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Welcome at Community of Practice meeting

Power to chemicals




Program

Introduction by Prof. Dr. Earl Goetheer — Principal Scientist

In depth Presentations & Questions

e Power-2-Commodities based on CO,— Dr. Anca
Anastasopol/Earl Goetheer

e Power-2-Specialties — Dr. Amanda Garcia

e Electrochemical process development. Bio-based plastics
monomers — Dr. Roman Latsuzbaia

Lunch

Meet the VoltaChem scientists and informal poster session

Parallel session:

e Round table discussion; and

e Tour laboratory facilities: from fundamentals to continuous
reactions

Closure & Drinks
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Introduction

Power to Chemicals & VOLTACHEM

Earl Goetheer




TNO

Defence, Safety &
Security
_ , ; Energy research 2 5 843 TOTAL WORKFORCE
High Tech, Space Centre of the
& Chemicals \}: Netherlands
Health, Work | £ ) Maritime, € 43 1 MILLION
& MedTech & Py m innovation MOb“itY& 41% Contribution from the national
for life LOgiStiOS government € 176 million

4

Circulareconciy "\ Buildings & Infrastructures

& Environment

€ 416 million
€ 15 million*
3.6%"

Strategic

Digital
Innovations Analysis & Policy
DEVELOPING
FUNDAMENTAL KNOWLEDGE KNOWLEDGE KNOWLEDGE
KNOWLEDGE DEVELOPMENT APPLICATION EXPLOITATION We are working for approx.

3000

companies

With universities With partners in Conltract research Embedding in Lhe marketl
the polden triangle 1o and with customers [with TNO companiesh




Transition of Energy Sector and Chemical Industry

Raw Materials Conversion End-product usage End of Life
' Feedstock Application 1
1: Shift to
renewable
feedstock Conversion: intermediates
and final products Application 2
Mg m 4: Circularity
{788 2: Shiftto —
renewable Application 3
energy 3: Process and energy

efficiency

Decarbonisation

5: Carbon capture and (re)use
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Renewables will create opportunities...

Power Price
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High Voltage AC to

Offshore wind turbines Offshore wind power DC for transmission
generate Medium transformed to higher
Voltage AC power Voltage AC Power

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




... employing industrial electrification ...

From fossil feedstock to renewable electricity as primary energy source

Pressure to go for
IMgﬁ-RT clean and green

Competition with

US and midcdle
RENEWABLE A, ::;;d:g‘r;
FEEDSTOCK - ‘ Co;
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?1};‘.
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RENEWABLE & f
FUELS
ELECTRICITY Subply 8icost { HEAT
issues Demand for
high value
CHEAP
NATURAL GAS
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L ] ' Empowering the new economy
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... In important industry clusters
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A new value chain will be developed...

Electricity sector

P -

7 B o |
ik

Renewable electricity

Component providers Technology providers

= Equipment industry

Solution providers

Refineries Commodity chemicals

(Petro)chemical industry

Grid operators

Biochemicals Specialty chemicals

Fertilizers




Capital requirement x Risks

... uUsing existing and new technology ...

Legend:
@ Power to Heat/Cold
. Power to Gas (hydrogen/methane)

Power to Methane

S

Artificial Photo
synthesis (H2)

Photo-electro chemical HT HP- cycle

@ Power to Chemicals / Fuel
Steam re-
compressor o Po

Feedstock renewable bio-
based, CO2 & H20:
+  Formic acid
* Ethylene
* Fuels

Co-Electrolyse 0 Gas / Chemicals

OEC electrolyses)
Power to Plasmato
\ethanol Power to Hydrogen

aroge

(PEM electrolyses)

/ . ; ) Electro-chemical
Feedstock fiBSSI bulk & High temperature reduction/oxidations of
:enewable bio-based: piston compressor reactant (Chlorine,

MCA i Ikaline)
* Phosgene /
* FDCA
Electrode boiler
ower to Hydrogen
- Heat pum|
| lectrol
ine electrolyses) S B
* Brayton cycle
Reseoreh Dlsign Demonstrate Deployment Mature

