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Aviation and shipping currently contribute approximately 8%o of total anthropogenic CO; emissions,
with growth in tourism and global trade projected to increase this contribution further'3. Carbon-
neutral transportation is feasible with electric motors powered by rechargeable batteries, though
challenging if not impossible for long-haul commercial travel, particularly air travel®. A promising
solution are drop-in fuels (synthetic alternatives for petroleum-derived liquid hydrocarbon fuels such
as kerosene, gasoline or diesel) made from H,O and CO; by solar-driven processes®”’. Among the
many possible approaches, the thermochemical path using concentrated solar radiation as the source
of high-temperature process heat offers potentially high production rates and efficiencies® and can
deliver truly carbon-neutral fuels if the required CO; is obtained directly from atmospheric air®. If
H.0 is also co-extracted from air®, feedstock sourcing and fuel production can be co-located in desert
regions with high solar irradiation and limited access to water resources. While individual steps of
such a scheme have been implemented, we now demonstrate operation of the entire thermochemical
solar fuel production chain, from H,O and CO; captured directly from ambient air to the synthesis
of drop-in transportation fuels (e.g. methanol, kerosene), with a modular 5-kWinermal pilot-scale solar
system operated under real field conditions. We further identify the R&D efforts and discuss the
economic viability and policies required to bring these solar fuels to market.

Solar fuel production using H>O and CO; obtained through direct air capture (DAC) has so far largely been
limited to bench-top*!? or pilot-scale'®*'* demonstrations of individual steps. A combined PV-electrolysis
system®® produced solar fuels from water and captured CO,, but the set-up was not optimized and coupling
of intermittent solar hydrogen production with continuous non-solar hydrocarbon synthesis necessitated the
co-feeding of fossil-derived syngas.

The solar fuel system

Figure 1 sketches our solar fuel system, located on the roof of the ETH’s Machine Laboratory Building in
Zurich. Its three essential units are: 1) the direct air capture (DAC) unit which co-extracts CO, and H.O
directly from ambient air; 2) the solar redox unit which converts CO, and H.O into a desired mixture of CO
and H: (syngas); and 3) the gas-to-liquid (GTL) unit which converts syngas to liquid hydrocarbons or
methanol. Technical details are presented in Methods.
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Figure 1. Simplified process chain of the solar fuel system integrating three thermochemical conversion units in series: 1)
the direct air capture (DAC) unit which co-extracts CO2 and H20 directly from ambient air; 2) the solar redox unit which
converts CO2z and Hz0 into a desired mixture of CO and H2 (syngas) using concentrated solar energy; and 3) the gas-to-
liquid (GTL) synthesis unit which finally converts syngas to methanol or liquid hydrocarbons. Two identical solar reactors
are positioned at the focus of the solar concentrator for performing both redox steps of the thermochemical cycle
simultaneously by alternating the concentrated solar input between them. While one solar reactor is performing the
endothermic reduction step on sun, the second solar reactor is performing the exothermic oxidation step off sun. Red arrow
indicates reduction (Eq. 1); blue arrow indicates oxidation (Eq. 2/3). Dimensions are not to scale. Upper-left insert: Cross-
section of the solar reactor featuring a cavity-receiver containing a reticulated porous ceramic structure (RPC) made of
pure ceria for performing the thermochemical redox cycle.

The DAC unit, commercialized by the ETH’s spinoff Climeworks, applies adsorption-desorption cycles to
an amine-functionalized sorbent to concurrently extract CO, and H,O from ambient air'®. Adsorption
proceeds at ambient temperature and pressure for 180 minutes per cycle, desorption at 95°C and 0.1-0.3
bar for 43 minutes per cycle. The unit can process an air flow of 2000 m3/hr with 5.5 cycles/day, yielding
around 8 kg/day of CO, with a measured purity of 98% (the remainder being air) and 20-40 kg/day of water
(depending on air relative humidity) with contaminants below the 0.2 ppm detection limit. The exhaust air
leaves the unit during the adsorption step with about 40-70% of its initial CO, content captured. The
captured CO; stream exiting the DAC unit during the desorption step is collected in a balloon-type buffer
reservoir at ambient pressure and subsequently compressed to maximum 12 bars and stored in a 750 | steel
buffer tank. Water is condensed out of the desorption stream and stored in a plastic buffer tank. Both CO»
and H,O are delivered from their buffer tanks to the solar redox unit according to demand.

The solar redox unit produces CO and H; through thermochemical splitting of CO, and H,O via a reduction-
oxidation (redox) cycle driven by concentrated solar radiation®. We use nonstoichiometric ceria (CeOz.s) as
redox material because of its rapid kinetics, crystallographic stability, and abundance!®'’. Alternative redox
materials, e.g. perovskites'®° and hercynite?®, may exhibit superior redox performance but have not yet
proven to be as stable as ceria. The redox cycle at the heart of the solar redox unit comprises two steps. In
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the first endothermic step, ceria is thermally reduced to generate O, (Methods, Eq. 1). In the second
exothermic step, the reduced ceria is re-oxidized with CO;, and/or H,O to generate CO and/or Ha,
respectively (Methods, Eq. 2 and 3). Ceria is thus not consumed and the net overall reactions are
C0O,=CO+%:0; and H,O=H,+%0,, but with the fuel (Hz, CO) and O generated in separate steps and thus
avoiding the formation of explosive mixtures and obviating the need for high-temperature gas separation.
The thermochemical redox cycle based on non-stoichiometric ceria (CeO>.;) is represented by the following
reactions and the corresponding standard enthalpy changes:

Reduction:

—=Ce0; 5, ~7-Ce0;_s,,, +30; AH® = 475 kJ per %2 mole O, 1)
Oxidation with COg:

—=Ce0;_5,,,+ €0y > 2=Ce0y_5, +CO  AH°=-192 kimol CO; )
Oxidation with H,O:

—=Ce0;_5,,, +Hy0 > =Ce0y_5, +H,  AH°=-234Kimol H; 3)

o denotes the non-stoichiometry — the measure of the redox extent which, in equilibrium, is a function of
temperature and oxygen partial pressure. In principle, the redox cycle can be operated under a temperature-
swing mode and/or a pressure-swing mode to control the oxygen exchange capacity of ceria Ad = dred-dox,
and thereby the fuel yield per cycle. Isothermal operation, i.e. only pressure-swing mode, suffers from low
A imposed by the thermodynamics?-2°, For example, isothermal cycling at Treduction = Toxidation = 1200°C
with a pressure swing between 0.1 mbar and 1 bar, yields only Ad = 0.003. We apply a combination of both
temperature and pressure swing modes to maximize the oxygen exchange capacity of ceria, and thereby the
fuel yield per cycle. For typical operating conditions of the reduction step at 1500°C and 0.1 mbar and the
oxidation step at 900°C and 1 bar, thermodynamic predicts an order of magnitude higher value, Aé = 0.04.

