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ower-to-liquid sustainable
aviation fuels produced from hybrid solar PV-wind
plants in Europe†

Kyle Seymour, *a Maximilian Held,a Boris Stolz, b Gil Georgesa

and Konstantinos Boulouchosa

Sustainable Aviation Fuels (SAFs) produced from renewable electricity via Power-to-Liquids (PtL), also called

e-jet fuel, can reduce net greenhouse gas emissions of aircraft by up to 90%, but they are markedly more

expensive than fossil jet fuel. Their future production costs are particularly dependent on the cost of

renewable electricity and, to date, not analysed with high geographical scope and resolution. This study

assesses the future production costs of PtL-SAF produced via electrolysis and Fischer–Tropsch synthesis

from hybrid solar PV-wind power plants and CO2 captured from ambient air. At 5390 locations across

Europe, plant configurations have been optimised considering spatial and temporal restrictions on

electricity generation. Thus, cost-optimal production regions are identified for 2030, 2040 and 2050. By

2030, PtL-SAF costs in Europe could already be as low as 1.21 EUR per litre (1510 EUR per tonne) and

decrease to 0.71 EUR per litre (880 EUR per tonne) by 2050. If the blending mandate for renewable fuels

of non-biological origin within the ReFuelEU Aviation regulation were to be supplied purely from PtL-SAF

production regions within Europe, the average PtL-SAF cost would rank at 1.22 EUR per litre (1525 EUR

per tonne) in 2030 – 3 times the historical market price of fossil jet fuel – and at 0.81 EUR per litre (1000

EUR per tonne) by 2050. Consequently, the impact on ticket prices would be less than 1% by 2030, 3%

by 2040, and 7% by 2050.
1 Introduction

In November 2021, the 197 Parties to the United Nations
Framework Convention on Climate Change (UNFCCC) recog-
nised the need for “rapid, deep and sustained reductions in
global greenhouse gas emissions, including reducing global
carbon dioxide emissions by 45 per cent by 2030 relative to the
2010 level and to net zero around mid-century”1 to keep global
warming below 1.5 °C. This urgency in decarbonising our
economies also affects the hard-to-abate sector, aviation, which
was responsible for 1.04 Gt of (tank-to-wake) CO2 emissions in
2018 – representing roughly 2.5% of global CO2 emissions2 –

with expected demand growth rates of about 2–3% p.a. over the
next decades.3–5 If climate change mitigation in the aviation
sector continues to lag behind other sectors, international
aviation's share of global CO2 emissions could rise to 22% by
2050.6
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In October 2021, the International Air Transport Association
(IATA) increased its ambition from halving 2005 emission levels
until 2050 to achieving net-zero carbon emissions by 2050.7 In
October 2022, the International Civil Aviation Organisation
(ICAO) followed this ambition and adopted a global long-term
aspirational goal (LTAG) of net-zero carbon emissions for
international aviation.8

Reports from the Mission Possible Partnership,5 the Air
Transport Action Group,9,10 the International Transport
Forum,11 and the European aviation sector's industry associa-
tions12 highlight potential pathways to net zero, including the
amount of Sustainable Aviation Fuels (SAFs) required to achieve
this goal. In all studies, SAFs – which can already be blended to
fossil jet fuel up to 50% (ref. 13) today – represent the most
important lever to curb aircra CO2 emissions. There is also
increasing evidence that SAFs can reduce aviation induced
cloudiness14 – an effect that historically contributed about two
thirds of the effective radiative forcing of aviation (whereas CO2

was only responsible for one third).15

SAFs can be produced from sustainable biomass, high-
temperature solar heat or clean electricity.16–18 The limited
availability of sustainable biomass warrants a focus on
production pathways without such limits.8,19 The third pathway,
Power-to-Liquid (PtL), produces e-jet fuel from electricity and
CO2, e.g. via electrolysis and Fischer–Tropsch synthesis, and is
Sustainable Energy Fuels, 2024, 8, 811–825 | 811
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Fig. 1 Literature review of PtL fuel production cost estimates for
a range of electricity prices. The depicted regression line of all 85 data
points (with a 95% confidence interval shading) has an adjusted R2

value of 0.21, revealing the high spread in the data.

Fig. 2 Fuel production costs from literature review for distilled FT fuel
fractions and crude FT liquids. The depicted regression line of all 113
data points (with a 95% confidence interval shading) has an adjusted R2

value of 0.23 (0.13) for distilled fuel fractions (crude FT liquids),
revealing the high spread in the data.
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View Article Online
more mature than the second. Compared with fossil jet fuel,
PtL-SAF can reduce the specic greenhouse gas (GHG) emis-
sions of aircra by about 70–90%,20–22 but is more expensive to
produce than fossil jet fuel.

Therefore, the United States provide tax credits for the
supply of SAFs23 and the European Union introduced a blending
mandate for SAFs to spur their production and use.24,25 The
European blending mandate also includes a sub-mandate for
the ramp-up of renewable fuels of non-biological origin, which
include PtL.

With an increasing number of companies sending a demand
signal to airlines and fuel producers by committing to use 10%
SAFs by 2030,26 it is crucial to address barriers and risks that
impede this growth in a timely manner.27 To increase invest-
ment security and thus tackling a pivotal risk, accurate and
high-resolution estimates of future fuel production costs are
required. This study provides an overview of existing studies for
the production costs of PtL fuels and adds regionally resolved
fuel cost estimates for production regions across Europe (the
EU-27, the UK and the European Free Trade Association).
1.1 Literature review

Fig. 1–4 show a literature review of PtL fuel production costs
estimates since 2010, and projected costs until 2050.16,21,28–51

Fuel production costs as stated in the references are recalcu-
lated to EUR2019, based on individual publication years and
using the annual Harmonized Indices of Consumer Prices
(HICP52).‡.

The cost of electricity is by far the biggest cost driver for PtL
fuels, given the high electricity demand for electrolysis, see
Fig. 1. Projected fuel production costs decrease over time, but
the high spread in the results of individual studies does not
‡ Studies published in 2020 and 2021 are not adjusted due to COVID-19
irregularities and due to the fact that the underlying data of these publications
likely stems from pre-pandemic years. Values in other currencies are
transformed to EUR values via historical currency exchange rates.53

812 | Sustainable Energy Fuels, 2024, 8, 811–825
support clear conclusions about the impact of individual
components (see Fig. 2–4):

� Fuel product fractions: The FT synthesis yields a mixture of
different fuel fractions according to the Schulz–Flory distribu-
tion and individual plant settings. The distillation of these FT
liquids (syncrude) into individual fractions (kerosene, diesel,
gasoline or naphtha) requires additional energy. However, the
condence intervals of the regression lines for syncrude and
distilled fractions largely overlap.

