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Context & scale

The aviation sector, which

strongly relies on fossil-derived

kerosene, is responsible for vast

amounts of anthropogenic

greenhouse gas emissions. To

avoid these emissions, solar

energy can be leveraged to

efficiently produce sustainable

drop-in fuels, e.g., solar–made

synthetic kerosene, which is fully

compatible with the existing

global jet fuel infrastructures for

its storage, distribution, and end-

use in jet engines. This work

advances the technological

readiness level of solar fuels
SUMMARY

Developing solar technologies for producing carbon-neutral avia-
tion fuels has become a global energy challenge, but their readiness
level has largely been limited to laboratory-scale studies. Here, we
report on the experimental demonstration of a fully integrated ther-
mochemical production chain from H2O and CO2 to kerosene using
concentrated solar energy in a solar tower configuration. The co-
splitting of H2O and CO2 was performed via a ceria-based thermo-
chemical redox cycle to produce a tailored mixture of H2 and CO
(syngas) with full selectivity, which was further processed to kero-
sene. The 50-kW solar reactor consisted of a cavity-receiver contain-
ing a reticulated porous structure directly exposed to a mean solar
flux concentration of 2,500 suns. A solar-to-syngas energy conver-
sion efficiency of 4.1% was achieved without applying heat recov-
ery. This solar tower fuel plant was operated with a setup relevant
to industrial implementation, setting a technological milestone to-
ward the production of sustainable aviation fuels.
production by demonstrating the

technical feasibility of the entire

sun-to-liquid fuel process chain,

from H2O and CO2 to kerosene, in

a pilot-scale solar tower. We

evaluate the performance of the

solar reactor—the cornerstone

technology—based on five pri-

mary metrics (namely, reaction

selectivity, syngas quality, fuel

purity, energy efficiency, and ma-

terial stability) and experimentally

validate its stable operation and

full integration in the solar tower

fuel plant.
INTRODUCTION

For the foreseeable future, kerosene will be indispensable as a jet fuel for long-haul

aviation due to its high specific gravimetric energy density and compatibility with the

existing global fuel infrastructure. However, approximately 5% of current anthropo-

genic emissions causing climate change are attributed to global aviation, and this

number is expected to increase.1 An alternative to conventional kerosene derived

from petroleum is kerosene synthesized from syngas—a specific mixture of H2 and

CO—via the established Fischer-Tropsch (FT) synthesis process. The technological

challenge, however, is to produce renewable syngas from H2O and CO2 using solar

energy. The solar-driven thermochemical splitting of H2O and CO2 via a two-step

metal oxide redox cycle can meet this challenge.2 Such a process offers a thermody-

namically favorable pathway to syngas production because it uses the entire solar

spectrum as the source of high-temperature process heat for effecting the thermo-

chemical conversion, and it does so with high reaction rates and potentially high ef-

ficiencies.3,4 An additional advantage of the solar redox cycle compared with other

solar approaches is its ability to co-split H2O and CO2 simultaneously or separately

and therefore control the quality (both purity and stoichiometry) of the syngas in situ,

consequently obtaining a tailored mixture of H2 and CO suitable for FT synthesis.5

This direct approach eliminates the energy penalty associated with additional refine-

ment steps for adjusting the syngas mixture. In contrast, the electrolytic pathway
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(also called ‘‘power-to-X’’)6 requires the production of substantial excess H2 by water

electrolysis using solar electricity that is subsequently consumed via the reverse wa-

ter-gas shift reaction (RWGS reaction: H2 + CO2 = H2O + CO, endothermic by

95.9 kJ/mol above 800�C) to obtain syngas suitable for FT synthesis. As will be

shown in this study, the thermochemical approach bypasses the solar electricity gen-

eration, the electrolysis, and the RWGS steps, directly producing solar syngas of

desired composition for FT synthesis, i.e., three steps are replaced by one.

Ceria (CeO2) is currently considered the state-of-the-art redox material because of

its rapid redox kinetics and long-term stability.7 The two-step thermochemical redox

cycle is represented by:

Reduction : CeO2 /CeO2�d +
d

2
O2 (Equation 1)
Oxidation : CeO2�d + dH2O/CeO2 + dH2 (Equation 2a)
CeO2�d + dCO2/CeO2 + dCO (Equation 2b)

where d denotes the nonstoichiometry—ameasure of the oxygen exchange capacity

and therefore of the fuel yield per cycle. For typical operating conditions of

the reduction step at 1,500�C and 0.1 mbar, and the oxidation step at 900�C and

1 bar, thermodynamics predict d = 0.04. Solar reactor concepts previously

investigated for effecting the ceria redox cycle have included moving8–12 and

stationary13–15 bulk structures, packed beds,16,17 moving beds,18,19 and aerosol

flow20,21 of particles. Of special interest is the solar reactor concept based on a cav-

ity-receiver containing reticulated porous ceramic (RPC) structures made of ce-

ria,22,23 which provide efficient heat and mass transfer. Using an early prototype,

the conversion of H2O and CO2 to renewable kerosene was demonstrated at the lab-

oratory scale using a high-flux solar simulator.24 Recently, two identical solar reac-

tors were operated at the focus of a solar parabolic concentrator for performing

both redox steps of the thermochemical cycle simultaneously by alternating the

concentrated solar input between them.25 While one solar reactor was performing

the endothermic reduction step on sun, the second solar reactor was performing

the exothermic oxidation step off sun, yielding a semi-continuous flow of syngas suit-

able for either methanol or FT synthesis. Stable outdoor operation was demon-

strated for this solar fuel system, for which the mean solar radiative power input (Pso-

lar) through the solar reactor’s aperture was 5 kW.25
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Despite recent advances, the scalability of the solar reactor remains a critical chal-

lenge to the commercialization of solar fuel production. The solar parabolic dish

configuration is limited in size because of mechanical constraints due to wind and

weight loads. Although multiple solar parabolic dishes may be deployed for

scaling-up, a solar tower configuration features significant economy-of-scale advan-

tages, as already seen for concentrated solar thermal power (CSP) plants,26 and will

likely be seen for solar fuel plants as well. Ultimately, the solar reactor technology will

have to be scaled up for a solar tower configuration. Here, we describe the design,

fabrication, and testing of a 50-kW solar reactor and experimentally demonstrate, for

the first time, the entire sun-to-fuel process chain from H2O and CO2 to kerosene in a

solar tower configuration. This pioneer demonstration was realized within the frame-

work of the EU Horizon 2020 project SUN-to-LIQUID.27 We evaluate and report the

performance of the solar reactor—the cornerstone technology—based on five pri-

mary metrics, namely, reaction selectivity, syngas quality, fuel purity, energy effi-

ciency, and material stability. The operation of a fully integrated solar tower fuel
Joule 6, 1606–1616, July 20, 2022 1607
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Figure 1. Overview of the solar tower fuel plant installed at IMDEA Energy (Spain)

(A) Schematic of the solar tower fuel plant, encompassing the solar tower concentrating facility, the solar reactor, and the GtL unit. A heliostat field

concentrates the direct normal solar irradiation onto a solar reactor mounted on top of the solar tower. The solar reactor co-splits H2O and CO2 and

produces a specific mixture of H2 and CO (syngas), which in turn is processed to liquid hydrocarbon fuels using the FT-based GtL unit located next to the

solar tower base. All sub-systems are operated from the control room.

