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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Techno-economic assessment of 
industrial-scale production of solar 
thermochemical fuels. 

• Round-the-clock continuous cycle oper-
ation driven by concentrated solar heat 
supplemented by thermal energy 
storage. 

• Jet fuels can be produced from sunlight 
and air for 2.5 €/L in the future and can 
reach 0.6–1.3 €/L in the long term. 

• Greenhouse gas savings exceed 70 % for 
fuels and locations considered.  
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A B S T R A C T   

This study analyzes the technical performance, costs and life-cycle greenhouse gas (GHG) emissions of the 
production of various fuels using air-captured water and CO2, and concentrated solar energy as the source of 
high-temperature process heat. The solar thermochemical fuel production pathway utilizes a ceria-based redox 
cycle for splitting water and CO2 to syngas – a tailored mixture of H2 and CO – which in turn is further converted 
to liquid hydrocarbon fuels. The cycle is driven by concentrated solar heat and supplemented by a high- 
temperature thermal energy storage for round-the-clock continuous operation. The study examines three loca-
tions with high direct normal irradiation using a baseline heliostat field reflective area of 1 km2 for the pro-
duction of six fuels, i.e. jet fuel and diesel via Fischer-Tropsch, methanol, gasoline via methanol, dimethyl ether, 
and hydrogen. Two scenarios are considered: near-term future by the year 2030 and long-term future beyond 
2030. 

In the near-term future in Sierra Gorda (Chile), the minimum fuel selling price is estimated at around 76 €/GJ 
(2.5 €/L) for jet fuel and diesel, 65 €/GJ for methanol, gasoline (via methanol) and dimethyl ether (DME), and 42 
€/GJ for hydrogen (excluding liquefaction). In the long-term future, with advancements in solar receiver, redox 
reactor, high-temperature heat recovery and direct air capture technologies, the industrial-scale plant could 
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achieve a solar-to-fuel efficiency up to 13–19 %, depending on the target fuel, resulting in a minimum fuel selling 
price of 16–38 €/GJ (0.6–1.3 €/L) for jet fuel and diesel, and 14–32 €/GJ for methanol, gasoline, and DME, 
making these fuels synthesized from sunlight and air cost-competitive vis-à-vis e-fuels. To produce the same fuels 
in Tabernas (Spain) and Ouarzazate (Morocco) as in Sierra Gorda, the production cost would increase by 22–33 
%. Greenhouse gas savings can be over 80 % already in the near-term future.   

1. Introduction 

The transition towards climate-neutral transportation requires the 
world to seek innovative solutions to mitigate climate change impacts 
and reduce dependence on fossil fuels. Renewable fuels, currently 
mostly biofuels (Callegari et al., 2020; O'Connell et al., 2019), have 
emerged as a promising solution for decarbonizing the transportation 
sector. Biofuels reached a record production volume of 163 billion L in 
2019, with a 70 % share made of ethanol, whose production is domi-
nated by US corn-derived ethanol and Brazilian sugar cane-derived 
ethanol (IEA, 2020; Renewable fuels association, 2022). However, 
constraints in feedstock availability, limited greenhouse gas (GHG) 
emissions savings and other environmental concerns, e.g. land use 
changes, limit further upscaling of biofuels (de Jong et al., 2015; Escobar 
and Laibach, 2021). Thus, a complementary solution to biofuels with 
greater scalability and climate change mitigation potential is urgently 
required to reduce fossil fuel demand globally and, simultaneously, 
global climate change mitigation targets. Solar energy and air are 
attractive and practically unlimited resources. Solar energy technologies 
such as photovoltaics and concentrating solar thermal convert solar 
irradiation into electricity and process heat, and have experienced a 
continued cost decrease in the last two decades (He et al., 2020; Lil-
liestam et al., 2017). At the same time, the first commercial direct air 
capture (DAC) plants removing carbon dioxide directly from the air 
started operations (Climeworks, 2022). The combination of cheaper 
renewables and the expected fast cost decrease of DAC has given syn-
thetic hydrocarbon fuels increased attention with minimum yearly tar-
geted production volumes introduced in the European Union (EU) 
legislation (EU, 2023). 

Fischer-Tropsch (FT) and methanol syntheses are established gas-to- 
liquid (GTL) processes for the synthesis of renewable transportation 
fuels (Poluzzi et al., 2022). Both use syngas – a specific mixture of 
hydrogen (H2) and carbon monoxide (CO) – as the precursor. There are 
several ways to produce the syngas needed for the FT/methanol syn-
thesis, e.g. via biomass gasification, water electrolysis and reverse 
water-gas shift reaction (RWGS), or via solar thermochemical splitting 
of CO2 and water. The latter has the potential to reach high solar-to- 
syngas energy conversion efficiencies due to its use of the full solar 
spectrum (Falter et al., 2020; Schäppi et al., 2022; Zoller et al., 2022) 
and offers more thermal energy integration synergies with the 
adsorption-desorption DAC (Prats-Salvado et al., 2021). In contrast, e- 
fuels produced via power-to-liquid pathways require renewable elec-
tricity to produce excess hydrogen via water electrolysis (Marchese 
et al., 2022), of which a significant portion is consumed by the highly 
endothermic RWGS reaction for producing the CO component of syngas. 

A few preliminary studies have already shown promising production 
costs and climate change advantages of jet fuels via the solar thermo-
chemical pathway utilizing CO2 from DAC (Falter et al., 2020; Falter and 
Sizmann, 2022; Prats-Salvado et al., 2022). This study presents a techno- 
economic analysis of various fuels from air and sunlight produced via an 
industrial-scale thermochemical redox cycle relying on ceria to split H2O 
and CO2. The fuel plant is designed to operate continuously, round-the- 
clock, by relying on thermal energy storage as well as on thermal 
management to operate in an energetically self-sufficient way. Such a 
design is novel and, as shown in our analysis, has significant advantages 
when integrating the GTL. 

We assess the production of jet fuel, diesel, methanol, gasoline (via 
methanol), dimethyl ether (DME) and hydrogen in terms of techno- 

economic viability and environmental sustainability. Economic 
viability is assessed in terms of the so-called minimum fuel selling price 
(MFSP). The MFSP indicates the minimum price to sell the renewable 
fuel to recover fuel production costs. Sustainability is evaluated in terms 
of life cycle GHG mitigation potential when replacing traditional fossil 
fuels. In the EU, to be considered sustainable, fuels from CO2 must 
comply with the EU Renewable Energy Directive (RED II) 70 % GHG 
reduction criterion (EC, 2018). Our analysis looks at two time horizons, 
i.e. near-term future (fuel plant built by 2030) and long-term future (fuel 
plant built in the 2030s decade). 

The end use of the fuel is assumed to take place in Europe. Our 
analysis investigates three production sites with high direct normal solar 
irradiation (DNI), i.e. Tabernas (Spain), Sierra Gorda (Chile) and 
Ouarzazate (Morocco). Owing to their high DNI, these three locations 
already have operational concentrating solar power (CSP) plants.2 Hour- 
wise DNI is used to calculate the energy and mass balance of the fuel 
production plant for each location for every hour of a typical year. The 
hour-wise technical modelling approach enables the sizing of key 
components for adequately determining their costs and material re-
quirements, e.g. the solar receiver, redox reactor and thermal energy 
storage units. 

2. Model description 

A system-level model was developed for the fuel plant's technical, 
economic and environmental sustainability assessment. The analysis 
looks at near-term future and the long-term future, and three different 
production sites, i.e. Sierra Gorda, Tabernas and Ouarzazate. Mass and 
energy balances were calculated for each location with hour-wise 
modelling. This section is organized as follows. Section 2.1 presents 
the plant schematic and describes the solar thermochemical fuel 
pathway. Subsequent sections describe the method, assumptions and 
data used for the technical model (Section 2.2), the economic model 
(Section 2.3), and the environmental sustainability model (Section 2.4). 

2.1. Plant schematic 

Fig. 1 shows a simplified schematic of the industrial-scale fuel pro-
duction plant using the solar thermochemical pathway. 

The two main ingredients of this pathway, i.e. H2O and CO2, are 
captured by the DAC process. In our study, we assume a low- 
temperature adsorption process. This DAC process, based on an 
adsorption-desorption cyclic process (Wurzbacher et al., 2012), in-
tegrates well with a solar thermochemical redox cycle (1000–1900 K) 
driven by concentrated solar heat, which can supply waste heat at 
90–100 ◦C (Prats-Salvado et al., 2021). Furthermore, the choice of low- 
temperature DAC also reflects the first type of DAC process that has 
reached large-scale commercial applications (Climeworks, 2022). The 
solar concentrating system consists of a field of sun-tracking heliostats 
that reflect and concentrate DNI onto an array of solar receivers on the 
top of a tower. The solar receivers convert concentrated solar radiation 

2 Sierra Gorda is near the site of the Cerro Dominador solar tower CSP plant. 
Tabernas is the site of two solar tower facilities of the Centro de Investigaciones 
Energéticas, Medioambientales y Tecnológicas (CIEMAT) Plataforma Solar de 
Almería research institute. Ouarzazate is the site of the Noor solar tower CSP 
plant. 
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into high-temperature (>1500 ◦C) process heat that is delivered to a 
redox reactor, wherein H2O and CO2 are split to H2 and CO. The redox 
cycle comprises two steps. 

