COZ2 capture

’-(1’;3{ \0) 8] I
?‘-(“l o —)5".

“All I'm saying is NOW is the time to
develop the technology to deflect an asteroid”

Prof. Dr. Earl Goetheer
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COAL CONSUMPTION AFFECT-
ING CLIMATE.

The furnaces of the world are now
burning about 2,000,000,000 tons of
coal a year. When this is burned,
uniting with oxygen, it adds about
7,000,000,000 tons of carbon dioxide
to the atmosphere yearly. This tends
to make the air a more effective blan-
ket for the carth and to raise its

The furnaces of the world are now burning about 2,000,000,000 tons of coal a year., When this is burned

T rature. The < uniting with oxygen, it adds about 7,000,000,000 tons of carbon dioxide to the atmosphere yearly. This tends to
: m | effcct may be con make the air a more effective blanket for the earth and to raise its temperature. The effect may be considerable
. | ﬁdﬂ‘lb ¢ in a few centuries. in a few centuries.

3| towards a CO2 neutral industry

ILLUSTRATION AND CAPTION ON COAL AND CLIMATE CHANGE FROM MARCH 1912 POPULAR MECHANICS.



“Human  activity, by
using coal and gasoline,
IS creating carbon
dioxide. In case this
theory (greenhouse
effect) is correct, this
means that we are not
going to have strong
winters anymore and
that summers will
gradually get warmer”.
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Carbon Since the Creation
After years in the doldrums, the EU ETS roared back to life in 2018

30 Euros a ton

20
10
| T 1 | | I 1 0
Apr 2008 2010 2012 2014 2016 2018
2005

Source: ICE Bloomberg



Energy-relq’red CO, emissions hit a record high... iea

Annual change in global energy-related CO, emissions, 2014-2018

MtCO, 600
400

200

-200
2014 2015 2016 2017 2018

Higher demand for fossil fuels drove up global CO, emissions for a second year after a brief hiatus.
Increases in efficiency, renewables, coal-to-gas switching and nuclear avoided 640 Mt of CO, emissions.
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Goetheer
Introduction to CCS

MAIN CO2 CAPTURE TECHNIQUES

Post-Combustion

Air

oot o |

Power & Heat

Air O, Steam

Gasification I |

Pre-Combustion Fuel Reform & Capture ‘N Combustion
Power & Heat
Fuel
Oxyfuel
Air
Air/Oy
Industrial Fuel

Process + Capture CO,

Gas, steel,
Feedstock ammonia




9 | Mobile CO2 capture plant

E

nergy Environ. Sci., 2018, 11, 1062-1176

m innovation
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Proof of concept 2 Commerdal
Concept Formulation (Iab tests) Lab prototype | Lab-scale plant Pilot plant Demonstration | .. reied Commercial
TRL1 TRL2 TRL3 TRL4 TRL5 TRL6 TRL7 TRL8 TRLS
\ [ ——
Pest-combustion
lonic liquids Membran_es . b
Membranes polymeric ost-combustion
polymeric (NG industry) ami:‘es
(power plants) Pre-combustion (power plants)
BECCS power IGCC + CCS
. Membranes Post-combustion | o coobicrion Pre-combustion
dense inorganic | biphasic solvents ¥ NG processing
coal power plant
(H; separation for
Ocean storage reformer) . Trar;‘pon
Pre-combustion | Oxy-combustion Chemical looping | Post-combustion &0“;'. :’9
Low T separation gas turbine combustion (CLC) Adsorption 2 |s e
(water cycle} pipelines
Calcium carbonate " Transport
Membranes Looping (Cal) BECCS industry shize
dense inorganic "
i Direct air
(<O saparetion) capture (DAC) Saline
z formations
CO; utilisation l;eplet:‘:' :I
(non-EOR) gas S
Mineral storage . CO,-EOR .
. COEGR
______,-—-—-*" e S . Capture
/ . Transport
/ . Storage
/ . Utilisation



https://doi.org/10.1039/1754-5706/2008

10

CO, CAPTURE ROUTES:
CLASSIFICATION

; Post-combustion capture: separation CO,-N,

) Pre-combustion capture: separation CO,-H,

} Oxyfuel combustion (Denitrogenation): separation O,-N,

Post-comb. | Pre-comb. Oxyfuel comb.
(flue gas) (shifted syngas) | (exhaust)

p (bar) ~1 bar 10-80 ~1 bar

[CO,] (%) |3-15% 20-40% 75-95%

Goetheer
Introduction to CCS
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POST COMBUSTION CAPTURE T

