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NUCLEAR to e-fuel

The way to produce synthetic fuel with air and water !
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Why do we need synthetic molecules ?

55 %

Carbon content of the energy mix

™ . Part carbonée
. 55.0

W Déchets non renouvelables (0.7%) [ Pétrole (28.97%)

M Charbon (3.8%) M Gaz(15.78%) [ Biomasse solide (4.4%)
B Biocarburants (1.3%) Hydraulique (hors pompage) (1.7%)
[ ] Pompes a chaleur (0.9%) B colien (0.8%) B Autres (1.5%)
B Nucléaire (40.16%)

Breakdown of primary energy consumption in France, for a total of
2900 TWh, in 2018. Data expressed in % (data not corrected for
climatic variations); ENR = renewable energies; from “Chiffres clés
de |'énergie - Edition 2018”, SDES data; Commissariat général au
développement durable.
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Share of uses that cannot be replaced

by carbon-free alternatives

Liquid fuels for long distance
transports

Material production (steel, cast
iron, cement)

Production of chemical products
(plastics, agrochemicals,
solvents, etc.)



Example for mobility : a question of energetic density

The chemical storage of energy (in atomic bonds) remains the most
compact solution, the easiest to store and transport

260 L
170L

670 L
360 L

‘

46 L
7L

Example : Mass and volume enerqy densities for a ~ 600 km drive




What are synthetic fuels and how are they produced ?

C,H,

Biofuels from biomass

E-fuel from power

E bio fuels from biomass and power




Basic ingredients:
1. Water for hydrogen

/ Technology \
High Temperature Steam Electrolysis

Electrodes




Basic ingredients
2. Carbon

Carbon linear economy Carbon circular economy
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Fossil resources
Natural gas
coal
petrol
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Low carbon energies




Basic ingredients
2. Carbon

QR
EI CO, from fossils

~

Atmospheric CO, :
DAC (Direct Air capture)

J

Low carbon energies Climeworks' direct air capture plant in Hinwil, Switzerland




Basic ingredient

3. Energy

@-0

massive
continuous
Low-carbon

affordable




Integrated energetic system from neutron to molecule
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Main goal : evaluate the relevance of the coupling

@ system in terms of energetic efficiency
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Focus on SAF (Sustainable Aviation Fuel)
Air transport : one of the most difficult to decarbonize

What will change

B

EU policy with the new ]
emizsions reduction
god of 55% by 2030,

K

The ReFuelEU aviation regulation will oblige:

63%
1. aircraft fuel suppliers at EU airports to 804
gradually increase the share of sustainable fuels 357
(notably synthetic fuels) that they distribute 32% , —
20%
6% -

Minimum share of

supply of sustainable 7
aviation fuels (in %)

2025 2030 2035 2040 2045 2050

@ Fit for 55 regulations package (ReFuelEU, June 2022)




Global configuration for e-fuel production

- ldentified reference chain
- Technological bricks : SMR, SCE, DAC, EHT, RWGS, FT,
« Recycles of unconverted reagents (H,, CO,, CO)

- Reform of unwanted product (C;-Cs)

DAC
[ |
co, H,/co
Fo - * . - (syngas) hydrocarbons jet fuel
=—MH, everse .
) (= @1 BT
+ ’ H Shift Tropsch
2
. y H,/CO/CO, C,-C
SMR ECS Electrolysis é{t unconverted I e
Z
Z

I Reforming
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Global configuration for e-fuel production

énergy Conversion System \
4
P
o, > U oy
ECS
DAC
]

Co, H,/CO

cf’o‘—'@ * —_—— - (syngas) hydrocarbons jet fuel
———=H, everse .
m Ul e Water-Gas ) PN ) pefining —)
+ ’ H Shift Tropsch
2
. y H,/CO/CO, C,-C
SMR ECS Electrolysis é{t unconverted I e
Z
7

I Reforming

*Values are order of magnitude, they are moving depending of configuration and technologies 13
assumptions




Global configuration for e-fuel production
ﬁlectrolysis 2H,0 = 2H, + 0, \
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H,/co

