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Scenario modelling of the carbon fiber
industry.in the transition to NetZero 2050

CF kgCO.,el/kg predictions to 2050
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Interim conclusions
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Reimagining managerial practices

Re-wiring CAPEX and Finance in Circular
Value Chains: A Case Study of Advanced
Materials
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Preliminary data subject to revision


https://e4s.center/resources/reports/re-wiring-capex-and-finance-in-circular-value-chains-a-case-study-of-advanced-materials/
https://e4s.center/resources/reports/scenario-modelling-of-the-carbon-fiber-industry-in-the-transition-to-netzero-2050/
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Fire side chat

=\What flows in our
economy?

* Energy

* Mass
*CO,e

*$

* People

* Information

=Need a systemic
approach
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=F7L. Who owns something ma
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Skis / poles
Bike

Tennis
Tripod

RC

Fishing rod
IPhone/pad
Car

HEEL SHOCK ABSORBER

MIDDLE SKI POWER SHEET
FIBERGLASS

PHENOL REINFORCEMENT FOR BINDING.

TORSION STABILIZER
CROSS-BAND: CARBON FIBER + FIBERGLASS
CARBON FIBER

3-AXIAL FIBERGLASS

DGE VULCANIZED RUBBER FOIL DAMPENING

RACE EDGE STAINELESS STEEL

CARBON FIBER

de of advanced composites?
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TOP SHEET
SMALL CUBIC TEXTURE HARD POLYAMIDE

SIDE WALL ABS

CARBON FIBER
ARAMIDE FIBER MULTIAXIAL FABRIC

3-AXIAL FIBERGLASS

VIBRATION REDUCER
ARAMID FIBER +CARBON FIBER + BASALT FIBER

VERTCAL LAMINATED ULTRA LIGHT PAULOWNIA WOODCORE

ARAMIDE FIBER

ULTIMATE SPEED BASE HARD POLYETHYLENE
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https://ed-hawkins.github.io/climate-visuals/CLIMATE-INDICATORS/climate-indicators-simple_2024.png

=PFL  Materials value chains contribution to global CO2 emissions

Materials value chains account for 20 percent of greenhouse-gas emissions, a
large portion of which are generated by just a few commodities.

Global greenhouse-gas (GHG) emissions | Materials’ contribution to global CO,e emissions,' %
(excluding land use): ~50.2 GtC0281 B Case examples covered in this article

Iron and steel 7

cM|

Plastic?

~20% Aluminum . 0.5

Materials-related
GHG emisssions

—
i
o
S

Copper
Cement 5

Battery materials® I ~01

Coal and other
energy mining
Other chemicals,
mining, and metals

I I
—
P
~

'CO; equivalent; Scope 1in 2019, excluding any captive electricity emissions.

*Polyethylene terephthalate (PET), polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polystyrene (PS), and others.
3Lithium, nickel, cobalt, and other residual metals used in batteries.

Source: McKinsey MineSpans; McKinsey Sustainability Insights EMIT database

Reuters_Unlocking_Decarbonisation_Whitepaper capturing-the-green-premium-value-from-
sustainable-materials-vf.pdf (mckinsey.com)
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https://img03.en25.com/Web/FCBusinessIntelligenceLtd/%7B7c50d2ad-aefb-4934-94a0-925d12fecbe7%7D_6480_28NOV23_Unlocking_Decarbonisation_Whitepaper.pdf
https://www.mckinsey.com/~/media/mckinsey/industries/metals%20and%20mining/our%20insights/capturing%20the%20value%20from%20sustainable%20materials/capturing-the-green-premium-value-from-sustainable-materials-vf.pdf?shouldIndex=false
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Production growth for selected bulk materials and GDP,| Insatiable appetite.
1000 1971-2015 Demand for plastic could almost double by 2050
8 Polypropylene (PP) = Low-density polyethylene (LDPE) = High-density polyethylene (HDPE)
m Polyethelene terephthalate (PET)
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% —Steel =——Cement =——Aluminium —Plastic ——Ammonia =——GDP Source: BloombergNEF, Nexant. Shows outlook in BNEF's Economic Transition Scenario.
|

Production growth for selected bulk materials and GDP, 1971-2015 — Charts — Data & Statistics - IEA



https://www.iea.org/data-and-statistics/charts/production-growth-for-selected-bulk-materials-and-gdp-1971-2015
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PET 110 Mt

HOPE 101 Mt

PUR 132 Mt
LLLDPE 126 Mt

PP 135 Mt

Resin production,
1,085 Mt (61%)
PP&A 214 Mt

Global life-cycle GHG emissions

‘1 of plastics in 2015,
LA 1,781 MICO,0 ~ Landfill 16 Mt
Eol
161 Mt (9%) Recycling 49 Mt
PVC 79 Mt e .
Addi 55 Mt Incineration 96 Mt
Others 45 Mt Others 17 Mt
Additives 26 Mt
PVC 23 Mt
PET 27 Mt
PP&A 159 Mt > PS31Mt
PUR 32 Mt
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HDPE 58 Mt
LLLDPE 70 Mt

PP 93 Mt

Resin production=61%

PP kg 1.7 CO2el/kg

Carbon dioxide-focused greenhouse gas emissions from petrochemical
plants and associated industries: Critical oveniew, recent advances and
future prospects of mitigation strategies - ScienceDirect