� Source of CO2: Direct air capture of CO2 (DAC) requires
more energy than capturing it from point sources, leading to
higher fuel costs, but also here condence intervals overlap. In
Fig. 3, “other CO2 sources” include concentrated point sources
like the post-combustion capture of CO2 from ue gases (e.g. of
cement/coal power plants), the purchase of concentrated CO2,
and other unspecied sources.

� Electrolysis type: High-temperature (HT) electrolysis, i.e.
solid oxide electrolysis (SOEL), offers a higher efficiency
Fig. 3 Fuel production costs from literature review for CO2 provision
from DAC and other CO2 sources. The depicted regression line of all
113 data points (with a 95% confidence interval shading) has an
adjusted R2 value of 0.23 (0.13) for CO2 from DAC (other sources),
revealing the high spread in the data.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Fuel production costs from literature review for low- and high-
temperature electrolysis (LT/HT). The depicted regression line of all 96
data points (with a 95% confidence interval shading) has an adjusted R2

value of 0.19 (0.15) for LT (HT) electrolysis, revealing the high spread in
the data.
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potential than low-temperature (LT) electrolysis like alkaline or
polymer electrolyte membrane electrolysis (AEL or PEMEL).
While the comparison of individual studies on either LT or HT
electrolysis does not reveal any marked differences, studies that
analyse both LT and HT electrolysis variants indicate that LT
electrolysis is currently less expensive, but could be out-
performed by HT electrolysis from 2030 onwards.33,37,44,45,48

In general, there are a number of reasons for the high vari-
ation in existing PtL fuel cost estimations, the most important
being different assumptions for the plant setup, its geograph-
ical location, the operation of the plants, as well as capital and
operational expenditures (CAPEX and OPEX) of individual
components. With many of these factors hard to predict due to
the yet-to-be-scaled nature of individual components, this study
provides a sensitivity analysis of which plant variables most
inuence the nal costs of PtL fuel production.
Fig. 5 PtL-SAF production process flowchart including all modelled
components and energy/mass streams. “Fuel production” includes
a reverse water–gas shift reaction step, Fischer–Tropsch synthesis,
and refining.
1.2 Research gaps and contribution of this study

Most existing studies on PtL fuel costs generally focus on single
fuel production plants and do not resolve for geographical
differences, mostly because they consider the supply of elec-
tricity from the grid or excess renewable electricity.54 Three
studies have analysed levelised costs of e-fuel production for
multiple countries/regions, but do not provide a more granular
resolution within country borders: A report published by the
German Energy Agency at the end of 2020 optimises the cost for
the global supply of various e-fuels between 2030 and 2050 with
a resolution of 92 countries or regions.41 Moritz et al. (2023)
provide high-level production costs of hydrogen and hydrogen-
derived fuels for 113 countries.55 An industry report by Concawe
published at the end of 2022 calculates the cost of supplying
various e-fuels to Europe from four regions in Europe, Middle
East and North Africa.56 Two other studies provide a more in-
depth analysis of a few countries within Europe: Gonzalez-
Garay et al. (2022) optimise the cost of PtL-SAF supply for
Spanish aviation, based on solar energy.57 Ordóñez et al. (2022)
This journal is © The Royal Society of Chemistry 2024
calculate the cost of PtL-SAF supply for aviation in ve European
countries (DE, ES, FR, GB, IT).58

We have identied a lack of scientic publications that
combine the large regional coverage of some studies with the in-
depth analysis of regional fuel production cost differences of
others. In particular, there is no study that assesses the cost of
PtL-SAF production for all European countries, investigating
regional differences (within individual countries) together with
cost projections until 2050 and considering intra-day and
seasonal energy storage. This study aims to combine these
aspects. It analyses stand-alone PtL-SAF production plants uti-
lising solar PV and wind energy. It showcases the benets of
combining these renewable energy sources with high untapped
potential. Other energy sources, such as hydropower, as well as
electricity supply from the grid have not been assessed. The
present work excels existing studies in the geographical and
temporal resolution within Europe. We divide Europe into 3102
onshore and 2288 offshore evaluation locations for which we
determine the cost-optimal fuel production plant design and
operation, given local solar irradiation, wind power potential,
and land availability for the production of electricity from these
sources.

Doing so, this paper provides insights into how a trans-
formation towards a carbon-neutral aviation sector in Europe
can be shaped: First, locations with lowest PtL-SAF production
costs are identied. Since PtL-SAF is currently at least 3× more
expensive than fossil jet fuel, these lowest-cost regions should
be selected in particular for the initial ramp-up of production
capacities. Second, parameters with the highest inuence on
fuel costs are derived from a sensitivity analysis. Third, the
additional costs of PtL-SAF compared with fossil jet fuel are
discussed in the light of the EU blending mandate – and what
effect the cost differential could have on ticket prices.
2 Methods
2.1 Plant design

This section provides an overview of the modelled plant design,
from its renewable electricity, water and air inputs to the nal
fuel product. Fig. 5 illustrates the plant setup.

To ensure a maximum CO2 reduction of the produced fuels,
electricity is supplied by standalone hybrid solar PV-wind
plants, which have been identied as promising for the
Sustainable Energy Fuels, 2024, 8, 811–825 | 813
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production of synfuels in previous studies.34,59 The majority of
the produced electricity is consumed in the production of the
fuel's initial constituents: hydrogen and CO2.

Hydrogen is produced via LT electrolysis – either AEL or
PEMEL – due to its higher technology readiness level (TRL) than
HT SOEL.60,61 LT electrolysers also have the advantage of not
requiring co-located high-temperature process heat.

