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INTRODUCTION

CO, stocks and flows are enormous compared to yearly CO, emissions from
fossil fuels and industries, highlighting a high potential for Carbon Dioxide

Removal (CDR) solutions

Key figures:

+ ~30 GtCO, yearly were emitted from fossil use on average
between 2010 and 2019, rapidly increasing to 38 GtCO, in 2022

+ 18 GtCO, of which has remained in the atmosphere while
13 GtCO, was sequestered by the land and 9 GtCO,, absorbed
by the ocean on average each year between 2010 and 2019

* Remaining carbon budget amounts to 400 GtCO,, which
corresponds to ~10 years of 2019 emissions

< >

Historical carbon budget, Remaining carbon budget (from 2020),
CO, emitted between 1750-2019 | in line with keeping global warning to
1.5°Cor2°C*

*Probability 83%
1.5°C  [elel] ~7Yyears

Remaining carbon budget is limited?!

CNGIC

Buildings  Industry  Transport Agriculture Landuse Landsink Ocean sink Net
atmospheric

A (=5 m C%]e %/% g growth

CO, flux (2010-2019 average GtCO,ly)3

Biosphere: 15 000 Gt CO, ‘,‘-

Lithosphere:

285 000 000 Gt CO,

Atmosphere: 3150 Gt CO,

Hydrosphere:
148 000 Gt CO,

Stocks are enormous*
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First priority remains the 90+% CO, emission reduction

20 - Gross positive GHG emissions

CO; from fossil fuels, industry Mitigated Examples of associated technologies
and land use changes GHG emissions
70 CHj;, N0 and F-Gases
60 -00No
f Conventional 90%
50 b abatement technologies
-
/ In February 2024, the
40 =9 o -
5 % European Commission
30 | ¢ = iz *?\I presented its assessment for
v a 2040 climate target for the
20 EU. The Commission
GHGNE" zero ma - recommended reducing the
10 emissions o'*'g Emitting " o c
C:E@_, %. technologies E@ EU’s net greenhouse gas
o emissions by 90% by 2040
relative to 1990.
10 2 ® Carbon removal @
Gross negative .. technologies
CO; emissions
20 -
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
GHG emissions (GtCO2/year)?!
—
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INTRODUCTION

There is no technology without negative impacts (footprint)
but these should be compared to the positive value they bring (handprint)

Footprint: negative effects

Resource use
Waste generation
Emissions

Social impacts

Handprint: positive effects
*  Quality of life
* Ecosystems (ES) quality
« Social gains

e,
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Handprint versus footprint:

example of a Belgian offshore wind farm

Application methodology: LCA+«es— ESA

Local ESA

M,

Site-specific impacts

Monetized results

Natural Resources

(€)

Ecosystem Quality
(€)

Adapted classical LCA

Irrtpdstcn

Site-generic impacts

Human health and
well-being (€)

Natural Resources

(€)

Ecosystem Quality
(€)

CNGIC

Human health and
well-being (€)

INTRODUCTION

Contents lists available at ScienceDirect

Applied Energy

ELSEVIER journal homepage: www elsevier.com/ocate/apenergy

Monetized (socio-)environmental handprint and footprint of an offshore
windfarm in the Belgian Continental Shelf: An assessment of local, regional
and global impacts

Laura Vittoria De Luca Pefla *", Sue Ellen Taelman®, Bilge Bas “’b‘ Jan Staes®, Jan Mertens d’E,
Julie Clavreul®, Nils Préat®, Jo Dewulf®

offshore wind farm
net handprint of +€ 85.196

AINIRIdONVH

absolute footprint (- € 4039) mainly
due to supply chain of materials to
manufacture the offshore windfarm

INIRId1004
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Agenda

01 <o oaid 02 03
Offshore Renewable Energy 123 Resource Recovery CO, Removal

Production & Storage ' Technologies Technologies
Technologies

> Osmotic Power > Innovative Large-scale Desalination > Ocean-based Negative Emission
Technologies

> Tidal & Ocean Currents Energy > Mineral Recovery from Brine
> Direct Ocean Capture (DOC)

> Wave Energy > Mineral Recovery from the Seafloor
> Ocean Thermal Energy Conversion
> Marine Floating Solar Power

Y» Offshore Molecules Production

—
O

> Large Energy Storage

© AdobeStock
v

> Environmental-DNA, as a Biodiversity Monitoring Tool?