E—
carbon
Post-combustion capture (absorption process) a y ==~ dioxide
remaining mechanical carbon dioxide
steam turbine fluegas ™ SnowY. compressor
F Low
4 temperature |J
Electricity \
boiler
i I) carbon
cooling wate I . — dioxide
\ stripper
condenser =l
sulphur =
removal
steam
=2

dioxide

o absorber
Low
fuel temperature COz+ich
heit absorbent

bottom ash

Goetheer
Introduction to CCS



HOW CARBON CAPTURE WORKS

25
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Amine solution re-used =(.—-
7

® CO; bl e o8 i,
® Amine solution (- "\,\ &

—
COy stored
under
the sca

o0 k
C 02 binds
with amines Heat
Exhaust from
power station ® ..
— 000 i.
ABSORBER STRIPPER
UNIT UNIT

1 gasos
SOURCE: Scotlish Power

* T . =7

Key-numbers:

Penalty points: ~11%
Extraction of steam: >60%
Electricity compressors: >30%
Electricity blowers: >5%

Cost of electricity increases
by 60-80%
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Mass transfer equipment

Liquid

B [nternals

B Separator

innovation
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ROAD: MPP3

14| Aeroso | emission
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BELLINGHAM ECONAMINE FGSM AERIAL VIEW

The plant design was based on
air cooling only, hence the large bank of air coolers.

15
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I Identify design objectives

2. ldentify priority list of
solvents —
CAMD or CAMPD

Combine physical model of

1. Set design targets

(energetic cost, , capital cost,

e

environmental impact, ...)

absorption (SAFT-y) with

Specify design space Functional groups other relevant models (e.g.,
(molecules or atom groups) & design rules process model, sustainability
indices)

In silico
candidate
solvents

3. Experimental testing of
thermodynamic and
kinetic behaviour

- Verify performance of best
candidate molecules

performance

Experimental
- candidate
5. Pilot plant testing and yosd solvents
Strong fiot p g performance

performance process design
Investigate performance of
solvent candidate in pilot 4. Thermodynamic and

Process |dp|an‘;; gbather data kinetic m?dellmg of
+ soleant ‘ entll y best process . candidates
configuration / process design

combination charscesvisnd Develop detailed models of
thermodynamics and kinetics
molecules

6. Implementation

/ operating conditions

)18

Er®rgy Environ. Sci., 2018, 11, 1062-1176



https://doi.org/10.1039/1754-5706/2008
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Challenges Post-combustion Capture

innovation
for life e —

avoid emission
solvent traces

Condenser

CO,-lean
gas

co,
gas

Makeup
water

Reflux
Reflux

drum

solvent

advanced
—{heat-
integration

reduce absorber,
_scrubber
investment

Absorber
Regenerator

Bottom

Tray
Steam

Reboile
r
Condensate

Rich Lean
solvent solvent

CO,-rich
gas

reduce heat
consumption
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)
Solvent Reboiler duty (G] per teo)) Ief.
30 wt% MEA 3.6-4.0 Cousins ef al """ Kwak ef al,"™ Mangalapally and Hasse,"™ Stec et al '™
40 wit% MEA 3.1-3.3 Lemaire et al.*™
40 wi% (8 molal) piperazine (PZ) 2.9 Cousins et al.™
Cansoly 2.3 Singh and Stéphenne'
32 wi% EDA 3.2-3.8 Mangalapally and Hasse,"® Rabensteiner et al*™
28 wi% AMP + 17 wi% PZ 3.0-3.2 Manga]apalg and Hasse,'” Rabensteiner et al.'®
MEA + MDEA (variable mix ratio) 2.0-3.7 Idem et al.,**’ Sa]cwaltana[;ong et al.**
Aquecus ammonia (NH;) 2.0-2.9% Darde et al.,** Dave et al,** Yang et al.>™*
Aqueous potassium carbonate (K,CO;) 2.0-2.5 Anderson et al.,*****® Smith et al. ™"
Amino acids 2.4-3.4* Sanchez-Fernandez et al.******
DEFA + MAPA 2.1-2.4 Raynal et al.,>'" Liebenthal et al.>""

DMCA + MCA + AMP

18 | Mobile CO2 capture plant

2.5 (not including extraction) Zhang™*?

