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) “BRIDGING SCIENCE WITH TECHNOLOGY"

KNOWLEDGE
TRANSFER

Knowledge exploitation by spin-offs,
licences, in partnership with other
companies

Together with
universities

CLIENTS &
PARTNERS

KNOWLEDGE
APPLICATION

Contract research
for and with clients

KNOWLEDGE
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with partners from the triple helix
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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
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POPULAR MECHANICS 341

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 blanket for the earth and to raise its temperature, The effect may be considerable
in a few centuries.

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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Sense of Urgency

CO,-emissions [tons/sec]
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“All I'm saying is NOW is the time to
TU Delft develop the technology to deflect an asteroid” Carbon Clock
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IPCC 5th Assessment Report:

"Atmospheric concentrations of carbon dioxid
unprecedented in at least the |ast 800,000 ye|
warming increase the likelihood of severe, pel

IPCC 4th Assessment Report:

“warming of the climate system is unequl

climate change would, in the long term, |

capacity of natural, managed and human
1PCC 3rd Assessment Report:
“Observations show Earth's surface is
decade In instrumental record; projec|
8t a more rapid rate than that experie

IPCC 2nd Assessment R
"The balance of evidence s
human influence on global

IPCC 1st Assessmé
"global mean surfact
increased by 0310 0

Star Wars movi

Neil Armstrong step
onto the moon ==

W
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Present
RECENT MONTHLY MEAN CO2 AT MAUNA LOA
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405 Feb. 18, 2020 413.56 ppm
m Feb. 18, 2019 411.86 ppm
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Ille 1 Year Change 1.70 ppm (0.41%)
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No quick fixes: negative emissions

50
*— Approximate emission pledges (INDCs)
404
304 Net emissions  Emissions from fossil Net negative
fuels, industry, and net  emissions

land-use change
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Carbon neutrality by 2050

Carbon neutrality manifested in political agendas and corporate mission statements

bp
MAERSK
AEIDELBERGCEMENT
Mo @
e AkZONObW “?.'hyssenkrupp
European Green Deal Klimaatakkoord Mission Statements
European Commission The Netherlands ...and many more
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Global carbon tax will unlock

Alberta CCIR

Argentina carben tax

BC carbon tax

Beifling pllor ETS
California CaT

Canada federal fuel charge
Chile carbon tax
Chongging pilat ETS
Colombla carbon tax
Denmark carben tax
EUETS

Estonia carbon tax
Finland carbon tax
France carbon tax
Fujizn pilot ETS
Guangdong pilat ETS
Hubei pilat ETS

lceland carbon tax
Ireland carbon tax
Japan carbon tax

Korea ETS

Latvia carbion tax
Liechtenstein carbon tax
Mexico carbon tax

New Zealand ETS
Newfoundland and Labrador carbon tax
Morway carbon tax
Poland carbon tax
Portugal carbon tax
Prince Edward Island carbon tax
Queber Cal

Shanghai pilor ETS
Shenzhen pilot ETS
Singapore carbon tax
Slovenia carbon tax
South Africa carbon tax
Spain carbon tax
Swieden carbon Lax
switzerland ETS
Switzerland carbon tax
Tianjin pilot ETS

Tokyo CaT

UK carbon price floor
Ukraine carbon tax

Frices in implemented carbon pricing initiatives selected

@ Price Rate 1

60 70
US$ /tCO2e
@ Price Rate 2

Innovation

IMF, 2019
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CHALLENGES ENERGY & CHEMICAL
INDUSTRY

Via markets
and consumers
CO, INFRASTRUCTURE
Pressure to go for
IM;&RT clean and green
Competition with
Feed ” US and Middle
eedstoc RENEWABLE and Far East
Recarbonization FEEDSTOCK A ‘ co, POLYMERS
Hydrogen %J>(-(.
Biomass ’0,7
ccu/co,
CHEMICAL
O PRODUCTS
§
Energy RENEWABLE = f

Decarbonization ELECTRICITY Supply and cost { HEAT FUELS
issues Demand for
high value \
CHEAP
NATURAL GAS

(; HEAT NETWORKS
TUDelft
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FOR THE LAST TIME, CCS|
YOU'RE NOT A SWAN! YOU'RE
JusT UeLY!
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AVR: CO2 capture for utilisation

5L/
N %
R —

§q ofAS
n

e

] AVR DUIVEN (100 kton CO2 scale)
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Industrial Clusters under High Pressure

*  40% of total CO, emissions related to

Renewable revolution _ _
industrial clusters.
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* In Rotterdam:

*®Q0

« 250+ Billion Euro capital assets.

