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Life cycle assessment and
impact-related studies

Topics related to environmental impacts are quantified
as single carbon source for ethylene/ethylene oxide via

& benchmarking to relevant reference systems

Topics of techno-economic impact and exploitation scenarios are elaborated

& of and
for CO,EXIDE exploitation scenarios

Data acquisition to and identify the
&

- This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.
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Building blocks for a vast range of chemicals N

Global production capacity of
Ethylene % g ethylene oxide
Ethylene = BEE 2018 & 2023
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Source: EI-JKU based on globaldata.com * Forecast.
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Building blocks for a vast range of chemlcals ——

Ethylene

Ethylene H = =] Global production capacity of ethylene glycol

CZHGOZ 2014 & 2024

Monoethylene — A 65

MEG, Givcol + 115 % 2014-2024-

(%2

Diethylene
Glycol

w B

N

in million metric tons

Trieethylene
Glycol

2014 2018 2019 2024*

Source: EI-JKU based on globaldata.com * Forecast.
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A growing market with growing dependencies
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World consumption of ethylene oxide World end-user industry of ethylene
(2020) oxide (2020)

M Textile

M Detergents
H China 8

m Middle East
Other Asia*

Food and Beverage
Personal Care

' B Automotive
Americas

B Pharmaceuticals
M Europe

B Other End-user Industries
M Other

B Agrochemicals

Source: EI-JKU based on IHS Market 2020 and Mordor Intelligence 2020
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daily EU ETS carbon market price

50,00

45,00
40,00
35,00
30,00
25,00
20,00
15,00
10,00

5,00

0,00
09.2017 04.2018

y ENERGIE
INSTITUT

an der Johannes Kepler Universitat Linz

> 43 €/t Co,
March 2021

> 30 €/t CO,
Dez. 2020

in billion U.S. dollars

10.2018 05.2019 12.2019 06.2020 01.2021 07.2021
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The CO,EXIDE project approach

The project aims for sustainable environmentally friendly products, thus the focus is on
biogenic CO, and renewable electricity as main resources. As cost are a determining factor, further focus is on
existing, high-purity CO,-sources such as:

Biogas upgrading

Bioethanol production

P2X/CCU technologies can balance future energy systems with high shares of fluctuating renewable energy
sources such as:

Photovoltaics (PV)
Wind power

Thus, the focus is on existing large PV and wind farms.

- This project has received funding from the European Union’s Horizon 2020
) ' | N ST |TUT research and innovation programme under grant agreement No 768789.
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Potential sources of biogenic CO, -

CO, from combustion
processes atmosphere

CO, as by-product from industrial processes Loy e s COZ'SOU rces
with ratio of CO,

[ con ] [[ecsasipgaing “ “ BT | in the off-gas

12 - 15 vol.-% § 30-100 vol.-% 12 vol.-% 20 vol.-% 0.039 vol.-% Most important biogenic sources

are highlighted in green

Natural gas Bioethanol m Steel & Iron

3-10vol.-% up to 100 vol.-% up to 100 vol.-% g : 15 vol.-%

FueI oil Fermentatlons ’ Refmerles

3-8vol.-% up to 100 vol.-% 3-13%vol.-%

. Biotechnological . | Industrial production

rocesses Chemical industr P rocesses
3-8 vol-% P Y H P

Source: Rodin, V. et al. (2020) Assessing the potential of carbon dioxide valorisation in Europe
with focus on biogenic CO,, Journal of CO2 Utilization, Vol. 41, 101219
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Biogas plant distribution

in Europe at the end of 2017
European country ranking according
to the number of biogas
upgrading plants in early 2017

1
1
1
1

Source: Rodin, V. et al. (2020) Assessing the potential of
carbon dioxide valorisation in Europe with focus on
biogenic CO,, Journal of CO2 Utilization, Vol. 41, 101219
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Biogenic CO, from biomethane production

approx. 500 biogas upgrading plants to
biomethane in operation in Europe m Biomethane upgrading Further potential biogas