CeO2→CeO2− δ +
δ
2
O2 (1)  

CeO2− δ + δCO2→CeO2 + δCO (2)  

CeO2− δ + δH2O→CeO2 + δH2 (3) 

Firstly, in the endothermic stage (Eq. (1)), ceria is thermally reduced 
and releases oxygen O2. Secondly, in the exothermic stage, the reduced 
ceria is re-oxidized by CO2 (Eq. (2)) and/or H2O (Eq. (3)) to yield CO 
and/or H2, respectively. 

Depending on the targeted fuel, the syngas needs to be processed 
differently before GTL processing. In the Fischer-Tropsch (FT) synthesis, 
various fuels are produced at the same time. The production of diesel or 
jet fuel is commonly maximized (Kreutz et al., 2020). The production of 
the targeted FT fuel also results in the co-production of gasoline/ 
naphtha. Methanol is produced by converting syngas via methanol 
synthesis (Poluzzi et al., 2022). Methanol can be blended with gasoline, 
used as a feedstock for further gasoline production, or used directly in 
specially tuned engines. Methanol-to-gasoline (MTG) is produced by 
first converting syngas to methanol, followed by its dehydration to 
dimethyl ether (DME) and eventual reduction to gasoline (Trinca et al., 
2023). DME can be blended with diesel or used directly in specially 
tuned engines. An important feature of the thermochemical redox cycle 
is that the syngas composition, especially the molar ratios H2:CO and 
CO:CO2, can be controlled by adjusting the H2O:CO2 feed ratio and/or 
by performing the splitting of CO2 and H2O separately. In either case, the 
syngas purity and quality are suitable for GTL processing and can be 
tailored for methanol or FT synthesis without additional steps for cor-
recting composition and/or separating undesired by-products (Schäppi 
et al., 2022). When the targeted fuel is hydrogen, the process does not 
require CO2 and, therefore, does not rely on DAC but only on water 
supply. Water is then split in the redox reactor to form hydrogen 
directly. 

2.2. Technical model 

The technical model calculates the energy and mass flows of the fuel 

plant to serve as the basis for the economic and life-cycle GHG assess-
ments. The model consists of inter-connected systems, whose perfor-
mance is estimated using data and correlations from the literature, as 
described further, summarized in Table 1, and also illustrated further in 
Fig. A.1. 

Heliostat field – A baseline heliostat field reflective area of 1 km2 is 
assumed as an industrial-scale plant. Hour-wise DNI for the three 
chosen locations was obtained from a solar radiation model based on 
satellite imaging, validated with ground measurements at various 
locations worldwide (EC JRC, 2023). The energy and mass flows of 

Fig. 1. Simplified schematic of the industrial-scale fuel production plant using the solar thermochemical pathway. Solar irradiation indicated in yellow, heat flows in 
red, mass flows in blue, and electrical power in black. 

Table 1 
Major inputs to the technical model. Same values are used for near-term future 
and long-term future scenarios unless specified otherwise. Sources and justifi-
cation of values are discussed in the main text.  

Technical model input Unit Value 

Heliostat field reflective area km2 1 
Heliostat field optical efficiency 

(annual average) 
– 0.65 

Receiver thermal efficiency – 0.65 (near-term future), 0.75 
(long-term future) 

Intra-day TES round-trip 
efficiency 

– 0.81 

Redox reactor reduction 
temperature 

◦C 1500 

Redox reactor reduction pressure bar (abs) 0.01 
Redox reactor oxidation 

temperature 

◦C 727 (1000 K) 

Redox reactor oxidation pressure bar (abs) 10 
Redox reactor heat losses % 10 
Redox reactor heat-to-syngas 

efficiency 
– 0.30 (near-term future), 0.55 

(long-term future) 
CO2-to-CO conversion – 0.50 (FT synthesis), 0.60 

(methanol synthesis) 
H2O-to-H2 conversion – 0.50 
H2:COx molar ratio in produced 

syngas 
– 2.1 (FT synthesis), 2.4 (methanol 

synthesis) 
DAC heat demand kJth/molCO2 524.1 (near-term future), 237.6 

(long-term future) 
DAC electricity demand kJe/molCO2 110.9 (near-term future), 79.2 

(future) 
Power block heat-to-electricity 

efficiency 
– 0.40  

C. Moretti et al.                                                                                                                                                                                                                                 



Science of the Total Environment 901 (2023) 166005

4

the plant are thus calculated for every hour of the year. A heliostat 
field optical efficiency determines the portion of the DNI, which is 
incident and reflected by the heliostat field, that reaches the aper-
tures of the solar receivers on top of the solar tower, accounting for 
optical losses along the path, such as mirror's reflectivity, tracking 
accuracy, atmospheric attenuation, blocking/shadowing, and cosine 
losses. Depending on the location, field layout, tower height and 
utilization of radiation spillage around the receiver aperture, the 
theoretically maximum heliostat field optical efficiency can be up to 
0.70 (Corsi et al., 2022). The value of 0.65 is chosen for the near-term 
as well as long-term scenarios. 
Solar receiver – There are currently no industrial-scale installations 
and only a handful of lab-scale prototypes for solar receivers sup-
plying process heat up to and beyond 1500 ◦C to drive the ceria- 
based redox cycle. A novel approach to high-temperature solar re-
ceivers is considered in this study, proposed by Ambrosetti and Good 
(2019), experimentally demonstrated (Good et al., 2020), and under 
further development and scale-up at Synhelion SA. The receiver 
consists of a cavity, carrying steam at near-ambient pressure, boun-
ded by black walls and a windowless aperture with a gas curtain to 
contain the steam. Concentrated solar radiation entering through the 
aperture gets absorbed by the cavity walls, steam being largely 
transparent in the visible wavelength range. The cavity walls heat up 
and emit thermal radiation, which the steam absorbs, thus producing 
high-temperature process heat. Such a configuration exploits the 
ability of steam, among other molecular gases, to absorb a major 
fraction of infrared radiation while being mostly transparent to the 
visible range of solar radiation. A receiver's thermal efficiency of 
0.65 is assumed in this analysis, defined as the ratio of the enthalpy 
gain of steam across the receiver from 1400 ◦C to 1500 ◦C, over the 
solar energy input through the aperture (Ambrosetti and Good, 
2019). This definition takes into account all radiative, conductive 
and convective heat losses in the solar receiver and can be directly 
multiplied by the heliostat's optical efficiency to obtain the solar-to- 
heat energy efficiency of the solar concentrating system delivering 
steam at 1500 ◦C. It is assumed that with variable DNI over the 
course of a day, the heliostat field focuses on a variable number of 
receivers, maintaining a mean solar flux density of 1200 kW/m2 over 
each receiver aperture to deliver steam at a constant temperature. 
Intra-day thermal energy storage (TES) – The technology for TES is 
based on a thermocline-packed bed of ceramics (Geissbühler, 2017; 
Lidor et al., 2023; Zanganeh et al., 2012). Process heat delivered by 
the receiver is distributed between driving the redox reactor system 
directly and charging the intra-day TES, which operates between 
1400 ◦C and 1500 ◦C, similar to the receiver. The intra-day TES 
stores surplus solar heat during periods of high DNI and drives the 
redox reactor system, partially or fully, during periods of low or no 
DNI. A round-trip (charging-discharging) efficiency of 0.81 is 
assumed to account for the heat losses to the surroundings (Geiss-
bühler, 2017; Lidor et al., 2023; Zanganeh et al., 2012). The thermal 
storage medium is assumed to be alumina- or mullite-based. As a 
trade-off between cost and extending operating hours, the maximum 
capacity of the intra-day TES is set to the thermal energy required to 
drive the whole fuel plant for 24 h, including auxiliary systems. 
Depending on the location, heliostat field size and auxiliary energy 
demand, the energy stored in the TES will not always reach this 
maximum capacity during the year. If it does, the surplus energy is 
assumed to be dumped. 
Redox reactor system – A ceria-based, dual-storage reactor system 
enables the recovery of the sensible heat rejected during the tem-
perature swing between the reduction step (1500 ◦C) and oxidation 
step (727 ◦C) of ceria and of the heat released during the exothermic 
oxidation of ceria (Falter et al., 2020; Geissbühler, 2017; Lidor et al., 
2023). 10 % of the thermal energy supplied to the redox reactor 
system is assumed lost to the surroundings. The extent of ceria non- 
stoichiometry (δ in Eq. (1)) is calculated for the reduction and 

