


2

The Aviation Target: 
Reduce CO2 by 50% by 2050 (rel. to 2005)

Future GHG emissions are a function of three main factors

ATAG target requires
ca. 550 Mt/a

sustainable aviation fuel with
<10% carbon intensity

compared to
conventional fuel

by 2050

100% substitution
of fossil kerosene: 
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SUN‐to‐LIQUID Approach to Solar Fuel

Ambition: unlimited supply of renewable synthetic hydrocarbon fuels

Some process steps already proven on an industrial scale

Lowest technology readiness level for thermochemical conversion and CO2 capture 
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SUN‐to‐LIQUID Ambition

Move from laboratory to field
environment

Demonstration of complete fuel
production cycle in a relevant 
environment

Increase TRL from 3 to 5 

Scale‐up of thermal power input from
4 kW to 50 kW

Optimization of reactor geometry and 
material structure to increase
efficiency from 2% to 5‐10%

On‐site conversion of produced
syngas to hydrocarbons
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Perspectives: Resource Efficiency

Use of biofuels is controversial
Biofuels are available (TRL 9) and approved
for civil aviation (e.g. FT‐SPK, HEFA, AtJ)

Controversial environmental performance

Relatively low area specific yield

High water demand

Limited GHG reduction potential (LUC)

Solar fuel production from H2O and CO2

Large GHG reduction potential

Resource efficiency: High yield, no arable
land required, very low water consumption

Complementary production to biofuels

Data: C. Falter, Climate Impact and Economic Feasibility of Solar Thermochemical Jet Fuel Production, Environ. Sci. Technol., 2016, 50 (1)
German Environment Agency (UBA), Power‐to‐Liquids Potentials and Perspectives for the Future Supply of Renewable Aviation Fuel, 2016, Authors: LBST, Bauhaus Luftfahrt
M. S. Wigmosta et al., National microalgae biofuel production potential and resource demand, Water Resour. Res., 47, W00H04, 2011
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Key Objectives: Scale, Efficiency, TRL5

Key Objectives: Scale‐up and experimental demonstration of the complete StL process 
chain to liquid hydrocarbon fuels from H2O, CO2
and solar energy at a pre‐commercial scale

High flux solar concentrating system

50 kW solar thermochemical reactor

Gas‐to‐liquid system
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Solar fuels, beyond SoA
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Key Objectives: Solar Concentration

Key Objectives: Scale‐up and experimental demonstration of the complete StL process 
chain to liquid hydrocarbon fuels from H2O, CO2
and solar energy at a pre‐commercial scale

High flux solar concentrating system
50 kW radiative power, flux of 2500 kW/m2

over a 16‐cm diameter aperture
Field of 169 heliostats, 3 m2 each, 
with 20 – 30 m focal length

50 kW solar thermochemical reactor
Producing syngas via ceria‐based 
thermochemical redox cycle

Gas‐to‐liquid system
Compression and storage of syngas
Micro Fischer‐Tropsch unit converts 
syngas to liquid hydrocarbon fuels



Sunlight + CO2 + H2O Liquid Fuels + O2

CeOଶ → CeOଶିఋ ൅
𝛿
2 Oଶ

Oଶ

CeOଶିఋ ൅ 𝛿HଶO → CeOଶ ൅ 𝛿Hଶ

CeOଶିఋ ൅ 𝛿COଶ → CeOଶ ൅ 𝛿CO
HଶO 

& CO2

Hଶ & CO

1st step: Reduction

2nd step: Oxidation

CeOଶିఋ

CeOଶ

(syngas)

Liquid 
Fuels

Fischer‐Tropsch

Concentrated 
Solar Radiation

(Endothermic, 1500 C)

(Exothermic, < 1000 C)

Net Reaction

El ciclo de la Ceria
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Key Objectives: Scale‐up and experimental demonstration of the complete StL process 
chain to liquid hydrocarbon fuels from H2O, CO2
and solar energy at a pre‐commercial scale

High flux solar concentrating system
50 kW radiative power, flux of 2500 kW/m2

over a 16‐cm diameter aperture
Field of 169 heliostats, 3 m2 each, 
with 20 – 30 m focal length

50 kW solar thermochemical reactor
Producing syngas via ceria‐based 
thermochemical redox cycle

Key Objectives: 50 kW Solar Reactor
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Key Objectives: Gas‐to‐Liquid Plant

Key Objectives: Scale‐up and experimental demonstration of the complete StL process 
chain to liquid hydrocarbon fuels from H2O, CO2
and solar energy at a pre‐commercial scale