Plastics emissions

Petrochemicals underpin the
global economy by providing
the essentially raw materials
for everything from plastics to
pharmaceuticals, weaving
themselves into the very
fabric of daily life

the flow chart of
PETRCCHEMCIALS

FINAL PRODUCTS

Indystrial
Chemicaly

ACRYLONTRILE Resins
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ISOBUTYLENE

Propylene
BASIC CHEMICALS e o
Butylene ETHYLENE Coatings
GLYCOUL
Ethylene
Ammonia
Synthetic
Rubber
FEEDSTOCKS Hethane Jolens
Propane STYRENE C’
Methanol Seap and
Ethane Detergent ““
Butane F
Butadiene
Nakth GLYCERIN
opaced Be: Dyes
nzene t
Oil and Gas 5
Condensate l
Over the last 150 years, chemists and have new ways to hydrocarbons into useful and
valuable products. From the extraction lrom oil an d gas to the diverse use and applications of the final products, petrochemicals

lay a pivotal role in socie!
DD i Pl L4

Thechemical industry uses a small
set of raw materials or feedstocks to
producetens of thousands of
products, ...

EllenMacArthur Whi r 2019.pdf
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Oil demand growth by sector,

2017-2030
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’ Shipping andI Passenger l Aviation l Road freight IPetrochemicalsI Demand

other vehicles grwoth 2017-
2030

Petrochemicals forecastto be third
of the growth in oil demand to 2030,
and nearly half to 2050, ahead of
trucks, aviation and shipping.

The Future of Petrochemicals — Analysis - IEA



https://www.sciencedirect.com/science/article/pii/S095758202400658X
https://plasticseurope.org/wp-content/uploads/2024/03/CEreport_fullreport_2024_light-1.pdf
https://www.iea.org/reports/the-future-of-petrochemicals
file:///C:/Users/H78090/Downloads/EllenMacArthur_White%20Paper_2019.pdf
https://icca-chem.org/focus/chemicals-management/chemicals-in-commerce/#:~:text=Using%20the%20most%20recent%20data%20available%20from%20the,total%20volume%20of%20industrial%20chemicals%20in%20commerce%20globally.
https://www.cas.org/about/cas-content#The%20World's%20Largest%20Collection%20of%20Chemistry%20Insights
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) Only one - Very high
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o - net-zero by Carbon dioxide SSPs
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e o
10 case, 1.5°C LL Mid-level
(NZ Paris 0 missions
-94% Low
agreement) «— Netzero emissions
< Percent decrease compared to Negative emissions Very low
PO0 P50 P10 2020 CO; emissions from CO, extraction emissions

10
‘ ‘ ‘ 2020 2030 2040 2060 2070 2080 2090 2100

What Five Graphs from the U.N. Climate Report Reveal About Our Path to Halting Climate Change - EOS  Credit: Jenessa Duncombe. Source: IPCC [2021]

Reduce scope 3 upstream (raws), scope 2 (energy), scope 3 downstream (EL)
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https://eos.org/articles/what-five-graphs-from-the-u-n-climate-report-reveal-about-our-path-to-halting-climate-change

=PFL Decarbonization - battle of high school math

If we multiply alinearly increasing function (market demand) by a linear decreasing function
(kgCO2e/kg) of the same gradient whatis the resulting function?

B NetZero 2050 Transition strategy modeling

Linearly increasing function
Market demand (parts)

f(x) =mx + Db

h(X) = f(x) . g(X) = (Mx+b)(-mx-+c)
h(xX) = Market demand (parts) * Product kgCO2e
h(x) = MTCOZ2e emitted by total products in market

0

Product of f(x) and g(x)

2500 120
@ S~ //////’—— ‘\\\\\\\\ _—~1 100
_E 2000 \>< )</ | 20 — Product
S
B / ) " 60 f)=mx+b
S 1000 / - \ - 40 (market demand)
g / / \ \ L 20 — g(x)=-nx+c
g 500 — ~ Lo (kgCO2e/product)

2020 2025

2030

2035 2040
Year

2045

-20
2050

Linearly decreasing function
Product kgCO2e

g(x) =-mx + ¢

Constraints
Market demand
2020=~0
2050 = 100

CO2e

2020 = 100
2050 = ~ 0 lldeal case

=
(-}
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=PFL Decarbonization - battle of high school math

h(t) = f(t) . g(t) = (ae(-mt+b) = abekt-amteXt
h(t) = Market demand (parts) * Product kgCO2e
h(t) = MTCOZ2e emitted by total products in market

Expected GDP 3% to 2030 (IEA)
Product of g(t) and f(t)

Wakeman

Product of g(t) and f(t)
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£ 500 - 20 —f(t)=ae"kt (Market demand) 2 i>,</\\\ 100 — f(t)=ae"kt (Market demand)
o O2020 2025 2030 2035 2040 2045 20500 02020 2025 2030 2035 2040 2045 20500
- : SO Constraints vesr Constraints
i Alinear r.eductlon n Market demand A linear reduction in Market demand
§ hypothetical product CO2e 2020 = 30 oroduct CO2e cannot 2020 = 30
g can flatten a 3% GDP curve k = (3).03 (CAGR mathematically control k=0.1(10.5%
g f’\‘;\t/e”gés(;'”g it to zero Lt k=0.1(e.g. CAGR 10.5%) CAGR)
% dematerialization, societal COZe _exponent|a| market growth CO2e
§ adaptation, and a’circular 2020 ~130 in selected market sectors 2020 ~ 130
g : 2050 = 30 2050 = 30

economy to shift the curve

Net Zero by 2050 — Analysis - IEA



https://www.iea.org/reports/net-zero-by-2050
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Model
specific
pathways/
scenarios