oxidation temperatures and pressures assuming thermodynamic 
equilibrium (Panlener et al., 1975), which in turn yields the 
maximum possible syngas output (CO and H2 in Eqs. (2) and (3)) per 
mol of ceria. The heat-to-syngas efficiency of the reactor is defined as 
the ratio of the higher heating value (HHV) of the produced syngas 
(CO + H2) to the net heat input to the reactor (after applying the heat 
losses). For the reaction conditions given in Table 1, the theoretically 
maximum possible heat-to-syngas efficiency is 0.61, when heat re-
covery between the reduction and oxidation steps is perfect and the 
only heat input required to drive the redox cycle is the enthalpy 
change of reduction (Eq. (1)), ΔH◦ ≈ 475 kJ per ½ mol O2. The 
balance of energy in this ideal system is the heat released by the 
exothermic oxidation step at 727 ◦C (Falter et al., 2020), which 
cannot be utilized for sensible heating of ceria or for the endothermic 
reduction step occurring at higher temperatures. In a real system, 
besides heat losses to the environment, heat recovery will be 
imperfect. A conservative value of 0.30 for the heat-to-syngas effi-
ciency is thus assumed for the Near-term future case, while an 
optimistic value of 0.55 is used for the Long-term future case, 
assuming advances in high-temperature heat recovery methods 
(Geissbühler, 2017; Lidor et al., 2023). Thermal energy at below 727 
◦C is recovered and utilized for pre-heating CO2 and H2O and ful-
filling auxiliary systems' heat and electrical energy demands. 
Syngas processing – The quantity of CO2 and H2O required is back- 
calculated by assuming a set H2:COx molar ratio in the produced 
syngas, CO2-to-CO conversion, and H2O-to-H2 conversion, together 
with the heat-to-syngas efficiency and calorific values of H2 and CO 
(Table 1). Unreacted H2O at the reactor exit is condensed out and 
recycled back to the H2O input into the reactor. Unreacted CO2 is 
separated for FT synthesis (not separated for methanol synthesis, 
thus also for MTG gasoline and DME) using an absorption process 
relying on monoethanolamine (MEA) and is recycled back to the CO2 
input into the reactor. Based on the target fuel, produced syngas, 
with or without CO2, is compressed to 25 bar (abs.) for methanol or 
FT synthesis. 
CO2 and H2O source – As unreacted CO2 and H2O are separated and 
recycled back to the reactor inputs, the CO2 and H2O sources only 
supply the net requirement. When DAC is taken as the CO2 source, it 
is assumed that H2O is co-captured at an H2O:CO2 molar ratio of 
2.41, sufficient to produce the required H2:COx ratio of 2.1 for FT 
synthesis (2.4 for methanol synthesis). The DAC system is repre-
sented by the electrical and thermal energy demand per mole of CO2 
captured, which includes the energy spent in co-capturing and 
separating H2O (Deutz and Bardow, 2021). If CO2 is sourced exter-
nally, no energy requirement for its capture is assumed. H2O is 
assumed to be sourced externally as well. 
Fuel synthesis – The fuel synthesis system is represented by a mass or 
molar balance, depending on the target fuel. A mass balance is 
applied for FT synthesis due to the wide spectrum of hydrocarbons 
formed. The product mass distribution to produce on-specification 
fuels, i.e. fulfilling fuel standards to enable their drop-in use in jet 
and motor engines, is based on de Klerk (2011). Tuning the FT 
synthesis to maximize jet fuel production results in the co-production 
of a smaller quantity of gasoline. Similarly, tuning the FT synthesis to 
maximize diesel production co-produces gasoline and jet fuel. A 
molar balance is applied for methanol synthesis due to the typically 
high selectivity of the catalyst towards methanol formation (>99 %). 
A further molar balance is applied to produce DME from methanol, 
while a mass balance is applied to produce gasoline from methanol 
(MTG). A significant quantity of H2O is formed in the fuel synthesis 
processes and is recycled back into the H2O input into the reactor. 
The heat released during the exothermic FT and methanol syntheses 
is assumed to be utilized for endothermic, post-treatment of the 
products to obtain on-specification fuels. 
Auxiliary systems – The electrical energy demand of the auxiliary 
systems (mainly reactor vacuum pump, DAC system, various 
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compressors and pumps) is fulfilled by a power block, driven by the 
high-temperature heat recovered from the redox reactor system and 
stored in a medium-temperature (<700 ◦C) buffer TES unit. The 
power block is based on the conventional steam Rankine cycle with 
an assumed heat-to-electricity efficiency of 0.40. The thermal energy 
demand of the auxiliary system consists of a high-temperature 
portion (for heating up CO2 and H2O to reduction temperature), 
also fulfilled by the high-temperature heat recovered from the redox 
reactor system, and if necessary, supplemented by the high- 
temperature solar heat supplied directly by the receiver or intra- 
day TES. Waste heat from the power block, i.e. from its condenser, 
is utilized to fulfil the heat demand of the DAC system, which re-
quires a low-temperature heat source at about 100 ◦C (Deutz and 
Bardow, 2021). If the heat demand for the DAC system is not fully 
fulfilled, the deficit is assumed to be supplied by adding flat-plate 
solar thermal collectors, given that global horizontal irradiation 
(GHI) would be high for the chosen location. Overall, solar heat 
fulfils the total auxiliary energy demand, directly and indirectly, to 
make the fuel plant energy self-sufficient, given its remote location. 
In the Near-term future, the power block output exceeds the auxiliary 
electrical energy demand due to the lower heat-to-syngas efficiency 
and higher waste heat, generating a surplus of electricity that was 
assumed to be exported out of the system. 

2.3. Economic model 

The fuel production cost is determined using the minimum fuel 
selling price (MFSP) method. The MFSP corresponds to the levelized cost 
of energy for fuels. This method establishes the minimum price for the 
fuel to recover the investment within a specified time frame, assumed 
25 years. The MFSP is, therefore, the minimum selling price to have a net 
present value of at least zero over the assumed lifetime of the project. 
The formula of the MFSP can be found in Eq. (4). 

MFSP =

∑Lifetime

t=0

Ct+ITt+Tt+Lt+Ot+Ft − Nt
(1+D)

t

∑Lifetime

t=0

Et
(1+D)t

(4)  

where:  

• Ct is capital expenditure (CAPEX) in year t  
• ITt is the interest payment in year t  
• Tt is the transport cost to Europe  
• Lt is the labour cost  
• Ot is the operational expenditures (OPEX) in year t  
• Ft is the fixed costs i.e. local taxes, insurance, administrative and 

marketing costs  
• Nt is the revenue from a potential surplus of electricity  
• Et is the annual production volume of fuel  
• D is the discount rate. 

Three MFSPs are calculated, i.e. MFSP of the plant if decided to be 
built in the near-term future (operations starting by 2030), the MFSP of 
the long-term future “Nth” plant built in the 2030s decade with baseline 
assumptions and the MFSP of the “Nth” plant built in the 2030s decade 
with optimistic assumptions. For the near-term future's plant, only one 
scenario is modelled. This scenario considers a technologically mature 
design of the technology modelled with the current cost of state-of-the- 
art components of this technology. The data for the long-term future 
baseline scenario differ from those used for the near-term future plant 
for all components where high technological learning is expected, e.g. 
DAC, redox reactor, solar field etc. The long-term baseline scenario 
represents average estimates from the literature for these components' 
future costs. Data for the optimistic scenario represent the most opti-
mistic cost assumptions, which means the lowest achievable in the 

2030s decade. The discount rate for established renewable technologies 
(hydropower, photovoltaics and onshore wind) is between 5 % and 8 % 
in Europe (Thornton, 2019). We assume a discount rate of 6.5 %, except 
for the optimistic scenario, where a 5 % discount rate is assumed. Ap-
pendix A presents further details of the financial assumptions (Table 
A.1). 

With respect to CAPEX, several equipment installed costs commonly 
scale with the capacity. The scaling formula (Eq. (5)) is used to estimate 
the equipment cost with the technical model's fuel capacity output (qt). 
A scaling factor (X) is needed to apply such a formula. X typically ranges 
between 0.6 and 0.7 for most chemical processing reactors, pumps, and 
other auxiliaries (Ereev and Patel, 2012). Modular pieces of equipment 
have a scaling factor close to 1. 

CAPEXt = CAPEX0

(
qt

q0

)X

(5) 

When averaging CAPEX data from different sources, the same scaling 
factor X is applied to make all values refer to a single reference capacity 
(qo) from one source. Data are based on peer-reviewed and grey litera-
ture and own estimations when the source is not indicated. 

We here highlight capital costs assumed for the major components of 
the solar fuel pathway. Appendix A presents further details on CAPEX for 
the syngas conversion to the different fuels and other OPEX/CAPEX 
assumptions. 