CO2 is captured from ambient air via low-temperature direct
air capture.62–64 Required heat streams at 80–120 °C are recycled
internally from process waste heat or produced via electric
boilers. In the short-term, CO2 from fossil industrial point
sources like coal power plants could lower the fuel production
Table 1 CAPEX, OPEX, lifetimes, and efficiencies of all plant componen
(RWGS) unit, Fischer–Tropsch synthesis and the refining of syncrude. Un

Component 2020 2030

CAPEX Solar PV 676 464
Onshore wind (specic capacity of 0.2 kW
m−2, hub height of 200 m)

1760 1630

Onshore wind (specic capacity of 0.3 kW
m−2, hub height of 100 m)

1290 1192

Onshore wind (specic capacity of 0.47
kW m−2, hub height of 50 m)

1040 958

Offshore wind (monopile, up to 60 km
from shore)

2890 2447

Offshore wind (oating base, >60 km
from shore)

4540 3845

Electrolyser 1084 621
Electrolyser stack replacement 33% 30%
DAC 730 382
Fuel synthesis 799 596
Li-ion battery 324 203
H2 storage 21 15
CO2 storage 1500 1250
Electrical boiler 100 100

OPEX Solar PV 2.0% 2.0%
Wind (onshore and offshore) 2.5% 2.5%
Electrolyser 2.5% 2.5%
DAC 4.0% 4.0%
Fuel synthesis 2.5% 2.5%
Li-ion battery 2.5% 2.5%
H2 storage 1.0% 1.0%
CO2 storage 2.5% 2.5%
Electrical boiler 0% 0%

Lifetime Solar PV 30 30
Wind (onshore and offshore) 30 30
Electrolyser system 30 30
Electrolyser stacks 10 10
DAC 12 15
Fuel synthesis 30 30
Li-ion battery 15 15
H2 storage 30 30
CO2 storage 30 30
Electrical boiler 20 20

Efficiency Electrolyser 60.0% 63.3%
DACthermal 1.6 1.6
DACelectrical 0.4 0.4
Fuel synthesis 65.0% 70.0%
Li-ion battery (round-trip) 92.5% 92.5%
H2 storage 100% 100%
CO2 storage 100% 100%
Electrical boiler 100% 100%

814 | Sustainable Energy Fuels, 2024, 8, 811–825
costs compared to PtL from DAC. However, CO2 should be
supplied increasingly from air or biogenic point sources aer
2030 (ref. 61 and 65) to achieve net-zero greenhouse gas emis-
sions across the whole economy.

Hydrogen and CO2 are converted to syngas via a reverse
water-gas shi reaction (RWGS).35 Syngas is converted to syn-
crude in a Fischer–Tropsch synthesis unit, and rened to indi-
vidual fuel products (jet fuel, diesel, and gasoline) in
a hydrocracker. This study excludes other PtL-SAF production
pathways such as those via methanol. Since they are not yet
certied, a lack of comprehensive process and plant data
currently impedes a thorough analysis.66 The fuel synthesis
ts. “Fuel synthesis” costs include the costs of a reverse water–gas shift
certainties on future DAC costs are high64

2040 2050 Unit Reference

382 323 EUR per kWp 28, 78, 79
1569 1520 EUR per kW 79

1147 1110 EUR per kW 79

921 890 EUR per kW 79

2253 2100 EUR per kW 28, 79

3539 3300 EUR per kW 28, 79

462 358 EUR per kWel 16, 28, 80–85
28% 25% % of electrolyser CAPEX 81, 86
269 199 EUR per (tCO2

a) 63
514 452 EUR per kWch 28, 80
159 129 EUR per kWhel 78, 80, 87–89
13 11 EUR per kWhH2

88, 90–92
1000 750 EUR per tCO2

93
100 100 EUR per kWel 94
2.0% 2.0% % of CAPEX p.a. 28, 78, 79
2.5% 2.5% % of CAPEX p.a. 28, 79
2.5% 2.5% % of CAPEX p.a. 16, 28, 80–85
4.0% 4.0% % of CAPEX p.a. 63
2.5% 2.5% % of CAPEX p.a. 28, 80
2.5% 2.5% % of CAPEX p.a. 78, 88
1.0% 1.0% % of CAPEX p.a. 88, 91, 92
2.5% 2.5% % of CAPEX p.a. 83, 88, 93
0% 0% % of CAPEX p.a. 94
30 30 Years 28, 78, 79
30 30 Years 79
30 30 Years 80, 84
10 10 Years 81, 86
17 20 Years 62
30 30 Years 80
15 15 Years 78, 88, 89, 95
30 30 Years —
30 30 Years —
20 20 Years 94
66.7% 70.0% % (LHV basis) 16, 28, 80, 81, 83–85
1.6 1.6 kWhth per kgCO2

62
0.4 0.4 kWhel per kgCO2

62
75.0% 80.0% % (LHV basis) 28, 80
92.5% 92.5% % 95–98
100% 100% % —
100% 100% % —
100% 100% % —

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Steady state energy balance of plant producing 10 GWh per
year of kerosene. No storage depicted. Values represent energy
supplied to each stage in GWh per year. Green corresponds to elec-
tricity, blue to hydrogen, orange to fuels, red to useable heat and grey
to waste heat.
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View Article Online
design (including a reverse water-gas shi (RWGS) unit,
Fischer–Tropsch (FT) synthesis and the rening of syncrude) is
based on ref. 39 and 67.

Li-ion batteries as well as hydrogen and CO2 storage in steel
tanks balance electricity generation uctuations and ensure
a steady hydrogen and CO2 stream to the Fischer–Tropsch
synthesis unit.

Capital and operational expenditures (CAPEX and OPEX),
plant lifetimes and their efficiencies, i.e. their electricity and/or
heat demand, of all plant components are summarised in
Table 1. The Sankey diagram in Fig. 6 shows the resulting energy
exchanges. The total plant efficiency from electricity to fuel
amounts to 32–34% depending on battery storage utilisation –

which is in line with a recent study by Grim et al. (2022).27

2.2 Plant optimisation

The minimum technical cost of fuel production is derived by
optimising plant component sizing and hourly operation for
a modular plant setup of 10 GWh jet fuel output per annum,
according to renewable energy resource availability. The objec-
tive of the optimisation is the minimisation of the net present
value (NPV) of lifetime costs of the plant while fullling an
annual jet fuel production of 10 GWh (815 tonnes). This plant
size is characteristic of rst-of-a-kind PtL-SAF plants, but future
full-scale production plants are likely to be many times larger.
This study does not resolve for potential economies of scale,
meaning plant CAPEX and OPEX are assumed to scale linearly
with plant production capacity.

