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Abstract: Decarbonization of the aviation sector is crucial to reaching the global climate targets. We
quantified the environmental impacts of Power-to-Liquid kerosene produced via Fischer-Tropsch
Synthesis from electricity and carbon dioxide from air as one broadly discussed alternative liquid
jet fuel. We applied a life-cycle assessment considering a well-to-wake boundary for five impact
categories including climate change and two inventory indicators. Three different electricity pro-
duction mixes and four different kerosene production pathways in Germany were analyzed, includ-
ing two Direct Air Capture technologies, and compared to fossil jet fuel. The environmental impacts
of Power-to-Liquid kerosene varied significantly across the production pathways. E.g., when elec-
tricity from wind power was used, the reduction in CO2-eq. compared to fossil jet fuel varied be-
tween 27.6-46.2% (with non-COz effects) and between 52.6-88.9% (without non-CO: effects). The
reduction potential regarding COz-eq. of the layout using low-temperature electrolysis and high-
temperature Direct Air Capture was lower compared to the high-temperature electrolysis and low-
temperature Direct Air Capture. Overall, the layout causing the lowest environmental impacts uses
high-temperature electrolysis, low-temperature Direct Air Capture and electricity from wind
power. This paper showed that PtL-kerosene produced with renewable energy could play an im-
portant role in decarbonizing the aviation sector.

Keywords: decarbonization; defossilization; life cycle assessment; aviation; synthetic kerosene;
e-kerosene; sustainable aviation fuel; power to liquid; direct air capture; green hydrogen; renewable
hydrogen

1. Introduction

In 2018, the aviation sector emitted 1.04 Gt of carbon dioxide (CO2), accounting for
approximately 2.5% of total global anthropogenic CO: emissions [1]. Despite the tempo-
rary drop in flight activity and related emissions due to the COVID-19 pandemic, the sec-
tor is expected to at least double by 2050 compared to 2019, leading to increasing environ-
mental impacts [2—4]. These environmental impacts are caused through the combustion
of aviation fuel, with fossil Jet A and Jet A-1 being the most used aviation fuels to date
(based on [5,6]). As aviation counts as part of the “difficult-to-decarbonize” energy ser-
vices and the emissions are expected to increase, it is crucial to decarbonize aviation to
reach the goals of the Paris Agreement [7-9].

Aviation faces special challenges, as commercial aircraft have a lifespan of about 30
years [10] and cannot be electrified with today’s technologies [7,11]. Furthermore, effi-
ciency gains in fuel consumption are —and will reportedly remain —smaller than fuel con-
sumption growth due to increased passenger demand [12,13]. As such, the aviation sector
cannot be decarbonized by electrification and will therefore require liquid fuels with high
volumetric and gravimetric density for propulsion at least until mid-century. Drop-in-
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ready low-carbon fuels represent a technologically viable solution to decarbonize aviation
[7]. Thus, synthetically produced fuels have received increased attention in recent years
as a technologically fungible alternative to conventional jet fuels [14-16], due to their po-
tential to reduce carbon dioxide (CO2) emissions in the aviation sector by over 95% [17-
19].

Fossil aviation kerosene is produced by refining petroleum. The same refinery pro-
cesses can be used to refine synthetic fuel (synfuel), i.e., a mixture of hydrocarbons which
can be produced with different techniques and whose composition depends on the pro-
duction pathway. One way of producing synfuel with a chemical composition almost
identical to petroleum is through Fischer-Tropsch Synthesis (FTS) of synthesis gas (syn-
gas) [20]. Syngas can be produced by combining hydrogen from water electrolysis and
CO2. CO2 can be sourced through technologies directly extracting CO: from the atmos-
phere (Direct Air Capture; DAC) or from COq-rich gases emitted by point sources, e.g.,
from single localized emitters such as fossil fuel power plants, oil refineries, industrial
process plants, and other heavy industrial sources [21]. Kerosene refined from synfuel
obtained through FTS with hydrogen from water electrolysis and CO: from DAC or a
point source classified as electricity-based (due to water electrolysis) synthetic (due to its
creation from disaggregated hydrogen and carbon atoms) Paraffinic Kerosene (e-SPK) (as
a result of the Fischer-Tropsch process [22]). The described process can be employed to
produce a wide palette of hydrocarbons, which are commonly referred to as electrofuels
[23] or e-fuel [24]. If the electricity is sourced from renewable sources [18], these are re-
ferred to as renewable electrofuels, renewable Power-to-Liquids (PtL), renewable Power-
to-Gas (PtG) fuels, or just electrofuels or e-fuels. It is here emphasized that the main char-
acteristic of an e-fuel is the type of final energy carrier mainly used in their production. E-
fuels are not per se renewable and especially so if the employed electricity source and
carbon atoms are of fossil origin [25]. In, this paper e-SPK is called PtL-kerosene.