The solar reactor development evolved from its early design with monolithic ceria®* to its present
configuration with reticulated structures®®. As sketched in Figure 1 (insert), it consists of a cavity-receiver
with a circular aperture sealed by a quartz window for the access of concentrated solar radiation (apparent
absorptivity = 0.99). The cavity contains a reticulated porous ceramic (RPC) structure made of ceria with
dual-scale interconnected porosity in the mm and pum ranges for enhanced heat and mass transfer?®. Since
only the endothermic reduction step requires a solar input, we employ two identical solar reactors and
perform both redox steps simultaneously by alternating the concentrated solar input between them. The
required alternation of the solar concentrator focus is enabled by using a primary sun-tracking paraboloidal
concentrator coupled to a secondary planar rotating reflector?” (scheme in Fig. 1, photograph in Extended
Data Fig. 1). For a direct normal solar irradiation (DNI) of 1 kW/m?, the solar concentrator delivers
alternately a solar radiative power up to 7.7 kWiema at a peak flux concentration of 5,010 suns and an
average flux of 2,710 suns measured over the 30 mm-radius aperture of each solar reactor.

The solar redox unit can split pure CO>, pure H-0, and both H,O and CO; simultaneously. A purge gas (Ar
or air) guides the fluid flow during the reduction step performed under vacuum pressures. Additionally,
when co-splitting H20 and CO, simultaneously, Ar or CO; (depending on the targeted syngas composition)
is injected after the reduction step to re-pressurize the cavity prior to the oxidation step. The consumption
of inert gas introduces an energy penalty and, consequently, affects detrimentally the system efficiency, but
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its use can be avoided (Methods). Figure 2 shows a representative 7-hour day run with 17 consecutive redox
cycles for co-splitting H-O and CO,, yielding 96.2 L (standard liters, including all species Hz, CO, CO,,
and Ar) of syngas with composition 59.5% H>, 4.6% CO, 17.5% CO, and 18.4% Ar. The oxygen mass
balance confirmed total selectivity for the conversion of H-O to H; and of CO, to CO. The daily mass
specific yield of syngas was 12.81 L/kg of ceria and its cumulative molar ratio H,:COx was 2.7. The
cumulative CO-to-CO molar conversion was 15.1%; a peak value of 65% was obtained for CO: splitting
only?. This conversion can be further increased by reducing the CO, mass flow rate but at the expense of
producing less syngas. The presence of unreacted CO- in the syngas obviously affects its molar ratio
H»:COy, which is critical for methanol synthesis but less relevant for Fischer-Tropsch (FT) synthesis. In the
run on this specific day, the targeted syngas quality was the one suitable for methanol synthesis. As the
DNI varied with time, the inlet gas flows were adjusted to match the duration of the reduction step with
that of the oxidation step, enabling the switching of the solar input between the two solar reactors without
delay and, thus, making continuous use of the solar input. Extended Data Figs. 4 and 5 show the syngas
composition and yield as well as the cyclic variation and cumulative molar ratio H»:COy for 152 consecutive
redox cycles, yielding 1069.7 L of syngas with composition 58.4% H,, 5% CO, 18.6% CO;and 18% Ar
(after condensation of unreacted water) and with a cumulative molar ratio H,:COx = 2.48. This solar syngas
was further processed to methanol in the GTL unit.
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Figure 2. Representative day run of the solar redox unit for co-splitting H20 and CO.. Temporal variations of the direct
normal solar irradiation (DNI), temperature, pressure, syngas composition, and cumulative syngas yield of the two adjacent
solar reactors A and B (blue and red curves, respectively) performing the thermochemical redox cycle simultaneously. The
concentrated solar radiative input is alternated between the solar reactors A and B: while one reactor is solar irradiated to
effect the reduction step (Eqg. 1), H20 and CO:z are injected in the second reactor to effect the oxidation step (Eq. 2/3). Inlet
mass flow rates: 0.5 L/min Ar during reduction; 0.3 L/min CO2 and 9.8 g/min H20 during oxidation. L denotes standard
liters.
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Downstream of the solar redox unit (Fig. 1), the O stream evolving from the reduction step is analyzed and
vented. The syngas stream evolving from the oxidation step is analyzed and sent to the GTL unit, where it
is first compressed for storage in a 5-liter buffer gas cylinder at up to 250 bar. The final syngas processing
to methanol is a mature technology and uses a commercial Cu-ZnO-Al;O; catalyst (Product No. 45776,
Alfa Aesar) in a packed-bed tubular reactor at 230 °C and 50 bars. The measured single-pass molar
conversion of the GTL unit was 27%, yielding methanol with a purity of 65%, the rest being water
(contaminants below the detection limit, e.g. ethanol and butanol < 1 ppm, propanol < 10 ppm). The
remaining unconverted syngas was recycled for multiple passes through the GTL unit. However, since Ar
concentration increased with each pass, the recycled syngas was discarded after 6 consecutive passes,
resulting in a total molar conversion of 85%. For example, for the representative 7-hour day run of Fig. 2,
the amount of pure methanol produced was 3.2 cl.

Depending on the catalyst used in the GTL unit, the desired H»:CO, molar ratio of syngas for methanol
synthesis lies between 2 and 3, while the desired H,:CO molar ratio of syngas for FT synthesis is about 2.
The syngas composition, especially the molar ratios H,:CO and CO:CO, can be controlled by adjusting the
H,0:CO, feed ratio to the solar reactor? and/or by performing separately the splitting of CO, and H,0?4252°
and/or by simply choosing appropriate start and end times of the syngas collection. In either case, the syngas
purity and quality is suitable for GTL processing and can be tailored for methanol or FT synthesis, as shown
in Extended Data Figs. 2 and 3, respectively, without the need of additional steps for correcting composition
and/or separating undesired by-products. Specifically, the need for the endothermic reverse water-gas shift
(RWGS) step is eliminated. In this study, the GTL unit was applied for processing solar syngas to methanol.
FT synthesis of kerosene was performed with solar syngas obtained in two separate experimental setups
using the same solar reactor design: with a 4-kWemar SOlar reactor prototype operated in a high-flux solar
simulator® and with a scaled-up 50-kWinermai SOlar reactor operated in a solar tower®32, Obviously, there is
no need for removal of any impurities (e.g. sulfur compounds, salts, heavy metals), as it is the case for
hydrocarbons derived from petroleum. Moreover, the combustion of FT-based jet fuel, which is aromatic-
and sulfur-free and is certified as aviation turbine fuel after the standard specification ASTM 7566, showed
dramatic reductions in soot emissions compared to fossil-based jet fuel.