Energy Environ. Sci., 2018, 11, 1062-1176 09 January 2018
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Process

s

‘22

19

InterCooled Absorber (ICA)

InterHeated Absorber (IHA)

Split Flow Arrangement (SFA)

Double Loop Absorber/Stripper (DLA)

<t
5o
= E
E§
o c
@ @
o c
< =
Q
Vacuum Operated Improved Economizer Overhead Condensate
Stripper (VOS) Arrangement (IEA) Bypass (OCB)
c Rich Solvent Rich Solvent Multistage heated Flash
2 Preheting (RSP) Flashing (RS Stripping (MFS)
= — o [T
y o
o é; —
[
-
£
-
3
—
I
InterHeated Stripper (IHS)  Heat Integrated Stripper (HIS)  pyiti Effect Stripper (MES)
o L
Lean Vapor Rich Vapor Stripper Overhead
Compression (LVC) Compression (RVC) Compression (SOC)
7]
E
3
o
-~
©
@
I
—
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17
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201 Mobile cozeapureplant= e 1)y Environ. Sci., 2018, 11, 1062-1176

we. 509% capture; 80% purity

Directaircapture  _ __ 750, capture: 80% puri
19-21 kJ/mol €O, o CRpNIIre; 8079 puey
= ===+ 90% capture; 80% purity
/ = 50% capture; 95% purity
== == 75% capture; 95% purity

----- 90% capture; 95% purity
— 50% capture; 99% purity
- == 75% capture; 99% purity
== <=+ 90% capture; 99% purity

Natural gas combustion

Coal gasification
.. 1-4kJ/mol CO,

005 01 015 02 025 03 035 04
CO, concentration

m innovation
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14

=
N

2nd Generation Target
[S40/tonne]

=
o

Baseline

(o]

)]

o
—"’
_____ Cost
- "
’’’’’ reductions
—"’

Thermodynamic improvements

H

Cost* Penalty [$/MW-thermal input]

Challenging capital/operational costs

0.00 0.10 0.20 0.30 0.40 0.50 0.60

Energy Penalty [kWh/kg CO, captured]
* Also includes O&M

09 January 2018
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I Identify design objectives

2. ldentify priority list of
solvents —
CAMD or CAMPD

Combine physical model of

1. Set design targets

(energetic cost, , capital cost,

e

environmental impact, ...)

absorption (SAFT-y) with

Specify design space Functional groups other relevant models (e.g.,
(molecules or atom groups) & design rules process model, sustainability
indices)

In silico
candidate
solvents

3. Experimental testing of
thermodynamic and
kinetic behaviour

- Verify performance of best
candidate molecules

performance

Experimental
- candidate
5. Pilot plant testing and yosd solvents
Strong fiot p g performance

performance process design
Investigate performance of
solvent candidate in pilot 4. Thermodynamic and

Process |dp|an‘;; gbather data kinetic m?dellmg of
+ soleant ‘ entll y best process . candidates
configuration / process design

combination charscesvisnd Develop detailed models of
thermodynamics and kinetics
molecules

6. Implementation

/ operating conditions

)18

Ertrgy Environ. Sci., 2018, 11, 1062-1176
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WTE SECTOR CCU PROJECTS

2019.04.24-Carbon-Cafe

2014 2018 2019
Twence | HVC pilot | AVR Duiven

3 ktly 4 ktly 50 ktly
NaHCO, LCO, LCO,

2/3 of the CO, is biogenic

2020 - 2021

AVR Rozenburg 250 kt/y (Linde)
HVC Demo 75 kt/y (Linde) ]2_ (l)\/lzs 22 (ﬁt(/)
AEB 500 ktly (Linde) y y
Twence 100 kt/y (Aker) CCU CCS

all LCO,

Replaces 0,5 billion cubic
metres of natural gas

innovation
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de Gelderlander
(leV()ll(sl(rant ‘ gﬁﬁ Regio Algemeen m ;gpﬁ:‘,: flon

REPORTAGE BROEIKAS ALS MESTSTOF Arnheme.o. Nijmegene.o. Achterhoek Betuwe

Afggvar.lgen €02, waar laatje Q2 uit rookpluimen AVR gaat naar
het? Tuinders, is het glastuinbouw

antwoord van AVR
DUIVEN - AVR in Duiven gaat koolstofdioxide, CO2, uit de grote rookpluimen halen.