The plant design is optimised with the assumption of perfect
foresight, meaning hourly energy and chemical storage
dispatch decisions can be made with the benet of knowledge
of future electricity production over the course of a year.
This journal is © The Royal Society of Chemistry 2024
2.2.1 Exogenous inputs and geographic scope. The 5390
evaluation cells representing potential production regions were
created by subdividing European land masses and coastal areas
up to 100 km offshore into grids with size and centroids cor-
responding to the resolution of the used wind data (see below).
For cells that fell on country borders, multiple cells were created
– one for the portion of the cell in each country. For those that
fell on coastlines, the same approach was taken for an onshore
and an offshore cell.

The cost of fuel production using wind and solar PV-
generated electricity for each of these cells is dictated by the
prevalence and intermittency of the renewable energy resources.
The differences of those inputs across Europe drive the
geographic variability of fuel production costs. In order to study
this variability, hourly wind speed and solar irradiance data were
obtained for each of the evaluation cells within Europe for 2016,
a year without any large resource anomalies.68,69

Wind speed data was retrieved from the Modern-Era Retro-
spective analysis for Research and Applications, Version 2
(MERRA-2) dataset produced by NASA's Global Modelling and
Assimilation Office.70 Eastward and northward components of
hourly average wind speed at heights of 10 meters and 50
meters were extracted for the year of 2016 at the MERRA-2
resolution of 0.5 by 0.625 degrees latitude and longitude,
respectively. Wind speed data was converted to hourly power
production using wind turbine power curves. At each cell, the
optimal wind turbine model was selected in order to maximise
full load hours (see ESI† for further information).

Solar irradiance data was obtained from the Photovoltaic
Geographical Information System (PVGIS),71 a web application
developed by the European Commission Joint Research Centre.
The tool was used to simulate hourly power output of a solar PV
installation per kW of installed capacity of optimally-tilted
southward-facing xed axis PV panels. A default PV system
loss value of 14% was used as recommended by the tool. Solar
PV power production for every hour of 2016 was queried at the
centroid of each evaluation cell using this method.

With hourly per-unit electricity production from wind and
solar PV generation as exogenous inputs, the optimiser selects
plant component capacities and hourly energy and mass
exchanges to meet a yearly jet fuel production target of precisely
10 GWh.

2.2.2 Land availability constraints. The generation of
renewable electricity via wind and solar power is constrained by
available land area, which we modelled using the CORINE Land
Cover data which splits Europe into 44 land cover types with
a resolution of 25 hectares.72 For each evaluation cell on land,
the area of each land cover type is calculated. For individually
selected land cover types, the maximum electricity generation
capacity is calculated based on the required plant area per unit
of produced fuel.

2.2.3 Flexible operation and decision variables. Plant
operation is constrained primarily by two energy balances and
two mass balances. In the electricity balance, the electricity
demand of the electrolyser, electric boiler, CO2 capture plant, and
battery must be met by a combination of energy supplied by the
Sustainable Energy Fuels, 2024, 8, 811–825 | 815
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Fig. 7 CAPEX of the individual components of a jet fuel production
plant,16,28,62,63,78–85,87–89,99 normalised to their initial cost of 2020. PV and
wind power costs in EUR per kWp, battery costs in EUR per kWh,
electrolyser costs in EUR per kWel, Fischer–Tropsch synthesis plant
costs in EUR per kWch, DAC costs in EUR per (tCO2

a).
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wind turbines, PV system, and battery discharge minus curtail-
ment. In the heat balance, the CO2 capture system is supplied by
excess heat from the FT reaction and the exibly-operated boiler.
Hydrogen supply to the FT synthesis unit is balanced by the
electrolyser output and the hydrogen storage charge/discharge.
Likewise, CO2 supply to the fuel synthesis is balanced by the
CO2 capture unit and the CO2 storage charge/discharge.

In addition to the energy and mass balances, a few compo-
nent operation constraints are also necessary. The rate of
charge and discharge of the battery is constrained by a charac-
teristic C-rate of 0.5 (ref. 73) and the FT synthesis unit must
operate with a minimum baseload of 80% of its rated capacity.
The charge states of energy and mass storage components must
be the same at the end of the year as they were at the beginning.

Optimised decision variables are (a) component capacities, and
(b) energy and mass exchange through the plant for each hour of
the year, i.e. the plant operation, taking into account component
efficiencies and wind/PV electricity availability. The ESI† provides
a mathematical description of the optimisation problem.

Aer the optimisation yields a cost-optimal modular plant
design within each evaluation cell, the plant size (production
capacity) is determined by the area required for solar PV and
wind power and the availability of land (see previous section).
The PV land use area requirement is assumed to be 8.3 acres per
MWac, which includes all area enclosed by the site boundary.74

The spacing of wind turbines is assumed to be 10 meters per
meter of rotor diameter.75,76
2.3 Economic assessment

2.3.1 Levelised cost of fuel (LCOF). The levelised cost of
fuel production (LCOF) is used to make direct nancial
comparison of fuels produced in different locations. It repre-
sents the present value of the lifetime cost of plant CAPEX and
OPEX per unit of fuel produced, as given in eqn (1).

LCOF ¼ NPVplantPL
t¼0

F

ð1þ rÞt
(1)

Annual fuel production, F, is discounted for year t using
discount rate r= 5% (ref. 16 and 77), through the lifetime of the
plant, L = 30 years. The net present value (NPV) of the plant,
given in eqn (2), is the sum of the NPV of each plant component,
k, given in eqn (3). The OPEX of each component for each year, i,
of the plant's lifetime, L, is discounted using the NPV formula,
eqn (4), which is used to derive the NPV of any expense or cash
ow, R. The NPV of the CAPEX of each component is calculated
for each component instalment, j, which occurs every l year,
where l is the component lifetime. The number of component
instalments, N, is limited by the lifetime of the overall plant.
The last term of eqn (3) represents the resale value of the
component at the end of the plant's lifetime.

NPVplant ¼
X
k

NPVk (2)
816 | Sustainable Energy Fuels, 2024, 8, 811–825
NPVk ¼
XL
i¼0

½NPVðOPEX; iÞ� þ
XN
j¼0

½NPVðCAPEX; j$lÞ�

�NPV

�
CAPEX

l
$ðN$l � LÞ; L

�
(3)

NPVðR; tÞ ¼ Rt

ð1þ rÞt (4)

The plant costs are allocated across the product fractions
based on energy content, meaning the LCOF (in EUR per kWh)
is the same for all. For kerosene, the annual production, F, of
the modular plant is 10 GWh by design.

