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Fuel production from sunlight and air
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Energy consumption in Switzerland

Total final consumption by source

Fig. 1 Endenergleverbrauch 1910-2021 nach Energletrigern Fig. 2 Auftellung des Endverbrauchs nach Energletrigern (2021)
Consommatlon finale 1910-2021 selon les agents énergétiques Répartition de la consommation finale selon les agents énergétiques (2021)
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Energy consumption in Switzerland

Total final consumption by sector

Fig. 3 Auftellung des Energle-Endverbrauchs nach Verbrauchergruppen
Répartition de la consommatlon finale d'énergle selon les groupes de consommateurs

Endverbrauch in TJ Anteil 2021 der vier Sektoren in %
Consommation finale en T Parts en 2021 des quatre secteurs en %
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Final consumption of oil products

Fig. 10 Entwilcklung des Endverbrauchs der Erdélprodukte
Evolution de la consommatlon finale des prodults pétrollers
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World energy consumption and supply (418 EJ)

Total final consumption Total final consumption Total energy supply
by source by sector by source

= Oil products = Electricity = Transport ® Industry = Residential oi Coal
. m Oi ® Coa
i m Services m Rest
= Natural gas m Biuofuels & waste = Natural gas = Biofuels & waste
" Coal = Heat = Nuclear = Hydro
® Rest

= \Wind, Solar, etc.
Quelle: IEA, 2019
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Aviation fuel use and CO, emissions

« ~2-2.5% of total anthropogenic CO, emissions

* ~12% of CO, emissions from transport sources

Total fuel consumption of commercial airlines worldwide between 2005 and 2021 (in
billion gallons)
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Fuel production

Existing Infrastructure und Technologies
YA

Renewable and CO,
neutral solar fuel
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Process chain to solar fuels

V A d Sunlight
< >
DVQ

i'i’iﬁﬂ?[ﬁﬂlh

il

Gas-to-Liquid
Synthesis Unit

Direct Air
Capture Unit Solar Fuel
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Setup on the roof of ETH machine laboratory in Zri
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Schematic of the implemented process chain
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Source: Schéappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).
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Solar Redox Unit
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Solar Reactors

: 1 1 1
‘ Reduction: AH = 475 kJ per ¥ mole O, 75 C€0 2-5,, = 75Ce0 25,4 +50;
. : 1 1
Oxidation with CO,: AH = -192 kJ/mol CO, 25 —Ce0 ,_5.., + CO, = 5 —Ce0 ,_5  +CO
1 1
Oxidation with H,O: AH = - 234 kJ/mol H, 5 —Ce0 5., + H,0 - 25 —Ce0 ,_5, +H,

Steel vessel

iasulation

Radiatio

Quartz window
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Schematic of the implemented process chain

steel vessel B -
' — reduction ~\d SOLAR REDOX UNIT
thermal

| ’».‘
Jﬁ.’/ insulation —>» oxidation

radiation shield

solar

parabo
Om\N secondary concentra
4 \,\1\(«0 reflector "\& -
R\ T -
Solar Reactor 1 \ <(; =
4 ,._1.1' , \f.j} <
) ) - 3

‘ :

| ~E T

[ ‘ Iy
OO > 0u/ar
—

A l
Solar Reactérz (‘Q Wl vacuum

H,0

gas analysis

\“/
) > pump

—

aperture +
quartz window

10 V< _)discarded
CO,/H,0-depleted air syngas
wysyngas
sorbent  pRECT AIR CAPTURE UNIT GAS-TO-LIQUID SYNTHESIS UNIT
pac/kgd\bed recycle
z fan
ambient >f = X gas/water packed-bed
air v analvmfm reactor condenser
condenser
© [ee] @ flow /
2 steam (2 contro compressor //
vacuum compressor generator
um A N

e '@ S syngas liquid

storage hydrocarbons

Source: Schéappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).
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Flow rate (L~min'1)