The production technologies for PtL-kerosene are understood and technically
demonstrated in ongoing [16,26,27] and planned projects [17,19], and both the decarboni-
zation potential and other environmental impacts of PtL-kerosene have been studied. Re-
curring environmental impact categories and indicators for PtL-kerosene are climate
change, land use, water use, and electricity demand [28-30].

The publications apply different assumptions and methodologies when quantifying
environmental impacts of PtL-kerosene production. As shown by Koj et al. [31] the carried
out life-cycle assessment (LCA) studies [32-34] on PtL fuels, and on e-fuels [17,35], show-
ing a lack of transparency regarding the system boundaries and partly regarding the def-
initions of metrics used. Furthermore, only a few impact categories are considered,
thereby, possible trade-offs are not comprehensively identified. Additionally, environ-
mental impacts of PtL-kerosene were so far not compared with fossil jet fuel. Another
currently discussed issue identified is the possibly underestimated climate change impact
of the aviation sector due to non-CO: effects from jet fuel combustion, which are often not
or only marginally considered (e.g., [36]). Thus, the contribution of aviation to global
warming could be underestimated [37-39], which could result in an inadequate reference
to compare the environmental impacts of alternative aviation fuels.

To address these gaps, the goal of this paper is to conduct an LCA to quantify the
environmental impacts of PtL-kerosene produced via different production pathways and
COzsourced via DAC and its consumption in an airplane. The influence of non-CO: effects
is also determined and discussed. Further, the impacts of the PtL-kerosene are compared
to fossil jet fuel.

2. Materials and Methods

In this section, it is described how the LCA following the four phases of LCA accord-
ing to ISO 14040 and ISO 14044 was conducted. The goal and scope are presented in Sec-
tion 2.1. Next, the selection of impact categories and impact assessment methods are in-
troduced in Section 2.2. Finally, the effects of sulphur and NOx on the acidification
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potential (AP) and the eutrophication potential (EP) resulting from PtL-kerosene combus-
tion are presented in Section 2.3.

Within Table 1 the main methodological choices of the performed LCA are shown.
Additional background information on the modeling choices and the modeling of back-
ground data is available in the Supplementary Materials Sections S1 and S2. An overview
of the main assumptions and parameters is available in the Supplementary Materials Sec-
tion S3.

Table 1. Overview of methodological choices of the LCA.

Methodological Choice

Methodological Choice Applied in This Study

LCA type

Attributional, comparative

System boundary

Extended Well-to-Wake:
All activities from raw material extraction to the release of waste to the environment. Man-
ufacturing and end-of-life (EOL) of the vehicle (aircraft), as well as maintenance of the
foreground system and related flows are not included in the system boundary

Functional unit

1 MJ of liquid fuel (lower heating value)

Reference flow

All materials and production resources needed to produce 1 MJ of liquid fuel (lower heat-
ing value)

Time horizon

2015-2020

Geographical scope

Germany, up to mainland Europe

Allocation

Allocation of input and output flows is performed on the output fuels of the product sys-
tem by their energy content

Impact categories/inven-

tory indicators

Climate change
Eutrophication
Acidification
Photochemical Ozone Creation
Non-renewable primary energy
Freshwater consumption
Land transformation

2.1. Goal and Scope Definition

The goal of this attributional, comparative LCA is to quantify the environmental im-
pacts of PtL-kerosene. We investigate PtL-kerosene produced via FTS of syngas from
high-temperature and low-temperature water electrolysis and CO2 sourced via DAC, and
its consumption in an airplane operating on a globally averaged flight path. As the lifecy-
cle of the airplane is not part of the LCA, the type of flight path only influences the com-
position of combustion products and the altitude at which they are emitted.

Impacts are compared to Jet A-1, i.e., fossil jet fuel utilized to propel over 99.5% of
worldwide civil aviation flights (see own analysis for Jet Fuel in the Supplementary Ma-
terials Section S2) to determine existing trade-offs.

Several layouts of the product system are analyzed, representing the technologically
possible combination of Fischer-Tropsch PtL plants and carbon capture plants as of today.
For the analysis, PtL-kerosene is produced via four different production pathways, and
three electricity mixes are analyzed. The scope comprises production pathways that are
currently in use or commercially available. The foreground system of fuel production in
the PtL-kerosene production plant is shown in Figure 1. The system boundary is described
in detail in the Supplementary Materials Section S1.