Heliostat field – The heliostat field (including the tower) is assumed to 
cost 120 €/m2 near-term future, 100 €/m2 and 70 €/m2 in the future, 
respectively, for baseline and optimistic scenarios. These assump-
tions align with other literature sources (DOE, 2021; Falter et al., 
2016; Falter and Sizmann, 2022; Monnerie et al., 2020). The US 
department of energy (DOE) also estimates the cost of heliostat (excl. 
tower) to go below 70 €/m2 for 2030 (DOE, 2021) and potentially as 
low as 50 €/m2 (U.S. DoE, 2017). No scaling factor is assumed for the 
solar field. So, these cost data are assumed to be valid also for the 
modelled capacity. 
Receiver – The current cost of a solar receiver for a plant of 1.08 km2 

is 60.9 M$ (Kurup et al., 2022). This means that the receiver adds an 
additional cost of about 50 €/m2 to the solar system in the near-term 
future. Receiver costs (and tower costs) are expected to decrease by 
10–30 % in 2030 (DOE, 2021). Accordingly, we assumed the receiver 
cost to contribute 35 (optimistic)-40 (baseline) €/m2 in the long-term 
future. 
Direct air capture – We assume near-term future's CAPEX of low- 
temperature adsorption DAC of 360 kt CO2/year capacity to be 
730 €/t CO2*year (Fasihi et al., 2019). Within this cost, there are 
DAC construction costs, DAC's vacuum pumps, blowers and heat 
exchangers. This aligns with the lowest values of the range 800–900 
$/t CO2*year reported by other sources (Brilman, 2020). Starting 
from 730 €/t CO2*year, Fasihi et al. provide two estimates of 2050 
CAPEX costs of DAC plants with a reference capacity (q0) of 360 kt/ 
year: 199 €/t*year (high-cost) and 84 €/t*year (low-cost). These two 
estimates rely on projected global DAC installed capacities (Qt=2050) 
in 2050 of 7679 and 15,357 Mt CO2/year (Fasihi et al., 2019), 
respectively. We assume linear growth to these installed capacities 
starting from the 2020 value of 3 Mt CO2/year (Becattini et al., 
2021), which leads to 2035 values of 3840 and 7680 Mt CO2/year. 
Based on the assumed 2050 installed capacity and costs, this is 
equivalent to a learning rate of 10 % in the baseline (Nth) scenario 
and 16 % in the optimistic (Nth) scenario. Accordingly, 2035 DAC 
CAPEX is assumed to be 237 €/t CO2*year in the baseline scenario (i. 
e. 9 €/t CO2) and 100 €/t CO2*year in the optimistic scenario (i.e. 4 
€/t CO2). No scaling factor is considered for DAC. Therefore, the DAC 
capacity derived from the technical model does not affect the specific 
CAPEX of DAC. Sorbents, a major cost source for DAC (Bos et al., 
2020; Holmes et al., 2021; Yu et al., 2017), are assumed not to be 
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included in the abovementioned DAC's CAPEX. Although sorbent 
costs are high, most studies have not considered them when calcu-
lating the cost of CO2 from DAC (Brilman, 2020). The current Cli-
meworks' DAC technology consumes 7.5 kg of sorbent per t of CO2 
captured (Deutz and Bardow, 2021). This figure is expected to 
decrease to 3 kg/t CO2 in the future (Deutz and Bardow, 2021; 
Terlouw et al., 2021). Accordingly, we assume a sorbent consump-
tion of 7.5 kg/t CO2 for near-term future and 3 kg/t CO2 for the long- 
term future (for both baseline and optimistic). The current cost of 
DAC sorbent ranges between 13 and 50 €/kg (Bos et al., 2020; 
Holmes et al., 2021; National Academies of Sciences, Engineering, 
2019; Sinha and Realff, 2019; Wijesiri et al., 2019; Yu et al., 2017). 
On the other hand, multiplying DAC sorbents' raw material mass 
fractions (65%wt PEI and 35%wt silica) and raw material costs leads 
to only 1.2–2.6 €/kg (Leonzio et al., 2022; Wijesiri et al., 2019). We 
therefore assume 15 €/kg for near-term future (representing a low- 
priced sorbent) and 8 €/kg (baseline) and 2 €/kg (optimistic) for 
the long-term future. The solar field provides heat and energy for 
DAC (see Section 2.2). However, to picture our assumptions for 
CAPEX and sorbent with respect to the final CO2 cost, if we assume 
50 €/MWh for electricity and 25 €/MWh for heat, this would mean a 
DAC CO2 cost of 280 €/t near-term future, 100 €/t for future baseline 
and 75 €/t for future optimistic. These values align with the future 
DAC cost between $86 and $221 per t CO2 calculated by Sinha and 
Realff (2019). Compared with the first operating DAC plants, Cli-
meworks estimated 2017 DAC cost of the 900-t/year Hinwil facility 
to be around 600 $/t (Brilman, 2020; Evans, 2017; Kramer, 2018). 
Climeworks aims to reach $200/t within 3–5 years (Evans, 2017; 
Kramer, 2018) and estimates that future plants could reduce this 
value to below 100 $/t, with a target for very large-scale plants of 75 
$/t (Brilman, 2020). Hence, our values align also well with Clime-
works' expectations. 
Power block – The power block's CAPEX for the near-term future's 
scenario is based on a recent publication performing a cost analysis 
of liquid fuel production from H2 and CO2 (Zang et al., 2021). In their 
study, the power block of 16 MW net output is assumed to consist of a 
steam turbine, boiler and wastewater treatment for a total cost of 
18.9 M€. For the same capacity, based on (DOE, 2021), future esti-
mates lead to 14.4 M€ for the future baseline and 11.2 M€ for the 
future optimistic scenario. A scaling factor of 0.6 was assumed for the 
power block (Zang et al., 2021). Surplus electricity generated in the 
near-term future scenario is valued at 50 €/MWh. 
Solar redox – Near-term future's redox reactor cost is taken from 
Falter et al. (2020): 126 M€ for a capacity of 35 kt H2/year. This 
value is used for near-term future's scenario. Two-thirds of the cost is 
due to the reactive material (Falter et al., 2020). Using the H2 molar 
flow to convert the costs of the technology when producing CO 
instead of H2, the redox reactor to produce 35 kt CO/year costs 9 M€. 
The future optimistic estimate of 38 M€ for 35 kt H2/year is taken 
from Onigbajumo et al. (2022), assuming no scaling effects from the 
size assumed in the source. The average value between Falter et al. 
(2020) and Onigbajumo et al. (2022) is assumed for the future 
baseline scenario, i.e. 82 M€ for 35 kt H2/year. The redox reactor is 
accompanied by heat exchangers (HXs), whose near-term future cost 
is estimated to be 0.76 M€ for a production capacity of 100 t H2/year 
(scaling factor 0.6). For the heat exchangers, the future optimistic 
value is taken from Onigbajumo et al. (2022): 0.11 M€ for 100 t H2/ 
year after considering the scaling effect. The future baseline value is 
assumed to be 0.44 M€ which reflects the average between the 
optimistic value and the value assumed for the near-term future, i.e. 
0.76 M€ for 100 t H2/year. 
Vacuum pumps – Vacuum pumps remove evolving oxygen from the 
thermochemical reactors and their CAPEX depends strongly on the 
targeted pressure level. The reduction pressure maximizing the 
reactor energy conversion efficiency is 1000 Pa (Falter et al., 2020). 
The assumption of pump efficiencies is a common flaw in cost 

Table 2 
Background life cycle inventory data. The ecoinvent database was used as the 
near-term future's major source for life cycle inventory data. Future life cycle 
GHG emissions are mostly determined starting from the data assumed for the 
near-term future (see column “Future”).  

Component (production 
and supply of) 

Near-term future Long-term future 

Heliostat field with 
tower 

Collector field area, solar 
tower power plant, 20 MW 
{GLO}|market for collector 
field area, solar tower power 
plant, 20 MW|cut-off 

Life cycle GHG 
emissions of the 
heliostat field were 
assumed to decrease 
linearly with steel 
production's GHG 
emissions, which are 
expected to drop 
between 7 % (baseline) 
and 14 % (optimistic) 
by 2050 (IEA, 2022). 

Receiver Receiver system, solar tower 
power plant, 20 MW {GLO}| 
market for receiver system, 
solar tower power plant, 20 
MW|cut-off 

Life cycle GHG 
emissions of the 
receiver were assumed 
to decrease linearly 
with steel production's 
GHG emissions, which 
are expected to drop 
between 7 % (baseline) 
and 14 % (optimistic) 
by 2050 (IEA, 2022). 

Power block Power block installation, 
solar tower power plant, 20 
MW RoW|cut-off 

Based on the dynamic 
LCA modelling by 
Reinert et al., power 
block life cycle GHG 
emissions are assumed 
to be 13 % lower by 
2050 (Reinert et al., 
2021). A linear 
decrease was assumed 
from near-term future's 
value to derive 2035 
value. 

TES material Aluminium oxide, 
metallurgical {IAI Area, 
EU27 & EFTA}|aluminium 
oxide production|cut-off 

Alumina: Aluminium 
oxide, metallurgical 
{IAI Area, EU27 & 
EFTA}|aluminium 
oxide production|Cut- 
off. 
Mullite: Refractory, 
fireclay, packed {DE}| 
production|cut-off. 

Thermal storage system 
(excluding heat 
storage material) 

Thermal storage system 
construction, solar tower 
power plant, 20 MW RoW| 
cut-off. The TES material 
was removed from the 
dataset. 

As for near-term future. 