14 % of biogenic CO, from biogas is already separated, but
. 14%
hardly utilized 3.15 Mt/yr

Significant potential of highly concentrated biogenic ']

CO, for valorization approx. 1.57 Mt/yr
Ethylene Oxide

(1)
CO, potential in Mt/year from biomethane upgrading as part of total CO, gg/(;o Mt/yr ¥ 23.15 Mt CO,/yr

potential from biogas production for the EU-28 (data for 2016)

Source: Rodin, V. et al. (2020) Assessing the potential of carbon dioxide valorisation in
Europe with focus on biogenic CO,, Journal of CO2 Utilization, Vol. 41, 101219

- This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.
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Biogenic CO, from bioethanol fermentation h

CCU technically feasible without extensive effort Commercially utilized (projection)

® Further potential bioethanol

Some production site capture the CO, already distribute the produced CO,

commercially
Dry ice

Carbonic acid for beverages approx. 1.84 Mt/yr

Fertilizer for greenhouses Ethylene Oxide

3 5.71 Mt CO, /yr

Amount of CO, in Mt/year produced in the EU bioethanol industry in
2016 including amount of possibly commercialized CO,

Source: Rodin, V. et al. (2020) Assessing the potential of carbon dioxide valorisation in Europe
with focus on biogenic CO,, Journal of CO2 Utilization, Vol. 41, 101219

This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.
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CO, capture

CO, from biogenic sources can provide lowest capture costs In total approximately 506 Mt/yr of biogenic CO,
Direct Air Capture (DAC) is expected to rapidly reduce its costs are produced annually in Europe

450
400
350
300
250
200
150
100

CO, capture costs [€ per ton CO,]
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B Solid biofuel combustion Biogas combustion
Bioethanol production Biogas upgrading to biomethane

B Alcoholic beverages production

CO, source L
Source: Energieinstitut an der JKU

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 768789. * px

Of which 86% imply
cost intensive flue gas
purification




Matching of biogenic CO,

Based on GIS analysis tools,

existing CO, and renewable power sources were
matched to identify possible CO,EXIDE production
sites within Europe to ...

... provide 100 % renewable based products
... avoid transport of (hazardous) reagents

... support grid operation by balancing out fluctuating,
locally generated renewable energy

For the specific case studies, additionally favorable
infrastructure was considered...

...ethylene producers/consumers

...pipeline infrastructure

y ENERGIE
INSTITUT

an der Johannes Kepler Universitat Linz
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and RES sources

Mapping of biogenic CO, sources

existing biomethane upgrading plants (>16 kt CO,/yr)
existing bioethanol production sites (> 160 kt CO,/yr)
Mapping of RES sources

Existing onshore wind farms > 1 MW
Existing solar power plants > 1 MW

Focus on 4 categories of plant sizes from 1 to 500 MW

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 768789.




Solar Power Plants in
Central Europe -1 to 230 MW

PV plants 1-230 MW [3251]
®  210-230 [1]

= 100-120 [3]
= 70-100 [8]
m 40-70 [57]
B 20-40 [156]
o 10-20 [522]

B 1-10 [2427]
| | EU candidate
D No EU Member State
|:| EU Member State

—— Country Borders

Sources

Map: Wikimedia & Eurostat

Power plant data:
enerdata: Power Plant Tracker;
Company websites, News websites

Copyright: Energy Institute JKU Linz}/ Austria, June 2019

This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.

an der Johannes Kepler Universitat Linz




Copyright: Energy Institute JKU Linz / Austria, July 2019
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Ethylene Pipeline Network in Europe &
Potential CO2Exide locations

Identified Biomethane Plants [t_CO2/a]
° 40000 - 60000

20000 - 40000

10000 - 20000

6000 - 10000

4000 - 6000

2000 - 4000

1 - 2000

unknown

EU Candidate

]
[] NoEU Member State
1]