High flux solar concentrating system
50 kW radiative power, flux of 2500 kW/m2

over a 16‐cm diameter aperture
Field of 169 heliostats, 3 m2 each, 
with 20 – 30 m focal length

50 kW solar thermochemical reactor
Producing syngas via ceria‐based 
thermochemical redox cycle

Gas‐to‐liquid system
Compression and storage of syngas
Micro Fischer‐Tropsch unit converts 
syngas to liquid hydrocarbon fuels



Overview of Experimental Setup

 Heliostat Field  Solar Tower  Reactors  Flux Measurement

15 m
Optical 
Height

50 m
50 m

169 facets
300 kW

Control Room

 GtL Plant

Reactor

Calorimeter

Source: adapted from Sun‐to‐Liquid field layout, ETH internal schematics, 2016, and M. Romero, J. González‐Aguilar, and S. Luque “Ultra‐Modular 500m2 Heliostat 
Field for High Flux/High Temperature Solar‐Driven Processes,” AIP Conference Proceedings 1850, 030044 (2017)
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Solar Field ACES / VHCST
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Control Room
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Testing and characterization of high‐flux solar 
concentration system 

Highest measured power ever achieved: 71.5 kW onto 16‐cm aperture (new 
calorimeter on site), solar noon on 28th June 2018, for a DNI of 800 W/m2



Overview of the Solar Reactor Design

Steel pressure vessel

16 cm aperture

Quartz window

Water‐cooled front 
and radiation shield

Al2O3‐SiO2 insulation
Ceria RPC with
dual‐scale porosity

mm‐scale

µm‐scale



Operation of the Solar Reactor

Concentrated
solar radiation

900 C, atmospheric pressure

CeOଶିఋ ൅ 𝛿HଶO → CeOଶ ൅ 𝛿Hଶ

CeOଶିఋ ൅ 𝛿COଶ → CeOଶ ൅ 𝛿CO

2nd step: Oxidation

CeOଶ → CeOଶିఋ ൅
𝛿
2 Oଶ

1st step: Reduction

1500 C, vacuum

O2

O2

O2

H2

CO

H2O + CO2

H2 + CO

Ar

O2 + Ar



Typical Cycle with Optimized Oxidation

Experimental Conditions
Tstart,oxidation 900 °C

𝑉ሶୌమ୓ + 𝑉ሶେ୓మ 81 L/min

Molar ratio 
H2O:CO2

5.5

Oxidation end xCO2 = 80 %

Experimental Results
𝑉ୌమ 15 L

𝑉େ୓ 30 L

Molar ratio 
H2:CO

2.0
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Specific test validation MS2



7 – 10 cycles per day possible, depending on weather conditions
189 cycles performed between Sept 2018 and Sept 2019
102 cycles with good quality syngas feeding FT

Typical Day of Experiments
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Fischer Tropsch design
Annular reactor design with 
oil heating and cooling

Operating conditions for
synthetic S2L syngas: 20 bar, 
210°C

Production of Liquids and wax

Design of GTL plant (FT reactor)
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Economic analysis and risk assessment

Estimation of fuel production costs for solar thermochemical plant

Main assumptions:
Plant capacity: 1000 bpd of jet fuel and 850 bpd of naphtha

Solar plant:  Concentration 100 €/m², O&M 2 €/m², 
Tower: 20 €/kWth
DNI: 2500 kWh/(m² 

Electricity: 0.04 €/kWhel on site

CO2: 108 €/t from air capture (H2O captured concurrently)

Thermochemical energy conversion efficiency: 19% (without vacuum pumping and gas 
separation)

Fischer‐Tropsch: 60% efficiency, 23000 €/bpd (investment), 4 €/bbl (O&M)

Interest rates: 5.7% (debt nominal, 60%), 11.8% (equity nominal, 40%)

Value of by‐product: Price(naphtha) = 80% × price(jet fuel)



24

Impact: Emission Reduction Potential

Source: C. Falter, V. Batteiger, A. Sizmann; Climate Impact and Economic Feasibility of Solar Thermochemical Jet Fuel Production,
Environ. Sci. Technol., 2016, 50 (1)

Consideration of further carbon emissions along production chain can result in higher 
life‐cycle emission compared to conventional fuel 

Cost reduction by 32 ct/L
Baseline, air capture:  100 €/tCO2
Natural gas plant:        40 €/tCO2

Emissions increase from 20% 
to 121% vs. conventional jet fuel
(emission allocation on energy basis)
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Economic analysis and risk assessment

Regional variability of production cost:
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Economic analysis and risk assessment

Levers to achieve low production costs:
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