DAC sorbents 4.8 kg CO2eq/kg of sorbents 
(Deutz and Bardow, 2021) 

3.3 kg CO2eq/kg of 
sorbents (Deutz and 
Bardow, 2021) 

DAC construction 14 g CO2eq/kg CO2 captured 
(Deutz and Bardow, 2021) 

13 g CO2eq/kg CO2 

captured (Deutz and 
Bardow, 2021) 

Transport by train in 
Europe 

Transport, freight train 
{RER}|market group for 
transport, freight train|cut- 
off 

Assumed net zero by 
2035 

Transport by train 
outside Europe 

Transport, freight train 
{RoW}|market for|cut-off 

No variation compared 
to near-term future was 
assumed. 

Transport by ship Transport, freight, sea, 
tanker for petroleum {GLO}| 
market for transport, freight, 
sea, tanker for petroleum| 
cut-off 

We assumed 13 % 
lower GHG emissions 
than near-term future 
based on the target of 
RED II revision: The 
FuelEU Maritime 
proposal 

Ceria Cerium oxide {GLO}|market 
for cerium oxide|cut-off. 

As for near-term future. 

(continued on next page) 
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estimates for vacuum pumps that lower the oxygen partial pressure 
in solar redox reactors (Brendelberger et al., 2017). We retrieve the 
vacuum pump's baseline cost from an analysis of vacuum pump 
performances used in large-scale industrial applications in the 
context of the targeted redox cycles. According to such a study 
(Brendelberger et al., 2017), vacuum pumps operating at 1000 Pa 
cost between 0.10 M€ and 0.15 M€ per molar flow of oxygen (mol/s) 
(Brendelberger et al., 2017). The average value between these two 
means 0.43 M€ per 100 t of H2/year split from water (and 0.03 M€ 
per 100 t of CO split from CO2, based on molar mass ratios). A more 

optimistic source was used for the long-term future optimistic sce-
nario, converting the value assuming a scaling factor of 0.65 
(Onigbajumo et al., 2022), leading to 0.34 M€ per 100 t of H2/year 
and 0.02 M€ per 100 t of CO/year. 
Thermal energy storage – The technical model calculates the required 
capacity in MWh of the intra-day TES system and needs to be 
translated into the volume of thermal storage filler material, i.e. 
alumina or mullite. In particular, mullite use is under investigation as 
an alternative material to alumina, potentially resulting in further 
cost reduction. Besides being more expensive, alumina might also be 
too brittle. For the economic model, we assume alumina for the near- 
term future and the long-term future baseline scenarios and mullite 
for the long-term future optimistic scenario. An alumina-based TES 
of capacity q0 = 108 m3 (in line with 100 t/year H2) has a near-term 
future CAPEX of 1.85 M€. With alumina's density of 3990 kg/m3 

(Marur et al., 2004), a heat capacity of 132 kJ/kg (at 1500 ◦C with 
heat exchange operating with a ΔT of 100 ◦C) and void fraction of 37 
%, the alumina mass is 271 t for the specified volume. For the same 
thermal capacity, the mullite mass is 379 t, based on mullite's heat 
capacity of 129 kJ/kg (at 1500 ◦C with heat exchange operating with 
a ΔT of 100 ◦C). The corresponding volume of the mullite-based TES 
is 137 m3, calculated considering its density of 3200 kg/m3 (Mishra 
and Ningthoujam, 2017) and void fraction of 57 %. Using the 
reference capacity q0 of 5415 m3 and reference CAPEX0 of 16.05 M€, 
the mullite-based TES volume of 137 m3 (corresponding to a pro-
duction of 100 t/year H2) has a CAPEX of 1.22 M€, showing that 
mullite-based TES is a cheaper solution compared to alumina-based 
TES. The same assumptions are also used for the buffer TES, which 

Table 2 (continued ) 

Component (production 
and supply of) 

Near-term future Long-term future 

Ceria mass loading not 
disclosed. 

Monoethanolamine 
(MEA) 

Monoethanolamine {RER}| 
ethanolamine production| 
cut-off 

As for near-term future. 

Flat plate solar collector Flat plate solar collector, Cu 
absorber {GLO}|market for| 
cut-off 

Life cycle GHG 
emissions of the flat 
plate solar collector 
were assumed to 
decrease linearly with 
steel production's GHG 
emissions, which are 
expected to drop 
between 7 % (baseline) 
and 14 % (optimistic) 
by 2050 (IEA, 2022).  

Fig. 2. Case: Sierra Gorda (Chile), FT jet fuel. On the left, near-term future scenario. On the right, long-term future scenario. On top, energy balance of the solar fuel 
production plant as a percentage of total DNI incident on heliostat field and GHI on flat plate collectors. Bottom, mass balance. “H2O formed” refers to water formed 
in the FT synthesis, which is assumed to be recycled back into the process. “H2O net input” refers to net water input required by the process after recycling unreacted 
H2O from redox reactor products and water formed in the FT synthesis. 
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has a smaller volume than the intra-day TES based on the technical 
model outcome (see Table 3). Hence, a different assumption for the 
buffer TES would have a negligible effect on the calculated fuel cost. 
A scaling factor of 0.7 is applied for TES. 

2.4. Environmental sustainability model 

The environmental sustainability model contains a life cycle assess-
ment (LCA) evaluation aiming to assess the potential of solar fuels to be 
considered sustainable in the current and future European market. This 
involves calculating the life cycle GHG emissions with respective envi-
ronmental hotspots over the supply chain. LCA methodology is stan-
dardized by ISO 14040 and ISO 14044 (ISO, 2006a, ISO, 2006b). The 
well-to-wheel methodology (WTW) is a sub-category of the LCA meth-
odology adopted for the EU alternative fuel policy decision context (EU, 
2015; European Commission, 2016). The WTW methodology focuses on 
feedstock production, feedstock conversion into fuel, transportation, 
and fuel combustion. All components included in our WTW assessment 
can be found in Table 2, with respective background data extracted from 
the ecoinvent 3.8 database (Ecoinvent, 2022). 

The EU measures the sustainability of alternative fuels in terms of 
WTW GHG emissions reduction per GJ of lower heating value (LHV). 
Accordingly, the functional unit of 1 GJ of fuel is adopted in this study. 
The reduction is calculated as the difference between the WTW GHG 
emissions of the alternative fuel and a default value for fossil fuels, i.e. 
the so-called EU fossil fuel comparator (EU, 2015; European Commis-
sion, 2016). According to EU RED II (EC, 2018), the fossil fuel 
comparator is 94 kg CO2eq/GJ for liquid fuels and 80 kg CO2eq/GJ for 
gaseous fuels. Any blending limit is neglected in the emissions reduction 
calculation and the CO2 combustion emissions of the alternative fuel are 
considered carbon neutral (EU, 2015; European Commission, 2016). We 
calculate WTW GHG emissions and GHG emissions savings compared to 
conventional fuels for both the near-term future and the long-term 
future. Energy allocation is used to account for the potential elec-
tricity surplus generated together with the fuels in the near-term future 
scenario. For fuels, as recommended by the EU RED II (EC, 2018), the 
lower heating value was used to allocate the environmental impacts 
between co-products. The following components were subject to the 
allocation procedure between fuels and electricity surplus: heliostat 
field with tower, receiver, power block and TES. 

3. Results 

3.1. Energy and mass balance 

3.1.1. Sierra Gorda 
Fig. 2 plots the energy and mass balance of the solar fuel production 

plant calculated by the technical model for the case Sierra Gorda (Chile) 
for the production of FT jet fuel. Major energy losses include optical 
losses in the heliostat field and heat losses from the receiver. The fuel's 
HHV is the total of the two fuels produced in this case, FT jet fuel and FT 
gasoline. It also represents the overall solar-to-fuel efficiency as a per-
centage, defined as the ratio of the fuel HHV to the total DNI incident on 
the heliostat field and GHI incident on the flat plate collectors, if 
applicable. A solar-to-fuel efficiency of 13 % is obtained for the Long- 
term future case, given the optimistic efficiency assumptions, while 7 
% is obtained for the Near-term future case, owing to the conservative 
receiver and redox reactor efficiencies and higher auxiliary energy de-
mand from the DAC system. The recovered heat portion represents the 
unutilized thermal energy recovered from the reactor, which is utilized 
for meeting auxiliary energy demand. Thus, for Sierra Gorda, with an 
annual total DNI of 3468 kW/m2, a heliostat field size of 1 km2, and 
optimistic technical assumptions (Long-term future), the plant produces 
an annual total output of 24.3 kt of FT jet fuel and 12.1 kt of co-produced 
FT gasoline. Besides oxygen produced during the reduction step, a sig-
nificant quantity of water is also produced during fuel synthesis, which 

is recycled back to the gross water input. Overall, the technical analysis 
indicates that the solar thermochemical pathway could produce fuel at 
relatively high solar-to-fuel efficiencies while fully fulfilling its auxiliary 
energy requirements using recovered heat. 