A]S eerste afvalenergiecentrale van Nederland gaat AVR Het bedn!f haalt al energie en warmte uit afval. Maar het broel!-casgas dat bij de
] . . verbranding van restafval vrij komt, gaat nog steeds de lucht in.
grootschalig CO, afvangen. Tuinders zullen dit

broeikasgas als meststof gebruiken. Het is een 1 stap in de
ontwikkeling van koolstof- Ll o ’l't‘K‘ :\H‘AJAK I‘ S eRiln
belangrijke pijler van het. )

Kunstm:
regeerakkoord. . :
intellige

Niels Waarlo 30 mei 2018, 0:01

() Home Dossiers Agenda Engineering Works Vacatures Tijdschrift

AFVALENERGIECENTRALE IN DUIVEN GAAT (02
AFVANGEN

30 MEI 2018
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AVR DUIVEN

Engineering, Procurement and Construction

TECNO
PROJECT
INDUSTRIALE

w— STAD Group

Solvent:
30wt%
MEA
(flexible)

Distribution of liquid CO, to greenhouses

@ AirlLiquide

craative oxygen

2019.04.24-Carbon-Cafe
24






TNO i 2 e
TWENCE

Existing 4 kt/y CO, capture unit Basic engineering ready 100 kt/y

SOlvent: 7wence@ TWENCE ~ DUURZAAMHEID ~ ENERGIE  PROJECTEN  WERKENBI|  INFO&CONTACT vaﬂ
flexible

———

Aker Solutions levert
installatie voor afvangen en

vervioeien CO2
12-apr-2019 ®®O

il uit d & 3 (AEC)
lig CO2 hikt maken voor nuttig gebruik. Deze

€02 wordt dan niet meer direct uitgestoten, maar hergebruikt. In dit

5 g & oot bt bt Sy

voor het leveren van de installatie voor het
afvangen en vervioeien van de CO2. De contracten hiervoor zijn recent
getekend.

Aker proprietary solvent

26 2019.04.24-Carbon-Cafe



27 | Mobile CO2 capture plant
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eg@roduction to CCS



14-9-2012

m innovation
] for life s ——

HISARNA

Hlsarna concept is based on a smelting iron reduction process

i
Flue gas consists .
of concentrated CO. g
-
- .’
- =
a L -
R >

Addition of iron
ore in cyclone oven

Molten bad converter




14-9-2012
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3. HIsarna technology W
Benefits of the HIsarna process TATR
Environmental:

» 20 % reduction of CO, per ton steel product

+ Well suited for CO, storage (nitrogen free off gas)

* 80 % reduction with CO, storage

+ Substantial reduction of other emissions (dust, NOx, SOx, CO)

Economical:

+ Low cost raw material

» Reduced CAPEX

TATA STEEL v



14-9-2012
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32

TNO 7
PRECOMBUSTION

water vapour
(and excess air)

Goetheer
Introduction to CCS



H-vision
Blue hydrogen for
a green future



The H-vision project

Goal

» Large-scale production of blue hydrogen to achieve a step change in emissions in the Rotterdam
port area to help realise climate goals

Approach

+ Sixteen parties from the Rotterdam port area are working together to investigate the feasability of
the production and application of blue hydrogen in the industry

 Positive outcomes of a pilot will result in a substantial project for large scale supply of blue
hydrogen before 2030

» The sixteen participants represent the full hydrogen chain: from production to end-users
Potential CO,-reduction