O

s =i

Electrochemical reactor development Upcoming tech nologies: Plasma Extension of operating windows in heat upgrading




... following a high-level roadmap

Capacity

(MWh)

T

Power-2-Hydrogen

H, & CH,4 to Chemicals

Commodity Chemicals

Feedstock: renewables

biobased, CO,, H,0O & N,

Power-2-Chemicals

—_

Specialty Chemicals

Power-2-Chemicals Feedstock: fossil

i — renewables, biobased

Fine Chemicals Feedstock: fossil

Now




VoltaChem in 1 slide

4

* Public-Private Shared Innovation
Program of 6M/year initiated in 2015

I ' 0' by TNO, ECN and Topsector Chemistry.
SPECIALTY / PV

SHEVoAL: e Accelerate innovation and
owe implementation of electrification for

2

CHEMICALS % achieving decarbonization in
& chemicals.
eat wvorocen MMGL * |nitiate and facilitate collaborative
development of technology and
4 o associated business models.
T * Addresses both the indirect and direct
BIOMASS use of electricity within the chemical
” industry, involving stakeholders from
chemicals, energy & equipment

supply.
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Introducing our program lines

Application areas:
Guiding choices in the Program lines

Power-to- Power-to- Power-to-
Program lines: Fuels Fertilizers Plastics

Development of key technologies

Power to Heat LT

Making processes more efficient

through upgrading, compression Idea phase
heat pumps, and alternative concepts HT TRL1-2

Power to Hydrogen Lab research

New electrolyser concepts producing TRL2-4

hydrogen as a feedstock for production

of fuels and added-value chemicals Pilot testing
TRL5—-6

Power to Chemicals

Advanced electrochemical conversion Py Towards S

technologies combined with process >, .cl:_oRr:;nergt:lallzatlon

integration, modeling, and costing

Tools validated

Power to Integrate & applied

Analysis of business cases and synergies E |
between industries to advise companies and | |

support policy decisions




VoltaChem development focus

Power-2-Chemicals
Developing an electrosynthesis technology platform for:
— selective oxidation of biobased feedstock to chemical
intermediates for plastics (showcases: FDCA & LA).
— direct conversion of CO2 to commodity chemicals & fuels
(showcases: syngas & formic acid).




Power-2-Chemicals in VoltaChem

Jﬂ/ ¢ :'0,,
~

CHEMICALS
Power to chemicals PO
on CHEMICALS ~
. . CO, electro- JI
Electro-organic synthesis .
redUCtlon * POWER POWER COMMODITY
HEAT an;z:t;GEN CHEMICALS
Electro- Electro-
oxidation reduction
TRANSPORT
FUELS

v' Oxidation of furfural Reduction of furfural
v" Oxidation of Reduction of
hydroxymethylfuran hydroxymethylfuran
v" Oxidation of alcohols Reductive amination
Reduction of oxygen

AN

AN




Why electrosynthesis

Advantages Drawbacks

e High selectivity * High CAPEX

* Direct electricity utilization * Stability membranes & electrodes

* Ambient conditions * Knowledge gap electrochemical process
* Satisfies at least 9 of the 12 postulates of development

sustainable or green chemistry
* Green conversion for biomass processing

Feed A

Feed B

1

Electrons
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Why is electrosynthesis a green methodology?

r | ELECTROSYNTHESIS | ‘1
ct, indirect and 1
Mediators .