Exemplary Cycle Targeting Syngas for Methanol Synthesis

Target:
H,/CO, ratio: 2 — 3
Depending on catalyst and CO,

duct conversion
Reduction Oxidation : : .
‘ . ‘ . * Full oxidation:
1.3 100 8
1.2 f 1 1400 10 , « 18.5L of syngas
< i
) £ g0 * 40.7% H,, 4.3% CO,
L . e 'O 46
. 11200 5 5 £ S 22.4% CO,, 32.6% Ar
2 o+
0.8 o — < 415 T -
e g 60 o - H ratio: 1.52
11000 2 2 g 2 JICO, ratio: 1.5
o 2 & : .
0.6 & 1107 ¢ & « CO, conversion: 16.1%
a > i >
1800 © s £ 40 13 @
0.4 g © S [
2 s E 1P
® O
ool 1600 20 t
: \ | o 41
0 ! ! ! . 400 J 101 0 e : 1 : ) 1 .4 0
0 10 20 30 40 0O 2 4 6 8 10 12 14 16 18
Time (min) Oxidation time (min)
Conditions Reduction Oxidation
Power input 5.1 kW Off-sun (0 kW)
Gas flow 0.5 I/min Ar 0.4 l/min CO,
9.8 g¢/min H,O
. Pressure 25 mbar 1 bar
Er"ZUI”ICh ﬁfe’ztgﬂcp.omenewable Energy Carriers Source: Schappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021). Remo Schappi 04.11.2022 14
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Flow rate (L~min'1)

Exemplary Cycle Targeting Syngas for Methanol Synthesis
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&

Oxidation
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conversion
100
- 103
4 1400
3\_‘1
~ < 80 |
411200 g © g
w £ =
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o 1107 o o
S 2 2 a0l
1800 © s &
2 : 2
1600 } 20
400 101 0 : ; :
0 4 6 8 10 12 14 16 18
Oxidation time (min)
Conditions Reduction Oxidation
Power input 5.1 kW Off-sun (0 kW)
Gas flow 0.5 I/min Ar 0.4 l/min CO,
9.8 g¢/min H,O
Pressure 25 mbar 1 bar

Source: Schappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).

- - Syngas yield (L)

0 -2 min;

4.9 L of syngas

10.2% H,, 0.9% CO,
1.6% CO,, 87.3% Ar

H,/CO, ratio: 4
CO, conversion: 36%

10 min - full oxidation:

4.2 L of syngas

33.6% H,, 4.5% CO,
57.7% CO,, 4.2% Ar

H,/CO, ratio: 0.54
CO, conversion: 7.2%
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Flow rate (L~min'1)

Exemplary Cycle Targeting Syngas for Methanol Synthesis
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conversion
100
-103
4 1400
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Conditions Reduction Oxidation
Power input 5.1 kW Off-sun (0 kW)
Gas flow 0.5 I/min Ar 0.4 l/min CO,
9.8 g¢/min H,O
Pressure 25 mbar 1 bar

Source: Schappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).

- - Syngas yield (L)

Full oxidation:
 18.5 L of syngas

« 40.7% H,, 4.3% CO,
22.4% CO,, 32.6% Ar

 H,/CO, ratio: 1.52

* CO, conversion: 16.1%
Collection 2-10 min:
9.4 L of syngas

. 59.9% H,, 6% CO,
17.2% CO,, 16.9% Ar

 H,/CO, ratio: 2.58
* CO, conversion: 25.7%
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Parallel Operation of two Reactors

Concentrated
Solar Irradiation

———

CO, / H,0
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Parallel Operation of two Reactors

75 C€0 25,4 + €Oz — %sCeo 2-5,, + CO
CO, / H,0 | 1
2 2 Y CeO 2—68red + H20 - 7S CeO 2—8ox + Hz
= F \\Oxidation
Ll -
.//'j/
| CO/H,
L \\\
Concentrated r L
Solar Irradiation P )
L /" 150 2.5, » 75Ce0 55, +0;
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Exemplary Day Targeting Syngas for Methanol Synthesis

« 17 cycles:
1400
: 1000 — 96.2 L of syngas
1200
o - ~ 57.2% H,, 4.4% CO,
5 1000 00 16.8% CO,, 17.7% Ar
S I =
© 800 [ = _ ‘.
o : {600 2 H,/CO, ratio: 2.7
S 6001 — CO, conversion: 21%
g i
5 400 T rﬂw—fﬂ—w ~y—r~ 400 310° ©
200 F “ l‘ lnl '\ 1‘ 'l l Il l‘ ll ll ’\\ ) -
: | '\ (R o bl dwey o Increase soiar—to-fuet:
O—— L !l [ ]\JL | ~lu [ I\ |l\ : ,\ ’ i ] 3
L \1 ~ N J NN ~ i 1 g . quel .
_ 3100 & * TMNsolar—-to—fuel = _ -
- 1100 QsolartQinerttQpump
S 12 1.9 —3.8% (5.6% on solar tower)
IS 180 3
2 160 E * Optimize operation
£ : o2 parameters/setup
O 140 >
S © o 120 8 « Optimise porous ceramic structure
c ] < - .
& oL CO H—K % *x ¥ * % ¥ % * % * ¥ * % ¥ Xi, (all participating)
10:00 11:00 12:00 13:00 14.00 15:00 16:00 17:00 ]
Time (UTC+2) « Heat recovery (T-swing)
mzur’ch 1 PREC ) Source: Schéappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).
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Production Campaign Targeting Syngas for Met