== Pipelines Vision 2020
=== Pipelines 2008

Identified Bioethanol Plants [t_CO2/a]
* 170000 - 200000
125000 - 170000
100000 - 125000
75000 - 100000
25000 - 50000
10000 - 25000 2
1 - 10000

unknown
EU Member State

Country Borders

Sources

> Map: Wikimedia & Eurostat

>Biomethane Upgrading Plants: gie, EBA: "European Biomethane Map 2018"

> Bioethanol Plants: ePURE & Company websites

> €02 amounts: Own calculation based on 8 000 operating hours/year & Company websites

> Crossing points and pipelines:

Peter Skelley (Ineos), Association of Petrochemicals Producers in Europe (appe) (2008): “The Trans
European Olefins Pipelines Network Project — Benefits to the European Industry”, Web: http://

ec.europa.eu/Doc / /11993/ /1, ions/en/renditions/native,
Accessed: July 2019

ARG: Web: argkg.com/european-ethylene-pipeline-network/, Accessed: July 2019

United Kingdom Onshore Pipeline Operators' Association (UKOPA) (2009): "UK Ethylene System"”,
Web: www.ukopa.co.uk/pdfs/UKOPA-09-0016.pdf,
Accessed: July 2019

GB Simulation Technology (GBST): Web: www.gbsimtech.com/Solutions/Interactive-Simulator,
Accessed: July 2019

sabic: “Introdcution into sabic cross country pipelines”, Web: https://www.sabic.com/en/about/
ehss/sabic-uk-pipelines, Accessed: July 2019

The Essential Chemical Industry: Web: www.essentialchemicalindustry.org/the-chemical- industry/
the-chemical-industry.html, Accessed: July 2019

3 case studies in 3 countries

considering local conditions, existing infrastructures

-L\‘VA_
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7| Ethylene Pipeline — 27 km

| Wind farm - 21 MW — 6.6 km |

CO, source

= TT;

Wind farm - 9 MW — 6.6 km |

Bruckneudorf
Benedekkaserne

Wilfleinsdorf

Source: Energieinstitut an der JKU




Development of specific case studies for
potential technology roll-out

Typical electricity production characteristic of a 1 MW photovoltaic power plant (top) & wind farm (bottom)

= Grid feed-in = power for CO2EXIDE ——Photovoltaic power plant ——Wind farm
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time [days] 0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
mgrid feed-in = power for CO2EXIDE time [h/a]

= 1.0

o IR |, WHI-IN“N

o] The power is divided in the share of grid feed-in and power for the potential
time [days

CO2EXIDE-plant for scenario development; central European conditions applied
Source: Energieinstitut an der JKU

- This project has received funding from the European Union’s Horizon 2020
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Impact related studies

Virtual upscale based on
experimental data

Electro Catalysis Cascade Synthesis

and modelling
Scenario based comparative LCA

cradle to gate

Water Supply
"N (Biogenic) CO;
W sequestration
AN

fossil & biobased benchmarking
Technoeconomic Assessment

CAPEX, OPEX, ROI, NPV, for
implementation oriented case studies

+ |
Electro Catalysis ﬁ

G
'@ @ >/

[ Ethylene Enrichment Unit

® ©®

=@

(402)

N

Chemical

:  Conversion

(optional)

Bottling & Selling

_ | Bottling & Selling
"1 orPipeline feed-in

Recycling

74 On-Site Recycling 7

Figure: Schematic overview of analyzed CO,EXIDE process
with on-site by-product recycling and cascade synthesis to
ethylene oxide and potentially to ethylene glycols
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Product Handling

Source: Energieinstitut an der JKU
This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 768789.