Socio-
economic
pathways

Enablers vs. time

Enabler(s) [1-10]

- Each with
10-50-90 assumptions

- Each tracking vs. time
*‘Needed CAPEX, $

*Mass flow (MFA)
*CO,e/kg

Monte Carlo model schematic

=
N
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Market evolution vs. time

by sector(s) [1-10]
- Each with:

P10, P50, P90 assumptions
connected to SSPs

- Product durability / life time
(by sector) for circularity

- Calculate mass-based
percentage circularity

- Pricing $

Output vs. time Road maps

Evolution vs. time

- Product CO,e/kg Quantified :
« Strategies
- Industry GT COze Initiatives
- MFA, MT Discussion
- CAPEX, $ Engagement
- Revenue, $ Change

P90 P50 P10

®

Python script

Excel input & output

Preliminary data subject to revision
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L P10-50-90 definitions

Established - Some technological
technology innovation needed
Incremental - Pilot scale facilities
Innovation - Industry patents
Continuous - Medium to long term R&D
Improvement activity

R&D only - New investment in

Current market
sectors with organic
growth

Low risk?

Business as usual

- @

manufacturing (beyond
incremental capacity expansion
using known technology)

- Expansion of current
market sectors /
limited opening of new
sectors previously not
possible

- Improved
sustainability
position

P50

Preliminary data subject to revision

10, possible

- Needs significant break
throughs in technological

Innovation

(e.g. at University research stage
today) or generally not possible
today

- CAPEX investments to

lower costs

- Enable significant market
growth in current sectors
and expansion into new
sectors previously not
possible

- Significantly improved
sustainability

P10

=
(==
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=PFL SSP scenariosto 2050
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/-\ Policies & action
Real world action based on current policies t
2030 targets only
Based on 2030 NDC targets* t
Pledges & targets
+4°C Based on 2030 NDC targets* and
.. submitted and binding long-term targets
Policies L i
& action 2030 Optimistic scenario
targets Best case scenario and assumes full
only implementation of all announced targets
+3°C Pledges & including net zero targets, LTSs and NDCs*
— +2.5°C targets Optimistic + Temperatures continue to rise after 2100
scenario * IF 2030 NDC targets are weaker than projected emissions levels
M +2.1 oc +2.3°C under policies & action, we use levels from policy & action
e +1.8°C
+1.5°C +1.5°C
1.5°C PARIS AGREEMENT GOAL CAT warmi ng p FOJeCtIO ns
WE ARE HERE Global temperature
1 erming increase by 2100
December 2023 Update
PRE-INDUSTRIAL AVERAGE
Global mean :
temperature glc\?igtne
increase Tracker

by 2100

No change to warming as fossilfuel endgame brings focus onto false solutions | Climate Action Tracker

COP30: pledges and targets = +2.1°C;

policies and actions = +2.7°C

Climate considerations subordinate to economic
development and societal wellbeing
35% clean energy

90 case, 2.7°C (policies and actions)

Wakeman}

Increased conflict and military expenditure
Limited circularity

\_

50 case, 2.1°C (pledges & targets)
Environmental problems are recognized
Some companies invest in the green transition
> 50% renewable energy
Poor cooperation worldwide

10 case, 1.5°C (Paris agreement) \
Production and consumption are intrinsically linked
to the natural environment
> 92% clean energy
Green Hydrogen

> 85% EVs
Cooperation between EU, US, China and India
Circularity is part of everyday-life )

Preliminary data subject to revision


https://climateactiontracker.org/publications/no-change-to-warming-as-fossil-fuel-endgame-brings-focus-onto-false-solutions/

=PFL  Compositeswill see rapid growth as enablerstowards
P plagr ;
£
Q
;ccs
2050 SSPs :
Main sectors Aerospace  Wind Automotive  Hydrogen Infrastructure Consumer
I Y Y Y N
n [ Civil wide body 0 Wind on-shore O Super cars ] CNG tanks [ Concrete rebar [ Bicycles
= [ Civil narrow body [ Wind off-shore O Premium [ Auto Hydrogen [ Buildings [ Marine
8 [ Evtol/drones O Tidal OEVs [ Aero Hydrogen O Train O Consumer
2 [ Military [ Fuel cells [ Other [0 Ground Hydrogen [ Other [ Other
(?) [ Other 0 Other [ Rail Hydrogen
[ Other

ZAN & CARBON (ONSTRUCTION -
7P 155K

TQMOTOR 250W ~ INTERNAL BATTERY 360WH
EXTERNAL BATTERY leoWH

Industrial sector segmentation 1980-2050
In EPFL model

P90 P50 P10

B NetZero 2050 Transition strategy modeling

Preliminary data subject to revision Enterprise for Sosisty
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S
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Monte Carlo simulation

SP

— > 10x Market
demand &
sub-sectors

s

P90

P50

P10

' feot H
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ro 2050 Tr

B Ne

Chemical industry
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Microwave

Y
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Grid energy
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orr @ Years Python script

Durability switch On/Off Excel input & output



=PFL  EPFL model of dry carbon fiber
historical demand 1980-2020

Durability is the delay to reach end of life and enter

B NetZero 2050 Transition strategy modeling

Dry CF (kT)

recycling / disposal scenarios

140 -
120 ~ @ Rocky Mountain Institute @ Plastic Today B lOthers (kT)
1 _ _ 120 - minfrastructure
100 - ® Thesis Paper Xie Y4 :
o iy mAutomotive
® Composites United ® JEC Composites Magazine 100 -
o ¢ BAerospace
80 A e SR e Lucntel = T
¢ = 80 - —EPFL model
® Composites World ® McGill University ° w
60 - ° o T
® Toray =@=[PFL model . > 60 -
K 5]
40 40 |
20 20 :
0 | 0 : —www BN
1980 1990 2000 2010 2020 R D ® B 0 S O
A O OO OO O O O
™ = e o