Syngas yield (L)

HZ/COX ratio
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nanol Synthesis

152 cycles:
« 1069.7 L of syngas

. 58.4% H,, 5% CO,
18.6% CO,, 18% Ar

« H,/CO, ratio: 2.48
« CO, conversion: 21%

Source: Schappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).
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Efficiency of the implemented process chain

Direct Air | f iliu}nnlllllllmrll ARV Gas-to-Liquid
Capture Unit Solar Redox Unit | Synthesis Unit

Npac = 90% Noptical = 59.6% Nsolar—to—-syngas = 1.9 - 3.8% (5-6%) NGTL = 75%
Nsolar redox unit = Noptical * Nsolar—to—syngas = 1.1 — 2.3%
nsystem — NDAC * Nsolar redox unit * NGTL = 0.8%
potential of exceeding nsystem = 13%

E," ZUuric h E;rgezssqrsr:\ipof Renewable Energy Carriers Source: Schappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021). Remo Schéppi 04.11.2022
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Research Projects to Optimise Ceramic Structures
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High-flux solar simulator

* |ndoor test stand for solar reactors
and installations

. " PREC
ETH:irich \J Professorship of Renewable Energy Carriers Remo Schéppi 04.11.2022 23

ETH Zurich



Sun-to-liquid Project (Mostoles, Spain)

Flux Measurement
solar radiation ETHzirich #
Solar Reactor DLR
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control room
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iFt’ﬁHea I liquid solar fuels Generation 2
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Sun-to-liquid Project (Mostoles, Spain)

» Upscaling: 50 kW reactor

 Tower with169 heliostats

ETH Zurich
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Industrial Production Example: 10 x 100MW

™ Heliostat field
Solar tower

Syngas piping
CO, piping

- Kerosene production of plant:
95’000 Liters/Day
34 Million Liters/Year

Efficiency: 10% = 3 el
Area: 3.8 km?2 i '

[ ]
mzur’ch PREC Source: Schéappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).
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Where to build solar fuel plants?

500 1000 1500 2000 2500 3000
global horizontal irradiation GHI (kWh/(m2yr))

] ] ] _ e
Global energy consumption traffic (2018): 2.890 Gtoe = 3.3611 - 103 kWh l Land requirements:  109°000 km?

Yearly solar irradition: 2000 kWh/m?

Efficiency: 15% 335 x 335 km
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Schematic of the implemented process chain
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Source: Schéappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).
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Flow rate (L-min'l)

Exemplary Cycle Targeting Syngas for Fischer-Tropsch Synthesis

Target:
H,/CO ratio: 2

Reduction Oxidation
< > —
1.2 | H
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Reactor pressure (mbar)

N
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—— Cumulative concentration (%)

00 5 10 15 20
Oxidation time (min)
Conditions Reduction Oxidation
Power input 4.1 kW Off-sun (0 kW)
Gas flow 0.5 I/min Ar 0.2 l/min CO,
9.8 g¢/min H,0O
Pressure 50 mbar 1 bar

25

Source: Schappi, R. et al. Drop-in Fuels from Sunlight and Air. Nature (2021).

- = Syngas yield (L)

Full oxidation:
 15.6 L of syngas

. 31.0% H,, 11.4% CO,
57.6% CO,

 H,/CO ratio: 2.72
* CO, conversion: 16.5%

Collection 0-4.25 min:
» 7.52 L of syngas

. 43.1% H,, 21.5% CO,
35.4% CO,

* H,/CO ratio: 2
* CO, conversion: 37.9%
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Process chain to solar fuels

V A d Sunlight
< >
DVQ

i'i’iﬁﬂ?[ﬁﬂlh

il

Gas-to-Liquid
Synthesis Unit

Direct Air
Capture Unit Solar Fuel
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Conclusions

« Successful demonstration of the entire process chain from
ambient air and sunlight to liquid solar fuels

« Syngas produced suitable for downstream methanol or Fischer-
Tropsch synthesis

 Stable fully automated full day consecutive cycling

* Produced methanol and kerosene from sunlight and air

« Schappi, R., Rutz, D., Dahler, F., Muroyama A., Haueter P.,
Lilliestam J., Patt A., Furler P., Steinfeld A., Drop-in Fuels from
Sunlight and Air. Nature (2021).
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