3.1.2. Effect of location 
Table 3 compares the components' size and overall efficiencies 

among different locations and between the near-term and long-term 
future for the production of FT fuels. The plant's location in relation to 
the DNI significantly impacts the annual fuel production, considering 
the fixed size of the solar field. As a result, the solar-to-fuel efficiency 
will increase if the annual DNI of the location increases. In the short 
term, the solar-to-fuel conversion efficiency is relatively low, leading to 
a reduced output of fuels. Consequently, more solar energy is converted 
into electricity, surpassing the fuel plant's electricity requirements, 
leading to a substantial electricity surplus that can be exported. The 
electricity surplus is about 37 % of the total energy output of the plant in 
the near-term future scenario, while it is negligible in the long-term 
future scenario. The same trend is observed for the other fuel routes, i. 
e. solar thermochemical fuels via methanol synthesis and hydrogen 

Table 3 
Calculated capacities for an FT fuel production plant relying on a 1 km2 solar 
field for each location for the near-term future and long-term future. Heliostat 
field of 1 km2 (3 km2 land area). If jet fuel production is targeted, the share of jet 
fuel in the mix is 67%wt. If diesel production is targeted, the diesel share in the 
FT fuel mix is 79 %.  

Calculated 
capacity 

Sierra Gorda, Chile Tabernas, Spain Ouarzazate, 
Morocco 

Near- 
term 
future 

Long- 
term 
future 

Near- 
term 
future 

Long- 
term 
future 

Near- 
term 
future 

Long- 
term 
future 

Annual total 
DNI (kWh/ 
m2/year) 

3468 3468 2234 2234 2601 2601 

Annual solar- 
to-fuel (HHV) 
efficiency (%) 

7.1 13.2 6.7 13.0 7.0 13.1 

FT fuels output 
(kt/year) 

20.0 36.4 12.2 23.2 14.8 27.2 

DAC (kt CO2/ 
year) 

61.9 113.0 37.7 71.8 46.0 84.4 

H2 output solar 
redox (kt H2/ 
year) 

6.0 10.9 3.6 6.9 4.4 8.1 

CO output from 
solar redox 
(kt CO/year) 

39.4 71.9 24.0 45.7 29.3 53.7 

Powerblock 
steam turbine 
(MWe) 

29 20 20 14 23 15 

Flat plate 
collectors 
(km2) 

0.04 0.02 0.03 0.02 0.03 0.02 

Thermal 
capacity 
intra-day TES 
(MWth) 

4392 2860 2996 4131 3357 2703 

Thermal 
capacity 
buffer TES 
(MWth) 

74 50 50 34 56 38 

Electricity 
surplus 
(MWhe/year) 

137,941 51 84,058 32 102,386 38 

Electricity (% 
energy over 
total energy 
output made 
of electricity 
+ LHV of 
fuels) 

37 % 0 % 37 % 0 % 37 % 0 %  
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production (see Appendix B, table B.1 for methanol and table B.2 for 
hydrogen). 

3.2. Minimum fuel selling price 

3.2.1. Sierra Gorda 
Fig. 3 shows the MFSP with its breakdown of each investigated fuel if 

produced in Sierra Gorda (Chile), i.e. the location with the highest DNI 
among the three selected locations. See Section 3.2.2 for the effect of the 
location on MFSPs. 

3.2.1.1. Near-term future. Per unit of energy content (LHV), jet fuel and 

diesel produced via FT process by a plant built in the near-term future 
have both MFSPs of 75.6 €/GJ (i.e. about 2.5 €/L). CAPEX represents 
about half of the total MFSP (39.1 €/GJ). The main cost contributions to 
the CAPEX of FT fuels are the following: the solar field (~9.3 €/GJ), TES 
(~10.3 €/GJ), DAC (~3.5 €/GJ), fuel synthesis (~3.7 €/GJ) and receiver 
(~3.9 €/GJ). Both assumed to be proportional to CAPEX, maintenance 
and local taxes contribute to about 11.9 €/GJ and 7 €/GJ, respectively. 
Other major cost sources are interests (~10.7 €/GJ) and DAC sorbents 
(~2.6 €/GJ). Gasoline via methanol, methanol, and DME showed an 
MFSP up to 15 % lower than FT jet fuel and diesel, ranging between 63 
and 66 €/GJ in the near-term future. 

On a volume basis, such figures translate into an MFSP of 2.5 €/L for 

Fig. 3. Minimum fuel selling price (€2020) with cost-built up for one GJ of fuel produced via the solar thermochemical pathway in Sierra Gorda. 25 years lifetime. See 
Appendix B for numerical values (Table B.3). The breakdown of CAPEX for each fuel and scenario is provided in the bottom graph. Note: hydrogen transportation 
does not include hydrogen liquefaction. 
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jet fuel and diesel, 2.2 €/L for gasoline via methanol, 1.0 €/L for 
methanol and 1.2 €/L for DME. To compare, jet fuel price is around 
0.5–0.9 €/L (IATA, 2022), the price of gasoline and diesel without taxes 
is around 0.7–0.9 €/L (EC, 2023), methanol price around 0.3–0.45 €/L 
(Methanex, 2023) and DME price around 0.35 €/L (Skorikova et al., 
2020). The CAPEX per unit of energy for fuel synthesis is significantly 
lower for methanol than for FT synthesis. Hence, the less technically 
challenging methanol synthesis is more cost-effective than multiple-step 
Fischer-Tropsch synthesis, also considering that methanol synthesis can 
be operated at lower temperatures and pressures, reducing reactors' 
capital costs. However, Fischer-Tropsch synthesis produces a wider 
range of hydrocarbons (including jet fuel) with higher market value than 
methanol (Tsongidis et al., 2019). 

Per unit of energy, hydrogen via solar thermochemical pathways 
with a cost of 41.8 €/GJ is much cheaper than other fuels in the near- 
term future. This technology can produce hydrogen from water with 
no need for further refining (and therefore no need for fuel synthesis 
units), resulting in the highest solar-to-fuel (LHV) efficiency (almost 10 
%). Furthermore, no DAC is needed for hydrogen production. However, 
hydrogen transportation via shipping requires further costly processing, 
e.g. liquefaction (not considered in our analysis), adding a further cost 
estimated in the order of 6–7 €/GJ (Kim et al., 2021). 

3.2.1.2. Long-term future. Future MFSPs vary significantly between 
baseline and optimistic scenarios. Jet fuel and diesel via FT process have 
both an MFSP of 16.1–37.6 €/GJ, methanol of 13.7–30.5 €/GJ, gasoline 
of 13.4–30.7 €/GJ, DME of 14.1–30.8 €/GJ and hydrogen of 9.1–20.5 
€/G.J. Hence, we estimate MFSPs to decrease by 50 % to 80 % in the 
future compared to near-term future. These variations have a multitude 
of sources. To highlight the key factors, Fig. 4 presents the sensitivity 
analysis results for the long-term MFSP of FT jet fuel (baseline) with 
each assumption and data point varied from average (baseline) to the 
most optimistic. This analysis allows us to identify the most critical 
variables in the economic model and their impact on the MFSP. Baseline 
MFSP relied on average input cost data and assumptions i.e. the average 
cost data in a range going from optimistic to pessimistic. Fig. 4 shows 
also how a potential pessimistic trend in a single variable can impact the 
total cost, e.g. due to a component's future cost decreasing less than 

expected on average. 
The sensitivity analysis shows that (pure) assumptions and data 

uncertainty cause the main differences in the MFSP between the two 
scenarios. All OPEX assumptions have a high impact on the MFSP. Due 
to a single one of these OPEX assumptions, the MFSP can vary up to 4 
€/GJ. The most impactful OPEX assumptions are the following ones 
ranked by weight: first, reducing maintenance and repair costs from 2.5 
% of CAPEX per year to 1 % of CAPEX per year; second, eliminating local 
taxes, e.g. assuming state-supported tax exemptions, which stand at 1.5 
% of CAPEX per year in the baseline scenario; third, removing the 
allocation of insurance costs to such fuels, currently set at 1 % of CAPEX 
per year in the baseline scenario; and fourth, decreasing sales and 
marketing expenses from 6.5 % of OPEX to 2 % of OPEX. By changing 
these assumptions, we can impact overall OPEX performance the most. 
Concerning financial assumptions, varying the discount rate from 6.5 % 
to 5 % changes the MFSP by 1.2 €/GJ. 

The variation in CAPEX of the solar field and TES can vary the MFSP 
by about 1.0 €/GJ and 2.5 €/GJ, respectively. CAPEX for DAC, fuel 
synthesis units, and the solar redox reactor can vary the MFSP by up to 
1.5 €/GJ. See Section 2.3 for CAPEX data used for DAC and the solar 
redox reactor for all scenarios. In the case of fuel synthesis, the opti-
mistic case assumes to have co-location with a refinery where FT's in-
termediate product “syncrude” is upgraded to the final fuels. If co- 
located with a shared refinery, FT synthesis CAPEX can be reduced by 
40 % compared to a stand-alone plant (Jones et al., 2009). DAC sorbents 
cost variations have a similar effect (on the order of 1.1 €/GJ). 

3.2.2. Effect of location 
Fig. 5 shows the effect of the location on the MFSP of jet fuel, taken as 

a representative case to discuss the general trend also observed for other 
fuels. 