Data used in MFA (circularity versus time)

Preliminary data subject to revision

A

Durability by
sector and
sub-sector

1994
1996

mConsumer
Hydrogen

mWind
Average Total (kT)

1998
2000
2002
2004
2006
2008

Years

2010

2012

2014
2016

2018

2020

=Y
=
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=P*L  Enablers: reduce PIW
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A1 Dynamlc MFA. Sankey Diagram (draftdata)

.l By ¥ aGram 'J'

P90 2020 Automotive: IEA /McKinsey Parts_ In S_ervice from
historical data

b

} 10 Intermediate
products

Total CF parts in servigg.... =

Dry carbon
fiber

b B

Recovery

<10% recycling rate

B NetZero 2050 Transition strategy modeling

Preliminary data subject to revision
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Carbon fiber demand models 2020-2050

P90 Supply Area Chart

P50 Supply Area Chart

Market Sectors

Aerospace (kT)
Wind (kT)
Automotive (KT)
Hydrogen (kT)
Infrastructure (kT)
Consumer (kT)

Part-making (KT}

Aerospace Market Subsector Trends {PB0)

Subsectors

il wide body

2020

2025

2030

2035
Years

2040 2045 2050

2020

2025

2030

P10 Supply Area Chart

2040

Market Sectors

Aerospace (kT)
Wind (KT)
Automotive (KT)
Hydrogen (kT)
Infrastructure (kT)
Consumer (kT)

Part-making (kT)

Agrospace Market Subsector Trends (P10)

93620

2025

2030

2035
Years

2040 2045 2050

2045
2050

2020

2025

2030

2035

Year

2040

2045
2050

Preliminary data subject to revision

Market Sectors

Aerospace [kT)
wind (KT}
Automative (KT)
Hydrogen (kT)
Infrastructure (kT)
Consumer (KT}

Part-making (KT}

100

Aerospace

Trends (P50}

- iltary somspace
Otnar

2020

2025

2030

2035 2040 2045
rs

2024 1/

2025

2030

2035
2040

Year

Total (kT) by Scenario

2045
2050

Scenarios
. P90

P50
. P10

2020

P10 in all markets
IS not the desired case

2035
Years

2040

2045

N
(=}
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=PFL  Example for automotive c
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N

=
N
=

I
=

Current automotive use of CFRP (2018-2024)

All vehicles with CF! Sales in units (sold / year) CF parts in each car

A 4

Weight estimation of CFRP parts / then dry CF

Wakeman

Mass of CFRP in powertrain, BIW, closures/panels, interior and additional features, and battery tray

A 4

Define CAGR according to IEA, EU, and McKinsey models for supercars, premium, consumer, and EV

P90, P50, P10, and P50 prime EPFL assumptions CFRP data collection according to STEPS, APS, and NZE

Projecting 2020 data to 2050 year by year (P10, P50, P90)

Preliminary data subject to revision



B NetZero 2050 Transition strategy modeling

Mustang Shetoy GTI50 / 67500 <7 Wack ece {12
ot Joon

Example for automotive (from IEA and McKinseymodels)

Total CF (kT/year) 2020 - Vehicle type

PHEV 1%

2

Toyeta ion 00 [

Toyota 86 Makore Edtion
oot Lo Crer e i ffore

Automotive (kT) by Scenario

Scenarios
== P90

P50
. P10

P10 over-estimated, draft d

2025 2030 2035 2040 2045
Years

Automotive Market Subsector Trends (P90)

Subsectors
Super-cars (no EV)
W Premium (no EV)
Bm Consumer (no EV)
. Evs

207 . 2025 2030 2035 2040 2045 2050
Years

Automotive Market Subsector Trends (P50 _prime)

:ubsecmf? o | " New EU ELV legislation (25% recycled
S content, of which 25% from automotive)

mm Consumer (no EV) inhibits use of composites in automotive
- in 2031

CFRP
only used in
cars from 20

2020 2025 2030 2035 2040 2045 2050
Years

Preliminary data subject to revision

Super-
31

N
N
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Block A

Block B

Block C

Stage 1: AN precursor
(propylene & ammonia)

Stage 2: PAN polymerization
Stage 3: Solution spinning
Stage 4: Stabilization / oxidation
Stage 5: Carbonization

Bio-mass ACN precursor, % market utilization

=

o

I Biomass
&

o

Bio-methaneto bio-

Percentage PAN-CF using bio-AN, (%)

2015

B NetZero 2050 Transition strategy modeling

EPFL model

¢ V. svensao
Y 1 0 N
o
e
o
o
o’ @
® .....
® °
o’ @
o® o
©
o® ¢
® o0® 00®
[ ® eo®
L ee00000800000000800000000® fiber-applications 000233226
2020 2025 2030 2035 2040 2045 2050 2055

Preliminary data subject to revision

~ Soy, rapeseed, palm

Purified

Glycerol

attributed propyleneRoutes to ACN*

“Syensqo to Showcase Sustainable Mobility and Technology CollaborationsatJEC 2024 Accessed: May 14, 2024.
[Online]. Available: https://polymer-additives.specialchem.com/news/product-news/syensqo-jec-world-2024-carbon-

