosis (PRO)

IntelligentMega System

Plant Simulation

( ::T

(

[ Monitor & Sensor b—
[ o—

14 Highly Efficient
Energy Recovery

Environmental Friendly

= Highly Dura!ble y SWRO System
| Low Cost Pipes
3
System Technology 2) hlu?:sf}g&frgtg ]
(21 Optimization of
Mega-ton scale SWRO F’Iany Treatment System

(. Resource Reproductive | [ CompactMBR

Sewage Integrated
[ N&P Recovery ].—
-

\_ Membrane System

(23Environmental Friendly
SWRO System [

Energy Production
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Mega-ton Water System

FIRST Program: Mega-ton Water System

Topics [ Pressure Retarded Osmosis ]

- Hollow fibre membrane for power generation by
PRO using seawater brine was newly developed.

- Net output was estimated at 4.4 W/m?2 when
4.7% of NaClag was used, 9 W/m? is promising at
7% of seawater brine.

- Energy recovery for seawater desalination
process was optimized by detailed PRO

simulations.
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SGP-PRO

» Main challenges for the coming years

) High performance membranes
Develop low-cost pretreatment
Fouling issues

Module design (spiral wound/HF)

U O O O

Upscaling (membrane production and PRO-systems)

7= VIto
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SGP-RE (Reverse Electrodialysis)

» Principle of operation:

» lons are transported
through membrane due to
concentration gradient

» Cell potential is generated
by selective diffusion of
ions

» Electrode reactions induce
electric current

» Applicable at different
salinity gradients
1. river — sea water

2. brine — sea water

vito

vision on technology

\1/
N -
Fresh water H
Salt water
P
- + +
«—Na’ «—Na’ «—Na’
- + +
. Fe? i ) , Fe? ]
4{ Cl+ Cl> +—
| + + /
Fe Fe3+
- + +
-~ ] ]
‘ ‘ | ‘ ‘Brackish
" water
FUJFILM

28/09/2012
©2012, VITO NV



intermembrane distance h (um)

SGP-RE: Blue Energy (river-sea) status
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SGP-RE: Blue Energy (river-sea) development

0.3 . o o .
Blue energy resistance with different spacer thickness
025 +——— Max. power output
I
S Wmax = Vy? / 4 Ryaex
= 02 — :
8 profiled
g membrane
t 0.15 - -
= I AEM
w .
: = riverwater
O o1 W seawater
o
0.05 1 Rstack:
+ Rriver (d/x ) + spacer
. +RAEM
450 365 280 110 + Rsea (d/«)+ spacer
spacer thickness (uLm) +R CEM
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SGP-RE: REAPower ( brine — sea) status

» REAPpower status
» 0.5 -4.0 m NaCl
» FUJI R1 membranes
- 120 micron thick
- homogeneous
» 300 micron spacer

» Highest value:
2.2 W/m2 cell pair
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SGP-RE: REAPower ( brine — sea) development

development towards thinner membranes

6,0
NE 50 }
& - OAEM OCEM
1°' 22.3%
- i
X 4,0 i Ebrine O seawater
]
g
19.8%
3
0 3,0 |
" 17.9%
é’ 52.6%
-— 15.1%
g 2,0 46.9%
(7] ’
e 42.4%
< I 10.4% 35.7%
[ 24.6%
10 | (o [[9.5% | [ 7.6% | [6.3% | [[48% |
52.0% 39.6% 32.0% 26.9% 20.4%
o,o L 1 I 1 I 1 I 1
20 40 60 80 120
AEM/CEM thickness [um]
Influence of IEMs thickness on resistance of the system.
- Simulation of a 1000 cells stack assuming a linear decreasing of IEMs Source: A multi-scale model for the Reverse ElectroDialysis process with
resistance with IEMs thickness. seawater and concentrated brines by M. Tedesco University Palermo

- Qpgy = 0.65, Ay = 0.90.

e

- spacer thickness of seawater/brine compartments d = 200 micron. F UJ "FI LM
44 vision on technology 28/09/2012 . 28
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SGP-RE: REAPower ( brine — sea) development

development high PS membranes at high salt concentration

AEM Permselectivity 0.5 — 4M NaCl CEM Permselectivity 0.5 — 4 M Nacl
70 95
90
65
85
3 60 = 80
- -
(7] (/4]
o 55 P 75
70
50
65
45 60
FUL FUIIRL  reference FULJ FUIIR1L  reference
standard standard
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SGP-RE: Membrane market players

1 Main players
- FUJI FILM

cost competitive membranes

commercially available (max. width 50 cm)

) Kraton (only CEM), Fumatech

) Increasing interest other IEM manufacturers

»>=vito e FUNIFLM

© 2012, VITO NV



SGP-RE: main challenges coming years

» Blue Energy » REAPower
» river —sea water » brine —sea water
o powerdensity increase > 2 W/m?2 o powerdensity increase to 4-5 W/m2
o reduce river channel resistance o reduce membrane resistance

L L

feed pre-filtration at low cost
fouling

scaling

prove technology

scale up to fieldtest pilots

O O O O O

>~ VIto ’ i
vision on technology 28/09/2012 FUJ lFI LM 31

© 2012, VITO NV



SGP-RE: Blue Energy pilot Afsluitdijk

I E E»=_o< <
10

Zoutl water aanvoer
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Location

Start
Time frame

| max. capacity :
: 7.2 million euro

: SNN

: province Friesland

project costs
subsidized

FUJFILM

: Breezanddijk

: IJsselmeer -
: Waddenzee

: December 2011
4 year

50 kW




SGP-RE: REAPower in Trapani salt pond - Sicily

Field test: 2013 -2014
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Thanks for your attention |
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