(B) Photograph of the solar tower fuel plant during operation.
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plant under intermittent solar radiation provides compelling evidence of the

technical feasibility of the solar thermochemical technology for industrial scale

implementation.
RESULTS AND DISCUSSION

The solar tower fuel plant, realized at IMDEA Energy in Spain, is depicted in Figure 1.

It integrates three sub-systems: (1) the solar tower concentrating facility, (2) the solar

reactor, and (3) the gas-to-liquid (GtL) unit. The solar concentrating facility consists

of a solar tower with a south-facing heliostat field: an array of 169 sun-tracking spher-

ical reflectors, each with an area of 3 m2, delivering a Psolar of about 50 kW into the

16-cm diameter aperture of the solar reactor, which corresponds to an average solar

concentration ratio of approximately 2,500 suns, with a peak above 4,000 suns (1 sun

is equivalent to a solar radiative flux of 1 kW/m2).28 The solar reactor is mounted on

top of the solar tower at an optical height of 15m, tilted 40� downward relative to the

horizontal plane, and aimed at the power-weighted center of the heliostat field. On

the ground next to the solar tower, the GtL unit is fully assembled inside a modular

container. The experimental setup, peripheral components, and measurement

instrumentation are described in detail in the supplemental information. The helio-

stat field is shown in the photograph of Figure S1. The solar reactor is described in

experimental procedures.

An exemplary redox cycle operated in a temperature/pressure-swingmode is shown

in Figure 2, where the nominal RPC temperature, the reactor pressure, and the gas

product flow rates of O2, CO, and H2 are plotted as a function of time. The experi-

mental conditions and results of this run are summarized in Table 1. During the

reduction step at an average Psolar = 42.0 G 6.2 kW, and under vacuum conditions,

the nominal RPC temperature rapidly increased up to the reduction end tempera-

ture (Treduction,end) of 1,502�C at a mean heating rate of about 100�C min�1. Accord-

ingly, the rate of O2 evolution increased to a maximum of 8.7 G 0.2 L min�1. Inte-

grated over the entire reduction step, a total amount of 36.2 G 0.7 L O2 was

released, which, assuming all ceria reacted uniformly, corresponds to a specific ox-

ygen exchange capacity of 0.002 L/g ceria and an average oxygen nonstoichiometry
1608 Joule 6, 1606–1616, July 20, 2022



Figure 2. Temporal variations of the nominal RPC temperature, reactor pressure, and gaseous

product (O2, CO, and H2) evolution rates during an exemplary redox cycle

Experimental conditions during reduction: mean Psolar = 42.0 G 6.2 kW; volumetric flow rate of

Argon (V_Ar) = 5.0 L min�1 at pressure (p) % 70 mbar. Experimental conditions during oxidation:

ṅH2O = 0.033 mol s�1, ṅCO2 = 0.0074 mol s�1, at p z 1 bar. Ceria RPC mass (mRPC) = 18.1 kg.
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at the end of the reduction step of d = 0.031. This indicates that the system ap-

proached thermodynamic equilibrium, consistent with pervious tests with the labo-

ratory-scale reactor.22 At the end of the reduction step after 8.8 min, the solar input

was interrupted (Psolar = 0), and the oxygen release rate rapidly decreased to zero,

whereas the RPC naturally cooled down to the nominal oxidation start temperature

(Toxidation,start) of 900�C within 18.3 min. Oxidation was initiated by simultaneously

injecting H2O and CO2 at molar flow rates of ṅH2O = 0.033 mol s�1 and ṅCO2 =

0.0074 mol s�1. Both H2 and CO production rates peaked shortly after at 9.4 G

0.8 L min�1 and 5.4 G 0.4 L min�1, respectively, and decreased monotonically until

the ceria was fully re-oxidized after 24.0 min when the oxidation end temperature

(Toxidation,end) reached 654�C. Integrated over the entire oxidation period, a total

amount of 48.9 G 3.9 L H2 and 24.4 G 2.0 L CO was produced. Mass balance of

both redox steps yields a corresponding molar ratio (H2 + CO):O2 = 2.03 G 0.21,

indicating full selectivity for the conversion of H2O to H2 and CO2 to CO. No side re-

actions or by-products were detected. Note that the molar ratio of the fed reactants

reached H2O:CO2 = 4.5 because excess water was required to obtain the desired

syngas quality for FT synthesis. For the exemplary run of Figure 2, H2:CO =

2.01 G 0.35, which is suitable for FT synthesis.

Besides reaction selectivity and syngas quality, an important performance indicator

that particularly affects the economic viability of the process is the solar-to-syngas

energy conversion efficiency (hsolar-to-syngas), defined as the ratio of the calorific value

of the syngas produced over the cycle to the sum of solar radiative energy input

(Qsolar, obtained by integrating Psolar over the cycle, Qsolar =
R
Psolardt) and addi-

tional parasitic energy inputs associated with inert gas consumption and vacuum

pumping (see supplemental information for efficiency formulation; Figures S2 and

S3 for details on the solar radiative power determination). The energy conversion ef-

ficiency depends primarily on the amount of syngas produced (H2 and/or CO) during

the oxidation step, compared with the amount of solar energy required to release O2

during the reduction step. For the exemplary run of Figure 2, hsolar-to-syngas = 4.1 G

0.8% at an average Psolar = 42.0 G 6.2 kW. For pure CO2-splitting, hsolar-to-syngas =

5.6 G 1.0% at an average Psolar = 55.8 G 8.2 kW. From an operational perspective,
Joule 6, 1606–1616, July 20, 2022 1609



Table 1. Experimental conditions and results of the exemplary solar redox cycle of Figure 2

Variable Symbol Value Unit

Ceria RPC mass mRPC 18.1 kg

Average solar power input during reduction Psolar 42.0 G 6.2 kW

Solar power input during oxidation N/A 0 kW

Reduction start temperature Treduction,start 632 �C

Reduction end temperature Treduction,end 1,502 �C

Oxidation start temperature Toxidation,start 900 �C

Oxidation end temperature Toxidation,end 654 �C

Ar flow rate during reduction V_Ar 5.0 L min�1

H2O flow rate during oxidation ṅH2O 0.033 mol s�1

CO2 flow rate during oxidation ṅCO2 0.0074 mol s�1

Reactor pressure during reduction N/A 26–70 mbar

Reactor pressure during oxidation N/A atmospheric N/A

Reduction duration N/A 8.8 min

Duration of cooling-down N/A 18.3 min

Oxidation duration N/A 24.0 min

Cycle duration N/A 51.1 min

Mean heating rate N/A 98.9 �C min�1

Peak O2 evolution rate N/A 8.7 G 0.2 L min�1

Total amount of O2 released N/A 36.2 G 0.7 L

Average nonstoichiometry of ceria after
reduction

d 0.031 G 0.001 N/A

Peak H2O evolution rate N/A 9.4 G 0.8 L min�1

Total amount of H2O produced N/A 48.9 G 3.9 L

Peak CO evolution rate N/A 5.4 G 0.4 L min�1

Total amount of CO produced N/A 24.4 G 2.0 L

Molar ratio (H2 + CO)/O2 N/A 2.03 G 0.21 N/A

Molar ratio H2/CO N/A 2.01 G 0.35 N/A

Solar-to-syngas energy efficiency hsolar-to-syngas 4.1 G 0.8 %
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the primary difference between these two reported efficiencies was Psolar. A higher

Psolar for the pure CO2-splitting run resulted in rapid heating and a shorter reduction

cycle, which in turn led to lowerQsolar (Qsolar =
R
Psolardt= 20.1MJ, versus 22.2MJ for

the co-splitting of H2O and CO2) and consequently higher hsolar-to-syngas. On the

other hand, the co-splitting run used excess water, which consumed part of Qsolar

upon heating to Treduction,end and led to lower hsolar-to-syngas. Splitting pure H2O

and pure CO2 in separate cycles and mixing the product gases H2 and CO can

also be applied to obtain the syngas composition required for FT synthesis, elimi-

nating the need for excess water during a co-splitting run.