Direct,
Paired electrolysis

1/@?;?&?5\

DDDDD

SUBSTANCES T '/;@
g =—n The main advantage of

R ooy, electrosynthesis over an
| ordinary redox reaction is
t gl i I avoidance of the potential

oom temperature Electro-generat
Pl 68 i v

Amino acids ‘

ngngng

wasteful other half-reaction and
the ability to precisely tune the
required potential.

p I I |
[ Etectroanaives | g™ £ ECTROSYNTHESIS |

Green Chem., 2010, 12, 2099-2119 | 2099
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The past




Long history

A. Two hundred years of electroorganic chemistry: an "erganccentric” overview of selected milestones
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Starting material Product Company

Acetoin .
Butanone (3-hydroxybutanone) Bk
1,4-Butynediol Acetylenedicarboxylic Acid | BASF
Acrylaritrile Adiponitrile Monsanto,

_ / : i

( hydrodimerization) {}_Zpﬂqu tqﬂg’ ye_ar__}_ SIS, .‘&SEE"

( production of nylon 66) Chemical
4-Cyanopyridine 4-Aminomethylpyridine Reilly Tar

. L. B. Holliday,

Anthracene Anthraquinone ECRC
MNitrobenzene Azobenzene Several

Glucose Calcium Gluconate Sandoz, India
L-Cystine L-Cysteine Several

: e Diacetone-2-ketogulonic Hoffman-
Diacetone-L-sorbose Acid LaBecha
Maphthalene 1,4-Dihydronaphthalene Hoechst

VOLTA
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Pros

1.

Replacement of inorganic redox
reagents with electrochemical
processes often reduces the total
number of laboratory steps.

Electrode reactions are selective
and present direct routes to
products otherwise difficult to
make (via 'umpolung’).

Electrons are cheap and are easy
to transport. Electricity can be
made from many different
natural resources.

Green and safe technology; no
toxic wastes, no fire or explosion
hazards, no storage/handling of
aggressive reagents, mostly
room temperature chemistry.

Electrochemical synthesis s

easily scalable to the industrial
level.

0

ons

=

. Organic

electrochemistry is (still)
considered a specialists topic and is
usually not a part of the chemistry
curriculum.

Reaction mechanisms are often
complex and require insight into
radical ion and radical chemistry.

Products may be difficult to predict.

. Requires equipment (electrodes, cells

and current sources) that often is not
available in an organic chemistry
laboratory.

. Electron transfer is a heterogeneous

process and for that reason takes
time (1 mole of e = 1F = 96485 C =
06485 A-s = 26.8 A-h).

. Occasionally, electrode fouling occurs.

Requires cleaning of electrodes and
cells.

Ole Hammerich
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Why electrosynthesis

Advantages Drawbacks

e High selectivity * High CAPEX

* Direct electricity utilization * Stability membranes & electrodes

* Ambient conditions * Knowledge gap electrochemical process
* Satisfies at least 9 of the 12 postulates of development

sustainable or green chemistry
* Green conversion for biomass processing

Feed A

Feed B

1

Electrons
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—' KEY Performace indicators

% 1. Current density
_m 2. Faradaic efficiency

gn., 3. Life time

9-7-2019 23



VO LTA Accelerating industrial electrification
CHEM

Our approach




Focus on development and scale-up
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Structured approach including TEA

Literature study and Downstream Techno-economic
expert opinion processing evaluation

_ Design of electrochemical process and
Electrochemical development
systems TRL1-2to TRL5

un.uﬂ [' "




Our unique knowledge & infrastructure

TNO labs Delft ECN (part of TNO) labs Petten

=

Thermeo-acoustic heat pump pilot Electrolyzer test stations

Benhsspale c.Jtmosp heric Bench-scale high-pressure Hydrogen separation and High pressure hydrogen
electrnchernicol test e electrochemical test bed conversion long term test rig conversion test rig

TNO labs Eindhoven Common tools & know-how

’;K II'""'-

Catalyst development lab Catalyst synthesis equipment Business case assessment tools Energy market aralysis tools

e ) i P e Pk e R e I

—— 50 nm AlK
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Infrastructure TNO SPES (Delft)

Electrolysis conditions: glass
electrolysis cell

Flow cell electrolyzer
Continuous bench scale system

*  Electrolyte volume 0.1-0.3 L
*  Varying electrode shapes
(Graphite, RVC, Sn, Au, Pt,)