Life Cycle Assessment Modeling

EU-28: Electricity from Intermediate recycling ¢°
wind power ts Carbon Dioxide EI-JKU
O ka
EL-28: CO2Exide_Side

+

EU-28: Carbon piss EU-28: CO2Exide p@—————+ E:‘OJT(UU“ combustion

dioxide from biogas Electro Catalysis - cU-50>
El-JKU <y-sax

EU-28: Water ™
(desalinated;

EL-28: CO2Exide px{ﬁ}\ Surplus Intermediate go
Cascade Synthesis W Hydrogen Peroxide
El-JKU cu-sos 571ka El-JKU <y-se>

i0ka 0O ka

EU-28: Electricity from EU-28: Electricity from
wind power ts wind power ts

the environmental
impacts =s=) renewable supply is an essential prerequisite
especially with significant LHV as H,,.. require
full valorisation == on site recycling

- This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.

an der Johannes Kepler Universitat Linz

1 kg ethylene oxide

1) EU28-mix
2) Local supply from PV
3) Local supply from Wind

i) CO, from biogas upgrading
i) fossil CO, from EO production

a) on-site recycling
b) up-grading / feed-in

Source: Energieinstitut an der JKU




Life Cycle Assessment Modeling

COZ demand per 1 kg ethylene: 3.14 kg Comparison of fossil benchmark's GWP and CO,EXIDE CO,-demand per 1 kg of product

(stoichiometric) 2,5 2,5
> -300 % compared to fossil ethylene 2
Ethylene demand per 1 kg ethylene oxide: 1,5
0.637 kg (stoichiometric) 1

2 kg CO, per 1 kg ethylene oxide 0,5
-200 % compared to fossil ethylene oxide 0
-0,5
-1
-1,5
-2
-2,5
-3 CO2 demand Mono-Ethylene
-3,5 Glycol CO2EXIDE

B GWP Ethylene fossil based

=
N

M GWP Ethylene Oxide fossil
based

GWP Mono-Ethylene Glycol
fossil based

o
U O 1, U0

o

B CO2 demand Ethylene
CO2EXIDE

1
[EEN

GHG footprint of utilized CO, is crucial
source has significant impact

1
[} ‘H
N U

CO2 demand Ethylene Oxide
CO2EXIDE

emissions
[kg_CO,equ./kg_product]

1
N
o

demand [kg_CO, /kg_product]

depending on source

1
Lo
v w

E N E RG I E Source: Energieinstitut an der JKU

This project has received funding from the European Union’s Horizon 2020
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Life Cycle Assessment Modeling

» The PED consists of renewable and —the Fossil benchmarks, location: Europe
latter can be for the CO2EXIDE - PED gross value [MJ]

approach. 71,2

» Dueto
(rather than fossil resources with high calorific

value), the CO,EXIDE process
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©
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(e70]
v
S~
=
2
o
(NN]
[a

» The
, using renewable power and concentrated CO,

streams
Ethylene Ethylene Oxide Ethylene Glycol

This project has received funding from the European Union’s Horizon 2020

' | N ST |TUT research and innovation programme under grant agreement No 768789.
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Techno-economic scenario development

m|nvestment m Operation, maintenance and other costs mElectricity mWater and CO2
PEMEC = = =base

(831

o
—
(o)l
o
o

o

[€-Cent/kWh]

_- = NN W W
w

O O ;

Specific production costs

CAPEX in €20171'kW

SMW 25 MW 50 MW 75 MW 100 MW 5 MW 25 MW 50 MW 75 MW 100 MW
EC* EC™ EC EC EC EC EC EC EC EC

coupled with a 100 MW PV power plant coupled with a 100 MW wind farm 2020 2025 2030 2035 2040 2045 2050

0 1 1

Source: Energieinstitut Source: Energieinstitut

E N E RG I E " Source: Energieinstitut an der JKU

This project has received funding from the European Union’s Horizon 2020
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Techno-economic scenarios

Sorted hourly EXAA electricity spot prices 2018

Mean green + (Grgy ====\ean grey

2000 3000 4000 5000 6000 7000
Hour of the year

- This project has received funding from the European Union’s Horizon 2020
) ' | N ST |TUT research and innovation programme under grant agreement No 768789.

an der Johannes Kepler Universitat Linz
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Lowest marginal cost

<50 €/MWh for

fluctuating renewables

Challenge of dynamics!