These measured values of energy conversion efficiency were obtained without any

implementation of heat recovery. Specifically, the sensible heat rejected during

the temperature-swing redox cycling accounted for more than 50% of Qsolar. This

fraction can be partially recovered via thermocline heat storage, as demonstrated

with a packed bed of Al2O3 spheres, which was able to recover half of the sensible

energy stored for a temperature swing between 1,400�C and 900�C.29 Thermody-

namic analyses indicate that sensible heat recovery could potentially boost

hsolar-to-syngas to values exceeding 20%.3,4 Furthermore, it was evident from the tem-

perature distribution across the RPC that the reaction extent was not uniform. Heat-

transfer modeling estimated a temperature difference between the directly irradi-

ated front and the back surface of the ceria RPC to exceed 200�C.30 This is mainly

caused by the exponential decay of transmitted radiation (Bouguer’s law) observed

for a RPC of uniform porosity, resulting in a significant temperature gradient across

the RPC thickness. The ratio between the actual released O2 and the amount of O2
1610 Joule 6, 1606–1616, July 20, 2022



Figure 3. Multiple consecutive redox cycles

Nominal ceria RPC temperature at the end of the reduction step and total amounts of produced H2 and CO per cycle for 62 consecutive redox cycles,

yielding 5,191 G 364 L of syngas with a composition 31.8% G 3.2% H2, 15.2% G 2.4% CO, and 53.0% G 3.6% CO2 (H2O condensed).

Linear fits are shown. L denotes standard liters.

ll
OPEN ACCESSArticle
that could theoretically be released if all ceria mass would have reached uniform

temperature at the end of the reduction step is estimated to be approximately

0.5. This ratio can be increased by modifying the radiation attenuation, for example,

by manufacturing hierarchically ordered porous structures with a step-wise porosity

gradient, which can augment the volumetric radiative absorption and lead to a more

uniform temperature distribution and, ultimately, higher efficiencies.31,32

Note that hsolar-to-syngas only considers the performance of the solar reactor sub-

system. The energy efficiency of the entire solar fuel plant should also consider

the performance of the other two sub-systems upstream and downstream of the

solar reactor, namely, the optical efficiency of the solar concentrating tower facility

(hoptical)) and the energy efficiency of the GtL unit (hGtL). hoptical depends on the he-

liostat layout, geometry, reflectivity, tracking accuracy, shading/blocking, attenua-

tion, and cosine losses and can reach values up to 70% while keeping a mean solar

flux concentration of 2,500 suns over the solar reactor’s aperture, provided radiation

spillage is collected and used (for example to preheat gaseous reactants).28 hGtL de-

pends mainly on the targeted product, catalyst, and syngas composition. When tar-

geting methanol synthesis and assuming autothermal operation, 90% mass conver-

sion, and accounting for the equivalent thermal energy penalty for syngas

compression to 60 bars, hGtL was estimated to be 75%.25 When targeting FT synthe-

sis, hGtL further depends on the definition of mass conversion, since several valuable

products (e.g., kerosene or diesel) can be co-generated.

Stable performance of the solar reactor over a large number of redox cycles is essen-

tial for any potential commercial application. The morphological stability of a similar

ceria RPC was previously demonstrated with 227 consecutive redox cycles in a 4-kW

solar reactor24 and with 500 consecutive cycles in an infrared.22 For the 50-kW solar

reactor in this study, 62 consecutive redox cycles were performed during a dedi-

cated and continuous fuel production campaign. A representative cycle is shown

in Figure S4. The cycles were conducted over a period of 9 days, 6–8 cycles/day

(except for one day when cycle #24 was interrupted by clouds), with an average dura-

tion of 53 min/cycle and a total experimental time of 55 h (see also the operational

strategy described in Figure S5 during a representative day run, including a heating

phase, a pre-cycle, consecutive cycling, and a natural cooling phase). Figure 3 shows
Joule 6, 1606–1616, July 20, 2022 1611



ll
OPEN ACCESS Article
the nominal RPC temperature at the end of the reduction step and the total amounts

of H2 and CO produced per cycle for all 62 cycles. During the first 45 cycles (region I),

the targeted Treduction,end of 1,450�C G 18�C was reached for all cycles (except for

cycle #24), yielding a relatively constant fuel production. However, during the last

17 cycles (region II), Treduction,end varied as several cycles were stopped early due

to critical high temperatures (>1,500�C) measured at the back of the RPC cavity.

These temperature variations from cycle to cycle directly resulted in variations of

the oxygen released and, consequently, the fuel amounts produced. Although an

effort was made to maintain constant operating conditions for all consecutive cycles,

temporal variations of the direct normal irradiance (DNI) and of the tracking of the

heliostat field resulted in varying Psolar and, consequently, in temperature and prod-

uct gas fluctuations. In more than 90% of the cycles, the trend in CO and H2 yield was

as expected, i.e., increasing together or decreasing together with higher or lower

reduction temperatures, respectively. For the few cycles where the expected trend

is not observed, the deviation is minimal, presumably caused by temporal and/or

spatial variations of the RPC temperature affecting the reduction extent of ceria (d)

and in turn its oxidation with H2O and CO2. Degradation of the ceria RPC caused

by the local formation of cracks was observed (see supplemental information, in

particular Figures S6 and S7), presumably caused by the critical temperatures

measured at the back of the RPC cavity. Nonetheless, the interlocking design of

the RPC bricks ensured the integrity of the cavity assembly. Overall, 5,191 G

364 L of syngas were produced with a composition of 31.8% G 3.2% H2, 15.2% G

2.4% CO, and 53.0% G 3.6% unreacted CO2, whereas the unreacted H2O was

condensed. The corresponding molar ratio of H2:CO was 2.1. Around 91% of the

produced syngas was subsequently processed on-site by the GtL unit, yielding a

liquid phase containing 16% kerosene and 40% diesel, and a wax phase containing

7% kerosene and 40% diesel. See Figure S8 for additional details on the FT product

distribution.

In summary, the technical feasibility of the entire thermochemical process chain to

produce solar liquid hydrocarbon fuels from H2O and CO2 has been demonstrated

with a pilot-scale solar tower fuel plant that integrates, in series, the three main sub-

systems, namely: the solar concentrating tower, the solar reactor, and the GtL unit.