The production plant produces PtL-kerosene, gasoline and diesel from electricity,
water, and CO:z and is composed of two main sub-systems, which are coupled with each
other: the DAC plant captures CO: from the surrounding air and delivers it to the PtL
plant, where it is processed further to synfuel. The synfuel out of the Fischer-Tropsch (FT)
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reactor is then refined to kerosene, diesel, and gasoline. The refining processes are part of
the PtL plant.
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Figure 1. Product system and system boundaries, displaying main foreground processes and rela-
tive operational material and energy flows.

The input flows to the foreground system are freshwater, electricity, natural gas, and
air. Water is purified and deionized before entering the electrolyser. In all configurations,
it is produced as a side-product of the Reverse Water Gas Shift (RWGS) reactor and from
the refining processes. A total of 90% is circulated through the purifier and the deionizer
back to the electrolysis. The electrolyzer delivers H2 and Oz, with Hz being used in the
RWGS reactor, while O: is released back into the atmosphere.

COz is sourced from air through DAC. Two different DAC plants are studied: a so-
called low-temperature DAC process (using a solid sorbent process employing alkaline
functionalized adsorbents, currently produced by Climeworks [40]) and a so-called high-
temperature DAC process (using a liquid sorbent process employing potassium hydrox-
ide, currently produced by Carbon Engineering [41]). The low-temperature DAC plant
has the peculiarity of extracting water from the atmosphere during operation, as a side
product. This water is recirculated to the electrolysis at 90% efficiency.

Three different electricity mixes are considered: the German production-based elec-
tricity grid mix in its composition as of 2015, an onshore wind farm operating at the aver-
age full-load hours available in Germany in 2015 and a polycrystalline, flat-plate photo-
voltaic (PV) array without solar tracking, operating at the average global horizontal irra-
diation available in Germany over the 2010s based on data by Wirth [42].
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The German natural gas mix is used in the high-temperature DAC plant, where it is
converted to electricity and heat in a combined cycle gas turbine power plant coupled
with a heat recovery steam generator and a steam turbine. An overview of the layout op-
tions and operating conditions is summarized in Table 2.

Table 2. PtL-kerosene production plant layout options and operating conditions.

SUB-SYSTEM Layout Options Operating Conditions
high-temperature Fischer-Tropsch (HTFT) 80%
PHL plant based on solid oxide electrolyser (SOEC) (energy conversion efficiency)
(type of electrolyser)  low-temperature Fischer-Tropsch (LTET) 50.8%
based on proton exchange membrane (PEM) (energy conversion efficiency)

Carbon capture plant

low-temperature DAC (Climeworks)

87% thermal energy + 13% electricity (at 0.637
M]/M]J, PtL-kerosene)
(final energy composition
and consumption)
100% natural gas (at 0.678 MJ/M], PtL-kerosene)

high-temperature DAC (final energy composition

Eneineeri
(Carbon Engineering) and consumption)

The sub-systems and the resulting product systems are all comparable, since they
fulfill the same functional unit and produce the same products. Considering the input and
output flows at the system level, the differences between the different layouts are:

e the amount of final energy required per unit product (MJ/M], PtL-kerosene) of each
energy carrier;

e the types of final energy required, and

e the amount of water required per product unit (kg/M], PtL-kerosene).

e In all layouts, part of the recovered heat is used within the product system, and
mainly serves to preheat the CO: entering the Reverse Water Gas Shift reactor and
deliver thermal energy to the DAC plant. In the HTFT plant, the recovered heat is
also used to pre-heat the water vapor entering the electrolyser. In all layouts, enough
thermal energy to operate the low-temperature DAC plant is recovered from the
waste heat of the PtL plant or is provided via electrical heating.

Not all presented input flows apply to each configuration, e.g., natural gas is only
used if the high-temperature DAC plant is employed. The arrow representing water inflow
to the DAC plant applies to the high-temperature layout only, where water is needed as
process flow. If the low-temperature DAC plant is used, water is extracted from air.

The PtL-kerosene is finally transported to an airport where it is used in an aircraft
and combusted, releasing emissions to the ecosphere.

Details on the modeling of the background system can be found in Section S2 of the
Supplementary Materials.