Discussion

Stable and successful outdoor operation of the overall system under intermittent solar irradiation
convincingly demonstrates the technical viability of the thermochemical process chain for converting
sunlight and ambient air to drop-in fuels. But bringing such solar fuels to the market will require substantial
process optimization and upscaling, and this should be supported by policy schemes that enable market
introduction at commercial scale.

A multitude of solar dishes or a heliostat field focusing on a solar tower can be used for scaling up and
concentrating the DNI to the solar flux concentration required (C > 2000 suns)®. To appreciate the scaling
needed, a commercial-scale solar fuel plant could use for example 10 heliostat fields, each collecting 100
MWinermal OF solar radiative power, to produce 95,000 liters kerosene a day (assuming an overall system
efficiency 14yem Of 10%), enough to fuel an Airbus A350 carrying 325 passengers for a London-New York
roundtrip flight. The current solar fuel system uses a 5-kWinerma SOlar reactor, and while a 10x scale of the
solar reactor has already been tested in a small solar tower3??, an additional 20x scale is still required for
a 1-MWiermar SOlar reactor module, whose front quartz window is the limiting element. The commercial-
size solar tower foresees an array of solar reactor modules, each attached to hexagon-shaped secondary
concentrators in a honeycomb arrangement?®. Further assembling the array of solar reactor modules in at
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least two clusters and focusing the heliostat field alternately onto each cluster would enable the continuous
operation of both redox steps of the cycle. This re-focusing of the heliostat field should be feasible with
current hardware/software control but its dynamics still need to be proven in the field.

The layout of a commercial-scale solar fuel plant with ten solar towers, each for 1200 MWhermal, is depicted
in Extended Data Fig. 6. Its complexity would be comparable to that of a concentrated solar power (CSP)
plant, for which incremental scaling has taken place. The estimated land footprint would be 3.8 km?, of
which 80% is covered by the ten heliostat fields. The layout of each heliostat field (active reflecting surface
= 0.1 km?; heliostat aperture = 6.7 m?) was generated using a ray-tracing code* for +31° latitude. The
required frontal area of the DAC subsystem, based on a modular design using the technology applied in the
present solar fuel system, would be about 4500 m? for capturing approximately 100,000 tons CO2/year
needed for the process, and the land area covered would represent less than 1% of the total land footprint.
Thus, the DAC modules can be arranged in a single row to avoid drawing CO-depleted air. Assuming
Nsystem = 10%, such a solar fuel plant would produce about 34 million liters kerosene/year. To put this in
context, 2019 global aviation kerosene consumption was 414 billion liters®; the total land footprint of all
solar plants required to fully satisfy global demand would be about 45,000 km?, equivalent to 0.5% of the
area of the Sahara Desert.

An important indicator of the economic feasibility of the solar fuel system is its overall energy conversion
efficiency, i.e. the system efficiency 7y g.m — defined as the ratio of the heating value of the liquid fuel
produced to the total energy input to the system —, which in turn results from multiplying the energy
efficiencies of each of the three units of the process chain: 7yygem = NpAc * Msolar redox unit * Mg (detailed
formulation in Methods). In the present demonstration, we undertook no attempt to optimize the units for
Maximum 7gyem- With thermal management, the DAC unit can predominantly be driven by waste heat at
below 100°C, available for example from the solar redox unit, while the GTL unit can be operated auto-
thermally, thus minimizing the energy penalties upstream and downstream of the solar redox unit.
Electricity would still be needed to operate the pumps in the DAC unit (desorption step at below 0.1 bar),
the solar redox unit (reduction step at below 0.05 bar), and GTL unit (synthesis step at above 20 bar).
However, the energy efficiency of the solar redox unit 1y, jar redox unit d0OMinates. It results from multiplying
the optical efficiency 7,,ca Of the solar concentrator (defined as the ratio of the solar radiative energy input
to the solar reactor, Qsoiar, to the DNI incident on the solar primary concentrator) and the solar-to-syngas
energy efficiency nggjar-to-syngas OF the solar reactor (defined as the ratio of the heating value of the syngas
produced to the sum of Qsar and any other parasitic energy inputs such as those associated with vacuum
pumping and/or inert gas consumption). Based on the measured performance of the present solar redox unit
and accounting for the energy penalties associated with vacuum pumping and inert gas recycling, nyptica =
59.6% and Ngolar-to-syngas = 1.9 — 3.8%, Yielding My jar redox unit = 1.1 — 2.3%. Furthermore, we assume npac
~0.90 (accounting for the energy penalty of vacuum pumping, but assuming waste heat thermal
management) and ngt = 0.75 (using the measured syngas-to-methanol conversion and accounting for the
energy penalty of gas compression, but assuming auto-thermal synthesis). Thus, the present non-optimized
solar fuel system of Fig. 1 has currently 1y gem = 0.8%. Several measures can be readily implemented to
boost 77sysem- FOr xample, by minimizing surface and tracking errors, 7, Can be increased to 82%7%".
Notably, the optical components for concentrating the DNI, e.g. solar dishes and heliostat fields, are already
established for CSP plants, though for lower values of solar flux concentration, but there are substantial
technological spillovers from solar thermal electricity to solar thermochemical fuels. On the other hand, the
low value obtained for 7y,ar.to-syngas IS Mainly due to the sensible heat rejected during the temperature-swing
cycling, which accounted for more than 60% of Qs This fraction can be partially recovered via
thermocline heat storage, as demonstrated with a packed bed of Al,Os spheres that recovered half of it for
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a temperature swing between 1400 and 900 °C*. Recovering most of it would raise 7gjar.to-syngas t0 OVer
20%223¢37 Furthermore, there is room for optimization of the ceria structure, for example by means of 3D-
printed hierarchically ordered structures with a porosity gradient for improved volumetric absorption®,
Thus, by means of optimized porous structures, superior redox materials, improved concentrating optics,
heat recovery between the redox steps, and thermal management to enable thermo-neutral operation of the
DAC and GTL units, n54em has the potential of exceeding 13% (Methods) and possibly surpassing that of
the PV-electrolysis based pathway!*>**%°, This is because the later requires the production of substantial
excess Hy by water electrolysis using solar electricity, which is subsequently consumed via the endothermic
RWGS reaction to obtain syngas suitable for the GTL step. In contrast, the present thermochemical
approach bypasses the solar electricity generation, the electrolysis, and the RWGS steps, and directly
produces solar syngas of desired composition, i.e. three steps are replaced by one.