* 450 Mtonnes material flow in 2015.

* 6,000 ha of industrial sites.

Cost Competition
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« >90,000 employed overall in harbor

. . . 20,000 @ industrial cluster
Climate: Decarbonization ( @ )
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https://rotterdamccus.nl/en/

%> CAN I CAPTURE CO2
" ONBOARD OF SHIPS?
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8000 TDW

DESIGN BASIS

FerErt

120 m

Cargo ship with a 3000 kW Wartsila 6L34DF engine

Fueled by LNG

+ CO, capture and storage M4

07 June 2017

21| CO2 capture onboard LNG-fired ships
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COST ESTIMATE

» CAPEX = 8 million Euros (close to the cost of the ship itself)

) Cost of CO, captured = 79 €/tonne CO,
+ CAPEX =75 €/tonne CO,
+ OPEX = 4 €/tonne CO,

) Food-grade CO, price ca. 80 €/tonne

» Cost of CO, capture and compression €/tonne:
* Power plants = 40-60
+ Cement =60-70

22| CO2 capture onboard LNG-fired ships 07 June 2017



Grand challenge: Man On The Moon

" E

FUTURE

Synthetic fuels Platform chemicals Complex molecules
hydrogen carbonmonoxide alkanes alcohols carbohydrates lipids

s Bl e W ok aff

1(-; U D I f t ammonia  Fisher-Tropsch ethers carboxylic acids proteins nucleic acids |

* Modified from NWO solar fuel 23
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Circular carbon

Renewable Energy and Renewable Carbon
for a Sustainable Future

| BIOMASS |
RENEWABLE
CARBON

NDUSTRY - HOME - MOBILITY

16—

Fossil Fuels

ailable at www.bic-based.eu/graphics

Fossil Carbon
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Conversion Technologies

VOLTA
1. Catalytic Hydrogenation C H E M
Electrification
'-. T

2. Direct Electrochemical

v \
v f

. , 3
3. Polymerization P

4. Biochemical

2
{eRefinery TUDelft

5. Mineralization

25



Technology potential and overview of players

Mineralization Commercial today

» But low value products; Mineralization - SO o vinacals il Calera —
* Select best regional product fit 4. ca E vy
~

Microbial no advantage for bulk v.s. T/C* ) ERstans] LanzaTech®
Focus on high value products: Fermentation I L OAKBIQ/ éelectrochaca ,;.NEWL,BHT>
* Single cell Proteins /

« Longer chains, functional ) cellana

* Direct conversion of flue gases promising Photosynthetio Qe IR r *::m

T/C* Bulk and Fuels unprofitable as yet Thermo-catalytic

Focus on high value products /

* Many players (Established and new)

* Focus polymers/materials/solvents Electrochemical

¢ Well-known chemical processes, new
catalysts

HITACHI
INERATEC

Photocatalytic

Electrochemical: earlier stage but

promising

* Energy efficient (except for e.g.
methanol)

¢ CO, Formic, Oxalic acid

. Fieldlab IE projects Updated Lux research overview

Early-stage R&D Pilot stage Scale-up Commercialized



Renewables will create opportunities

Power Price

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

. N\
0 N

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

= Dutch continent =North Sea

——Base boad Prices ====Peak load prices = Offpeak prices

. : e e ' -
40 . 3 X
20
10 On-shore sub-station Hydrogen plant
converts power back to (electrolyser) converts
0 DC direct, or indirect via

AC for grid transmission
2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2026 2030 E'gﬂd power into H2

HVDC station converts

High Voltage AC to
Offshore wind turbines Offshore wind power DC for transmission
g Medi d to higher
Voltage AC power Voltage AC Power

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

products
H20 » H2
e
CO2
CO2
+ »  products
H20 €
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Indirect