-

N

Renewable electricity )
is a new ,production
commodity” with the
price curve pointing

downwards -




Implementation case study at
biomethane facility

* Input material:

—>
* Membrane separation of CH, / CO, with feed in of CH, to the natural gas grid
e Simulation of hourly energy production of the local wind power

CO2 OUtPUt: dapprox. 3'370 t/a Wind energy output Bruck/Leitha in March 2019

Power Input: approx. 3.2 MW
350 days/yr, 15 years lifetime

Ethylene Output: approx. 1,050 t/a

Energy generated [kWh/h]

Source: Energieinstitut an der JKU

- This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.
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Implementation case study at
biomethane facility

Sensitivity analyses of technoeconomic case study
on electrocatalytic CO, conversion VARIABLES
electrolyzer cost 139 695 1,250 €/m?active area

electricity price 28.5 35.6 64.1 €/MWh

Min Base Max Unit

=
N A

1
1

CO, price (raw material) n/a 0 40 €/ton

o

CO, ETS price

(avoided emissions) n/a 40 €/ton

market price C,H, 220 1,980 €/ton

0
L.
@
o

=
w
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e

-
O
@

o
>
©

o

cell potential 1.6 3.6V
-80% -60% -40% -20% 0% 20% 40% 60% 80% current density 900 mA/cm?
Parameter variation [+/- % from base] selectivity to C,H, 90 99%

——Electrolyzer cost —Electricity price conversion rate of CO, 21 70 98%
CO2 price ——CO2 ETS price

—Selling price C2H4 Cell Potential 8 yr payback time in base case -
——Current Density Farradaic Efficiency (Selectivity)

Source: Energieinstitut an der JKU

This project has received funding from the European Union’s Horizon 2020
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For takeway...

Main focus to showcase the proof of concept is on already available biogenic carbon dioxide like CO, from
biogas upgrading to minimize feedstock cost & maximize carbon off take.

Achieving a net zero emissions EU energy system by 2050 based on predominantly renewables is a
prerequisite.

In absence of binding international climate agreements, a sufficient high price on CO, emissions, CCU is
actually hardly economic.

Nevertheless the need to bring the CO, electrolysis as future-proof CCU technology to the next TRLs now
due to the expected long periods to market.

As with all renewables scale up and market division needs to be linked to stringent sustainability criteria to
take full advantage. A framework for analysis is currently evolving.

- This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.

an der Johannes Kepler Universitat Linz




For takeway... \

A high performance especially in the reductive activation, catalytic technologies for CO, What are the right
conversion (especially faradaic efficiency) is most crucial. benchmarks for a

The cost of electricity is of most significant relevance, fluctuating production sources transformed
can provide already now promising levels. production system?

The cost of CO, as raw material cannot be neglected, especially if complex upgrading
and purification is required.

CO, electrolyzer investment costs are less critical in comparison, with the outlook of
learning curves and economies of numbers.

Renewable ethylene / ethylene oxide production cost can correspond to current
market prices but hardly to production costs. Emission trading compensation, Green
premium incentives can be medium-term tools to face international competition.

This project has received funding from the European Union’s Horizon 2020
' | N ST |TUT research and innovation programme under grant agreement No 768789.

an der Johannes Kepler Universitat Linz
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Many thanks for your
attention!

EENERGIE
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Further Information

Contact

Johannes Lindorfer
lindorfer@energieinstitut-linz.at

£ YENERGIE

o

& INSTITUT

an Johannes Kepler Universitat Linz

Energy Institute at the

Johannes Kepler University
Altenberger Strasse 69, 4040 Linz
Austria

www.CO2EXIDE.eu
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http://www.co2exide.eu/
http://bambooproject.eu/

https://www.lignoflag-project.eu/

Our European projects
in the area of
technology
assessments

http://optisochem.eu/

http://www.rewofuel.eu/
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