2.3.2 CAPEX, OPEX, lifetimes, and efficiencies. Projected
CAPEX, OPEX, lifetimes, and efficiencies of plant components
for 2030, 2040, and 2050 are based on a literature review, see
Table 1 and ESI.†

Normalised to the initial costs in 2020, the projected expe-
rience rates of all technologies are depicted in Fig. 7.
3 Results and discussion
3.1 Regional variation in PtL-SAF production costs

Fig. 8 shows the levelised cost of jet fuel production across
Europe for 2020, 2030, 2040 and 2050. For visual simplicity,
LCOF are presented in EUR per litre and EUR per kg only. The
LCOF in EUR per MWh can be conveniently approximated from
EUR per litre by multiplying by 100. By 2030, the lowest LCOF
within Europe ranks at 1.21 EUR per litre (1500 EUR per tonne),
by 2040 the LCOF goes down to 0.93 EUR per litre (1160 EUR per
tonne), and by 2050 it lowers to 0.71 EUR per litre (890 EUR per
tonne).

Fig. 9 illustrates the location dependency of the levelised cost
of jet fuel production. Coastal areas at the English Channel, the
North Sea and the Baltic Sea (roughly between 50° and 55°
latitude) represent low-cost production sites due to their
favourable onshore wind potential. When taking transportation
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 PtL-SAF production costs in Europe for 2020, 2030, 2040, and
2050.

Fig. 9 Location dependency of PtL-SAF production costs in 2020. The
horizontal axis describes the share of solar PV versus total installed
electricity generation from both solar PV and onshore wind power (left
end: 100%wind; right end: 100% PV). The colour-coding describes the
latitude of the production site.
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costs into account, production along the English Channel and
North Sea would be supported by proximity to the Central
European Pipeline System (CEPS), which consists of 5273 km of
pipeline transporting jet fuel between storage depots, rail and
truck loading stations, sea ports, and commercial airports in
Belgium, France, Germany, Luxembourg, and The Netherlands.
Another low-cost production area is located in the South-
Western part of the Iberian peninsula (35–40° latitude) where
high solar irradiation favours the hybrid solar PV-wind
This journal is © The Royal Society of Chemistry 2024
production of PtL-SAF, with solar PV comprising 60–70% of
the total installed electricity generation capacity.

Future work should use these cost estimates in conjunction
with transportation costs, which are driven by regional demand
constraints, to optimise production facility siting as was done
by e.g. Gonzalez-Garay et al. (2022).57 In contrast to these low-
cost locations, the region of the Alps and coastal areas in the
Mediterranean Sea show higher fuel production costs due to the
limited wind potential in those places.

An example of the optimised hourly operation at a location
in Poland is given in the ESI,† as is a series of maps indicating
the storage capacities required to rm intermittent electricity
generation. Overall, the combination of abundant wind power
and solar PV enables high full load hours and therefore low-cost
PtL-SAF production, whereas locations with a higher PV share
compared to wind tend to show higher production costs (Fig. 9).
Similarly, PtL-SAF production sites powered solely by offshore
wind show comparatively higher fuel production costs because
of the higher CAPEX requirements of wind turbines and larger
battery storage required to balance intermittency.

3.2 Attribution of cost to plant components

The relative sizes of component capacities are a function of the
local wind and PV resources. Thus, the share of installation cost
(NPV of CAPEX and OPEX) attributable to each plant compo-
nent is not xed. However, for both onshore and offshore
locations, electricity generation components represent the
largest share of installation costs on average (about 50–60%),
followed by the electrolyser (about 15–20%). Fig. 10 details the
levelised cost of each plant component. Component costs are
given as the NPV of lifetime CAPEX and OPEX and levelised by
the total plant lifetime fuel production. The black lines,
depicting the 5–95% quantile range across all evaluation cells,
indicate signicant variation. Even in extreme cases, however,
the cost of electricity production (wind and PV) in 2050 is likely
to contribute at least 0.25 EUR per litre (or 55% of the total
LCOF) for onshore locations and 1.00 EUR per litre (70%) in
offshore locations. While technology learning curves drive cost
reductions for all components from 2020 to 2050, the most
prominent declines are expected for the electrolyser and CO2

capture. Component costs represented as the share of total
LCOF are available in the ESI.†

In this fuel production pathway, energy is buffered primarily
in hydrogen storage tanks rather than in batteries. The
geographic exibility enabled by hydrogen pressure vessels
comes at the expense of high cost of storage, but where
geological storage options exist, this cost can be reduced by an
order of magnitude or greater.90 Fuel synthesis, battery, CO2

storage, and process heat represent very small shares of the
total fuel production costs and technological advancements in
those areas are thus not expected to contribute to signicant
cost reductions.

3.3 PtL-SAF production costs under varying land availability

Land availability constrains available PtL-SAF production sites.
We consider three land types to showcase how our
Sustainable Energy Fuels, 2024, 8, 811–825 | 817
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Fig. 10 Evolution of the levelised cost of each plant component from
2020 to 2050. Component costs are comprised of the NPV of lifetime
CAPEX and OPEX and levelised by the total plant lifetime fuel
production. The black lines indicate the 5–95% quantile range of all
evaluation cells. Offshore locations (top plot) are solely powered by
wind.

Fig. 11 Potential PtL-SAF production volumes and marginal fuel produ
ascending fuel production cost.
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methodological approach can be used to estimate the PtL-SAF
production potential and the resulting PtL-SAF cost curves for
individual areas (see Fig. 11).

This analysis is based upon the assumption that a mixture of
sparsely vegetated areas, pastures and offshore areas can be
made available for PtL-SAF production without inducing any
signicant harmful side effects (e.g., following the Do No
Signicant Harm taxonomy of the European Commission100).

� Sparsely vegetated areas: These are assumed to have few
other use cases and a comparatively low risk of biodiversity loss.

� Pastures: The combined land use for agriculture and wind
and/or solar PV parks (“agrivoltaics”) has already been proven
feasible and could be enlarged.101

�Offshore area: We assume offshore wind turbines up to 100
km from the shore can be used to produce electricity that is
used at inland PtL-SAF production sites close to the shore.