Fo - * - (syngas) hydrocarbons jet fuel

everse

Fisher ;
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. y; H,/c0/co, C,-C

SMR ECS Electrolysis é{t unconverted I e
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I Reforming

*Values are order of magnitude, they are moving depending of configuration and technologies 14
assumptions




Global configuration for e-fuel production

e
=) CO,
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H,/CO hvd b
rocarbons .
Reverse (syngas) Fisher 4 jet fuel
coa—— Water-Gas W) W) Refining —
+ ’ H Shift Tropsch
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SMR ECS Electrolysis g t unconverted I 17%s

?
’?’/////////////////////////////////////A Reforming

*Values are order of magnitude, they are moving depending of configuration and technologies 15
assumptions




Global configuration for e-fuel production

(1, + €O, = CO + H,0 (2n + 1)H,+nCO = C Hypyy +nH,0 CH, + H,0 = CO + 3H, )

Reverse Fisher

Water-Gas Tropsch
Shitt ﬁ

co <

DAC
[ |

Reforming

4)H, Shift ropse

Electrolysis % t unconverted I 175

N

o o o o A o Reforming
*Values are order of magnitude, they are moving depending of configuration and technologies 16

assumptions

C H,/CO \
e hydrocarbons .
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Coupling SMR process efficiency evaluation

« 4 configurations:

SOEC RWGS
0 SR CSE - SOEC RWGS
R=34% l @ SMR CSE I f ’
Heat
Joule — i DAC T
Chaleur fatale
SOEC RWGS
= SOEC RWGS
SR
@ R=34% e SMR CSE
DAC FT

DAC FT

« Some selected KPIs I «SMR » | I
g Low temperature fatal heat

supply
« Cg, LHV /thermal core Power gy
- €/ IVIV\/I’]valuable C1'C30
+  tCOeq/ MWh yape C1-Cao

Decoupling. The SMR supplies electrical power only. Unused low-temperature waste heat is lost.

External heat. The SMR supplies electrical power only. If heat is required, an “external” input is considered.

Simple coupling. The SMR supplies electrical and thermal power. Unused low-temperature waste heat is returned to the SCE.

Double coupling. The SMR supplies electrical and thermal power. Unused low-temperature waste heat and high-temperature waste heat are returned to
the SCE

el NS
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Coupling efficiency

HT RWGS

0 -~ = - - " " .. .
m] o= ° - . Kerosene efficiency reported to electrogen electric
power: LH Vkero
- D Net =
o - = ) ) o IE == - P el,ref
E‘ s h:n:x::m‘
100
# "Free" heat
7 Fatal heat .
" e Coupling enable:
W LHV liquid fuel
+ 20% kerosene

70 B LHV vapor fuel .

60 B Heat SMR prOdUCtlon
z ) Electricity Very close from free heat
: case.
2 P -~

40 el ref % Nt = 56.8% -

30 +21.4% production Ner = 56.1% Net = 56.4%

20 Tlet = 465% +19.9% +20.4%

0

SMR Config 1. Config. 1. Config 2. Config. 2. Config 3. Config. 3.  Config 4. Entrée Config. 4. Sortie
Process In Process Out Process In Process Out Process In Process Out
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LCA

Method Evaluation on 16 impacts indicators recommended by
European commission (method EF v3.1)
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- Material flows(Construction)

/ Not taking into account



A W
LCA Preliminary results

Total CO,,, emissions over 20 years: 304 000 tCO2e

H, leaks
SOEC (wo water) 6% DAC
9%

Catalyst Flashs

0.80% 0.02%
Heat Exchanger
0.42%

Adsorbent

Compressor
0.18%
‘ Pump
—« 0.004%
Soil transformation
0.09%

SOEC water
0.78%

I

15%
Emission factor:
4,89 gCO2e /
kWhel SMR

Autre
3%
Reactors
1.14% \
63%

.