The solar reactor produced syngas with selectivity, purity, and quality suitable for FT

synthesis. Although the hsolar-to-syngas is still in the single digits, it has the potential to

reach competitive values of over 20% by recovering rejected heat during the tem-

perature-swing redox cycle and by improving the volumetric absorption of the

porous structures. The ceria RPC remains the most critical component of the solar

reactor and further progress with the manufacturing of mechanically robust porous

structures remains essential. Alternative material compositions, e.g., perovskites33

or aluminates,34 may yield sufficient redox capacity at lower, more moderate tem-

peratures or under isothermal conditions. Adjustments to the cavity geometry and

concentrating optical system, i.e., by incorporating a secondary compound para-

bolic concentrator (CPC), can further improve the uniformity of the radiative flux dis-

tribution within the cavity and consequently alleviate the thermal stressing. One

approach to scaling up the solar fuel plant would be to use an array of solar cav-

ity-receiver modules arranged side-by-side, each attached to hexagon-shaped

CPC in a honeycomb configuration. The solar tower fuel plant described here repre-

sents a viable pathway to global-scale implementation of solar fuel production. If

CO2 is further captured from the air or derived from a biogenic source, the resulting

drop-in hydrocarbon fuels, e.g., kerosene, can be considered carbon neutral.25,35

Life-cycle assessment and economic feasibility of the complete fuel process chain,

analogous to the pathway demonstrated in this study, as well as benchmarking
1612 Joule 6, 1606–1616, July 20, 2022



Figure 4. Schematic of the solar reactor for splitting H2O and CO2 via the ceria-based thermo-

chemical redox cycle

It consists of a cavity-receiver containing a ceria RPC structure directly exposed to concentrated

solar radiation entering through a windowed circular aperture. During the reduction step, the RPC

is exposed to the high solar fluxes; O2 evolves. During the oxidation step, reacting gases CO2 and

H2O enter via tangential inlet ports at the front and flow across the porous RPC; syngas is formed.

Product gases (O2 during the reduction step, syngas during the oxidation step) exit via an axial port

at the rear of the vessel.
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vis-à-vis alternative approaches to the production of drop-in fuels using solar en-

ergy, were discussed in previous publications.25,36,37

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to Aldo Steinfeld,

aldo.steinfeld@ethz.ch.

Materials availability

This study did not generate new unique materials.

Data and code availability

The main data supporting the findings of this study are available within the paper

and its supporting documentation. Source data are available with this paper.

The solar reactor was based on a previous laboratory-scale design,22 which was

scaled up from 4 kW to a nominal 50 kW of Psolar, which corresponds to a scaling fac-

tor of 12.5. Its configuration is schematically shown in Figure 4. It consists of a well-

insulated cavity-receiver with a 16-cm diameter circular aperture where concen-

trated solar radiation enters. The aperture is sealed with a transparent quartz window

mounted on a refrigerated radiation shield and actively cooled from the outside by

air nozzles. The cavity contains a cylindrical structure of interlocking RPC bricks made

of ceria (see Figure S9). With this arrangement, the RPC bricks are directly exposed

to concentrated solar radiation coming from the heliostat field, providing efficient

radiative heat transfer directly to the reaction site. During the oxidation step, react-

ing gases CO2 (purity 99.9%) and H2O (deionized) enter the reactor via tangential

inlet ports at the front and flow across the porous RPC; product gases (O2 during

the reduction step, syngas during the oxidation step) exit via an axial port at the

rear of the vessel. A lower purity of CO2 feedstock, i.e., containing 1%–2% air as
Joule 6, 1606–1616, July 20, 2022 1613
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might be obtained by direct air capture, would not significantly influence the perfor-

mance of the solar reactor because N2 is inert and O2 would be consumed by

oxidizing the reduced ceria RPC.25 A detailed process flow schematic is shown in

Figure S10.

The solar reactor geometry was determined by applying CFD simulations.30,38 Key

scaling parameters and considerations when moving from the 4-kW lab-scale proto-

type22 to the 50-kW reactor design included: (1) determining the aperture size

paired to a given heliostat field in order to achieve a mean solar flux over the aper-

ture of 2,500 suns; (2) selecting a cavity geometry that gives an apparent absorptivity

approaching 1; (3) determining the RPC exposed surface area to maintain an inci-

dent flux of 125 suns; (4) arranging the inlet/outlet gas ports to achieve uniform

and stable fluid flow across the RPC; (5) increasing the RPC thickness and number

of facets to support a larger interlocking brick structure; and (6) maintaining the

RPC porosity without sacrificing structural integrity. The dual-scale interconnected

porosity (mm and mm size pores) provided volumetric radiative absorption during

the reduction step and faster reaction kinetics during the oxidation step.39 Engineer-

ing details are provided in the supplemental information.

Solar-produced syngas exits the solar reactor sub-system at the top of the tower, and

after condensing unreacted H2O and passing through in-line gas analysis, flows at

near ambient pressure down the tower, where it is pressurized and stored in a

50-L buffer tank at 30–150 bar. The GtL unit controller automatically draws syngas

from the buffer tank to perform the FT catalytic conversion in its cobalt-based

packed-bed reactor at 30 bar and 210�C. The FT synthesis requires a syngas with

H2:CO molar ratio of around 2.15,40 which the solar reactor sub-system is able to

match very closely by varying the mass flow rate of reactants H2O and CO2 during

the oxidation step. The resulting long-chain hydrocarbons are collected in a down-

stream vessel for sampling and analysis. Despite the intermittent nature of the solar

resource, the buffer tank enables the GtL unit to be operated with any desired pro-

duction schedule, ranging from 24/7 slow and steady operation to short duration

and high production rate operation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.

2022.06.012.
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Supplemental Experimental Procedures 

Solar Tower Concentrating Facility 

The heliostat field is shown in the photograph of Figure S1 (left). It consists of 169 heliostats, 3 

m2 each, arranged in a 14-row cornfield layout with focal lengths of 20 m (rows 1-8) and 30 m 

(rows 9-14).41 The row and azimuthal spacing between the single facet heliostats are 2.25 and 2.60 

m respectively, resulting in 47% land use, and the distance from the tower to the first row of 

heliostats is only 4 m. Each heliostat (Figure S1, right) is mounted on a 1.4 m-height pedestal pole 

and tracks the sun according to a tilt-roll or fixed horizontal tracking with the help of two rectilinear 

actuators having a roll angle range ± 100°, elevation angle range 20-90º (90º corresponding to the 

horizontal stow position facing to zenith), with tracking accuracy < 0.1º. Cold mechanical bending 

was applied to 3 mm-thick rectangular mirrors (dimensions 1605x1900x3 mm, total reflectivity 

94.3%), bonded to a metallic frame and pre-conformed by gravity sagging onto a master model to 

obtain a spherical curvature. The mean beam quality, excluding sunshape, is 2.5 mrad. Based on 

ray-tracing analysis for spring equinox, summer, and winter solstice, this facility delivers a total 

solar radiative power of about 250 kW, of which at least 50 kW are incident within a 16-cm 

diameter circular target on top of the solar tower throughout the entire year. The optical efficiency 

optical can reach values exceeding 70% provided radiation spillage is collected and used.41 