The land types described above will not be completely
available for PtL-SAF production sites. Not all pasture areas will
offer the potential of combined land use and not all offshore
sites will be available for offshore wind parks due to water
protection zones and frequent shipping lanes. In addition,
a variety of other factors needs to be considered, including the
potential loss of biodiversity when repurposing land for
industrial use, the availability of water (for electrolysis), whether
a land area currently functions as a carbon sink, and potentially
ction costs in Europe, constrained by land availability and sorted by

This journal is © The Royal Society of Chemistry 2024
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Table 2 Average PtL-SAF production costs and GHG abatement costs
to fulfil the provisional blending mandates purely with domestic
production within Europe.24 Combined, this yields an absolute GHG
abatement potential

Metric 2030 2040 2050 Unit

Blending mandate 1.2 10 35 %
Resulting PtL-SAF volume 0.9 7.8 27.1 Billion litres
PtL-SAF production costs 1.22 0.97 0.81 EUR per litre
GHG abatement costs 300 210 150 EUR per tCO2

e
Abated GHG emissions 2.5 21.3 74.5 Million tCO2

e
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preferable land uses, e.g. for reforestation. Based on such
considerations, we have excluded other land types from this
analysis where their land use for PtL-SAF production might be
controversial. The selection of land types above is made to
showcase the developed methodology but the ESI† provides
access to a tool for investigating the impact of in-/excluding
individual land cover types (from the full set of 44) in Europe
from this kind of analysis. Whereas this study provides a rst-
order approximation on the production potential of PtL-SAF
in Europe, further in-depth studies about regional and local
land availability and PtL-SAF production costs should follow
this paper.

Besides the fuel production costs per year, Fig. 11 also shows
the jet fuel demand in Europe in 2019 from domestic and
international aviation of 62 Mt (77 billion litres) as a vertical
line.102

Neither sparsely vegetated areas nor pastures (at least in the
short-term) are sufficient on their own to supply the full 2019 jet
fuel demand of European states via PtL-SAF production at costs
below 3 EUR per litre (3750 EUR per tonne). This is 7-8x the
average historical fossil jet fuel market price of about 0.40 EUR
per litre (500 EUR per tonne) – which, except for some short-
term outliers, has been uctuating between 0.2 and 0.6 EUR
per litre between August 2013 and February 2022.103

However, SAFs will not only be supplied via PtL but also from
sustainable biomass (such as agricultural or forestry residues)
and all three land cover types combined suffice to meet the
remaining share of PtL-SAF (see Section 3.5).

3.4 Country-specic cost curves

As shown in Fig. 8, PtL-SAF production costs show a high
regional variation. For national contexts, country-specic cost
curves (similar to the pan-European one in Fig. 11) will be
essential to determine whether countries could produce PtL-
SAF domestically at competitive costs, whether they should
import PtL-SAF from other European countries, and whether
they have the opportunity to become PtL-SAF exporters in the
future. Such country-specic cost curves can be found in the
ESI† for the same combination of land types as in Fig. 11.

By 2030, France, Germany, Iceland, Ireland, Netherlands,
Poland, and the United Kingdom are likely to be able to produce
at least a billion litres of PtL-SAF fuel per annum each at costs
lower than 1.5 EUR per litre (3.75× the historical average fossil
jet fuel market price).

3.5 Potential impact of blending mandates

With the ReFuelEU Aviation regulation, the European
Commission and the European Parliament have adopted a SAF
blending mandate, including a sub-mandate for renewable
fuels of non-biological origin of 1.2% by 2030, 10% by 2040, and
35% by 2050.24,104 Here, we analyse at what cost Europe could
full this mandate purely with domestic (i.e. intra-European)
PtL-SAF production.

While non-EU countries like the UK could adopt different
blending mandates, we assume in this section that all European
states will adopt such a mandate. We also assume that all
This journal is © The Royal Society of Chemistry 2024
renewable fuel volumes of non-biological origin will be PtL-SAF
produced from the plant design discussed in this paper. We
apply the provisional mandates onto the 2019 jet fuel demand
and do not consider any changes in fuel demand (while the
number of passengers is projected to increase at an annual
growth rate of 2% within Europe, aircra efficiency improve-
ments, novel propulsion aircra and other CO2 reduction
measures could keep the jet fuel demand in Europe roughly at
2019 levels by 2050 (ref. 12)).

The cost of PtL-SAF is discussed in terms of LCOF and GHG
abatement costs. GHG abatement costs are computed using the
life-cycle GHG emission factor of fossil jet fuel (3.9 t CO2e per t
fossil jet fuel105) and the expected GHG emissions reduction of
PtL-SAF produced from hybrid solar PV-wind power plants of
87–88%.22

By 2030, the mandated fuel volumes could be produced at an
average cost of about 1.22 EUR per litre (see Table 2). This
translates to GHG abatement costs of about 300 EUR per tCO2

e.
By 2040 (2050), the mandated fuel volumes could be

produced at an average cost of about 0.97 (0.81) EUR per litre,
translating to GHG abatement costs of 210 (150) EUR per tCO2

e.
Lowest-cost sites could produce PtL-SAF at 0.93 and 0.71 EUR
per litre in 2040 and 2050, respectively.

To quantify the impact of increased fuel prices on the end
customer, we present a case study investigating the effect of
blending mandates on ticket prices. Per year, the ticket price is
compared to a reference case based on the cost of fossil jet fuel.
It is assumed that the current share of fuel costs on total costs of
ownership of an airline is 25% and non-fuel costs remain
constant in future years.106 Additionally, by extrapolating the
historical annual rate of 1.5% fuel efficiency improvements of
airlines107 in future years, we incorporate a decreasing fuel
consumption per seat-kilometre. The resulting ticket price
premiums would be 0.6% by 2030, 3% by 2040, and 7% by 2050,
see Fig. 12. A detailed derivation of the formula used to deter-
mine ticket price premiums is included in the ESI.†

To supply the provisional mandated fuel volumes within
Europe, 8 GW each of solar PV and onshore wind power capacity
would need to be installed by 2030 and 250 GW each in 2050,
following the cost production curves in Fig. 11. This compares
to 1053 GW globally installed solar PV capacity in 2022, and 899
GW globally installed (onshore and offshore) wind capacity in
2022 (ref. 108) – and projected capacity requirements of 26–35
TW solar PV and 14–16 TW wind power by 2050.109 No offshore
Sustainable Energy Fuels, 2024, 8, 811–825 | 819

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3se00978e


Fig. 12 Estimates of increased ticket prices from the use of varying
shares of PtL-SAF (with the rest of the fuel being fossil jet fuel).
Highlighted are the ticket price premiums resulting from the provi-
sional blending mandates for renewable fuels of non-biological origin
within ReFuelEU Aviation.