£
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The technologies we looked at

Direct Ocean Capture

Desalination }

mt- Mineral Recovery from Brine

Osmotic power | &

Mineral Recovery
; B from the Seafloor

Sedimentary cover Continental shelf

/ Continental slope .
Mid-ocean ridge
5 ' (2,000-3,000 m)

Abyssal plain

Continental rise (4,000-6,000 m)

Oceanic crust

Continental crust

EMERGING SUSTAINABLE TECHNOLOGIES - EDITION 2024 8

CNGIC



(o)
<
N
o
N
z
©
=
&)
w
n
w
O]
o
—
o
b
T
(@)
E
T
W
—
@
<
=
<
T
0
o
7
V]
=
Q
x
W
=
w




How to reduce the output

. . Minerals —  Seawater
from desalination processes
towards utilization and Chloride
resource recovery? From e el
seawater to fresh water and ... Sulfate
i ) .. 1.1% (0.50 g) AEIECHA) odium
solid products with minimum N ¢ e
waste. 1.0%(0.46¢) | ]
Rare Minerals  Magnesium Salt
0.5% (0.229) 3.9% (1.77 g) 4.5% (45 g)

Chemical composition of seawater.
Adapted from © Hannes Grobe, Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany; SVG version by Stefan Majewsky.

Use brine to produce:

To re-use in the desalination

Selling to the To remineralize the
market permeate
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MINERAL RECOVERY FROM BRINE

Reliable and unhindered access to certain raw materials
IS a growing concern within the EU and across the globe

The European Commission has created a list of Critical Raw Materials (CRMs)

in the EU to produce renewable assets.

Supply Risk
(sorted largest to smallest)

Batteries H
Fuel cells 'lﬁ

| Sector
% Wind /i\ ————

PV @

Strontium —  Renewables

Moderate Sgt;:;t

Natural graphite

Indium

Vanadium

Lithium
Low Tungsten
Titanium
Gallium, Hafnium
Silicon metal

53D e
Printing @ ==
T %} =

* Light Rare Earth Elements
** Heavy Rare Earth Elements
*** Platinum Group Metals

Materials and technologies relevant to the

renewable energy sector
© European Union 2020
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Ratio of ocenic contents / land reserves

107 —

100-- - -

105_

100+ -
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100 -
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100~
107-
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B x1'000°000
B Ny R T BN N __[Z. mxi0000
I | | I X100
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Mg K Sr B LiRb P | BaMoNiZnFe U V Ti Al CuSeMnCs Cr Sn Co Ag Pb Ge Ga Au

Note: Oceanic content = salts dissolved in seawater

Estimated ratio of the amounts of minerals in oceans to the land reserves
of minerals. Oceanic abundance is calculated assuming a total ocean volume

of 1.3 x 109 km3 (1.3 x 1018 tons)

Adapted from © Loganathan et al 2016 [3], based on the data from: U Bardi doi.org/10.3390/su2040980, U.S. Geological Survey

2016 http://minerals.usgs.gov & Seafriends website.
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MINERAL RECOVERY FROM BRINE

Mineral extraction from brine would support a more sustainable economy,
reducing both drinking water production cost & the environmental impact

generated by brine disposal

Element concentration and price.

Element concentration in seawater brine is estimated
based on an average 40% recovery rate from a
desalination plant. Market prices of elements are based
on 2018 USGS metal commodities summaries (Kumar et
al. (2021)).

