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Concawe - Environmental Science for European Refining

Concawe Membership Concawe mission
Concawe represents 41 Member Companies = To conduct research to provide impartial scientific information,
100% of EU Refining in order to:
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The Commission strategy for 2050

1.5C Tech scenario of “Clean Planet for All” / 2030 Impact Assessment

Towards energy efficiency and a more diversified low GHG transport sector

6 Figure 63: Fuels in transport (including aviation and maritime navigation)
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* »Clean Planet for All - A strategic vision»: European Commission, November 2018
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The key question

How to satisfy the future need for products and fuels...
.. in a low GHG intensive manner?

Multiple pathways integrated in a holistic view
(Well-To-Wheels)

The triple dimension challenge for the refinery of the future

Low CO, intensive n
s%tes g Low Carbon fuels I Low Carl?on feedstocks
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Not just one single solution o
Collaboration is key: JEC Well-To-Wheels (WTW) v5 '

Commission

TTW
WTT Powertrain

T efficiency
gCOo2/ MJ

Penetration
of alternative
powertrains

>60 powertrains

> 250 Resource to fuel .
combinations

pathways

> 1500 possible combinations!
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Not just one single solution

Multiple solutions: feedstock / technology / powertrains towards low GHG future

2025+ Fuels comparison WLTP
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JRC SCIENCE FOR POLICY REPORT
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Gasoline High-octane  Diesel LPG SynDiesel  Biodiesel HVO Ethanol  Pyrolysis Oil CNG CBM Syn_NG  MTBE/ETBE OME BEV DISI - PHEV /DICI - PHEV / FCEV / REEV-
ICE (DISI/DICI) + bio/low-CO; syn fuel gasoline REEV REEV FC
xEV (Electricity)
FCEV (Ha) Powertrain

Alternative fuel type )
Fuel reference production pathway

(Line in bold)

Alternative fuels and powertrain combinations offer similar GHG reduction as BEVs depending on the electricity source used.

Moving to low carbon fuels (biofuels and e-fuels) offer compelling options / multiple routes to achieve low GHG intensity WTW
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Our approach towards a low GHG future

© Concawe

Multiple pathways integrated in a holistic view

(Well-To-Wheels)

Concawe - Low Carbon Pathways

'm Low Carbon H2

Process improvement
New high-efficiency technologies
Integration with renewables
Taking advantage of grid decarbonization
cCs&ccu

Waste Heat Use
,/\}

s _
Industrial symbiosis EH
Beyond-the-fence opportunities

) 2

Well-To-Tank Tank-To-Wheel

Low Carbon
Feedstocksto
produce:
Sustainable biofuels
Advanced biofuels
Power-to-Liquids
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Vision 2050: The refinery as an ENERGY HUB...
.. within an INDUSTRIAL CLUSTER

ccs/ccu

@® Standard

@® Current first examples

@® New proposed strategy

(\ RENEWABLE
57 ;) ELECTRICITY

Low GHG [
[ «GREEN» AND Sustainable Petro- [ Low GHG
biofuel TTTERRE chemicals _i_ v ppPatro-
| SR RN E feedstock | MM chemicals
products '""T"W ey, 0 fEEEE products

BIO-FEEDSTOCK e}
CO, mmm—p
W

Low GHG ‘'==== > -HI ----- » Low GHG 3
fuels fuels

Reducing emissions within the site + the final use of our products
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A vision for manufacturing:
Refinery 2050




Can the EU refining industry can effectively contribute to a low CO2
economy? (Eorcewe

Low GHG

b Petro-
chemicals

Report
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i 1 Early-stage _
SN ETH High efficiency operation
LRI
® 4 4 2 CO; reduction technologies.
E E 3 i H H Opportunities within the EU refining
hacz - - system (2030/2050).
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Refinery 2050:
Conceptual Assessment.

Exploring
for the EU refi
towards a low-

RENEWABLE
ELECTRICITY

®

4

BIO-FEEDSTOCK
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CO; reduction
ities

1 Early-stage e

Quantitative
of conventional fussil fueds (Scape 11 2)

High efficiency operation
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TOTAL
Energy Low Carbon ccs

Efficiency Energy sources

0.00

Note: Electrification may account for up to ~23% of the COz reduction in the 2050 High electrification sensitivity
case. This incurs significant additional capex outside the refinery not included in the scope of this assessment.

No additional OPEX associated to ad-hoc turn-arounds considered

© Concawe

14

Total CO, emissions savings (%)

Potential CO, savings: 25% by 2030 3w and 52% «s
Mt) by 2050 in the median scenario compared to 2030 Ref Case (125 Mt CO2/a).

Up tO ~ 60% (78 Mt) by 2050 in the high uptake sensitivity cases
Total electricity consumption: 130 TWh/y in 2050

(4% of the electricity currently in EU).

Minimum CAPEX 30 B€

CO, reduction technologies

*  Fuel switch

Low * Increased use of imported
carbon logl-c(;a;::r:;lectricity
energy electrification
O Substitution of fired
boilers and heaters
Green H,

Process co,
Efficiency capture
+ Continuous improvemen! * “Easy-to-caPture”
+  Energy Management (H, production)
« Major capital projects « Other plants
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LCF examples within an
average refinery (160 kbl/d)

Evolution
Progressive introduction of low-emission
components and low-carbon feedstocks
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Low Carbon Feedstocks (LCF) - Examples
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refined product demand MUa)
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2000 2010 2015 2020 2025

Pyrolysis

-

For both demand scenarios, two series of cases in 2050: )

* Limited penetration cases (individual pathways):
production of 1 Mt/a liquid products from each of the
selected pathways. \

* Maximum low carbon feedstock cases (Combined ‘
pathways): combination of different low carbon \
feedstocks to provide the demand without impacting \
on the EU import/export balance.