Techno-economic analyses of the complete process chain analogous to the pathway demonstrated in this
study*®*2 estimated a jet fuel cost in the range 1.2 — 2 €/liter. These cost values are predominantly sensitive
to the energy efficiencies (assumed 7gyem = 4.4 — 11.7%), the CO; costs (assumed 100 €/ton COy,
consistent with the long-term cost target*®), and the manufacturing costs of the heliostat field, which
typically represent half of the total investments costs of the solar fuel system (assumed 100 €/m?; currently
in the 100-150 €/m? range; DOE Sunshot’s target is 75 USD/m?). This also explains the strong dependency
of the fuel cost on the solar reactor performance because the higher 1ar.t-syngas the smaller becomes the
heliostat field for a given Qsolar, and consequently the lower the investments costs of the solar concentrating
infrastructure. The auxiliary components at the interface between the three main processing subsystems,
such as gas pipelines, compressors, storage tanks, and other balance-of-plant components, are embedded
within the given range of cost values of the fuel. The compression and storage of CO; and syngas in the
buffer tanks represent 9.5% of the investment costs®, but can have a significant effect on 7yygem and
ultimately on the annual O&M costs because of their electricity consumption; optimized integration to
minimize storage size and learning-by-doing are warranted as the system undergoes upscaling. In particular,
substantial R&D and implementation of heat recovery in the solar reactor®>3’ are needed to achieve the
20% value of N jar-to-syngas @SSUMEd in the economic analyses. As expected, solar thermochemical fuels are
most competitively produced in desert regions with high DNI (> 2500 kWh/m? per year)***2, In contrast to
biofuels, which are limited by resource provision, global jet fuel demand can be met by utilizing less than
1% of the worldwide arid land*!, which does not compete with food or fodder production. Furthermore, the
solar fuel production chain’s life cycle assessment indicates 80% avoidance of greenhouse gas emission
with respect to conventional fossil jet fuel, with emissions in the range 0.1-0.6 Kgcoz-equivaient per liter jet fuel
and approaching zero when construction materials (e.g. steel, glass) are manufactured using renewable
energy“?, as the amount of CO, emitted during jet fuel combustion equals that captured from the air during
its production.

Given their high initial investment cost*’, solar thermochemical fuels require policy support to see
widespread deployment, leading to concomitant cost reductions initially through scaling effects and process
optimization, and then through mass production of key components and learning-by-doing. Regulatory
frameworks progress over time to match three phases: initial R&D and technology demonstration, market
creation and system development, and market competitiveness*-#. Because CORSIA (Carbon Offsetting
and Reduction Scheme for International Aviation) and the EU Emission Trading System aim to reduce CO>
emissions with carbon-pricing that is too low to support market demand for solar fuels, we propose an
aviation sector support scheme that would create a near-term market for the first generation of commercial
solar fuel plants. As with the policy framework recently proposed by the European Commission, this would
take the form of a jet fuel quota scheme, mandating aviation fuel retailers or airlines to provide proof that
a certain proportion of their fuel comes from solar fuel sources (Methods). The initial costs of such a policy
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would be small enough to be politically practicable because the initial quota would be very low relative to
overall jet fuel demand. For example, as described above, a commercial-scale solar fuel plant with ten solar
towers, each for 100 MWiermai With 74y = 10%, would produce less than 0.01% of global jet fuel
consumption. Even with an initial cost exceeding 10 USD per liter solar jet fuel (compared to less than 1
USD per conventional jet fuel) for the first ten of such solar fuel plants built, the financial impact of
supplying 0.1% of the market would be small while still enabling the deployment of production facilities.
This would start solar fuels’ journey down the learning curve, which is the main aim of the policy.
Technological learning at the same pace as for CSP — approximately 60% generation cost reduction in 15
years*"*8_ seems feasible for solar thermochemical fuels as well. Importantly, solar drop-in fuels can utilize
existing storage, distribution, and utilization infrastructure and thus require no new technologies beyond
the production chain. The demonstration that carbon-neutral hydrocarbon fuels can be produced using
sunlight and air thus represents an important milestone that, with appropriate policy support, could initiate
developments essential for the long-term decarbonization of the aviation sector.

Methods

Solar redox unit — Photographs of the solar redox unit, realized on the roof of the ETH’s Machine
Laboratory Building in Zurich, are shown in Extended Data Fig. 1. The optical design and characterization
of the solar concentrator, comprising a primary sun-tracking solar paraboloidal dish coupled to a secondary
planar rotating reflector, is found in Ref. 27.

Extended Data Figure 1. Photographs of the solar fuel system at ETH Zurich. a) The solar redox unit, comprising the
primary sun-tracking solar paraboloidal concentrator coupled to a secondary planar rotating reflector, and the two solar
reactors at the foci. b) The two solar reactors, water-cooled calorimeter, and Lambertian target for solar radiative power
measurements (seen via the secondary reflector).

Measurement instrumentation — Temperatures were measured using B-type and K-type thermocouples.
Gas flow rates were regulated using Bronkhorst electronic mass flow controllers. Pressures were measured
using Thermovac TTR 101N pressure sensors. A multistage roots dry vacuum pump (Adixen ACP 28CV)
in combination with multiple valves (Pfeiffer Vacuum AVC 025 PA) was used to evacuate the reactors
during reduction. Product gas composition was analyzed on-line downstream of the solar redox unit by gas
chromatography (Agilent Technologies) and Siemens Ultramat-23 and Calomat-6 gas analysis units
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(electrochemical sensors for O, IR detectors for CO and CO2, thermal conductivity based detectors for Hy).
The syngas was compressed using the two stage Compressor Station ILS 331. The packed-bed reactor of
the GTL synthesis unit was a Microactivity Effi (PID Eng&Tech). The hemispherical spectral reflectivities
of the primary concentrator and secondary reflector were measured by a spectroscopic goniometry setup
using an integrating sphere (Labsphere RT-060-SF)?’. The direct normal irradiation (DNI) was measured
with a sun-tracking pyrheliometer (EKO Instruments MS-56). The solar radiative power delivered by the
solar concentrating system was measured using a water-cooled calorimeter made of a selectively coated
Cu-coiled cavity with the same front containing the 30 mm-radius aperture as the solar reactors. The solar
flux distribution was measured with a calibrated CCD camera (Basler scA1400-17gm, manual zoom lens
RICOH FL-CC6Z1218-VG, neutral density filters ND 4.8) focused on a Lambertian (diffusely-reflecting)
target and verified with the water-cooled calorimeter. Both the Lambertian target and the water-cooled
calorimeter were mounted at the focal plane alongside the two solar reactors (Extended Data Fig. 1b). The
entire solar redox unit is controlled by a LabView program for performing fully automated consecutive
redox cycles over the whole day.