© Amit Kumar, Gayathri Naidu, Hiroki Fukuda, et al 2021, American Chemical Society

CNGIC

Price (US€/kg)
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Challenging .
10?2 i i | T |
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Concentration in Seawater Brine (mg/L)
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MINERAL RECOVERY FROM BRINE

Selectivity Is key in brine mining. Focusing on the main brine concentration
& separation processes towards all-membrane technologies

Separation

technologies

Membrane-based technologies Crystallization by evaporators I'-II'IR
N o Low
NF: Nanofiltration Membranes crystallization TRL
_ L Low Precipitation: well implemented Low
ED: Electrodialysis TRL in water treatment / large-scale TRL
MD: Membrane Distillation .Il'%vl\_' A(b)dsorption-desorption processes ':Ir'ﬁ*
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MINERAL RECOVERY FROM BRINE

Why Is brine mining attractive?

|v] AbvaNTAGES X| CHALLENGES e
¥
; * Contribution to the security of * Energy-intensive processes
2 supply _ T,
* Membrane-based technologies 5
* Higher desalinated water performance challenge e.g.
recovery fouling, scaling...
+ Circularity, on-site chemical * Pretreatments & anticorrosion \
production materials are costly )
» Waste minimization * Some processes may be

chemical-intensive

© AdobeStock
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What impact?

Environmental analysis Social acceptability

* Energy cost

Energy-intensive processes

» Need for abundant renewable energy * Land usage competition

* Regulatory uncertainty on the status of
brine (wastewater or mineral resource)

* Reducing brine discharge mitigates its
environmental impact

* Reduced salinity in wastewater going
back into the ocean

« Latest research points towards zero
brine discharge

* More affordable drinking water
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Much attention for brine worldwide

Seadvalue project
Canada + EU funded project - H2020

Mikroen Solutions Inc. PIRITAnNgE v
. Sea water desalination via + Recovery of 10 minerals/metals
microwave-enabled distillation front desalination brines
e-ena ) - Materials mined: Mg, Sc, V, Ga, B, In,
- Sea Water Mining of Rare Metals: Rb, Li. Mo, Rb, Ca
U, 1, Li, B, Sr, Br, Mg, K, Ca & Na T

VoA ~®  SEArcularMINE
. rcular
AquaFech X Fluid Technology ) + EU funded project - H2020
Solutions (FTS H,0) partnership! programme
+ Next generation of advanced + Targeted minerals: magnesium,
separation, brine concentration, lithium

and water reuse solutions + Trace-elements: rubidium,
strontium, caesium, gallium,

germanium, cobalt

MINERALS PROJECT WATER-MINING
« EU & Spanish government funded + Horizon 2020 Project
project « ETU Delft
« Acciona & Leitat Technology « Materials mined:
Centre + WP3 demo: large demo for NaCl,
« Selective extraction of high value Mg(OH),, Ca(OH),, Na,S0,, HCI,

elements from seawater brine NaOH extraction
« Large demo for low energy
consumption for thermal
desalination
+ NaCl

CNGIC

N

Saudi Arabia

Project from Saline Water
Conversion Corporation (SWCC)
- Commercial-scale project for Mg

extraction
* Materials mined: Mg, CA, NaCl, Br, Li, K,SO,

ENOWA

« Integrated seawater desalination with
brine processing

+ Neom Province

MINERAL RECOVERY FROM BRINE

Py China

Qingdao seawater lithium

extraction project

+ Qingdao Water Group Co and the
Shanghai-based LIS Materials
Technology Co

+ Extraction of lithium from desalinated
concentrated brine

Indonesia

HYREC

+ The first OARO Plant in the world
under construction in Indonesia and
should be operational by Q2 of 2023.

« The plant will produce 25,000 m3/day
of desalinated water and 220,000 tons
per year of food grade sea salt.
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Using the salinity of the oceans to produce sustainable & clean electricity

Solute molecules

FRESH 1 | Copyright. PETER MEDER

WATER OSMOTIC PRESSURE FORCES FRESH WATER
TO THE HIGH SALINE WATER

) ||

|15 ‘ © SaltPower
b H o ® i
0o !0 ..1 Movement of solvent i e .W Pressure Retarded Osmosis (PRO)
0:%0% from low to high )
® : - .... solute concentration : ®
° \ 0o @
) i '
e:_© Semipermeable :
C:. j membrane S ..’
Low High Same concentration Anode Cathode

concentration concentration

© AdobeStock +

o Rl
+
+ Oo ‘—*+.