Woody
Biomass
/ Waste

Gasification

+ Fischer-Tropsch
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Rafinery 2055 St Results 2050

Exploring opportunities and challenges for the EU

Evolution
Progressive introduction of low-emission (i e SR (EU W'|de)
components and low-carbon feedstocks ;

Y EU-28 Refining system .
EU-wide Total emissions (Mt CO,/a) Q Potential C02 SaV]ngS range from

(Direct fossil emissions) 50 to 90% VS 1990

and 85% vs 2030 improved scenario

150
(~70% Optimized oil-based cases)
100
50 Pathways enabling negatlve emissions through Biomass + CCS!
o] .
0 Do e e O Total electrICIty consumption from
- seccs 150 to 550 TWh/y in 2050
-100 Multiplied by 5' 1 8 t] meS vs 2030 improved scenario
1990 2005 2008 2015 2030 2030 2050 2050
Ref Scenario  Improved (W/O CCUS) (With CCUS)
(w/0 ccus) Q Total Hydrogen consumption (from 7 to 15 Mtoe/y) multiplied by

2' 5 ti meS vs 2030 improved scenario

Impact beyond the refining boundary limits:
Example. In these extreme cases the fossil Carbon intensity of main fuels could be

o eimaed CAPEX for a notional refinery cu

. . range
reduced by 60-80% (Diesel). Feedstocks to petrochemicals aiso vetween 1 = 10 GE ror the timited penetration cases,
benefit from the renewable carbon intake. In these extreme cases, UP tO about 60% andbetween ® = 19 GE or the extreme cases.

non-fossil carbon.



Refinery 2050: Conceptual

Evolution st
X X X X X Exploring opportunities and challenges for the EU
Progressive introduction of low-emission oot LR

components and low-carbon feedstocks

|_-| p'ld » Alternative feedstocks development (e.g. waste, algae).
Biology still in early R&D

’
w— wpaor  Technology not commercially available yet
ot O ey Uid oL | * How to ensure continuous operation when processing

s g\\”::‘ - different feedstocks is still an issue

m et » Conversion efficiency / Increasing resource availability as key
} il factors
""":y";";:‘“" » Establishment of large lignocellulosic / residue supply chain
1S . . .

o ke S in line with new plants start-up needed!

E,lue[ Wood Supply
Wiyl el

» Technology needs to scale u
E-fuels : sy P

Efficiency improvement required to reduce electricity
requirement and improve CO, capture ratio - cost reduction
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A Clean Fuels For All
Scenarios towards 2050

Refinery 2050: Conceptual
Assessment.

Exploring opportunities and challenges for the EU
refining industry to transition towards a low-CO2
intensive economy

£ FuelsEurope
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The Clean Fuels for All Strategy

Demo and Scale-up is needed!

WHAT?

WHEN?

HOW MUCH?

020 2021 2022 | 2023 2024 2025 2026 2027 2028 2029 W

Increasing utilization rate

|
~ 14 Mtoe
(1G)
HVO e, |
(Vegoil g1 o] - 5 Meoe
+Residue) 2
Lignocel. -
residues =0
+ Waste
| efuels s=s -0
Refining ——— =0
LGS
+ Green H,

© Concawe

0.5 Mtoe/y per unit (~2 plant per year)

1%t-of-a-kind

(BTL)

X

1st-of-a-kind

X

1st-of-a-kind
(0.2 Mtoely)

Oy

0.15 Mtoe/y per unit

14 Mtoe
0 ME

- Avg. ~5plants per year (2026-2030)

CCS: 1 Mt CO, captured/y/plant

0.2 Mtoe/y/ unit
Avg. ~2 plants/year

Clean Hy: 0.3 Mt CO; captured/y/plant

19

BES

Clean H,

No additional plants

Utilization ratio maximized

(7% cap 1G)

Total: ~ 10 Mtoe
Total: 10 New plants
Total: ~2.7 BE

Total: ~ 4 Mtoe
Total: 27 New plants
Total: ~25 BE

Total: ~ 1 Mtoe

Total: 5 New plants
Total: ~3.3 BE

Total: 13 New plants
Total: ~6.5 BE

Total: 13 Mt COx/y storage capacity

Total: 6 new plants (0.9 B€)

(4 Mt CO,/y reduced (EU level)

Accelerating
the pace
towards

1st-of-a-kind
in parallel to
supply chain

+ market creation!
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The Clean Fuels for All Strategy

A challenging techno-economic trajectory in numbers - One Scenario
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New plants and investment (Total across transport sector)

Evolution from 2020 towards 2050
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2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050

INVESTMENT (B€)

B HVO  Emm Lignocellulosic [ efuels ==igreenH2 — @ — 12% (Transport inc. Aviation and Maritime)
Cumulative (Transport) 2020-2030 2020-2035 2030-2040 2020-2050
Total volume LCF (Mtoe)* ~30 ~40 ~90 ~150
Total investment, B€E* ~30-40 ~75-110 ~240-350 ~420-630
Total new plants (bio+efuels) ~40 ~130 ~420 ~760

© Concawe

t/y Low Carbon Liquid fuels

~400-650

BE

Investment needed

GHG savings in transport by
2035 <> 50 M BEVs
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Policy
framework

...CO-CREATION IS KEY!

21 @ncawe