Electrolyte volume 0.7-1.2 L
*  Electro Syn Cell®

: e 0.16 m? electrode (Graphite, RVC, Ni foam, Pt, ... )
Flow cell electrolyzer *  Throughput: 0.4 L/hr FDCA (~5wt% aq.)

batch bench scale system *  Ambient pressure

— Flow cell electrolyzer
continuous autonomous bench scale
system

*  Electrolyte volume 0.1-0.3 L

*  Electro Syn Cell®

* 10 cm?electrode (Graphite,
RVC, Sn, Au, Pt, )

*  Ambient pressure

* Inline gas analysis

*  Electrolyte volume 0.7-1.2 L

*  Hydron Cell

. 100 cm? electrode (Graphite, RVC, Sn,
Au, Ag, Ni foam, Pt)

*  Pressure 1-60 bar

* Inline gas analysis
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" ENERGY INDEPENDENCE

* PRESERVE RAIN
+ SUSTA [HAE‘L!T\[F“RE =TS

* GREEN Jops
* LIVABLE CiTies
* RENEWABLES

* HEAL
e e?:f CHILDRgN

Technology Lines

WHAT ¢ 1T

A B\G HOAX AND
wWe (ReAle A BeTTeR
¢ £\ WORLD FoR NOTHING ?

'.:_i

¢ CO2 to Commodity chemicals

* Power to Specialties

* Electrochemical process development.
Showcase Bio-based plastics monomers

VOLTA
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Let’s energize innovation together!

&
i ‘i“ '
umﬂﬂWrMﬂi"‘,]fll(mw‘ I

www.voltachem.com
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VoltaChem Community




There are multiple ways to engage
with VoltaChem

1. Community membership and Community of Practice membership [“bilateral”]
Exclusive discussion group, roadmap updates, high-level results and (inter)national events.

2. Multi-annual shared R&D program membership [“srp”]
Pre-competitive R&D within a collaborative program with a duration of 2-4 years.
Participants get rights to the results and can influence and change the scope of the program
along the way.

3. Co-funded R&D project [“sponsoring”]
Pre-competitive linear development; small projects with predefined scope/time/budget.
Participants get certain rights to the results and scope is determined upfront.

4. Bilateral project (consultancy, contract R&D) [“bilateral”]
Exclusive bilateral consultancy or contract R&D project with pre-defined scope/time/budget.

5. Subsidized research collaboration [“subsidy”]
VoltaChem participates in publicly funded consortium projects (e.g. RVO, EU) and
fundamental research programs (e.g. NWO). The funding rules of the specific programs
determine the rights to the results and scope is determined up-front by partners together.
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VoltaChem community: Nice to meet you!

A platform for open innovation and cross-fertilization of the
energy, chemical & equipment sector focused on electrification:

- brings together stakeholders from relevant sectors, like chemicals, energy,
equipment industry and service providers in an exclusive forum.

- Performs collaborative technology & business scouting and uses the results
to develop and update a multi-year high-level roadmap for
implementation of in the industry and society as a whole.

- works together on specific high-level projects that are needed for
implementation of the roadmap.
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The community gives you the latest insights
in technology & market opportunities

* Quarterly Business community meetings

— Interaction and networking with industry peers on strategic topics
— Direct feedback from VoltaChem RD&I and BD activities
— Direct influence on and participation in VoltaChem roadmap

 Community of Practice (CoP) meetings

— Tailor-made program with industry peers - with a technological orientation
— Direct feedback from VoltaChem RD&I and BD activities

— Direct influence on and participation in VoltaChem roadmap

— Possibility to participate in VoltaChem technology developments

* International business & technology scouting
— Conference and trade-fair reports
— International technology and business scouting overview

* Bilateral consulting & interaction (~2 days)

VOLTA
CHEM 9-7-2019 34




Our current members and partners
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We look forward to meeting you!

Monique Rijkers

Program manager Power-2-Integrate
Community manager
Monique.Rijkers@tno.nl
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