Fig. 13 Sensitivity of LCOF to the three most sensitive plant param-
eters: hydrogen-to-syncrude chemical conversion efficiency (top),
electrolyser efficiency (middle), and wind turbine CAPEX (bottom).
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locations are used due to the more favourable, balanced elec-
tricity supply for PtL-SAF production plants from hybrid solar
PV-onshore wind power plants.

Additionally, a CO2 capture demand for PtL-SAF production
of 210 Mt CO2 by 2050 compares to a projected global capacity
demand for 7–10 Gt CO2 by 2050.110 An electrolyser capacity
demand for PtL production of 205 GW compares to a projected
global capacity demand for 7.8 TW by 2050.111

From the year 2000 to 2022, the global installed capacity of
solar PV increased by three orders of magnitude.112 With this as
reference for technology growth supported by cost declines and
targeted policy action, an increase from an installed electrolysis
capacity of 200 MW in 2020 to over 200 GW in 2050 is ambitious
but not beyond the realm of the possible.111 With less than 0.1
Mt CO2 of installed DAC capacity globally in 2020, the challenge
of meeting CO2 demand for PtL-SAF production is much
larger.113 In reality, other SAF production CO2 pathways,
including those utilising point-source CO2 will also be required
to full the mandated SAF volumes. In either case, signicant
policy support will be required to drive the ramp-up of PtL-SAF
production.

In 2050, a blending mandate of 50% of the nal jet fuel
demand would create a market of 22 billion EUR, which is
approximately three times the fuel expenditure of the Luhansa
Group in 2022.114

3.6 Sensitivity analysis

The sensitivity of the LCOF to model inputs was evaluated using
a Monte Carlo method, in which 1000 randomly selected
onshore cells were simulated with varied inputs. Since the
uncertainty of LCOF model inputs, such as future component
CAPEX and efficiencies, are inherently uncharacterisable,
model sensitivity was explored using uniform variations across
all inputs as a necessary simplication. Thus, input values were
randomly sampled from Gaussian distributions centred around
their respective 2020 baseline values and with a standard devi-
ation of 20% (see Table 1). This provides a method to
820 | Sustainable Energy Fuels, 2024, 8, 811–825
characterise the response of the modeled LCOF to each input
individually without constraining the model to a specic choice
of values for all other inputs.

To characterise the sensitivity of LCOF to the model inputs,
the inputs and outputs were transformed to a per-unit system.
Each input was normalised by its baseline value (see Table 1).
The output (LCOF) was normalised for each cell relative to the
corresponding reference 2020 LCOF at each cell. The reference
2020 LCOF at each cell is that calculated with all baseline input
values (as presented in Fig. 11). This per-unit transformation
facilitates comparison of the relationships between modelled
inputs and costs. Fig. 13 illustrates these relationships, derived
via ordinary least squares regression, for the three inputs to
which the model is most sensitive: chemical efficiency of fuel
synthesis, electrolyser efficiency, and wind turbine CAPEX.
Relative sensitivity is quantied by the slope and R2 values.

The noisiness of the plots is a consequence of two factors.
The rst is the natural diversity of wind and solar resources
across evaluation cells. The second is articial randomness due
to sampling from the input distributions. Because the input
distributions are arbitrarily characterised by a standard devia-
tion of 20%, so too is the magnitude of the noise and associated
correlation coefficients, which should therefore only be used to
compare the strength of correlation relative to other inputs. The
regression parameters for the nine inputs found to be most
determinant of LCOF are provided in Table 3. The remainder of
model inputs listed in Table 1 were found to have statistically
insignicant regression parameters (p-value of slope >0.005)
and are not included in Table 3.

Notably, the inputs most associated with the cost of elec-
tricity (wind and PV CAPEX) and electricity consumption (elec-
trolyser CAPEX and efficiency), were found to be some of the
most important. This result supports ndings of numerous
This journal is © The Royal Society of Chemistry 2024
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Table 3 Ordinary least squares regression parameters for model input sensitivity analysis. The parameters describe the relationship between the
normalised values of each of the ninemost sensitivemodel inputs and the normalised LCOF. The variable names correspond to those in the plant
assumption spreadsheet and flowchart available in the ESI. “Fuel synthesis” includes a reverse water-gas shift (RWGS) unit, Fischer–Tropsch
synthesis and the refining of syncrude

Parameter Variable name Slope Slope 95% C.I. Intercept Intercept 95% C.I. R2 × 100

Fuel synthesis chemical efficiency H2tL_chem_efficiency −1.007 [−1.07, −0.95] 2.015 [+1.96, +2.07] 53.09
Electrolyser efficiency electrolyzer_efficiency −0.622 [−0.70, −0.55] 1.627 [+1.55, +1.70] 21.35
Wind CAPEX wind_CAPEX 0.403 [+0.31, +0.49] 0.599 [+0.51, +0.69] 7.54
Discount rate discount_rate 0.359 [+0.27, +0.44] 0.644 [+0.56, +0.73] 6.67
Fuel synthesis baseload H2tL_baseload 0.236 [+0.15, +0.32] 0.766 [+0.68, +0.85] 2.76
Wind lifetime wind_lifetime −0.192 [−0.28, −0.11] 1.195 [+1.11, +1.28] 1.92
Electrolyser CAPEX electrolyzer_CAPEX 0.181 [+0.09, +0.27] 0.822 [+0.74, +0.91] 1.69
Solar PV CAPEX PV_CAPEX 0.162 [+0.08, +0.25] 0.841 [+0.76, +0.92] 1.44
DAC CAPEX CO2_CAPEX 0.156 [+0.07, +0.24] 0.847 [+0.76, +0.93] 1.29
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other works identied in Section 1.1. Using the regression
parameters in the table, it is possible to extrapolate fuel
production costs under different assumptions of component
CAPEX, efficiencies, etc. The results suggest, for example, that
increasing the fuel synthesis chemical efficiency by 10% would
reduce the LCOF by approximately 10%.