Osmosis Principle .

River AEM Concentrated CEM River
water Anion-exchange seawater Cation-exchange \uater
membrane membrane

Reverse Electrodialysis (RED)
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Emerging technologies rely on nanopore-based membranes.
Nanofluidics to improve performance in harvesting renewable osmotic energy

lonic Nano Osmotic Diffusion® Membrane
Sweetch Energy Technology

Relies on nano-scale
membranes coupled with
electrode systems. These
membranes combine high
ionic selectivity with high
ionic transport to improve
performance.

‘.‘3.

LS

. \ . = 5
TN A e
N ‘\ ¥ LA\
W« 7

OsmoRhone 1, up to 500 MW of power will be gradually installed
and distributed along the Rhéne over the next decade.

Industrial Partners: CNR & EDF
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Coupling osmotic power & desalination towards a circular solution

There are currently around 16,000 desalination plants worldwide, with a total global operating capacity of roughly
95.37 million m3/day and brine production of 141.5 million m3/day. (Source: Climate Adapt 2023)

From waste to resource

Seawater
Desalination
RO

+ Drinking water

Brine
Life Indesal Pilot Unit Q{5 Life Hyreward Pilot @8
Desalination plant facilities Desalination plant in Alicante
RED process

of San Pedro del Pinatar-II run by Sacyr
(Murcia, Spain)
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OSMOTIC POWER

What makes Osmotic Power attractive?

ADVANTAGES

o * Environmentally-friendly « Efficiency at scale
* Abundant * Need to monitor consequences
on ecosystems & wildlife
* Permanent
* Integrity & maintenance over time
* Local
* Variation of the salt front
* Modular

dynamics
Circular
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What impact?

Environmental analysis Social acceptability

« Social awareness: compact & silent
facilities using non-toxic & bio-based
materials

« Habitat reduction
« Change in salinity

« Potential impact of cleaning products

. * Reassuring continuous energy suppl
*  Production of wet waste g gy supply

* Infrastructures may alter local
hydrodynamics & become colonized by
local biodiversity (biofouling)

«  Competition with other activities

_ _ ¢ Visual impact

* Impact on the host environment if a
basin must be built to optimize a site’s
potential

« Artificialization of land
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Osmotic power pilots & demonstrators are concentrated in Europe

CNGIC

Statkraft
* Tofte (Norway)
+ 2009: 1%t osmotic power

prototype in the world
+ End in 2013

Blue Energy
* Redstack

« Afsluitddijk (Netherlands)
+ 2014 to be scaled up from

@ —— SaliPower

+ Danemark
2023 - 2022
+ Supported by EUDP
Osmolith project
« Université Grenoble - Alpes (France)
LIFE INDESAL @ — Nanosmotic project
+ Spain * Université Grenoble - Alpes & CEA LETI (France)
. 2021 = 2020
LIFE HYREWARD Sweetch Energy
* Spain + OsmoRhdne 1 (Port St Louis, France)
= 2020 + 2023
SACYR Aqua
+ Alicante (Spain)

+ 2021

OSMOTIC POWER
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DIRECT OCEAN CAPTURE

The CO, concentration in the oceans is in equilibrium with the atmospheric CO,
concentration, leading to an acidification of the oceans over the last decades

Atmosphere
@ C0,=600PgC
Solar energy @ @

Dissolved CO,

® [ )
co, . ﬂ.iy?i‘rog?njoﬁ

/ Surface ocean DIC = 700 Pg C

Carbonic acid Deep ocean DIC = 38,000 Pg C

HCO, Bicarbonate

Bicarbonate stored
by sedimentation

Applying a pH swing to capture CO, from seawater

Current ocean pH

Bicarbonate

1 -
- g 0.8 Carbonic acid Carbonate
sa *
9 c Dissolved CO,
20
A2 06—
50 P *_
c
o't 1
_§ EO 0.4 pka, pka,
- o
LL