The distance of a location from Europe (Switzerland) has a minor 
impact on the cost of producing jet fuel. The main factor affecting cost is 
the variation in CAPEX, with Spain and Morocco experiencing a 23–33 
% higher MFSP of jet fuel than Chile. The difference in CAPEX is pri-
marily due to the lower DNI in Spain and Morocco, which leads to less 
fuel produced per m2 of solar fields (and number of receivers) and 
therefore per MWth TES capacity (see Table 3). In the near-term future 

Fig. 4. Sensitivity analysis illustrating the effect on long-term future minimum fuel selling price (€2020) of FT jet fuel by varying economic data and assumptions one 
by one from baseline (based on average estimates from the literature for each component's cost) to the optimistic scenario (based on the most optimistic estimates 
from the literature for each component's cost). See Section 2.3 for exact values. Pessimistic figures refer symmetrically to the opposite trend. 
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scenario, the solar field cost alone represents 15.3 €/GJ for jet fuel in 
Spain and 12.5 €/GJ in Morocco, compared to only 9.3 €/GJ in Chile. 
Additionally, the receiver accounts for 6.4 €/GJ of jet fuel's MFSP in 
Spain, and 5.2 €/GJ in Morocco, while it is only 3.9 €/GJ in Chile. 
Similarly, TES contributes for 12.9 €/GJ of jet fuel's MFSP in Spain, 11.5 
€/GJ in Morocco, and only 10.3 €/GJ in Chile. Although Spain has a 14 
% higher CAPEX contribution than Morocco, the difference in MFSP 
between the two is insignificant due to a more favourable interest rate in 
Spain than in Morocco (2.2 % versus 5.7 %). These trends (see Fig. 5) 
also remain in long-term future scenarios (both baseline and optimistic). 
However, it is essential to note that the initial investment cost for a plant 
with a fixed area of solar field is higher in sites with higher DNI. This is 
because such sites can produce more fuels per km2. In absolute terms, for 
an industrial-scale fuel production plant relying on a 1 km2 solar field, 

the required investment is at least 500 M€ in Chile, 450 M€ in Morocco, 
and 415 M€ in Spain for the near-term future. These figures have the 
potential to decrease to as low as 285 M€ in Chile, 260 M€ in Morocco, 
and 270 M€ in Spain for a plant built in the long-term future, assuming 
the most optimistic scenario. 

3.3. Life cycle GHG emissions 

3.3.1. Sierra Gorda 
Fig. 6 shows the life cycle GHG emissions with their breakdown of 

each investigated fuel if produced in Sierra Gorda (Chile), i.e. the 
location with the highest DNI among the three selected locations. See 
Section 3.3.2 for the effect of the location on life cycle GHG emissions. 

Jet fuel, gasoline, diesel and DME show a similar trend among the 

Fig. 5. Effect of the location on the minimum fuel selling price (€2020) with cost-built up for one GJ of jet fuel produced via the solar thermochemical pathway. 25 
years lifetime. See Appendix for numerical values (Table B.3). CAPEX breakdown for each location and scenario is in the bottom graph. 
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three scenarios. Near-term future's carbon footprint for these fuels is 
between 13.2 and 14.0 kg CO2eq/GJ, the long-term future baseline 
between 9.4 and 9.8 kg CO2eq/GJ and the long-term future optimistic 
between 6.8 and 7.4 kg CO2eq/GJ. Methanol has a 15–20 % higher 
carbon footprint than these fuels due to the higher impact of trans-
portation. The reason is that transportation is an important source of 
GHGs and is proportional to the mass to be transported, and methanol 
has a lower LHV than the other fuels considered. By contrast, hydrogen 
has a much lower carbon footprint per unit of energy than the other 
fuels, with a trend consistent with that of the MFSP. The high energy 
content of hydrogen also favours this. However, we remark that we 
neglected hydrogen compression or liquefaction needed for shipping. 
Hydrogen liquefaction alone adds 10–45 kg CO2eq/GJ depending on the 
source of energy used in the process (Frank et al., 2021; Kim et al., 
2021). The only relevant change in life cycle GHG emissions between 
long-term future baseline and long-term future optimistic scenarios is 

due to the change in TES material (i.e. no more alumina but mullite). 
For all fuels, compared to the reference values of the EU fossil fuel 

comparators, GHG savings are at least 80 % already in the near-term 
future. Given the low well-to-wheel GHG emissions, fuel transport to 
Switzerland is an important source of GHGs. However, a book-and-claim 
model could reduce such a GHG source, decoupling the sustainability 
claim from where that resource is physically consumed (SkyNRG, 2023). 
After 2050, GHG emissions will move further towards zero when all 
construction materials (e.g. steel, glass) are also manufactured using 
renewable energy. 

3.3.2. Effect of location 
Fig. 7 shows the effect of the location on the life cycle GHG emissions 

of jet fuel. 
Fig. 7 shows a clear trade-off between the DNI's effect on the solar 

field and TES's environmental impact (linked to their size per unit of 

Fig. 6. Life cycle GHG emissions (kg CO2eq/GJ) with the breakdown per GJ of fuel produced via the solar thermochemical pathway in Sierra Gorda. Numerical 
values can be found in Table B.6. The figure includes GHG emissions from parts replacements (i.e. ceria and DAC sorbents for this technology) commonly not 
accounted in GHG well-to-wheel methodology used to certify fuels' sustainability according to EU Renewable Energy Directive (JRC, CONCAWE, EUCAR, 2014). 
Note: hydrogen transportation does not include hydrogen liquefaction. 

Fig. 7. Effect of the location on Life cycle GHG emissions (kg CO2eq/GJ) with breakdown per GJ of fuel produced via the solar thermochemical pathway. See 
Appendix B for numerical values (table B.7). EU fossil fuel comparator: 94 kg CO2/GJ (EC, 2018). 
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fuel) and fuel transport to Switzerland (linked to the distance). However, 
the difference in life cycle GHG emissions is limited and does not impact 
the EU sustainability requirement of at least 70 % GHG savings 
compared to the fossil fuel comparator. Hence, based on life cycle GHG 
emissions, both a high DNI location far from Europe and a closer loca-
tion with a relatively lower DNI are suitable for producing fuels from sun 
and air. However, as shown in Section 3.2.2, the location can have a 
much more important impact on fuel production costs. 

4. Discussion 

4.1. Change in CO2 source 

Capturing CO2 from point sources is currently more cost-effective 
than capturing it directly from the air. The cost of capturing CO2 from 
point sources varies significantly depending on the source's CO2 con-
centration and the capture technology used (such as absorption versus 
adsorption). The capture costs typically range between 35 and 80 €/t 
(Dieterich et al., 2020; Moretti, 2023; Tsongidis et al., 2019). CO2 from 
ethanol plants is the cheapest, followed by cement, and steel plants, 
while capturing CO2 from gas-fired power plants is more expensive 
(Dieterich et al., 2020; Moretti, 2023). When considering most available 

Fig. 8. Minimum fuel selling price (€2020) with cost- 
built up and life cycle GHGs per GJ of jet fuel pro-
duced via the solar thermochemical pathway if 
relying on CO2 from point source instead of air. 
External CO2 is assumed to cost 50 €/t and have a 
carbon footprint of 0.1 kg CO2eq/kg CO2, reflecting, 
for example, cement plant CO2. See Appendix B for 
numerical values (Table B.4). Note: the decrease in 
carbon footprint caused by TES construction is due to 
a different material assumed in the optimistic case.   
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carbon feedstocks, most have a carbon footprint of 0.02 to 0.3 kg CO2eq/ 
kg CO2 (Moretti, 2023). These values are calculated using the current 
life cycle methodology for CO2 feedstocks adopted by the EU Renewable 
Energy Directive II (EU, 2023). The carbon footprint calculated using the 
methodology recommended by such an EU directive does not distinguish 
strictly between biogenic and fossil sources. Still, it depends on the 
carbon footprint of energy and chemicals used for the capture process 
and the efficiency of the capture process. Once these factors are 
considered, the carbon footprint of the carbon feedstock is commonly 
the highest for fossil point sources and the lowest for CO2 from ethanol 
fermentation plants, incineration plants and pulp mills (Moretti, 2023). 
Fig. 8 shows the MFSP and life cycle GHG emissions if jet fuel is pro-
duced using CO2 from a point source. 

On the one hand, the change of CO2 source from air to point source 
can reduce costs, especially in near-term future's scenario. For example, 
a CO2 source at 50 €/t could lead to an MFSP of 63.4 €/GJ in the near- 
term future (i.e. 2.1 €/L) and 18.0–35.8 €/GJ (i.e. 2.1 €/L) in the near- 
term future. These values align with Tsongidis et al., who analyzed solar 
fuels from point sources using a NiFe2O4/NiFe2O4-δ redox system pro-
duced in Greece. According to their study, FT fuels would yield a net 
profit of 0 when sold at a price of 0.206–0.567 €/kg combined with a 
feed-in-tariff of 0.0913–0.1125 €/kWh (Tsongidis et al., 2019), resulting 
in a total of 30.1–44.4 €/GJ once combined. 