« 2 million tons in 2025, ascending to 6 million tons per year in 2030

—— wf =

bp * -
@airtiquide {:} & Deltalings CNGIC . qnr GasTerra GasSuHe

- uni e,
0e® < imcte. M [ T8O Pl



Grey hydrogen

GREY, BLUE AND GREEN

Blue hydrogen

Green hydrogen

Divide natural gas
into CO, and
hydrogen

Divide natural gas
into CO, and
hydrogen

Residual gasses also
in H-vision scope

Convert water into
hydrogen by
electrolysis powered
by wind and sun

CO, emitted in the
atmosphere

CO, stored or re-
used

Link H-vision with
Porthos project for
storage under the sea

No CO, emitted




H-VISION SIGNIFICANCE

« Increase of grey hydrogen leads to incease of
green house gasses

green electricity is needed than will become
available in the coming decades

Large scale blue hydrogen usable before 2030

Substantial impact on the carbon budget

« Like in a bathtub, the atmosphere will be
filled with green house gasses

» IPCC recent climate report: within the
current trend, if we want to remain within
the 2°C goal the world only has 25 years of
carbon budget left

Grey hydrogen Blue hydrogen Green hydroge

Green hydrogen is climate neutral. To generate
the required amounts of green hydrogen, more

CO,-emissions—>

Time>

Illustration
demonstrates the
impact levels from
emissions by the
three different
qualities of
hydrogen.

Shaded area
demonstrates the
CO, reductions that
can be achieved
with blue hydrogen
in the short term.



ACCELERATOR AND PIONEER

By speeding up CO,-reductions H-vision
accelerates the energy transition

Potential CO,-reduction of 2 million tons
in 2025, ascending to 6 million tons
annually in 2030

Blue hydrogen paves the way for the
infrastructure needed for green
hydrogen and installations of end-users
(no lock-in)

H-vision plants provide a back-up
system within a large scale green
hydrogen economy



With blue hydrogen, substantial reductions in CO,-emissions can be achieved quickly and cost
efficient

CO, abatement for H-vision is part of the feasability study

Studies blue hydrogen:

« 110-150 €/tons CO, (Sintef)
110-130 €/tons CO, (Berenschot and TNO)
140 €/tons CO, (studie “Waterstofroutes Nederland®)

Studies green hydrogen:
nearly 700 €/tons CO, (CE-Delft)

Results of the feasability study will provide more clarity on the costs for H-vision, early 2019
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PORTHOS (ROTTERDAM)

Storage field
(38 Mton)

Offshore pipeline
2.5-10 Mtpa

Existing pipeline (OCAP)

Shell — Alco — Westland for

) https://rotterdamccus.nl/en/

39 2019.04.24-Carbon-Cafe
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AIR CAPTURE
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CAPTURE OPTIONS

treated Ca(OH), CaO

air

NaOH

Y

air

> Precipitator
Na2CO 3 CaCO3

solution precipitate



ovation

m—— Air Capture: Collection & Regeneration ife e

Ion exchange resin as sorbent, regeneration

with humidity

Collection
* Natural wind carries CO; through

Air flow at exit

280 ppm CO; collector
CO; Output * CO; binds to surface of proprietary
((( based on sorbent materials
customer

specifications

r

* CO; is recovered with:

o low-temperature water vapor

2 plus optional low-grade heat

» Regenerated solid sorbent is reused
over and over for years

ACCESS™

Atmospheric Carbon
CapturE SystemS

REGENERATOR



Dry Air Capture Systems

« Adsorption/Chemisorpti
on process

« Regeneration needed

» Degradation of sorbents
In cycles

—3 CO, Free Stream

Rich CO:z Free

Stream

Regeneration (

ool
)}

[

(
\

R
Inlet Air

on



Some examples mentioned in literature related to air capture

m innovation
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o

Crucial is modularisation and
Clime workx creating low energy consuming air flow through the capture devices
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Bill Gates Is Investing in a
Technology That Turns CO2 into
Clean Fuel

Bill Gates is planning to strip CO2 from
the air and turn it into clean fuel

Bill Gates haalt CO2 uit de lucht en
maakt er brandstof van

Lucht veranderen in benzine: het klinkt misschien te mooi om waar te zijn, maar
I'sasimple idea: strip CO2 from the airandu  Microsoft-topman Bill Gates hoopt op deze manier de opwarming van de aarde een
carbon-neutral fuel. But canitwork onaninc  halt toe te roepen.