LCA Preliminary results

Comparison of e-kerosene (economic allocation) in blue with conventional kerosene in orange. Production and
combustion taken into account
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Acidification (mol  Climate change Ecotoxicity, Resource use, Eutrophication,  Eutrophication, Eutrophication, Human toxicity, —Human toxicity, lonising radiation  Land use (Pt) Resource use,  Ozone depletion Particulate matter Photochemical ~ Water use (m3
H+eq) (kg CO2eq) freshwater (CTUe)  fossils (MJ) freshwater (kg P marine (kg N eq) terrestrial (molN  cancer (CTUh) non-cancer (CTUh) (kBg U-235 eq) minerals and (kg CFC11 eq) (diseaseinc)  ozone formation depriv.)
eq) eq) metals (kg Sb eq) (kg NMVOC eq)
[ e-kerosene (economic allocation) E Conventional kerosen




LCA preliminary Results

Comparison of e-kerosene (economic allocation) in blue with conventional kerosene in orange. Production and
combustion taken into account

Acidification (m Ecotoxicity, Resource use, Eutrophication,  Eutrophication, Eutrophication, Human toxicity, Human toxicity, lonising radiation  Land use (Pt) Resource use,  Ozone depletion Particulate matter Photochemical Water use (m3
H+eq) freshwater (CTUe)  fossils (MJ) freshwater (kg P marine (kg N eq) terrestrial (molN  cancer (CTUh) non-cancer (CTUh) (kBq U-235 eq) minerals and (kg CFC1leq) (diseaseinc.)  ozone formation depriv.)
eq) eq) metals (kg Sh eq) (ke NMVOC eq)

H e-kerosene (economic allocation) @ Conventional kerosen 22

Massive CO2
reduction (-95%)
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LCA Preliminarv Results

Comparison of e-kerosene (economic allocation) in blue with conventional kerosene in orange. Production and
combustj n into acc

B BEEE BRI N D NS - mil ‘R R B

Massive Improvement in 5 categories:
Impact report on 5 categories

* Acidification (mol H+ eq)

« Climate change (kg CO2 eq)

« Ecotoxicity, freshwater (CTUe) .

« Resource use, fossils (MJ) : : : :

. Eutrophication, freshwater (kg P eq) Neg_atlves |mpact are n_1a|nly _Imk to SMR plant
- Eutrophication, marine (kg N eq) (main contributor: uranium mining)

» Eutrophication, terrestrial (mol N eq)

* Human toxicity, cancer (CTUh) . : :
. Buma toxicity, hon-calbcet (CR UR) Catalyst has an important impact in Resource

- lonising radiation (kBq U-235 eq) use, minerals and metals.
« Land use (Pt)

» Resource use, minerals and metals (kg Sb eq)
» Ozone depletion (kg CFC11 eq)
« Particulate matter (disease inc.)

N N

uman toxicity, Jll Human toxicity, I{lhising radiationjll Land use (Pt) Resource ufll, zone depletiorfParticulate majer Photochemical ~ Water use (m3
on-cancer (CTUh) 3 ko CFC11 e disease ing  ozone forma tion depriv.)
metals (kg Sb eq) (kg NMVOC eq)

| B

Acidification (m Climate change Ecotoxicity, Resource use, Eutrophicatio! Eutrophication,  Eutrophication,
H+eq) marine (kg N eq) terrestrial (mol N
eq)

0

@ e-kerosene (economic allocation) E Conventional kerosen
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Limits and interpretations

Condensation trails:

E-kero can reduce 95% of production and
combustion impact

But doesn’t enable to reduce Condensation trails
(around 50% of global impact of conventional
kerosene)

Global warming impact per kerosene energy
(kgC0O2e/MJ)

Order of magnitude kerosene use
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20

Assumption only C8-C16 in kerosene: 72 800 L/day :

Approx. 4 Paris-Ankara / day (A320, 180 seats)

Approx. 1 Paris-Singapore / 3 days (A380, 800 seats)

Assuming all C5+ kerosene is used: 243,500 L/day :

Approx. 12 Paris-Ankara / day (A320, 180 seats)
Approx. 1 Paris-Singapore / day (A380, 800 seats)

Comparison of reduced impact on the global warming indicator
with and without contrails

49,11%

5,84%
—

wo condensation trails w condensation trails

Ee-kerosene @ Conventional kerosene
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