On the other hand, using CO2 from a point source would increase the 
carbon footprint of the fuels compared to using CO2 from DAC. How-
ever, the life cycle GHGs of any fuel produced via this pathway relying 
on CO2 from point sources with a carbon footprint lower than 0.2 kg 
CO2eq/kg CO2 would still be considered sustainable in EU legislation 
terms (>70 % GHG savings). For example, suppose CO2 is captured from 
a cement plant with a carbon footprint of 0.1 kg CO2eq/kg CO2 (Moretti, 
2023) as in Fig. 8. In that case, the life cycle GHG emissions of jet fuel 
produced in Chile is between 12 and 18 kg CO2eq/GJ (see Fig. 8), i.e. far 
below the maximum 28.2 kg CO2eq/GJ allowed by EU Renewable En-
ergy Directive II. 

It is important to note that the EU adopted the delegated regulation C 
(2023)1086 in February 2023 (EU, 2023), which stipulates that emis-
sions from the combustion of non-sustainable fuels used to generate 
electricity will only be considered avoided emissions until 2035. Simi-
larly, emissions from non-sustainable fuels used in industries that are 
difficult to decarbonize will only be considered avoided emissions until 
2040 (EU, 2023). This means that while CO2 from fossil fuels can be used 
temporarily to produce solar fuels and benefit from EU incentives, their 

production should shift to DAC or biogenic sources after the specified 
deadlines. Summarizing, a concentrated (fossil) CO2 source instead of 
direct air capture can reduce near-future solar fuels' production costs 
favouring their initial scaling and, simultaneously, help achieve short- 
medium term GHG reduction targets. However, in the long term, only 
biogenic sources or DAC can supply CO2 to such a technology to achieve 
carbon neutrality. 

4.2. Benchmarking with other renewable fuels 

Fig. 9 compares MFSPs and life cycle GHGs between the fuel pro-
duced via the solar thermochemical pathway, most common and future 
biofuels and e-fuels. 

In locations with high DNI, the long-term future cost of fuels from 
sunlight and air lie in the range of 14 to 49 €/GJ (with the first plant 
between 48 and 70 €/GJ). This cost is in line with 17–44 €/GJ for 
advanced biofuels from bio-based by-products and wastes and slightly 
more expensive than 13–29 €/GJ for current biofuels from cultivated 
biomass feedstocks. At the same time, the future cost could be lower 
than e-fuels produced using hydrogen via electrolysis powered by re-
newables. For reference, the current price of fossil fuels is 8–14 €/GJ 
(Brown et al., 2020) with a production cost of 7–8 €/GJ (Concawe, 
2022). 

From a life cycle GHG perspective, fuels produced via the solar 
thermochemical pathway have far better environmental performance 
than most biofuels. Their life cycle GHGs align with advanced biofuels 
from wheat straw and forestry residues and future e-fuels from CO2 and 
hydrogen produced via electrolysis powered with photovoltaic or wind. 
In particular, assuming 7–8 €/GJ for fossil fuels leads to costs per t of 
CO2 avoided of fuels from sunlight and air of 700–850 €/t in the near- 
term future and 75–350 €/t in the long-term future. To contextualise, 
the GHG abatement costs for biofuels are around 40–510 €/t (Concawe, 
2022). The GHG abatement costs for e-fuels are expected to be 
460–1170 €/t in the short term and to reach 380–820 €/t in the long- 
term (Concawe, 2022). 

5. Conclusions 

This study demonstrates that solar thermochemical production of 
drop-in fuels in locations with high direct normal irradiation can 
become cost-competitive versus e-fuels using PV/wind electricity. In 
terms of GHGs emissions, the LCA of the two pathways give comparable 

Fig. 9. Minimum fuel selling price and life cycle GHGs per GJ of fuel (long-term future, all three locations considered). Comparing the solar fuels (SF) produced via 
thermochemical pathway with biofuels and e-fuels. CO2ext = CO2 from concentrated point sources, SC = sugar cane, WH = wheat, SB = sugar beet, PO = palm oil, 
RS = rape seed, UCO = used cooking oil, WS = wheat straw, FR = forestry residues, PV = photovoltaic, HEFA = hydroprocessed esters and fatty acids. Costs and 
emissions for biofuels from Brown et al. (2020), Edwards et al. (2017), and Moretti et al. (2021) and for e-fuels from Concawe (2022). 
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ranges. On the other hand, biofuels are on average less expensive but 
ultimately limited in the long-term scalability because of their limited 
feedstock and need to contain land use changes. Technical analysis in-
dicates that an industrial-scale plant could achieve an overall solar-to- 
fuel energy efficiency of about 13–19 %, depending on the target fuel, 
in the long-term future with advancements in solar receiver, redox 
reactor, high-temperature heat recovery and direct air capture 
technologies. 

Additionally, the life cycle assessment shows that greenhouse gas 
savings are already above the EU Renewable Energy Directive II 
requirement of 70 % for all fuels (relative to fossil fuels) and locations 
considered, with savings of over 80 % already achievable in the near- 
term future. 

Furthermore, the study shows that using a concentrated CO2 source 
from hard-to-abate industries like steel and cement plants instead of 
direct air capture for the first solar fuel plants can reduce near-term 
future costs while still meeting the EU Renewable Energy Directive II 
GHG reduction requirement. 

The results demonstrate the potential of drop-in transportation fuels 
from sunlight and air to become a viable option in the future. 
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Schäppi, R., Rutz, D., Dähler, F., Muroyama, A., Haueter, P., Lilliestam, J., Patt, A., 
Furler, P., Steinfeld, A., 2022. Drop-in fuels from sunlight and air. Nature 601, 
63–68. https://doi.org/10.1038/s41586-021-04174-y. 

Sinha, A., Realff, M.J., 2019. A parametric study of the techno-economics of direct CO2 
air capture systems using solid adsorbents. AICHE J. 65 https://doi.org/10.1002/ 
aic.16607. 

Skorikova, G., Saric, M., Sluijter, S.N., van Kampen, J., Sánchez-Martínez, C., Boon, J., 
2020. The techno-economic benefit of sorption enhancement: evaluation of sorption- 
enhanced dimethyl ether synthesis for CO2 utilization. Front. Chem. Eng. 2 https:// 
doi.org/10.3389/fceng.2020.594884. 

SkyNRG, 2023. Book & Claim explained: what is Book and Claim? URL. https://skynrg. 
com/book-claim-explained-what-is-book-and-claim/. (Accessed 30 March 2023) 
(WWW Document).  

Terlouw, T., Treyer, K., Bauer, C., Mazzotti, M., 2021. Life cycle assessment of direct air 
carbon capture and storage with low-carbon energy sources. Environ. Sci. Technol. 
55, 11397–11411. https://doi.org/10.1021/acs.est.1c03263. 

Thornton, G., 2019. Renewable Energy Discount Rate Survey Results – 2018. 
Trinca, A., Bassano, C., Verdone, N., Deiana, P., Vilardi, G., 2023. Modelling and 

economic evaluation of CCS/PtX technologies integrated into biomass MTG plants. 
J. Environ. Chem. Eng. 11 https://doi.org/10.1016/j.jece.2022.109184. 

Tsongidis, N.I., Asimakopoulou, A.G., Pantoleontos, G., Konstandopoulos, A.G., 2019. 
Transportation and solar-aided utilization of CO 2: technoeconomic analysis of 
spanning routes of CO 2 conversion to solar fuels. J. CO2 Util. 30, 142–157. https:// 
doi.org/10.1016/j.jcou.2019.01.010. 

U.S. DoE, 2017. The SunShot 2030 Goals. Sol. Energy Technol. Off. U.S. Dep. Energy, 
USA, pp. 1–5. 

Wijesiri, R.P., Knowles, G.P., Yeasmin, H., Hoadley, A.F.A., Chaffee, A.L., 2019. 
Technoeconomic evaluation of a process capturing CO2 directly from air. Processes 
7. https://doi.org/10.3390/PR7080503. 

Wurzbacher, J.A., Gebald, C., Piatkowski, N., Steinfeld, A., 2012. Concurrent separation 
of CO2 and H2O from air by a temperature-vacuum swing adsorption/desorption 
cycle. Environ. Sci. Technol. 46, 9191–9198. https://doi.org/10.1021/es301953k. 

Yu, Q., Delgado, J.D.L.P., Veneman, R., Brilman, D.W.F., 2017. Stability of a benzyl 
amine based CO2 capture adsorbent in view of regeneration strategies. Ind. Eng. 
Chem. Res. 56, 3259–3269. https://doi.org/10.1021/acs.iecr.6b04645. 

Zang, G., Sun, P., Elgowainy, A.A., Bafana, A., Wang, M., 2021. Performance and cost 
analysis of liquid fuel production from H2 and CO2 based on the Fischer-Tropsch 
process. J. CO2 Util. 46 https://doi.org/10.1016/j.jcou.2021.101459. 

Zanganeh, G., Pedretti, A., Zavattoni, S., Barbato, M., Steinfeld, A., 2012. Packed-bed 
thermal storage for concentrated solar power - pilot-scale demonstration and 
industrial-scale design. Sol. Energy 86, 3084–3098. https://doi.org/10.1016/j. 
solener.2012.07.019. 

Zoller, S., Koepf, E., Nizamian, D., Stephan, M., Patané, A., Haueter, P., Romero, M., 
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