Energy efficiency — The theoretical maximum solar-to-work efficiency of a thermochemical fuel
production process (based on the maximum possible amount of work that may be extracted from the fuels
as given by the Gibbs free energy change of their oxidation) for a blackbody solar cavity-receiver operating
at an upper temperature Ty is given by8:

T T
Nsolar-to-work = (1 - )(1 - i) (4)

Ipni-C

where Iy denotes the DNI, C the solar concentration ratio (i.e. the solar flux intensity normalized to the
DNI), Tw and T, are the upper and lower operating temperatures of the equivalent Carnot heat engine, and
o is the Stefan-Boltzmann constant (5.67-10° Wm2K*). For example, assuming Ipy; = 1 KW/m? as typical
for clear skies, C = 2700 suns as attainable with solar concentrating systems such as the one presented in
this study, Tw = 1723 K as the upper temperature of the thermochemical process demonstrated in this study,
and T, = 300 K for rejected heat, the theoretical maximum g jar-to-work = 67-3%. This value points out to
the high potential of the solar thermochemical pathway to become energy efficient and, consequently, cost
effective.

System efficiency — As aforementioned, the overall energy conversion efficiency of the solar fuel system,
I.e. the system efficiency nyem, is defined as the ratio of the heating value of the liquid fuel produced to

the total energy input to the system, which in turn results from multiplying the energy efficiencies of each
of the three units of the process chain:

Nsystem = MDAC * Msolar redox unit * TIGTL (5)

where Msolar redox unit = noptical ' nsolar-to-syngaS' (6)

The optical efficiency 7yca IS defined as the ratio of the solar radiative energy input to the solar reactor,
Qsolar, t0 the DNI incident on the solar primary concentrator. The solar-to-syngas energy efficiency
Nsolar-to-syngas 1S defined as the ratio of the heating value of the syngas produced to the sum of Qsolar and any

other parasitic energy inputs such as those associated with vacuum pumping and/or inert gas consumption
during the reduction step:

_ Qfuel _ Qfuel 7
nsmar_to_syngas Qinput Qsolar+qump+Qincrt ( )
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Qruel IS the heating value of the fuel (CO and H.) produced over a cycle, given by:

Quel = 2 uet: 1,00 AH e Truerdt (8)

where AHjp, is the molar enthalpy change of fuel oxidation (e.g. AHcq =283 kJ/mol, AHy, = 286 kJ/mol )

and [ 7 dt is the measured molar rate of the fuel produced integrated over the duration of the oxidation
step. Qsolar IS the total solar energy input integrated over the duration of the reduction step:

Qsolar = fPsolardt (9)

where Psolar IS the measured solar radiative power input through the solar reactor’s aperture, accounting for
the total transmittance of the quartz window (measured value 0.932)*. Qpump and Qinert are the thermal
energy penalties associated with vacuum pumping and inert gas consumption during the reduction step. All
work terms are converted to an equivalent heat by dividing by a heat-to-work efficiency npcat-to-work
(assumed 0.4). In this way, the entire thermochemical process chain is driven using solar heat alone. Qpump
is calculated as the thermodynamic minimum pumping work divided by the product of two efficiencies,
namely the heat-to-work efficiency nheat-to-work @Nd the vacuum pump efficiency 7,,,m,, according to:

fn(t) .R-T. ln (patmospheric) dt (10)

qump B pcavity(t)

Mheat-to-work “Mpump
where 7(t) is the sum of the measured molar flow rates of Ar injected and O released by ceria during the
reduction step, peaviy IS the measured total pressure inside the cavity and pamospheric 1S the atmospheric
pressure. The pump efficiency for a multi-stage industrial arrangement is given by:

_ . Dcavity
npump = 0.07 log (patmospheric> + 04 (11)

Note that nglar-to-syngas 1S Weakly depended on 7y, because Qsoar >> Qpump at the moderate vacuum

pressure levels applied during reduction in the range 10-1000 mbar. The thermal energy required for inert

gas separation is given by:

1
Qinert = —Einertf rinertdt (12)

Mheat-to-work
where rinert IS the measured Ar flow rate and Einert is the work required for inert gas separation, assumed 20
kJ per mole®. Because of the relatively low mass flow rate of Ar used (typically 0.5 L min for the present
solar fuel system), Qinert is less than 5% of Qsoiar, but even this penalty can be eliminated by replacing Ar
with ambient air during the reduction step as proven experimentally?®. Furthermore, when targeting syngas
for FT synthesis, CO; is injected after the reduction step for re-pressurizing, avoiding completely the use
of inert gas.

Based on the measured performance of the present solar redox unit, 7gjar-to-syngas = 1.9 — 3.8%. To date, the
maximum experimentally obtained 7soar-to-syngas 15 5.25% With @ 4-kWinermar Solar reactor® and 5.6% with
a 50-kWinermal SOlar reactor®, both solar reactors performing the CO; splitting redox cycle without any heat
recovery. A recent experimental study reports a value of 3.17% for an efficiency defined as the ratio of the
caloric value of the fuel produced over a cycle to the energy required to heat ceria and drive the endothermic
reaction®, but not accounting for the total solar energy input Qsolar NOr the energy penalties Qpump and Qinert.
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Energy requirements of the DAC unit — The calculated specific energy requirements are 13 kJ/molco, of
mechanical work (vacuum pump operated at 0.05 bar desorption pressure/1 bar exit pressure; 0.7 efficiency
of isothermal compression), and 493-640 kJ/molco, of heat at 95°C. These energy values were obtained for
amine-functionalized nanofibrillated cellulose sorbent with a measured specific CO, capacity in the range
0.32-0.65 mmol/g, a specific H.O capacity in the range 0.87-4.76 mmol/g, and an air relative humidity in
the range 20-80%°. For a targeted sorbent’s specific CO- capacity of 2 mmol/g, the heat requirement would
be reduced to 272-530 kJ/molcoz, depending strongly on the amount of co-adsorbed water. Obviously,
higher relative humidity results in more water adsorbed and, consequently, higher thermal energy
requirements during the desorption step.

Efficiency potential — 7y is estimated for a commercial-scale solar fuel plant with 10 solar towers,
each for 100 MW+wermal (Se€ layout depicted in Extended Data Fig. 6). Work inputs for gas compression
(isothermal; 0.7 efficiency) are converted to equivalent thermal energy penalties by diving by Npeat-to-work
(assumed 0.4). With thermal management of heat sources and sinks, the thermal energy requirements of the
DAC subsystem can be provided by waste heat available from the solar redox or the GTL subsystems. The
equivalent thermal energy penalty for CO, vacuum pumping and compression to 10 bars represents less
than 10% of Qsonar; thus npac ~0.90. With improved concentrating optics, optimized porous structure®,
superior redox materials, and heat recovery using thermocline-based heat storage®, n1ar redox unit > 0-2. The
GTL unit can be operated auto-thermally (e.g. syngas-to-methanol is exothermic by AH = -90 kJ/mol
CH3OH). Assuming 90% mass conversion“? and accounting for the equivalent thermal energy penalty for
syngas compression to 60 bars (< 10% of Qsoiar), ngrr *0.75. Finally, by applying Eq. 5, nsysem has the
potential of exceeding 13%.