N
(==

Carbon fiber

y

Mass-balanced
ISCC

 Toray
Teijin
Ineos

Wakeman
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i utadiene
HCI production POM
i i ipeline propylene ethylene
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Qil refining Cracking Natural gas
+ I HEWEIGES processing
4
= nature portfolio . . .
BN F “ The chemical industry uses a small set of raw materials
g s or feedstocks to produce tens of thousands of products,...
o Synthetic methane could smooth Synthetic methane could smooth the path to net zero
Z the path to net zero
. . Researchers explore ways to sustainably synthesize methane to reduce a reliance on n atu re ] CO m
u Eco-profiles (plasticseurope.org) p—

Bio-methane and bio-methanol for bio-attributed polymeric products
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qduhexaneT nitric acid

phenol
carbon

acetone
monoxide
chlorine

K

ammenia
chlorine ‘
o e
propylene ‘H
—_— ¢

butadiene
natural gas

Adiponitrile Cyclohexanol
production production
Allyl chioride: Bisphenok-A Phosgene production
¥ ¥ production production
‘ adiponitrile ‘ cyclohexanol

Hexamethylene
diamine production

Epichlorohydrin
production

epichiorahydrin liquid epoxy resin polycarbonate

On-site steam W

generation
On-site electriciy
‘generation

Hexamethylene
diamine production

Adipic acid
production

PA 6.6 production
PA 6.6 Production PAG.6 salt

glass filed PAG.6

Liquid epoxy resin
production

Polycarbonate
production

glass fibre
¥

Compounding

electricity

CAS data base covers more than 400'000
different substances but notall are produced
regularly ...

Number of chemicals regularly produced at
industrial scale = 30’000 to 40-50’000

Produced from a small number of Petro-
chemical feedstocks and basicchemicals and
derivatives

Need to operate upstream on few derivatives to
impact many products


https://legacy.plasticseurope.org/en/resources/eco-profiles
https://www.nature.com/articles/d42473-022-00166-2
https://www.cas.org/about/cas-content#The%20World's%20Largest%20Collection%20of%20Chemistry%20Insights

Bio-circular or DACC Methane to Acrylonitrile to mass-balanced PAN and carbon fiber

D
q!!“

Canola

0
DO

Sugarcane Cotton

©S

Tall oil uco

%

Forestry residues Straw

CIRCULAR ( technlcal)
Mixed plastic End-of-life

waste tires

OO

Waste textiles CO2 (captured
from industry)

b

N

propylens

RAW MATERIAL

Petroleum-based
raw material

ISCC oils

MASS BALANCE

Existing
production li

Bio-propyleneg

‘ propylene

Bio-naphtha

Oil refining

6'
E Wﬂ)

4 —

Carbon fiber

FINAL PRODUCT

(il

Standard
carbon fiber

ISCC+
carbon

certified
fiber

S

Cracking

o [ N A
@ g E
Bio-ammonia
- _9_
ISCC mass balanced m—
certified, traceable production ’
Forestry residue, tall oil and used
cooking oils (UCO). ‘$‘
syngas
The Toray Group chose to use T S

bio-circular AN as this category
of materials does not compete
with animal or human food

Steam reforming

supply chains. +
Natural gas
extraction _|||
Bio-methane ¥
(1) Natural gas
natural gas _ processing

Bio-circular Carbon Fiber - Toray

Bio-AN

Acrylonitrile
production

Wakeman E


https://toray-cfe.com/en/products/torayca-carbon-fibers/bio-circular-carbon-fiber/

=PFL kg C02e/kgAN or CF: Effect of bio-mass / -

biO'attribUtGd AN JCZI;/IA 19.8 kgCO.,e/kg CF ¥ S S
2020
= Traditional AN (SOHIO) 20
3.5 10 6.6 kgCO,e/kg AN (D)
» Bio-based AN S15 | am
+ 70% reduction (Trillium) 3 N
o white er
« Assumed here as 1.05 kgCO,e/kg AN © 10 9.72 AN
= PAN white fiber @ -
« 5.04 - 3.5 kg = 1.54 kgCO,e/kg PAN > , .08
= Carbonization ©) )1

- 9.72 kgCO,elkg CF

Petro-chemical Bio-PAN

Mcarbonfiber. gr.jp/english h/pdf/Ici2022_en.pdfcarbonfiber. gr.jp/engl
ish/tech/pdf/lci2022_en.pdf

(1) M. A. Morales-Mora, E. Rosa-Dominguez, N. Suppen-Reynaga, and S. A. Martinez-Delgadillo, “Environmental and eco-costs life cycle assessment of an acrylonitrile process by capacity enlargement in Mexico,” Process Safety and
Environmental Protection, wol. 90, no. 1, pp. 27-37, Jan. 2012, doi: 10.1016/j.psep.2011.10.002.