Furthermore, while future costs of DAC are highly uncertain,
this analysis suggests LCOF costs are not as sensitive to the
model input. Tripling the assumed DAC CAPEX from 730 to
2190 EUR per (tCO2

a) would increase the LCOF by only about
30%.
3.7 Limitations and future research

This section discusses (1) the techno-economic model uncer-
tainties; (2) critical assumptions; and (3) limitations on scope in
an effort to guide interpretation and application of the pre-
sented results. We also include recommendations for future
research that can be done on the back of themethods developed
in this paper.

Model inputs are subject to uncertainties, especially when
projecting into future years. For example, CAPEX cost reduc-
tions for renewable electricity generation have historically oen
been underestimated.115,116 Generally, differences in various
plant component efficiencies, CAPEX, and OPEX would lead to
different LCOF estimates. Therefore, a robust sensitivity anal-
ysis is included, in which the impact of these differences on
LCOF are quantied. The results of the analysis, while mostly
a characterisation of the model, also indicate which inputs
should be more closely rened. While the sensitivity analysis
was performed for model inputs clustered around 2020
assumptions, smaller Monte Carlo style simulations were run to
test the model performance clustered around 2050 assump-
tions. The results, while not statistically signicant due to the
necessarily smaller sample size, indicate that the model
responds to inputs similarly in this regime. To robustly
extrapolate fuel production costs to different input assumptions
in 2030, 2040, and 2050, the associated full-scale high sample
size sensitivity analyses should be conducted in the future.

Hourly wind and solar resources from a single year were used
to optimise plant operation and component sizing. The variable
This journal is © The Royal Society of Chemistry 2024
concurrence of wind and solar resources in another year may
lead to different optimal component sizing and a future itera-
tion of the model should add robustness to this effect. Addi-
tionally, geographic fuel production potential and the resulting
cost curves are dependent on the quality of the CORINE land
use dataset, which has a limited resolution and has not been
updated since 2018. Inclusion of other land types as well as
projections of future competing offshore and onshore devel-
opment (e.g. renewable energy for other uses) would have an
impact on the cost curve. A rened analysis of available areas
(including e.g. offshore shipping lanes) and investigation of the
sustainability implications of development are key tasks for
future work. Offshore wind coupled with onshore or any
oating PV was not included in this analysis, but should be
included in future iterations as well.

Simplifying assumptions made in our model represent areas
for further analysis. While CAPEX and OPEX scale linearly with
capacity in our analysis, economies of scale are likely to reduce
the LCOF in large-scale commercial plants. Additionally, the
assumption of perfect foresight of wind and solar energy in our
model leads to perfectly optimal dispatch of energy storage,
whereas the implementation of an imperfect algorithm would
likely necessitate extra capacity margin and higher costs.

The presented costs and geographic production potential
apply only to the specic plant conguration which was studied –

utilising solar PV and wind as the only energy sources and
ambient air as the source of CO2. Application of results should
thus be constrained accordingly. More work is needed to inves-
tigate how other likely sources of electricity and heat, such as
hydro power, geothermal power, district heat, or grid-supplied
renewable energy could impact LCOF and the broader related
energy systems. For CO2, other sources – such as industrial point
sources – should be considered. Similar analyses should also be
performed for other technologies such as high-temperature
electrolysis or methanol pathways instead of Fischer–Tropsch
(see overview in ref. 117), which could lead to improvements of
efficiency or specicity. With this, absolute LCOF values would
decrease, but the relative deviations between different regions or
years are expected to remain. Additional revenues from the sales
of oxygen produced during electrolysis, and the effect of varying
Sustainable Energy Fuels, 2024, 8, 811–825 | 821
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prices of other co-products such as diesel and gasoline is also
outside the scope of this research.

Cost-optimal supply of SAF in the mid-21st century will
undoubtedly necessitate a diversity of production pathways,
including those from biogenic point-sources. This study should
serve as a tool to enable robust comparison of PtL-SAF supply to
others under primary energy and land availability constraints
within Europe.

The core contribution of this study lies in the presented
approach to quantify regional variability. The open-source and
open-access nature of all inputs and code allows researchers to
directly build upon the presented work. Underlying assump-
tions can be easily adapted and input data updated. This work
provides an important step for a holistic future research on the
role of PtL-SAF in the future, which should assess the trade-offs
between GHG intensity, production costs, raw material avail-
ability and other socio-economic indicators.
4 Conclusions

This paper estimates future production costs of power-to-liquid
sustainable aviation fuels for 5390 locations within Europe. We
developed an optimisation method for assessing the levelised
cost of PtL-SAF produced from hybrid solar PV-wind plants,
under varying land availability constraints. The lowest fuel
production costs are observed in areas of high full load hours of
onshore wind power – e.g. coastal areas at the English Channel,
the North Sea and the Baltic Sea – as well as for areas on the
Iberian Peninsula with a high combined potential of solar PV
and onshore wind power. They rank at 1.21 EUR per litre (3× the
average historical fossil jet fuel price) in 2030, 0.93 EUR per litre
(2.3×) in 2040, and 0.71 EUR per litre (1.8×) in 2050.

Compared with biofuels, which today cost only about 2–3×
of historical fossil jet fuel prices, PtL-SAF could overlap with
these costs or become even cheaper in the 2030s. In the long-
run (2050), we estimate PtL-SAF costs in Europe to be around
at 0.8 EUR per litre. Only a limited amount of biofuels could be
produced at similar cost ranges (at 0.7–1.1 EUR per litre),
namely using hydroprocessed esters and fatty acids (HEFA)
which rely on evidently limited feedstock.5 The production costs
of other, non-HEFA biofuels are projected at 1.1–1.7 EUR per
litre by 2050.5,8

This paper also analyses the impact of land availability for
solar PV and wind power plants. Making sparsely vegetated
areas, pastures and offshore locations available for PtL-SAF
production, the provisional blending mandates for renewable
fuels of non-biological origin from the European Commission
and the European Parliament could be fullled by domestic PtL-
SAF production within Europe at an average cost of 1.22 EUR
per litre in 2030, 0.97 EUR per litre in 2040, and 0.81 EUR per
litre in 2050. Ticket prices under such a scenario could go up by
<1% by 2030, 3% by 2040, and 7% by 2050 due to the increased
fuel costs compared with fossil jet fuel. The required renewable
electricity generation capacity installations would be 8 GW each
of solar PV and onshore wind by 2030. For 2050, these numbers
increase to 250 GW each.
822 | Sustainable Energy Fuels, 2024, 8, 811–825
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