 

  

Figure S1. Photographs of the heliostat field. Left: Aerial view of the heliostat layout from the top of the solar tower. 
Right: Lateral view of a 3 m2 heliostat with two rectilinear actuators. 
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The Solar-to-Syngas Energy Efficiency 

The solar-to-syngas energy conversion efficiency ηsolar-to-syngas is defined as the ratio of the calorific 

value of the syngas produced over the cycle to the sum of solar radiative power input Qsolar 

(obtained by integrating Psolar over the cycle) and any additional parasitic energy inputs (in our 

case: energy inputs associated with vacuum pumping and inert gas consumption):42,43 

 syngas syngas
solar-to-syngas

input solar pump inert

Q Q

Q Q Q Q


 
   (1) 

The energy content of the fuel produced, Qsyngas, is given by: 

 
2 2H Csyngas H CO OQ r dt r dtH H        (2) 

where ΔHH2 and ΔHCO are the higher heating values of H2 and CO (ΔHH2 = 286 kJ mol−1 and 

ΔHCO = 283 kJ mol−1) and 
2Hr dt  and COr dt  are the measured molar rates of produced H2 and 

CO integrated over the duration of the reduction step. Qsolar is the total solar energy input to the 

solar reactor integrated over the reduction step, as concentrated solar energy is only delivered 

during the endothermic reduction, and is defined as: 

 ssolar olarQ P dt    (3) 

where Psolar is the solar radiative power input through the reactor’s aperture, taking into account 

absorption and reflection losses at the quartz window, and was measured using the methodology 

described above. Qpump and Qinert are the energy penalties associated with vacuum pumping and 

the consumption of the inert gas (Ar) during the reduction step, respectively. The vacuum pumping 

energy is calculated as the thermodynamic minimum pumping work divided by a heat-to-work 

energy efficiency, ηheat-to-work (assumed to be 0.4),44,45 and a pressure dependent vacuum pumping 

efficiency, ηpump, according to 

 
pump atm

pump
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 
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where ṅ(t) is the molar gas flow rate pumped out of the reactor, consisting of the inert gas (Ar) 

injected to the reactor, the O2 released by the ceria, and the gas evacuated from the reactor during 

transient change of pressure, R is the universal gas constant (R = 8.314 J K−1 mol−1), Tpump is the 
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pump temperature (assumed 298.15 K), and patm and p are atmospheric and reactor pressure, 

respectively. The pumping efficiency is based on the analysis of a multi-stage industrial vacuum 

pump arrangement from Pfeiffer vacuum:45 

  pump reac
at

tor
m

( )
( ) 0 log .7 0 4.0

p t
p t

p

 
  

 
   (5) 

The energy required for the separation of the inert gas is defined as: 

 inert inert inert
heat-to-work

1
Q E r dt 

  (6) 

where Einert is the work required for inert gas separation (assumed 20 kJ per mole)46 and rinert is the 

flow rate of the inert gas during reduction. Note that ηsolar-to-syngas is weakly dependent on the 

assumptions used for the calculation of the two energy penalties because Qsolar is roughly two 

orders of magnitude larger than Qpump and Qinert. The accuracy of the measured Psolar and produced 

fuel volumes were considered for estimating the uncertainty in the value of ηsolar-to-syngas, which was 

dominated by the uncertainty in the energy input (±15%) mainly resulting from the position offset 

between the aperture of the calorimeter for power measurement and the aperture of the solar 

reactor. 

Solar Radiative Flux Measurement 

Accurately measuring the solar radiative power entering the solar reactor through its aperture, 

Psolar, is crucial for the determination of the solar-to-syngas energy conversion efficiency, ηsolar-to-

syngas. Psolar depends mainly on the direct solar normal irradiance (DNI) incident on the heliostat 

field, the day of the year, the time of the day, and the optical efficiency of the solar concentrating 

facility optical. The measurement of Psolar employed two different methods and devices: (1) A 

water-calorimeter and (2) a flux measurement acquisition system (FMAS). The arrangement of the 

two devices in the solar tower is depicted in Figure S2 (left). The water-calorimeter was positioned 

next to the solar reactor at the same optical height and with the same inclination angle (but shifted 

1.6 m to the east) of the solar reactor. Outside the fronts of the solar reactor and water-calorimeter, 

a porous Al2O3 insulation board was installed as a passive thermal shield to block spilled radiation. 

The optical measurement by the FMAS was based on recording the intensity flux map of diffusely 
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reflected radiation.47 The FMAS setup consisted of a water-cooled, Al2O3 plasma-coated 

Lambertian target mounted on a linear belt for alignment in front of either the solar reactor or the 

water-calorimeter, and a CCD camera with a telephoto lens mounted in the control room.48 The 

CCD camera was calibrated using a Gardon-type flux gauge embedded in the target. The power 

was calculated by integrating the compiled flux map over a 16 cm-dia. circular area. A 

representative solar flux map generated with the FMAS is shown in Figure S2 (right). Integration 

of the solar flux over a 16 cm-dia. circular target gives Psolar = 50.4 kW, with a peak flux of 2932 

kW m−2. The FMAS accuracy is estimated to be ±6%, due primarily to the position offset relative 

to the aperture plane.48 When not in use, the FMAS target was held in a standby position between 

the solar reactor and the water-calorimeter. The water-calorimeter was designed to closely 

approximate the geometric specifications of the aperture of the solar reactor. The outer cavity shell 

and the front section are identical to the respective parts of the solar reactor. The calorimeter’s 

cavity contains approximately 20 meters of coiled copper tubing coated with a black (high 

absorptivity) enamel paint and is lined with rock wool thermal insulation. The water flow rate was 

measured with an electromagnetic flow meter (Endress+Hauser, Promag 33). Inlet and outlet water 

temperatures were recorded with four-wire Pt100 resistance thermometers. Using the measured 

temperature difference between inlet and outlet, combined with the mass flow rate of water, Psolar 

was directly calculated as the energy absorbed by the water flow. Heat losses by radiation, 

conduction and convection, estimated using an in-house Monte Carlo ray tracing and a simplified 

analytical model, accounted for less than 1% of Psolar at a solar radiative power input of 50 kW. 