Solar syngas production for methanol or FT synthesis — Extended Data Figs. 2 and 3 show two cases of
an exemplary redox cycle for co-splitting H,O and CO. and producing solar syngas with compositions
suitable for either methanol synthesis (Extended Data Fig. 2) or FT synthesis (Extended Data Fig. 3).
Results are summarized in the Extended Data Table 1. The temporal variation of the nominal cavity
temperature, total pressure, and outlet gas flow rates during a single redox cycle are plotted for both cases
in Extended Data Figs. 2a and 3a. The solar radiative power input is maintained relatively constant on a
clear sunny day at Psoiar = 5.1 KWihermai and 4.1 KWinermar for the runs of Extended Data Fig. 2a and 3a,
respectively. In both cases, the reduction step proceeds under analogous operational conditions: the solar
reactor is first heated with Psoar to the desired reduction-end temperature Treduction-end = 1450°C under vacuum
pressure below 50 mbar. Once a nominal cavity temperature of Trequction-ena IS reached, the solar input is
diverted by rotating the secondary reflector. Subsequently, the reaction chamber is re-pressurized to 1 bar
by injecting either Ar for the case of syngas for methanol synthesis (Extended Data Fig. 2a) or CO; for the
case of syngas for FT synthesis (Extended Data Fig. 3a). Passive cooling of the solar reactor induces a
temperature decrease down to the oxidation-start temperature, Toxigation-start = 900°C and 800°C for the two
cases, respectively. At that point, H,O and CO; from the buffer tanks are co-injected into the solar reactor
with molar ratios H,O:CO; = 12.5 and 24.9, to produce desired compositions of syngas for either methanol
or FT synthesis, respectively. The temporal variation of the cumulative species concentrations and yields
of solar syngas collected during the oxidation step for either methanol or FT synthesis are plotted in
Extended Data Fig. 2b and Extended Data Fig. 3b, respectively. Time 0 denotes the start of the oxidation
when the nominal reactor temperature reaches Toxidation-start- NOte the absence of Ar in the syngas for FT
synthesis because CO, was used instead to re-pressurize the solar reactor after the reduction step. Apart
from selecting the Toxigation-start and the inlet flow rates of H,O and CO,, the composition of the syngas can
be adjusted by choosing adequate start and end times of the syngas collection. For example, immediately
after the start of the oxidation step, the syngas contains undesired high content of Ar (Extended Data Fig.
2b) or CO-, (Extended Data Fig. 3b), but we can improve the syngas quality by simply delaying the start of
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the syngas collection. On the other hand, the end of the syngas collection can be determined once the desired
molar ratio (H2:COy for methanol synthesis or H,:CO for FT synthesis) of the collected syngas is achieved.
In fact, the desired molar ratio H,:COy of syngas suitable for methanol synthesis lies between 2 and 3
(depending on the CO:CO, molar ratio and on the catalyst used) and can be accomplished by collecting the
syngas over the period between 2 to 10 minutes in Extended Data Fig. 2b, yielding H.:COx = 2.58. The
desired molar ratio H,:CO of syngas suitable for FT synthesis is about 2 and can be accomplished by
collecting the syngas over the period between 0 to 4.25 minutes in Extended Data Fig. 3b, yielding H.:CO
= 2. Evidently, there is a trade-off between syngas quality and syngas quantity.
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Extended Data Figure 2. Representative solar redox cycle producing syngas with composition suitable for methanol
synthesis. a) Temporal variation of the nominal cavity temperature, total pressure, and outlet gas flow rates during a single
redox cycle. b) Temporal variation of the cumulative species concentration and yield of solar syngas collected during the
oxidation step. Operation conditions — During the reduction step: Qsolar = 5.1 KW, inlet flow 0.5 L/min Ar, Treduction-end =
1450°C, total pressure < 25 mbar. During the oxidation step: Qsolar = 0 KW, inlet flows 0.4 L/min CO2 + 9.8 g/min Hz0,
Toxidation-start = 900°C, total pressure = 1 bar.
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Extended Data Figure 3. Representative solar redox cycle producing syngas with composition suitable for FT synthesis. a)
Temporal variation of the nominal cavity temperature, total pressure, and outlet gas flow rates during a single redox
cycle. b) Temporal variation of the cumulative species concentration and yield of solar syngas collected during the
oxidation step. Operation conditions — During the reduction step: Qsolar = 4.1 kW, inlet flow 0.5 L/min Ar, Treduction-end =
1450°C, total pressure < 50 mbar. During the oxidation step: Qsolar = 0 KW, inlet flows 0.2 L/min CO2 + 9.8 g/min H20,
Toxidation-start = 800°C, total pressure = 1 bar.
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Extended Data Table 1: Summary of syngas quality for the experimental runs of Extended Data Fig. 2 for methanol
synthesis and Extended Data Fig. 3 for FT synthesis.

Syngas for methanol synthesis Syngas for Fischer-Tropsch synthesis
Extended Data Figure 4b Extended Data Figure 5b
Collection times 0-20 min 2-10 min 0-25 min 0-4.25 min
Amount (L/cycle) 18.5 9.4 15.6 7.52
Composition 40.7% H, 59.9% H, 31.0% H, 43.1% H,
4.3% CO 6.0% CO 11.4% CO 21.5% CO
22.4% CO, 17.2% CO, 57.6% CO, 35.4% CO,
32.6% Ar 16.9% Ar
Stoichiometry H,:CO4 = 1.52 H,:CO, = 2.58 H,:CO =2.72 H:CO=2
CO; conversion 16.1% 25.7% 16.5% 37.9%

When generating syngas for methanol synthesis (Extended Data Fig. 2b), the full oxidation cycle over 20
min yields 18.5 L of syngas with composition 40.7% Hz, 4.3% CO, 22.4% CO; and 32.6% Ar. The resulting
molar ratio H2:COy is 1.52, which is not optimal for methanol synthesis. Besides, the CO, conversion —
integrated over the full oxidation period — is only 16.1%. Alternatively, collecting the syngas between
minutes 2 and 10 (Extended Data Fig. 2b) would yield instead only 9.4 L of syngas, i.e. only about half the
amount, but with a more favorable composition of 59.9% H,, 6.0% CO, 17.2% CO; and 16.9% Ar. The
resulting molar ratio H2:CO, would be 2.58, and thus suitable for methanol synthesis. The CO; conversion
— integrated over minutes 2 to 10 — would be now 25.7%. Furthermore, the Ar content would be cut in half,
reducing the energy penalty of carrying an inert gas downstream. Nevertheless, a scale-up of the process
would require either Ar separation and recycling or ways to avoid the use of inert gas for re-pressurizing
during the switch from the reduction step to the oxidation step. In terms of energy efficiency, nlar-to-syngas
is affected in both directions because, although the amount of syngas is reduced, the duration of both redox
steps can be made shorter and Qsolar is therefore smaller (see Egs. 6-8).