(2) K. Kawajiri and K. Sakamoto, “Environmental impact of carbon fibers fabricated by an innovative manufacturing process on life cycle greenhouse gas emissions,” Sustainable Materials and Technologies, vol. 31, p. e00365, Apr. 2022, doi:
10.1016/j.susmat.2021.e00365.
(3) https://www.harperintl.com/wp-co

B NetZero 2050 Transition strategy modeling

Preliminary data subject to revision


https://www.harperintl.com/wp-content/uploads/2011/09/JEC-Draft-20120323-Post-Presentation-Edits.pdf#:~:text=%E2%80%A2%20Expressed%20in%20total%20kg/hr%20of%20CO2%20Emitted%20and%20kg/hr
https://carbonfiber.gr.jp/english/tech/pdf/lci2022_en.pdf

=P*L AN emissions

B NetZero 2050 Transition strategy modeling

= Evolution from 2020 to 2050 of

Precursor Emissions with Electrification

the kgCO.,e/kg of:
= |) conventional petrochemical AN
3.5kgC0O2e/kg AN Morales-Moras et al, Bio P90
~ |
. . . < Bio P50 v
= i) Bio-Attributed AN 2 | — sior10 \
e~ —— PC P90
8 — PC P50
. . ) —— PC P10
Recentdevelopmentsin low-carbon footprint AN:
* INEOS's Invireo™ bio-based acrylonitrile, 90% \
reduction in GHG emissions through the use of bio-
attributed propylene via a mass balance approach.
EDIEID EDIE 5 2 DIBD ZDIBE EDI-’-lD EDI45 EDIED

« Trillium Renewable Chemicals, partnership with
INEOS, developing world's first demonstration
plant at INEOS's Green Lake facility in Texas, set

to begin operations in early 2025.

Preliminary data subject to revision

N
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=PrL kg C02e/kg CFvpredicted to 2050

= Precursor (bio-AN vs. PC-AN) JCMA 19.8 kgCO,e/kg CF

CO2 Emission vs. Years, without recycling

Wakeman
Wakeman

= Lower energy carbonization s
(microwave, 50%) TEPS

. . L APS
= Grid energy mix on carbonization
* IEA models vs. time s

= STEPS 2

= APS v \

= 100% renewable S

o = 100%

= Carbonization energy = renewable

= Harper = 20.6 to 28.2 kW.hr/ kg

* Translated to new grid mix

(kgCO,e/kW.hr) scenarios vs. , | | | | | '
time 2020 2025 2030 2035 2040 2045 2050
Years

B NetZero 2050 Transition strategy modeling

processing-advancements-within-reach.pdf (harperintl.com)

Preliminary data subject to revision


https://www.harperintl.com/wp-content/uploads/2011/09/processing-advancements-within-reach.pdf

=PrL

by +70%

| CO2e
\ by +90%

(" Lenergy .

consumption

| heating time
by +90%

J

B NetZero 2050 Transition strategy modeling

First line

2040

2030

Carbonization is highly energy
Intensive

Conversion of electromagnetic
energy into heat

Hot-spots in the middle of the
fibers?

Properties are not affected

Microwave
Process

Conventional
Process

+ Longer Processing Time
+ Larger Equipment

Shorter Processing Time
Smaller Equipment

—_— Furnaces Sizing
SO H 8:- Surface Treatment, O
s o -—
; Lower Energy Consumption /' ow Temperature P P I—,
— —
Microwave Microwave

Enabler: Microwave Carbonization

Conventional Process
200-300C  1000-2000°C

Oxidation Ovens  Carbonization
Furnaces

High Temperature

PAN Fiber

Carbon Fiber

©

Microwave Process

PAN Fiber

Oxidation Ovens  Carbonization Carbon Fiber

$35 — 60 million per line

Microwave carbonization, % market utilization

% tot. demand

™
—_—
I
-]

B mcF
[ Jcer

e
1

Wakema

—
in
]

=
-1
]

Tensile strength (GPa)
4 o

=
L]
]

=
—]
!

680 750 820 920 1000 1130 1195 1285

Temperature ('C)
Seong Yun Kim, Two step microwave plasma
carbonization including low plasma
power pre-carbonization for polyacrylonitrile based
carbon fiber, Polymer, 2015

® Mitsui Chemicals, Microwave Chemical Set to Install Demonstration
|n 2050 b Facility at Nagoya Works to Advance Innovative Microwave-Based
'. Production Technology for Carbon Fiber | 2022 | Press Release |
° MITSUI CHEMICALS AMERICA, INC.
o
- . .
. Microwave Chemical co.(MWCC)
® 2014: Building microwave
° chemical plant
.. ..
° ..' December 2023: Pilot production
..o' ® line ($14M)
:0. 30 in Mitsui Chemicals (#11)
2015 2020 2025 2030 2035 2040 2045 2050 2055

Conventional carbonization line
capacity = 3kT ($33-50 million/line)

(same versus time for now)

Microwave = 14 million $ invest,

Preliminary data subject to revision



https://us.mitsuichemicals.com/release/2022/2022_1116.htm

=F7L  Enabler: Energy Mix

IEA, Global Energy and Climate Model

B NetZero 2050 Transition strategy modeling

1ed

International
Energy Agency

" IEA STEPS (stated policies)

= -5% energy use in advanced economies
= +50% in emerging markets

= Natural gas demand increase

k = Renewables delayed

\

Energymix (kg CO, eq / kWhr) vs Years

»
(=]

Wakeman

IEA APS (announced pledges)
70% renewables, led by wind and PV
Natural gas declines
Coal plants must have CCUS
+85% hydropower capacity

Energymix (kg CO, eq / kWhr)

IEA NetZero model

= Some companies committed

= Lack of grid capacity

2020

10’ case: 100% renewables
= Some companies committed

= Lack of grid capacity

Preliminary data subject to revision

2025

2030

2035
Years

2040

2045

2050



=PFL  Enablers: Manufacturing Automation

B NetZero 2050 Transition strategy modeling

(2]
==

Wakeman

30-40% loss between CF line and end parts

Switch from “broad-goods” to near-net shape UD via
automation

20% weight saving

Block chain to identify parts

Fabric preform
versus net shape
(33% trim)