Note that these calorimeter measurements included absorption and reflection losses at the quartz 

window. The accuracy was specified as ±2% and was driven primarily by the uncertainties in the 

temperature and water flow rate measurements. Due to the water-calorimeter’s higher accuracy 

relative to the FMAS, the water-calorimeter measurements were applied to determine Psolar, which 

in turn was used to calculate the solar-to-syngas energy efficiency, ηsolar-to-syngas. The FMAS 

measurements were used to estimate the solar flux distribution as well as Psolar at the aiming point 

of the solar reactor. 
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Figure S2. Details of the solar flux measurement system. Left: Scheme of the solar radiative power measurement 
installation in the solar tower. The Lambertian target of the flux measurement acquisition system (FMAS) moves on 
a linear system, which allows alignment in front of either the water-calorimeter or the solar reactor. Right: A 
representative solar flux map taken with the flux measurement acquisition system (FMAS). Reproduced from ‘Koepf 
et al., 2019, Liquid fuels from concentrated sunlight: An overview on development and integration of a 50 kW solar 
thermochemical reactor and high concentration solar field for the SUN-to-LIQUID project’, with the permission of 
AIP Publishing.49 

 

The experimental procedure to determine Psolar is indicated in Figure S3 during a typical reduction 

step of the redox cycle. It shows the nominal RPC temperature in the solar reactor (red, right y-

axis) and Psolar measured with the water-calorimeter (black, left y-axis) as well as with the FMAS 

(blue and orange data points, left y-axis) at two positions, in front of the water-calorimeter and in 

front of the solar reactor. The measurement procedure is as follows: first, the heliostat field is 

aimed at the water-calorimeter and the first FMAS measurement is taken in front of the water-

calorimeter. The FMAS target is then moved to its standby position, and the concentrated solar 

radiation immediately enters the water-calorimeter, which approaches approximate thermal 

steady-state conditions within 2 minutes due to its low thermal mass and the high thermal 

conductivity of the copper tubing. After that, the heliostat field is aimed at the solar reactor and 

the second FMAS measurement is taken in front of the solar reactor. When the FMAS target is 

moved back to its standby position, the concentrated solar radiation is finally delivered to the solar 

reactor and the reduction cycle is started. When Treduction,end is reached, typically 1450°C, the 

measurement process is repeated, but in reverse. In the example of Figure S3, the steady-state Psolar 

measured by the water-calorimeter at the beginning and end of the reduction step were 39.9 and 

41.3 kW, respectively. The slight increase is mainly due to a slight change in tracking errors, as 

changes in DNI were insignificant during the short reduction period (typically less than 15 min.). 

Therefore, a linear change of Psolar was assumed during reduction and the calculated mean value 
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during the reduction step was 40.6±6.0 kW. The measurement error is conservatively estimated by 

addition of the measurement inaccuracy of the water-calorimeter (2%) and the inaccuracy imposed 

by the position offset between the solar reactor aperture and water-calorimeter aperture (13%, 

calculated from the FMAS measurements). The grey area in Figure S3 corresponds to the total 

solar energy input to the solar reactor Qsolar, obtained by integrating Psolar over the duration of the 

reduction step. The relative difference between FMAS measurements at the two positions was used 

to evaluate the inaccuracy imposed by measuring Psolar at the position of the water-calorimeter 

(estimated at 13% of Psolar). 

 

 
Figure S3. Temporal variation of the solar radiative power input Psolar measured by the water-calorimeter (black, left 
y-axis) and the nominal RPC temperature (red, right y-axis) during a representative reduction step of the redox cycle. 
Also indicated is the FMAS measurement at two positions: in front of the water-calorimeter and in front of the solar 
reactor (blue and orange data points, left y-axis). The grey area represents the total solar energy input Qsolar, i.e. the 
integral of Psolar over the duration of the reduction step. 

Consecutive Redox Cycling 

Figure S4 shows the nominal RPC temperature and the concentrations of O2, H2, CO and CO2 

measured in the product gas mixture exiting the solar reactor (after condensing unreacted H2O) for 

a representative cycle during the campaign with 62 consecutive redox cycles. For all cycles, the 

reactor was evacuated to a vacuum pressure of less than 100 mbar before the solar radiative power 

was applied to heat the ceria RPC up to the target Treduction,end of 1450 °C. Shortly after the target 

temperature was reached, the reactor was slowly re-pressurized with a mixed flow of H2O and 

CO2. Once the ceria RPC temperature naturally cooled down to Toxidation,start of 900 °C, a mixture 

of 0.039 mol s−1 of H2O and 0.0074 mol s−1 of CO2, corresponding to a molar feeding ratio of 5.2, 
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was fed into the reactor. Oxidation was stopped when the measured CO2 concentration approached 

80%, to limit the amount of residual CO2 in the collected syngas. For the exemplary cycle shown 

in Figure S4, this corresponds to an oxidation time of 6.8 min during which a total amount of 

29.5±2.4 L H2 and 13.3±1.6 L CO was produced. 

 

 
Figure S4. Nominal RPC temperature and concentrations of O2, H2, CO and CO2 in the product gas exiting the solar 
reactor for a representative cycle during the long-term operation of the solar reactor. Experimental conditions during 
reduction: Psolar = 37.9±5.7 kW, V̇Ar = 5.0 L min−1 at p ≤ 100 mbar. Experimental conditions during oxidation: ṅH2O = 
0.039 mol s−1, ṅCO2 = 0.0074 mol s−1,  at p  1 bar. Ceria RPC mass mRPC = 21.3 kg. 

Representative Experimental Run  

The procedure during a typical experimental run consisted of a heating phase, a pre-cycle, 

consecutive cycling, and a natural cooling phase, as indicated in Figure S5. In this figure, the solar 

radiative power input to the reactor, Psolar, is shown in black (left y-axis) and the nominal RPC 

temperature is shown in red (right y-axis). The purpose of the heating and pre-cycle stages was to 

carefully bring the solar reactor up to operating temperature in the first cycle to avoid unnecessary 

thermal stresses. The first cycle was initiated by evacuating the solar reactor using the vacuum 

pumps and focusing a defined number of heliostats onto its aperture. To protect the quartz window 

from deposition of sublimated ceria and to govern the fluid flow when operating under vacuum 

conditions, an Ar flow rate of 5 L min−1 was introduced to the reactor directly behind the window. 

When Treduction,end was reached (typically 1450 °C), the reduction step was terminated by placing 

the target of the FMAS in front of the reactor (thereby effecting Psolar = 0), and letting the solar 

reactor cool down. The number of heliostats in operation did not change during a single reduction 
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step. We typically observed an increase of Psolar with time for cycles before solar noon (first 4 

cycles of Fig. S7) and a decrease of Psolar with time for cycles after solar noon (last 2 cycles of 

Figure S5) due to smaller optical errors of the heliostat field close to solar noon. However, the 

difference in Psolar between what is measured at the start and at the end of a reduction step was 

small, typically less than 5% of Psolar, and did not affect the rate of heating. The reactor was then 

re-pressurized to atmospheric pressure with a mixture of H2O and CO2. Once the nominal RPC 

temperature decreased to Toxidation,start of 900 °C, H2O and CO2 were simultaneously introduced at 

constant rates, reacting with the reduced ceria and producing a mixed flow comprised of H2, CO 

and unreacted CO2 and H2O, the latter removed via the condenser tubes. After the last redox cycle 

was terminated, the solar reactor naturally cooled down, typically approaching ambient 

temperature the morning of the next day. Up to eight consecutive cycles (including the pre-cycle) 

were performed per day with a typical cycle duration of around 50 minutes. 

 

 
Figure S5: Operation strategy for the solar reactor during a representative experimental run, including a heating phase, 
a pre-cycle, consecutive cycling, and a natural cooling phase. The solar radiative power input, Psolar, is plotted in black 
on the left y-axis, and the nominal RPC temperature is plotted in red on the right y-axis. 