When generating syngas for FT synthesis (Extended Data Fig. 3b), the full oxidation after 25 min yields
15.6 L of syngas with composition 31.0% H;, 11.4% CO and 57.6% CO, with a molar ratio H,:CO = 2.72,
which is not optimal for FT synthesis. The CO. conversion — integrated over the full oxidation period — is
only 16.5%. Collecting the syngas between minutes 0 and 4.25 of the oxidation cycle (Extended Data Fig.
3b) would yield only 7.52 L of syngas, i.e. only about half the amount, but with a more favorable
composition of 43.1% H,, 21.5% CO and 35.4% CO,. The resulting molar ratio would be exactly H,:CO =
2, and thus suitable for FT synthesis. The CO; conversion — integrated over minutes 0 to 4.25 — would now
be 37.9%. Note that the operational conditions during the oxidation step (CO2/H,O mass flow rates and
Toxidation-start) are different for the run targeting syngas for methanol synthesis and the one targeting syngas
for FT synthesis. In general, the duration of the oxidation becomes shorter with higher mass flow rates and
the syngas yield increases with Toxidation-start D€CaUSE Of faster reaction rates. Note further that, in contrast to
the runs of Extended Data Figs. 2 and 3, the oxidation steps in the consecutive cycles of Fig. 2 were not
executed until completion but they were simply terminated prematurely by the end of syngas collection to
avoid additional passive cooling of the cavity and enable shorter cycle durations.
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In both redox cycles for Extended Data Figs. 2 and 3, the oxygen mass balance can be closed within the
error bars of the measurement devices (electronic mass flow controllers and the electrochemical and IR gas
analysis), confirming total selectivity for the conversion of H,O to H; and of CO; to CO, with net reactions
H,0 = H; + %0, and CO, = CO + %20.. Total selectivity was obtained in all cycles performed with the solar
reactor, i.e. only the reduction (Eg. 1) and oxidation (Eq. 2/3) reactions occur.

Long-term consecutive solar redox cycling for methanol production — Extended Data Fig. 4 shows the
syngas composition and yield for each of the 152 consecutive solar redox cycles. In contrast to the day run
of Fig. 2, which was performed on a clear day with constant DNI and yielded steady syngas composition
from cycle to cycle, this long-term run was performed over several days and yielded significant variations
in the syngas composition from cycle to cycle, primarily due to the unstable DNI, which in turn affected
the solar radiative power input, the heating rates and temperature distributions, and the reduction and
oxidation rates and extents. As the run progressed, the H,O and CO, mass flow rates were adjusted to ensure
syngas collection with a cumulative molar ratio H2:COx in the range 2-3. The reactants’ flow rates during
the oxidation step were 0.4 L/min CO; and 10 g/min H,O for cycles 1 to 37, and 0.3 L/min CO, and 10
g/min H,O for cycles 38 to 152. During the first 17 cycles, a molar ratio H,:COyx = 2 was targeted. From
cycle 18 onwards, a cumulative molar ratio H,:COy = 2.5 over the entire 152 cycles was targeted. Extended
Data Fig. 5 shows the cyclic variation and cumulative molar ratio H,:COx for the 152 redox cycles of
Extended Data Fig. 4. The total yield was 1069.7 L of syngas with composition 58.4% Hz, 5% CO, 18.6%
COzand 18% Ar (after condensation of unreacted water). Thus, the cumulative molar ratio obtained was
H>:COy = 2.48. This solar syngas was further processed to methanol in the GTL unit.
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Extended Data Figure 4. Syngas yield (Hz in orange, CO in green, COz in black) for each of the 152 consecutive solar redox
cycles. L denotes standard liters.
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Integration of the solar fuel system — The CO; and water streams exiting the DAC unit are stored in a
750 | steel buffer tank and in a plastic buffer tank, respectively, so they can be delivered to the solar redox
unit according to demand. If the CO; tank reaches 12 bars, usually after 48 hours operation, the DAC unit
is automatically idled until demand is present. The full CO; buffer tank can typically support between 3 to
18 days of operation of the solar redox unit, depending on the specific fuel targeted, e.g. 3 to 5 days for
CO; splitting only. The buffer tanks also balance the mismatch between the amount of water obtained in
the DAC unit (H20:CO; ~ 6.1-12.2, depending on the air relative humidity) and that used in the solar redox
unit (H.0:CO; =~ 12.5-24.9, depending on the targeted fuel), with excess unreacted water collected
downstream of the solar reactor recycled. The molar ratios HO:CO of reactants fed to the solar redox unit
were significantly higher than the stoichiometric ones (Extended Data Table 1), pointing out to the excess
water fed into the solar reactor. Because CO; dissociation proceeds more readily than that of H.O at equal
conditions?, a large excess of H.O over CO- had to be introduced into the solar reactor to obtain the desired
syngas compositions. The excess water introduces significant energy penalties associated with steam
generation and heating unreacted species, although a portion of the sensible heat can be recovered. The
syngas stream produced by the solar redox unit is stored in a 5-liter buffer gas cylinder at up to 250 bar for
delivery to the GTL unit as per demand. Syngas storage means that the GTL unit can in principle be operated
continuously round-the-clock, though intermittent daily startup-shutdown operation of the GTL unit for
methanol synthesis at the lab scale is possible by purging the catalyst with Ha-free gas upon shutdown to
avoid deactivation®. This option reduces the cost of storing syngas, but at a large scale is generally avoided
due to the complications associated with operating intermittently an oversized GTL unit.

Evidently, the coupling of the intermittent solar redox process with the round-the-clock DAC and GTL
processes complicates the integration of the three units because of the temporal mismatch of both mass and
energy flow rates to/from each unit. Further complication arises from the different operational temperatures
and pressures of each unit. In terms of the mass flows, the incorporation of buffer tanks upstream and
downstream of the solar redox unit to intermediately store H,O and CO. (upstream) and syngas
(downstream), as applied in this solar fuel system, is technically simple and scalable, and therefore the
preferred approach as compared to running the entire system only during sunshine hours with oversized
(and more expensive) DAC and GTL units. The sizing of these buffer tanks for an industrial-scale plant is
a function of the mass flow rates of reactants/products to/from the solar redox unit, which operates up to 10
hours/day. In terms of the energy flows, the thermal management discussed above as a measure to maximize
Nsystem WOUld be practicable by heat exchange via heat transfer fluids between the endothermic DAC
process (heat sink at below 100°C) and the exothermic GTL process (heat source at above 200°C).
However, heat exchange with the solar-driven process would be possible only if heat is stored temporarily,
for example in thermocline heat storage tanks®.