% of the UD
Aerospace
production in 2050

Lower cost, less waste:

CORIOLIS C1.2- IFS

“Composites Waste - How to Track and Reduce Waste?”
https://www.addcomposites.com/post/composites-manufacturing-tracking-

8 fibers 1/4"

Coriolis Composites - IFS DEMONSTRATION §¥) - YouTube

and-reducing-waste

Preliminary data subject to revision


https://d2n4wb9orp1vta.cloudfront.net/cms/0516CW_Prepregging_Page52_opening.jpg;width=860;format=webp
https://www.youtube.com/watch?v=8GxJWQ1ngfc

=PFL  Enablers: Manufacturing Automation

* Modify in-efficient mass flows
« 1) Reduce waste, reduce supply, modify MFA
« 2) Reduce mass via tailored ply lay-ups vs. quasi-isotropic

7
l ' ' PIW
" »

Reduce post industrial waste for UD materials used in aerospace

B NetZero 2050 Transition strategy modeling

Preliminary data subject to revision
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Enabler - Recycling

= Barriers to recycling are not CAPEX intensity or TRL

m Question 2:
If NO, then why?

Ly -~

Question 3:

What is the degree of circularity §

of composites?

. £ Question 4:

Can S&T solve thls problem?

2025

Incineration
[GEE] Mechanical Fiber + oligomer
recyclin
plant) yelng Thermal processes p— Chemlcal processes
T

| |
sy lemperature Supercritical
Shsrﬁgiﬁlgg' Pyrolysis Fluidized bed cﬁv:l: “E\VOWSI:.
L e t Fibers /oi/gas L Fibers t Fibers L Fibers t
CFRP strips + heat + heat +olig + oligomers + oligomers

Remanufacturing

Aim for >65% mass based CF recycling by 2050

Properties recovery from

Properties recovery from recycled fibers

Preliminary data subject to revision

recycled fibers [%]
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Wakeman

® Pyrolysis
® Mechanical recycling
® Fludized bed

Solvolysis

® Pyrolysis

® Solvolysis

® Mechanical recycling
Fludized bed

® Microwave Pyrolysis
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THE WORLD’S MOST
ADVANCED MATERIAL HAS A
PROBLEM

90%
20x

500,000,000 kg 15.5 Mt

CO,e

«»
s

Wakeman
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B NetZero 2050 Transition strategy modeling

Enablers: block chain enabled reverse supply chains

= How to go from non-standardized waste to
standardized raw materials?

= Traceability / supply chain ...

Wakeman
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A

B NetZero 2(

Resource
@ recycling
Proof of

origin
of resource

Product environmental impact information

CO2 at the material
manufacturing stage

¢ xx.xkg CO2eq

CO2 at the production stage : xx.xkg CO2eq

CO2 at distribution stage © xx.xkg CO2eq

Chemical/ m CO2 in use stage : xx.xkg CO2eq

2 g ore CO2 emissions at disposal
material Processing Product stage © xxxkg CO2eq
manufacturers Recycled manufacturers e Product Reliable use of recycled materials
. .
s materials Components

g

S— I 1

Resource n

. 4

reuse ,,_g /

Proof of ; f'/; o

origin
of resource

Platform for increasing environmental value of
recycled materials (consortium of companies)
- Applying information on the environmental impact X

of recycled materials and components to LCA FUTI)TSU
- Proof of origin of recycled materials by resource tracing

TELIN

Blockchain
infrastructure

GHG
emissions

GHG
emissions

\4

T
I

bt Yy e

Recycled Recycled
Recycling Resources Dismantling resources Disposal/Collection
company (Recycling) operators (mixed) Operators

Teijin, Fujitsu to develop blockchain-based commercial platform for
recycled materials manufacturing | CompositesWorld

Block chain enabled carbon fiber composite recycling

1]
0

& PLASTICE

End Markets v Materials v Business v NPE News

Plastics Processing v

Sustainability v Resin Pricing

Blockchain Deployed to Track Sustainability of Composites for
Bicycles

Fujitsu and Teijin have started joint trials with Germany’s V Frames and Advanced Bikes to enhance the environmental value of
recycled carbon fiber used in the manufacture of bicycle frames.

‘;f'-\_ Stephen Moore ® 2 Min Read

Chinaplas

w)’é‘ World's Leading

,.ﬂ Plastics & Rubber

Trade Fair

Editor's Choice

MEDICAL

Former Medtech CEO
Convicted of Healthcare
Fraud

MAR 13,2024
IMAGE COURTESY OF V FRAMES

SUSTAINABILITY

[ in ] ¢ | [ =] & ] 4 inocing i
Circularity

Japan's Fujitsu Ltd. and Teijin have launched a joint project to promote the

sustainable use of recycled materials and trace emissions in the bicycle industry MAR 13,2024

using a blockchain platform. The two Japanese firms will work with V Frames GmbH,

a German manufacturer and distributor of carbon-fiber-reinforced plastic bicycle PACKAGING

frames, and E Bike Advanced Technologies GmbH, a German manufacturer of EPR Goes to Washington

bicycles, in the joint project running from January to March 2023.
MAR 13,2024

PR <, et |

Blockchain Deployed to Track Sustainability of Composites for
Bicycles (plasticstoday.com)

(223
2]
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https://www.compositesworld.com/news/teijin-fujitsu-to-develop-blockchain-based-commercial-platform-for-recycled-materials-manufacturing
https://www.plasticstoday.com/automotive-mobility/blockchain-deployed-to-track-sustainability-of-composites-for-bicycles
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& historical data
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corc Dynamic MFA: snicey bizgram (crattdata)
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Preliminary data subject to revision



=prL  DYNAMIC MFA: sae bisgram (araftata)
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=prL  DYNAMIC MFA: sae bisgram (araftata)
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Dynamic MFA: suiey visgran (arattiata) L

Wakema

= Currently MFA models ALL parameters in 3 sets
* i) Market sectors
* i) Enablers

. As P90. P50. P10 . .