How Bill Gates aims to ¢
planet



7 Key 'step forward’ in cuttlng cost of =
removing CO2 from air

Sustainable Energy

Maybe we can afford to
suck CO, out of the sky

after all

A new analysis shows that air capture could cost less than $100
aton.

| CARBON ENGINEERING

The pilot plant has been built in British Columbia and is extracting about a tonne of CO2 every day

46



Atmospheric Air

1 “COZ
Nat Gas Elec .
8.81GJ) 0kWh Direct Air
or Capture
5.25GJ 366 kWh

Levelized Cost

Pure CO,

(1.3-15% s or

Sequestration

94-232 sUSD/t-CO,

}

Process simulation & EPC cost estimate

Pilot plant performance Commercial scale reference

data design

47
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]
KOHiaa Caldner (3)
A
Caly, + €0
1783 k3/mol
Air Contactor (1) Pellet Reactor (2)
;
HyOpy + KiCO05000 KO0y gy + Ca{OH ) gy,
-95.8 klfmal -5.8 klfmaol
Air Out Slaker (4)
Caly, + H,0p
n-'
Ca(OH)
KeCOua 63.9 k)jmol

" Joule 2, 1573-1594, August 15, 2018
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Electrodialysis route to Formic acid & NaOH

J -Multiple papers with homogeneous catalysts
i -At least one paper with heterogeneous catalyst

1

1

1

! : .
E HCO3- +H2 Change of standard Gibbs energy is
i

1

1

+3.62 kcal/mole.
NaOH+CO, > NaHCO; PHCO2-+H20 High H2 pressure needed (74.7%
---------------- - yield, 23h (), 70 °C, 60 atm H2
pressure) (Wiener 1988)
NaHCOz+ H, > NaF'a | mmmmm e = P 0n-C-Catalyst mmm e e e
‘ 77 i Power: 0,88 kWh /acid i
Electrodialysis % % H { Membraan: 0,08 € / kg acid :
{00 i Electrodes/maintenance 0,01 €/ kg acid i
| 1 1
1 1
Formic acid +NaOH """"'""'""'"""""'"'"""""'('B'E;iﬂ;,'iabz)

Formic acid price (85%): 0,55 €/kg
- 100%: 0,64 €/kg


https://www.icis.com/resources/news/2006/07/26/2015258/chemical-profile-formic-acid/

THNO (270507
2 Sodium formate to oxalate to CO

NaOH+CO2 - NaHCO3

i - Conversion to Oxalate is preferred at 350-400°C i Valid for
l i (otherwise alkali metal formate will go to carbonate and ! lithium,
i eventually CO, i sodium,
NaHCO3+ H2 > NaFa i 2HCOOM-> M,C,0,+H, | potassium,
i I rubidium &
/ | - Oxalate decomposes to carbonate & CO | caesium
i M,C,0,4<>M,CO,+CO I formates
Oxalate I !
i - Nitrogen atmosphere gives oxalate, oxygen atmosphere |
1 ! give carbonate. i
i (Meisel 1975}

C e e et 10
O



DECARBONIZED HYDROGEN PRODUCTION
— LI, ° J e —

Methane reforming’ CH;+H,0 > CO +3H, 206 KJ/mol + H, separation

!
CO, reforming CH,+ CO, - 2CO + 2H, 247 KJ/mol 2.t -
Hydrolysis H,O = %0, + H, 283 KJ/mol
Pyrolysis CH, =» C + 2H, 75 KJ/mol

Costs (Eur/ton) 150 - 400 200- 1000 1500 - 3000
* Waler gas shift accompanies thes reachon resulting in production of COy

P High Cooling room Separation
Initial mix temperature temperature ‘
o / y ﬂ A
Gallium ~ = Ar . H 2
Salt ‘
+ oot o CH,
. separaied on lop dus to e low Sott soldifies, metal remains l CH
4 density liquid around rcom temperature 4
and carbon is separated at top, ey P2 ‘ .‘"‘-‘
s ~90% C removal : l I
Carbon [\ a4 i O )
Particle size: < 100 pm. | ~90% of C re-arranged and was separated from metal mix using salt mid layer. | ’ \ g
{ \
Who: Rajat, Marco, Willem, Hans, Arjen, Earl.