An alternative solar redox unit configuration, which would potentially simplify its integration, consists of
replacing the solar reactor at the focus of the solar concentrator for a solar receiver that delivers high-
temperature heat via a heat transfer fluid to a thermal storage tank, which in turn continuously delivers heat
to a (non-solar) redox reactor. Such a reactor, or array of reactors, would operate round-the-clock similar
to the power block of a CSP plant with thermal storage®, and therefore would be simpler to integrate with
the DAC and GTL units, both in terms of the mass and energy flow rates. Thermal management would be
applicable by heat exchange with the redox reactor as well. Furthermore, this configuration would facilitate
the operation of the oxidation step at higher, thermodynamically more favorable pressures to obtain
pressurized syngas, thereby minimizing or even eliminating the compression work before the GTL.

Perhaps the most critical aspect of integration is the suitability of the gas streams exchanged between the
units, namely the quality and purity of CO, and H>O exiting the DAC unit and fed to the solar redox unit,
and the quality and purity of the syngas exiting the solar redox unit and fed to the GTL unit. The solar fuel
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system fulfilled the suitability criterion without the need for additional refinement steps, such as the energy-
intensive RWGS step, and thereby reaffirmed the potential for high nyygem (EQ. 5).

Technology deployment at scale — As is so often seen with new technologies (c.f. the improvements in
efficiency and drop in cost of solar panels), deployment of solar fuels at scale can be expected to result in
significant cost reductions. In part, this will be due to the economies of scale affecting both the solar fuel
production units (e.g. array of solar towers) and production of necessary hardware (e.g. larger factories
manufacturing critical components). In fact, scaling up has substantially reduced the cost of CSP*¢2 and
the same beneficial effect will likely be seen with solar thermochemical fuels. A second benefit of
technology deployment at scale is that it pushes manufacturers to engineer improved systems and operators
to optimize system implementation and operation. Given the complexity of solar thermochemical fuel
production that involves distinct and interlinked processes, we envisage that feedback from operation to
manufacturing will be essential to learning-by-interacting within the supply chain will be essential to
identify best practice and best design®*. A further source of learning is technological spillover from other
applications using the same components, prominently from CSP, DAC, and GTL applications.

Regulatory policy frameworks — We consider the policy frameworks that could be employed to
incentivize growing production of solar fuels, as described in this article, to the point where they can meet
full global demand by 2050. As a starting point, there are clear parallels between the current goal of
accelerating a transition from fossil to solar fuels, and the goal faced twenty years ago of beginning to shift
electric power from fossil-fired to solar PV generation. When countries first began to stimulate investment
in PV, its cost was roughly ten times that of fossil-fired power and there was little confidence about
maintaining grid stability if PV were to contribute more than 20% of demand®. By stimulating investment,
however, the PV industry grew, and that in turn led to innovation and cost reductions®®. Research suggests
that direct government support for new technologies is often essential to enable and accelerate their
becoming established in the market, which is a prerequisite for cost reductions*. Neo-classical economic
models often assume that innovations occurred primarily in the laboratory in direct response to investments
into R&D?®'. More recent studies show, however, that while R&D funding is essential during the invention
stage, it plays little role in achieving cost reductions®®. These, instead, occur as a direct result of growing
commercial-scale investments in the new technologies, through the mechanisms of learning-by-doing and
mass production®. The key to achieving cost reductions is then to stimulate investment in commercial-scale
production facilities. To do so, policy makers need to overcome two main barriers: the high average cost of
the new technology, and the high perceived risks associated with the new technology’s performance and
market viability®. The most successful policy instruments are those that create predictable demand at
sufficiently high prices to guarantee profitability of investments into the new technologies over the
amortization period, typically 20-25 years*, minimizing the risks of stranded assets.

With these goals in mind, policy makers have employed several policy instruments to support renewable
energy deployment, summarized in Extended Data Table 2. Of these, feed-in tariffs and quota systems have
performed the best. Because they manage risk so well, feed-in tariffs have enabled project developers to
obtain close to risk-free debt financing, which has resulted in lower costs®. Quota systems have also
performed well, especially in regulatory environment favoring long-term power purchase agreements
(PPAs), which achieve the same level of certainty as a feed-in tariff. Quota schemes in which the market
sets the support level through trade of green certificates have fared much less well, mainly due to the high
price and volume risks faced by investors®€2, The one instrument that has generally failed to stimulate new
investments, and hence failed to trigger learning effects, is carbon pricing, whether in the form of a carbon
tax or a carbon allowance market®®. This is because carbon prices have generally been too low to cover the
expected cost differential between renewable and fossil-fired power®?, and have failed to address the
uncertainties of future power prices and of the carbon price itself®®. The empirical literature also suggests
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that when there are competing technologies at different levels of maturity, technology-neutral policies have
the effect of stimulating investment — and hence learning — in the more mature technologies, even if the
long-term growth prospects for the less mature technology are better4%°,

Extended Data Table 2: Support policy instruments.

Instrument Mechanism Examples

Feed-in tariff Project developers have the right to sign a long-term Germany, Spain, Italy, Switzerland, Czech
contract with the grid operator, to sell all power fed into the Republic, China
grid at a price fixed for typically 15-25 years

Quota Grid operators need to provide certificates demonstrating Numerous US states, United Kingdom,
that a minimum share of the power they supply comes from Netherlands
renewable sources; price set in PPA or certificate trade

Investment subsidy Project developers receive a one-time subsidy, covering a United States, Switzerland
portion of the investment costs

Production subsidy Project operators receive a subsidy in addition to the market ~ United States
price for each unit of electricity that they sell

Carbon price Consumers of fossil fuels pay a surcharge — either as a tax or European Union, Sweden, Switzerland
as the price of a traded permit — for each ton of carbon they
emit

Solar aviation fuels can in some respects be compared in their present state to solar power roughly 20-30
years ago. First, they are much more expensive than the fossil kerosene they are meant to replace. Second,
it is unclear whether they will ever achieve cost parity. Third, they face competing technologies in the
sustainable aviation fuels market, e.g. bio-kerosene, which is currently more mature, yet ultimately limited
in the long-term scalability because of its environmental effects and limited cultivable land. Based on the
experience from other renewable energy policies, it is apparent that a technology-specific direct support
mechanism could be effective in stimulating investment into solar aviation fuels.
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