Fuels

Water splitting

\ﬁ)ﬁHz‘*

Methanol

Modified
Fischer-Tropsch

Raw materials
for chemistry

Formic acid I ) )

Fransesc Sastre

\}&) Methane
J

29



CO2 to fuels

Conversion
p
L= Fizeher Tropsch Conversion > Diesel Fuel
Feedstock ' Product
H 2 ! Wax Hydrocracking M etha nOI
C02/Cco (i E— — FT-products
flue gases I _[' DME
Electricity Bl 5 DMC
TNO “
I 'ndirect CO2 valorisation with hydrogen -
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Indirect Integration

Flue gas

b

Absorber

NH,

Rich solvent

Bicarbonate

>

Path B

31




Post combustion CO, capture
Ammonia as capture solvent

1930 Generic pilot plant Capture system based on NH3
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Courtesy TCM



Description of the system

Rich out
NH,*HCO;

T™O ﬁ%r%’

f@r

Stella Chatzisakoula 33
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Direct electrochemistry

Electroreduction of carbon dinxde

ca,
+2 +128

+28 m +128
+Be l l&ﬁe

Farmic acid Carbon monaxide hethanol Methane Ethylene Ethanol
HCOOH co CH,OH CH, CaH, G H0H

Be | o0 e | & || B
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Sumit Verma, Shawn Lu & Paul J. A. Kenis, Nature Energy (28119)
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UP OF GDE - CO, to HCOOH
Interreg e2¢C PILOT DEMONSTRATOR
2 Seas Mers Zeeén ﬁ

TRL 5
CO, TO FORMIC ACID
SCALE: 1 Kg/h

10 cm?
Project partners:
i atio Universitei ~omiveasiry or i i The
™oz ~wio fuoan Wi e O @E: .



Increasing total efficiency — Paired electrolysis

co, HCl * Paired electrolysis concept to produce 2
value-added products using the same
energy cost involved in the production of
only one product.

CO + C|2 In scope
« Combining oxidation and reduction reactions
to improve the economically feasibility of
h .
cocl, (phosgene) e the processes

use

* A major challenge for paired electrolysis is
ensuring that the reaction conditions are
suitable for both chemical transformations

Product + HCI

=-CO"CH

TNO - avantium

& UNIVERSITY OF AMSTERDAM
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Process and system integration

l—' co,
"
o || :
] TA OH 0,
1
= m
i OH

| SEPARATION &
Electrochemical PURIFICATION

| reactor

e Ex Ty

TU Delft
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Integration of CO2 capture & conversion

Absorber

I Depleted flue g
T
]

as

Lean solvent

Formic acid
Syngas

38



M Glycolic acid -
ambient

CO, Electrolysis from capture solvents

T —

o 0

M Formic acid - ambient

1 2 3 Time/h

Organic capture solvent
B
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1-06-17 1-12-17 1-06-18 1-12-1
100
Overview CO production experiment C i": ®200C ‘ 2 \
z 80 3 80
® m850C g
o @
E 60 é 60
o
> 40 S
3 Z
I y 3 20 >
0 0 40‘ ‘60 ) a0 N 100 & - - - EZU
Time (min) 0 E
—@—-0.48V vs. RHE —@—-0.67V vs. RHE —®—-0.88V vs. RHE 65 t' 170 H t 180 0
. ime / minutes
-1.07V vs. RHE ——-1.27V vs. RHE 1 2 3 Tlme /h
Agueous capture solvent A Aqueous capture solvent B Low aqueous capture solvent B

TUDelft
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What if we make CO

Techno-economic Comparison for CO Production

W CO2 Capture W Electricity = m Heating Duty Electrolyser ~ m CAPEX Electrolyser ~ ® Market Price

CAPEX Electrolyser Heating Duty Electrolyser
Electricity
CO2 Captur

Base Case High Pressure Integrated Market Price

€1,20

€1,00

€0,80

€0,60

[€:KG CO-1]

€0,40

m h

TOTAL PRODUCTION COSTS

]
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The Stone Age didn't end for lack of stone,

and the oil age will end long before

the world runs out of oil.

- Sheik Ahmed Zaki Yamani

]
TUDelft



Summary: the future is circular
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Let’'s energize innovation together!

5
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