Stability of Ceria RPC 

The gradual structural degradation of the ceria RPC cavity can be observed in Figure S6. It shows 

the back of the ceria RPC cavity at three different stages: (a) before cycling, (b) after 30 completed 

redox cycles, and (c) after 46 redox cycles. Typically, after only a few cycles, we observe the 

formation of cracks on the ceria RPC bricks, some of them along their entire length. These cracks 
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presumably resulted from stresses induced by thermal and chemical expansion of ceria during the 

temperature swings. However, because of the self-supporting compression design, the cavity 

remained intact, notably without showing signs of degrading thermochemical performance. Over 

time, cracks can grow and even eventually lead to some degree of performance degradation. After 

46 cycles, cracking at the back of the ceria RPC cavity and pieces falling to the floor of the cavity 

was observed, attributed to hot spots due to uneven distribution of the incoming solar radiation 

within the cavity walls. Note that the dark spot at the center left position in Figure S6 (c) is not 

caused by damage of the material but by incomplete re-oxidation of the ceria. Generally, it can be 

concluded that critical damage to the RPC can be avoided, possibly entirely, by ensuring a 

homogenous flux distribution on the RPC cavity walls. 

 

 
Figure S6. Photographs of the back of the ceria RPC cavity at three different stages of long-term usage: (A) the new 
RPC cavity after installation in the solar reactor; (B) after 30 consecutive redox cycles; and (C) after 46 redox cycles. 
Even with visible cracks, the interlocking cavity remains generally stable. 

 

The effect of extended cycling operation on the morphological stability of the ceria RPC was 

assessed by comparing a newly produced RPC sample to samples extracted from two different 

positions within the RPC cavity after 62 consecutive redox cycles. Figure S7 shows scanning 

electron microscope (SEM) images of a RPC strut surface (top row) and cross section (bottom 

row) from (a) an unreacted RPC sample, (b) a sample extracted from the outer perimeter of the 

front lateral ring of RPC bricks (facing the reactor insulation) after 62 cycles, and (c) a sample 

extracted from the directly irradiated inner perimeter of the front lateral ring of RPC bricks after 

62 cycles. For both samples extracted after cycling, larger grain sizes can be observed locally, 

while the grain size distribution is more uniform for the unreacted RPC. This could partly explain 

the degradation of the RPCs with increasing cycle number and increasing brittleness of the parts, 
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as the fracture strength of ceramic materials generally decreases with increasing grain size. The 

open μm-size porosity does not degrade with thermochemical cycling. This is consistent with 

previous studies confirming that the dual-scale porosity, both in the mm and m scale, was 

preserved after 500 consecutive cycles, while cracks within the grains were observed.42 Note that 

RPC manufacturing by the replication method is sensitive to various parameters such as the ceria 

particle size distribution, slurry composition, pore forming concentration, and sintering protocol, 

which can affect the structural integrity of the RPC. An additional difference can be observed 

between the surfaces of the directly irradiated inner perimeter and the outer perimeter because of 

the higher temperatures attained by the former, as a significant temperature gradient through the 

thickness of the RPC resulted from the exponential decay of the radiation intensity with penetration 

depth. For industrial scale operation of the solar reactor, one would need to consider the impact of, 

and ability to, remove, replace, and recycle the ceria RPC bricks. Given the modular nature of the 

scalable concept comprised of an array of solar receiver/reactors, such a replacement and recycling 

strategy could be implemented without major interruption, while minimizing or even eliminating 

the need for fresh ceria as a feedstock into the process. 

 

 
Figure S7. SEM images of the RPC strut surfaces (top row) and break plane cross sections (bottom row) of three 
different samples extracted from: (A) an unreacted RPC; (B) the outer perimeter of the front lateral ring of RPC bricks 
(facing the reactor insulation) after 62 cycles; and (C) the directly irradiated inner perimeter of the front lateral ring of 
RPC bricks after 62 cycles. All images are on the same scale. 
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Gas-to-Liquid Unit 

As shown in Figure 1, the GtL conversion subsystem unit sits at the base of the solar tower. The 

cobalt-based catalyst system was designed by the industrial partner HyGear. The primary 

components of the unit, all housed and integrated into a modular container, are indicated in Figure 

S10. By inclusion of the buffer tank, the GtL reactor could be operated to meet any desired 

production schedule. The syngas composition in the buffer tank is estimated in real time by 

integration of gas analysis and flow rate data from the solar reactor subsystem and verified directly 

by sampling the tank for subsequent gas chromatography. The GtL controller automatically draws 

syngas from the pressurized buffer tank to perform the catalytic FT synthesis at 30 bar and 210 °C. 

The Co-based catalyst requires an H2:CO molar ratio of around 2.15,50,51 which the solar reactor 

subsystem is able to match very closely. The outflow stream is decompressed and cooled in stages 

to ambient temperature to separate the wax and liquid products from the uncondensed stream 

which contains unreacted syngas and gaseous hydrocarbon species C1-C4. To increase the 

chemical conversion to long-chain hydrocarbons, this gaseous mixture is recycled by reforming it 

to H2 and CO, and finally blending it with the solar syngas coming from the solar reactor. The 

reformer is heated electrically, but in principle it could be driven by waste heat from the solar 

reactor. Figure S8 shows the concentration of carbon species in both the liquid hydrocarbon 

fraction and the wax, analyzed by GC/MS. The measured hydrocarbons comprise aliphatic species. 

The liquid fraction contained a mixture of 16% kerosene (C10-C15), 40% diesel (C15-C20), and 

C20+ hydrocarbons up to C34. The wax contained 7% kerosene, 40% diesel, and C20+ molecules 

up to C43. 
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Figure S8. GC/MS analysis of the liquid fraction and wax phase of the products of the FT synthesis, produced from 
solar syngas in the GtL unit. 

Solar Reactor 

The 50 kW solar reactor was introduced previously as part of a heat transfer modelling study52 and 

briefly described in a publication presenting the EU project SUN-to-LIQUID.49 It is described in 

significant detail here. Development of the solar reactor evolved from an original design utilizing  

monolithic ceria,53 to its present configuration utilizing a reticulated porous ceramic (RPC) 

structure.42 The reactors configuration is schematically shown in Figure 4. It consists of a cavity-

receiver with a 160 cm diameter circular aperture through which concentrated solar radiation 

enters. The aperture is sealed with a 12 mm-thick, 300 mm diameter. quartz disk window, which 

is mounted on a water-cooled aluminum front shield fixed to the reactor vessel. The window is 

actively cooled with a continuous air flow directed onto its outer surface via four nozzle jets. The 

reactor vessel is made of stainless steel and is pressure tight for operation under vacuum. It is 

internally lined with Al2O3−SiO2 thermal insulation (Rath, Inc., type KVS 184/400) and externally 

covered by a detachable insulating jacket made from woven glass fibers and filled with ceramic 

mat board. The inner walls of the cavity consist of an interlocking structure of RPC bricks, made 
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of pure ceria, approaching the shape of a cylinder closed at one end. Reactant CO2 and inert Ar 

gases enter the reactor via tangential inlet ports located behind the window and oriented to form a 

vortex flow which cools and protects the window from dust deposition. H2O is introduced via a 

separate inlet through the front-side thermal insulation. Product gases exit the solar reactor axially 

via an outlet port at the rear of the reactor vessel. The solar reactor is mounted on top of the solar 

tower and tilted downwards towards the heliostat field with an inclination angle of 40 degrees. To 

prevent structural failure of the RPC cavity in this orientation, the RPC bricks are arranged in a 