£ 024
0 t | t f : i I
0 2 4 6 8 10 12 14

pH

Effect of pH on the CO, equilibrium (for a closed system at
temperature of 25°C and salinity of 35 ppt). The solution is
buffered around two pKa values.
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DIRECT OCEAN CAPTURE

Membrane-based and membrane-free electrochemical technologies are today’s
main technologies under development for CO, capture from seawater

ELECTROCHEMICAL TECHNOLOGIES

Using electricity to accelerate chemical reactions that store carbon

I~

Membrane-based Electrochemical DOC Membrane-free Electrochemical DOC

e.g. Captura, SeaO2 technologies e.g. Equatic technology

Alkaline route

e.g. Ebb Carbon, Heimdal technologies e.g. MIT technology

Battery-like Technology
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DIRECT OCEAN CAPTURE

Electrochemical DOC uses electricity to rearrange water & salt molecules from
seawater into acid & base solutions to capture & convert CO,

ADVANTAGES

« CO, concentration in the ocean is
125 times higher than in the air

DOC: Acid route Storage, + Availability of atmospheric CO,, for
CoO, » chemicals, usage or storage
oA E-fuels o
» Counters ocean acidification
CO,
. I extraction

Acid @ CHALLENGES

| Nanofiltration  BPMED

Base T

» Requires processing large amounts
of seawater

Decarbonized seawater with restored alkalinity

* Impact on seawater chemistry

Electrochemical Membrane Based CO, capture & conversion from seawater via acid route
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DIRECT OCEAN CAPTURE

DOC has several advantages over Direct Air Capture (DAC) although the impact
of the water discharge on the local environment needs to be better understood

Environmental analysis Social acceptability

* No land usage competition The main controversies are:

« If there is alkalinization, co-benefit of local * Potential disturbance of local ecosystems
reversal of ocean acidification, probably benefit - Negative perception as this could be seen as an
marine species attempt to tamper with nature

*Can be part of a seawater desalination - Adaptation of the various regulations & the need
process to designate liable entities in case of impacts

« Energy consumption of the process
(from 0.8 to 2MWh/ton CO,)

« Entrapment of species (marine fauna and flora)
with the suction

« Possible water chemistry changes requiring
seawater chemistry restoration

« Expensive catalyst for BPMED use
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DIRECT OCEAN CAPTURE

Main DOC pilot & demonstrator projects are located in the USA, northern Europe,

Israel & Singapore

USA, Canada
@ Captura
* Electrochemical membrane-hased
» Acid route
USA
@ Equatic

* Electrochemical membrane-free
+ Alkaline route

@ MIT
+ Electrochemical membrane-free
+ Battery like

@ University of North Dakota
+ Electrochemical membrane-free
+ Mineral-based

@ Arpa project
+ California Institute of Technology

+ Electrochemical membrane-based
+ Acid route

Legend

g @ Direct Ocean Capture (DOC)
CNGic

The Netherlands
@ Seal2

» Electrochemical membrane-based
+ Acid route

K —
@ SeaCURE

+ University of Exeter, Brunel
University London, Plymouth
Marine Laboratory and Eliquo
Hydrok

+ Electrochemical membrane-free

+ Electrolysis-like

Israel

@ CarbonBlue

+ Electrochemical membrane-free

+ Mineral-based @ Equatic _
+ Electrochemical membrane-free

+ Alkaline route

Singapore

© ENGIE 2022 - TITLE OF THE PRESENTATION AND DATE - 29



SEArcularity: an integrated marine system of sustainable technologies

e \ ¥ Drinki
rmkmgwa{tei'

K

“Emerging technologies...
converging on the oceans”

Geoffrey O’Sullivan Seawater

o ..
Renewable electricity :'. Minerals

[ _»’u% /
<0
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THANK FOR YOUR ATTENTION !

Edition 2024

elodie.dufornel@engie.com

ian.mertens@engie.com https://innovation.engie.com/fr/emerging-sustainable-technologies-2024

Previous editions available online: 2019 to 2024
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Q&A SESSION
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