= Next stage
* Independently set scenarios

* 1) Market sectors e
* ii) Enablers

A

Preliminary data subject to revision



=PFL P10 everything and P90 recycling

- Howimportantis recycling?

B NetZero 2050 Transition strateav modeling

Cumulative CO2 Emission without recycling

2020 2025 2030 2035 2040 2045
Years

le9 Cumulative CO2 Emission

2020 2025 2030 2035 2040 2045
Years

2050

CO2 Emission vs. Years, without recycling

.25 2030 2035 2040 2045 2050
Years

<02 Emission vs. Years, with recycling

220

€%
L P

2020 2025 2030 2035 2040 2045 2050
Years

Preliminary data subject to revision
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=PFL  Selected high growth, high enablers? |

= Markets

« Wind p10, Hydrogen p10, Lowest case for consumer so p90, Auto
|050 prime (not widely used), Aero p10 prime (societal adaptation so
ower version), Infrastructure p10

J

=
w

Wakeman

= All enablers at P10
= Durability switch off (still being coded)

Cumulative COZ2e Emissions

—— Scenario 1 ‘
N
/ \
, \
\
\
2 \
E \
€ \
>
2 \
% \ Om=0
c ——t |\ R
3 ©]
: W
©
=
o
8
S (4
5 T T T T T T T ' ‘
N 2020 2025 2030 2035 2040 2045 2050 A £ 4
< Years L
| |

-

Preliminary data subject to revision



EPFL

B NetZero 2050 Transition strategy modeling

Revenue to CAPEX ratios

= What effect does the additional investment & higher prices have on

monetary flows?

Total Revenue vs. Years

CAPEX vs. Years

— P90
P50
— P10

But revenue only on dry CFE

20% price premium
on BA-MB-CF

|~ =CAPEX on all e
(including electrification
chemical industry) and,
automati

2020 2025 2030 2035 2040 2045
Years

Rerenuzcaiatadon secion

1 —— P90

4 —— P10

2050 2020 2025 2030 2035 2040 2045 2050
Years

£y
=

Wakeman

Revenue to CAPEX Ratio vs. Years

P50

2020 2025 2030 2035 2040 2045 2050
Years

{TS00-T1100: 24k

|M35-Mg0: 1-12k

jother[low costT700s &

E-Recyc led carbon fiber

Preliminary data subject to revision
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CF decarbonizationroadmap ”
8
S
g
. e . ©
= Table of initiatives =
2030
cro SMART initiatives .
CF*“0 1. xx kT/$MMbio AN Shipping
2. xx AFP units/$M/ cell \““'--.._,__
3. xx% renewable energy T . Operations
4. xx% electrification chemical industry
5. xx% PIW and EoL recycled .
b 6. xx kT /$MM CF recycling . Manufacturing
8 2040
S SMART initiatives . Energy
1. xx kT/$MMbio AN
(@) 2. xx AFP units/$M/ cell Materlals
= 3. XxX% renewable energy
LL 4. xx% electrification chemical industry
O 5. xx% PIW and EoL recycled
6.xx kT /$MM CF recycling 2050
SMART initiatives
1.xx kT /$MMbio AN
2. xx AFP units/$M/ cell
3. Xxx% renewable energy
' 4. xx% electrification chemical industry
5. xx% PIWand EoL recycled
6. XX kT /$MM CF recycling
2015 2020 2025 2030 2035 2040 2045 2050 2055
CCUS
Offsets
C-credits

Preliminary data subject to revision



=PFL  Key sustainability initiatives for the carbon fiberindustry

v Electrification of the chemical industry

v'Develop bio-attributed / bio-circular CF (and resins)

v'"Reduce manufacturing trim (PIW), automation, reduce part mass

v"Use renewable energy for all plant operations

v'Societal adaptation (P10 prime: aerospace, rail, automotive, P90 consumer)
v'Enhance product durability

v Eliminate landfill, reduce incineration

v’ Increase degree of circularity (legislation)

v'Invest in recycling infrastructure ahead of waste streams to recover CF / resins
v'Labelling of products and waste streams, reverse logistics, blockchain
v'Convert recycled CF into semi-finished products

The CF market is growing so strongly we need to adopt all measures to
the maximum extent in a compressed time frame.

B NetZero 2050 Transition strategy modeling

Preliminary data subject to revision
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B NetZero 2050 Transition strategy modeling

Nextsteps

- Complete durability switch
_
= Model de-bugging
= Automotive model completion
= D-MFA for mixed scenarios
= Finalize data set for first complete run
= CAPEX to revenue plots
= Monetary flow diagram
= JMP statistical analysis ML model from Monte Carlo results
= Trade-off analysis: CAPEX allocation vs. decarbonization
= Re-wired supply chains and CAPEX distribution
= Waterfall decarbonization plot
= Road map of CAPEX investments and legislation vs. time

Preliminary data subject to revision
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