(;202 UTILISATION

Use button ’Pictures’@ to change background
Text-only start sheets can be added using
‘New slide/Nieuwe dia’

m innovation
for life ———




EXAMPLES OF CO, CONVERSION PRODUCTS
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formic acid
hydrocarbons, )
e.g. kerosene, dies H—C:
OH
C/éCHZ‘}CH
3 n 3
=
methane uroa “ ~
d -
CHy-H o—c—o >  NHy-C
NH,
\ 0
M-CO4 RINH-C
inorganic carbonates substituted ureas NHR?
- 0
R10-¢’
\

N-R

(o]
RO-C O/QNH R
organic carbamat
cyclic carbonates organic carbonates RA\/ )n
cyclic carbamates
o(’il/

,,,,,, Y, fe

A poly(carbonate) poly(carbamate)
£ monomers monomers

Chart source: “Carbon capture and utilization in the green economy,” Center for Low Carbon Futures, 2011
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Using unwanted CO, is a seductive idea but...

Source: Graham
Turner for the
Guardian

Source:
Venex_jpbh/Crea
tive Commons

@

Source:
JMR_Photograp
hy

Source: CliNKer

CCU contribution to CO, emissions reduction needs to be demonstrated on life-cycle basis

People assume that “geological
storage is costly and simply
hides our waste; it’s like landfil

|H

“CO, is a valuable resource;
we’re running out of carbon”

“CO, utilisation makes money
from normal consumer demand
not from artificial markets like
CO, certificates”

“CO, utilisation stimulates
innovation and competitiveness
and will generate green growth”

There are reasons to be
cautious:

What if CO, utilisation doesn’t
prevent emissions?

Extracting carbon from CO,
requires lots of extra energy

Many products from CO,
utilisation are low volume

Competitiveness on its own is
not energy policy

iea
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CONVERSION TECHNOLOGIES

57 | Aeroso | emission

1. Catalytic Hydrogenation vo LTA

Electrification

2. Direct Electrochemical
3. Polymerization

4. Biochemical

5. Mineralisation

2
{ERefinery TUDelft



RENEWABLES WILL CREATE OPPORTUNITIES

0.9 GW (2016) > 4.5 GW (2023) = 250? GW (2050)

o

® Dutch continent " North Sea

Power Price

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

e Base load Prices =mmmPeak load prices = Offpeak prices

On-shore sub-station
converts power back to
AC for grid transmission

2017 2018 2018 2020 2021 2022 2025 2024 2025 2026 2027 2028 2020 2030

ﬁ \/4\
HVDC station converts
High Voltage AC to
Offshore wind turbines Offshore wind power DC for transmission
g Medi to higher
Voltage AC power Voltage AC Power

Hydrogen plant
(electrolyser) converts
DC direct, or indirect via
E-grid power into H,

ot
b Jinnid

| I
R —

Catalytic conversion into
alternative fuels. H,, CO,
and N, as feedstocks.

Powered by: TNO & ECN



https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwixqIbuj7rQAhUBzxQKHXM7Ds4QjRwIBw&url=https://fd.nl/morgen/1147482/deltaplan-op-zee-tegen-het-broeikasgas&psig=AFQjCNFGHUT-HOcx6AZKCt09DBy2z7zB7Q&ust=1479827146582076

hydrogenation

Battery-, fuel cell- or - . -

combustion-powered transportation Fuel storage Chemicals, materials

Powered by: TNO & ECN
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C1 CHEMISTRY: FUTURE VISION
[l o

Electrification of the Chemical Industry

Pressure to go for
IMPORT clean and green
oIL
Competition with
US and middle
RENEWABLE and far east P
FEEDSTOCK = ‘ 2
>
7
n
.o
;,{00
s
RENEWABLE = f ‘ HERT
ELECTRICITY Supply & cost
issues Demand for
high value
CHEAP
NATURAL GAS
60 | CCUS in the cementindust