self-supporting layout, shown in detail in Figure S9. The side of the cavity consists of two rings 

assembled out of 16 separate RPC bricks each. The dome-shaped back design consists of eight 

wedge-shaped pieces that are inclined by 30 degrees relative to a flat back plane, and one central 

octagonal piece with chamfered edges, acting as the keystone for the interlocking geometry. While 

in the down-facing operating angle, the design keeps all of the back pieces in compression against 

each other, just as the interlocking rings of side bricks hold each other in compression. The total 

ceria mass of all RPC bricks forming the cavity is between 18.1 kg and 21.3 kg, with each RPC 

brick having a thickness of 35 mm and a pore size of approximately 7 ppi (pores per inch). The 

bricks were manufactured using the Schwartzwalder replication method with dual-scale porosity: 

millimeter-scale pores made from struts containing micrometer-scale pores (Figure S9).54,55 The 

millimeter-scale pores enhance the volumetric absorption of concentrated solar radiation during 

the reduction step, while the micrometer-scale pores within the struts enhance the reaction kinetics 

during the oxidation step.55 

 

 
Figure S9: Details on the self-supporting, interlocking ceria structure assembled out of 41 separate RPC bricks, 
including the center-back keystone. The RPC features dual-scale porosity: millimeter-scale pores made by struts which 
contain micrometer-scale pores. 
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Experimental Setup 

The experimental setup installed in the solar tower and the adjacent GtL unit is schematically 

depicted in Figure S10. Gas flow rates of Ar and CO2 are regulated using electronic mass flow 

controllers (Bronkhorst, EL-FLOW Select). Liquid water is fed with a stepper motor-driven 

positive displacement pump into an electrically-heated steam generator (Adrop 

Feuchtemesstechnik GmbH, ATHMOS-RS-4). The steam is superheated to 260 °C and fed into the 

reactor cavity through the thermal insulation via an electrically heated Teflon pipe, entering the 

cavity at roughly 200 °C. The enthalpy of water vaporization is assumed to be supplied by either 

waste heat from the solar reactor, spilled radiation from the solar concentrating system, or the 

exothermic GtL unit, or by Qsolar if liquid water is fed directly to the solar reactor. For convenience, 

external steam generation was used in our setup and its energy penalty, which for reference 

represents less than 0.5% of the solar radiative power delivered to the tower from the heliostat 

field, was neglected. The temperature of the reacting ceria is monitored at four positions distributed 

over the back surface of the RPC using B-type thermocouples. The average of these temperature 

measurements is defined as the nominal RPC temperature; all RPC temperatures reported refer to 

this mean value. The pressure inside the reactor is measured at the gas outlet and through a lateral 

port using Pirani gauge sensors combined with capacitance diaphragm vacuum gauges (Leybold, 

THERMOVAC, TTR 101 N). The reported reactor pressure corresponds to the average of both 

pressure measurements. Up to three dry, multi-stage root vacuum pumps (Pfeiffer Vacuum, 

ACP 40) are attached in parallel downstream of the outlet port of the solar reactor using a 50 mm-

dia. stainless steel flexible vacuum hose. A solenoid control valve (Bürkert Schweiz AG, valve 

type 2875, controller type 8605) is used to slowly evacuate the reactor at the beginning of the 

reduction step (path shown by the red lines in Figure S10), and an electro-pneumatic valve with 

bigger nominal diameter (SMC Corporation, XLAV-50) is opened once the pressure was below 

200 mbar. During the oxidation step (path shown by the blue lines in Figure S10), the vacuum 

pumps are bypassed by use of a smaller diameter electro-pneumatic valve (SMC Corporation, 

EVNB211B). Unreacted water is removed with a water-cooled, standard laboratory condenser 

(Dimroth type, made from DURAN® glass). Product gas composition is continuously analyzed 

downstream via a parallel diversion of sample gas using a paramagnetic sensor for O2 (Siemens, 

Ultramat 23, frequency 1 Hz), IR detectors for CO and CO2 (Siemens, Ultramat 23, frequency 

1 Hz), and a thermal conductivity-based detector for H2 (Siemens, Calomat 6, frequency 1 Hz). 
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Gas chromatography (Agilent, 490 Micro GC, frequency 0.012 Hz) is used for verification and for 

estimating the accuracy of the final gas composition. 

During the endothermic reduction step, Ar flow is used to protect the quartz window and is pumped 

out together with the released O2 while the solar reactor is under vacuum and heated with 

concentrated solar radiation. During the exothermic oxidation step, the input of solar radiation is 

interrupted and the ceria is re-oxidized with a mixture of H2O and CO2 under atmospheric pressure, 

co-producing H2 and CO (syngas). The O2 released during the reduction step is vented together 

with the inert Ar gas flow. The syngas produced during the oxidation step is compressed to 30–

150 bar and stored intermediately in a 50 L gas cylinder to be subsequently processed in the GtL 

unit at the base of the solar tower. 

 

 
Figure S10. Simplified schematic of the experimental setup, comprising three fully-integrated subsystems: (1) the 
solar tower concentrating facility, (2) the solar reactor with its peripheral components, and (3) the gas-to-liquid (GtL) 
unit. Red line: flow path during the reduction step. Blue line: flow path during the oxidation step.  
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Nomenclature 

Einert  energy required for inert gas separation (J mol−1) 

ΔHCO  heating value of CO (J mol−1) 

ΔHH2  higher heating value of H2 (J mol−1) 

mRPC  ceria RPC cavity mass loading (kg) 

ṅ  molar gas flow rate (mol s−1) 

ṅCO2  molar flow rate of CO2 (mol s−1) 

ṅH2O  molar flow rate of H2O (mol s−1) 

patm  atmospheric pressure (Pa) 

p  pressure (Pa) 

Psolar  solar radiative power input (kW) 

Qsyngas  heating value of syngas produced (J) 

Qinert  heat equivalent of work for inert gas separation (J) 

Qinput  total thermal energy input (Qinput = Qsolar + Qpump + Qinert) (J) 

Qpump  heat equivalent of work for vacuum pumping (J) 

Qsolar  solar radiative energy input (J) 

rCO  molar rate of CO production (mol s−1) 

rH2  molar rate of H2 production (mol s−1) 

rinert  inert gas flow rate (mol s−1) 

R  universal gas constant (8.314 J K−1 mol−1) 

t  time (s) 

Tpump  pump temperature (298.15 K) 

V̇Ar  volumetric flow rate of Argon (L min−1) 

δ  nonstoichiometry of ceria 

ηGtL  gas-to-liquid energy efficiency 

ηheat-to-work  heat-to-work energy efficiency 

ηoptical  optical efficiency of the solar concentrating sub-system 

ηpump  vacuum pump efficiency 

ηsolar-to-syngas  solar-to-syngas energy efficiency 

   

Abbreviations 

CCD  charge-coupled device 

CFD  computational fluid dynamics 
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DNI  direct normal irradiance 

FMAS  flux measurement acquisition system 

FT  Fischer-Tropsch 

GC  gas chromatography 

GtL  gas-to-liquid 

MS  mass spectrometry 

ppi  pores per inch 

RPC  reticulated porous ceramic 

SEM  scanning electron microscope 
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