Powered by: m
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Electroreduction of carbon dioxida
"
/—/ 'EE l lbﬂﬂ
r_'_'_,__o-"" +
Farmic acid Carbon monaxide kethanol Methanea Ethylane Ethancl
HCOOH GO CH,OH CH, CaH, C,H;,OH
Mathyl formate Coal gasification SynNgas conversion Steam cracking Ethylena hydration
h!r'ljfl}l!"EiE ':.-:'-'H__,'l._} e C':I'I-H:_, I:H " Hl:l_c_ H DH
(900-2,200 K) (523-573 K, 6-8 MPa
CH,OH = G0 — CO + 2H, = CH,OH Maiai CoHg = CH, + hosahor " " ' I
HCOOCH, Steam reforming (4T73-5TAK, | i other cracking phosphoric a':"]__s' ICa ge
{353 K, 4.5 MPa, 2.5 wi% 5-10 MPa, component o oroducts catalyst)
sodium methoxide catalyst) | | CH, + H,0 — CO + 3H, coppar-zine natural gas {reaction in a tubular Farmantation
{1,000-1,100 K, 1.5—4.0 oxide—alumina reactor with 773 B )
HCOOGH, + H,0 —~ MPa, nickel-potassium catalys) 953 K inlet, 1,048— G"HT’:}Z'JE.:K{.EJSﬁ. 2C0,
HCOOH + CH,OH oxide catalyst) 1,148 K outled) | LS YEasis)

-

L 3

Current industrial production metnoed

Sumit Verma, Shawn Lu & Paul J. A. Kenis, Nature Energy (2019)



DIRECT ELECTROCHEMICAL REDUCT!

Comparison of different ERC products

Total Electrolysis Costs & Market Price
[€-ke-1]

co HCOOH C2H4 MEOH C2H204 CH20 CH4

m Production Costs = Market Price




INTEGRATION CO, CAPTURE AND CONVERSION

2 / /, I Depleted flue gas

Lean solvent

Absorber

)

Flue gas

CO, rich solvent

Powered by: TNO & ECN
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CO, ELECTROLYSIS IN AMMONIA ELECTROLYTE
CONCEPT

0,,H,0,C0, L,
: oo
1@
: o0
(]
1
oo
I
H 100
—] @
1®e
i0g
H g
et | (X
le
H,0 ie ()
x Anode GDE LCEM
u,
y

+ CO, rich ammonia loaded at the
catholyte

* Formate produced by electrolysis

* Formic acid separated in situ in the
middle compartment

Formate is synthesized at the cathode, H* at
the anode and they combine in the middle to
form formic acid!

Powered by: TNO & ECN
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EXPERIMENTAL PROOF OF CONCEPT
IN SITU SEPARATION FORMIC ACID FROM AN AMMONIA SOLUTION

mmol HCOOH
Cell potential (applying -1,8 V vs Ag/AgCl) 07
1% o —8—mimol HOOOH catholyte
06 —&— mmol HCOOH middle

—&— mmol anolyte

'
=
w

) > -
? 0 - 3.00 g E
é o. 20 40 60 80 100 1)0‘. .glco 160 180 240 -:g_, g 03
0 |I ll 'IE 2058 | E
. b 02
-100 , & 1.0¢
01
e time /s G =]
[
40 60 80 100 120 140

time / min

Chronoamperometry at -1.8 V vs Ag/AgCl
Temperatures: Warm up cathode at 85°C
Cool down catholyte at 15°C
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TNO 07720
MESSAGE:
CLIMATE, ENVIRONMENT & TRANSITION

Nuclear

ox/Sox filters

66 2019.04.24-Carbon-Cafe



67 | Mobile CO2 capture plant

WHAT \F 1T
A B\G HOAX AND
we CReAle A BeTTer

WORLD FoR NOTHING ?

* ENERGY INDEPENDENCE

* PRESERVE RAIN
© SUSTAINABILITY  ESTS

* GREEN Jops

" LIVABLE CiTies

* RENEWABLES

+ CLEAN WATER, AIR

* HEALTHY cu, DREN
* €TC eTc. =

https://www.thoughtco.com/global-warming-cartoons-4122873
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FINAL MESSAGE:

In the Netherlands, the signs are on green
at least today...
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LET’S ENERGIZE INNOVATION TOGETHER!

www.voltachem.com >

VOLTA
CHEM