The geographical and temporal scopes of the product system are Germany from 2015
to 2020. Those scopes are described by the life-cycle stage of the main processes in the
Supplementary Materials Table S3. The geographical boundaries and time horizon are
valid in the European region, wherever the final electricity is sourced from PV arrays or
wind farms operating with the same capacity factors of PV and wind used in this work.
For example, the impacts calculated for layouts where 100% of final electricity is from
wind power, are valid in any European location with a capacity factor of 20.5%. This is
valid, as assumptions concerning upstream contributions to the impacts are valid over a
broad temporal and special horizon encompassing at least mainland Europe over a period
extending from 2015-2020 (discussed in the Supplementary Materials Section S1). As for
Jet A-1 production, the temporal scope is from 2015 to 2021 [43].
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The different layout options allow us to analyze the production system that operates
at typical energy conversion efficiencies achievable today, as well as at likely best-case
efficiencies reachable in plant designs that are technically feasible today and maximize
heat recovery.

The HTFT model represents the “Fuel 1” PtL demonstration plant developed by the
German company Sunfire GmbH, operational since 2014, which has received increased
attention as a viable HTFT design from industry [18,19]. A DAC plant is currently not
employed to Fuel 1.

The LTFT plant design is adapted from a theoretical design employed in PtL-kero-
sene production from CO:z and hydrogen [44]. The design is used to create a plant model
based on PEM, one of the most common electrolyzer types worldwide [45,46].

The two DAC plants are commercially available to date, from Carbon Engineering
and Climeworks. One operational condition is modeled for each DAC plant. For the high-
temperature DAC plant, the operational condition reflects one product layout available
as of 2019. For the low-temperature DAC plant, the operational condition reflects the
plant’s performance as of 2019. The carbon capture plants’ impacts are calculated based
on literature data (see Supplementary Materials Section S2).

The cut off-criteria used in this study coincide with the cut-off criteria in the used stud-
ies for the sub-systems [31,35,47-53]; details are in Supplementary Materials Section S2.

Figure 1 shows that some products need to be allocated. The plant produces a mix of
hydrocarbons, namely PtL-kerosene, (e-)gasoline, and (e-)diesel. Diesel and gasoline are
allocated based on their energy content. This is justified and common practice in LCA
since the main purpose of the system is to produce an energy carrier [35]. Additionally,
all products have a similar lower heating value, varying between 44.11 MJ/kg and 44.16
MJ/kg, i.e., a difference of 0.05% [44].

2.2. Selection of Impact Categories and Assessment Methods

The literature review indicates that the production processes of PtL-kerosene are
highly energy-intensive and potentially rely on fossil-intensive electricity [31-34]. Use-
phase emissions are aircraft tailpipe emissions from fuel combustion. Thus, the environ-
mental impacts can be expected to mainly arise from the consumption of hydrocarbons of
fossil and non-fossil origin.

Relevant impact categories in the context of the consumption of fossil energy carriers
(i.e., jet fuel, natural gas) are climate change, acidification, eutrophication, photochemical
ozone creation, freshwater consumption, and land transformation (see Table 3)
[31,35,50,54]. Further, the inventory indicator of non-renewable energy use is applied.

Data for the indicator Non-renewable primary energy is sourced from literature. For
construction and EOL of HTFT, LTFT, and the DAC plants, the data is based on Loza-
novski and Brandstetter [35]. Literature data is also used for the entire lifecycle of natural
gas [53,55], electricity from PV [47], wind power [56], and electricity from German grid
mix [57]. For the production Jet A-1, the indicator is based on [57]. For additional details,
see Supplementary Materials Section S2.

2.3. Adjusting AP and EP for the Levels of Sulphur and NOx in PtL-Kerosene

PtL-kerosene obtained via FTS does not contain sulphur [5]. Its combustion produces
neither sulphur dioxide (5O2) nor sulphuric acid (H2SO4). Thus, PtL-kerosene reduces the
emissions of particulate matter from aircraft engines, and further results in lower NOx
emissions compared to its fossil counterpart [5,58]. The absence of sulphur and reduction
of NOx emissions reduces both the AP as well as the EP from fuel combustion.

The AP resulting from jet fuel tailpipe emissions is caused by the combustion prod-
ucts SO2 and NOx. In the case of FT PtL-kerosene, the reduction of SO2 by 100% and of
NOx by 10% compared to fossil jet Al causes an overall reduction in AP from fuel com-
bustion of 18.9%. The 10% reduction in NOx reduces the EP from PtL-kerosene compared
to Jet A-1 by approximately 8% (based on findings of [59,60].
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Table 3. Overview of applied impact categories, characterization factors and methods.

Impact Category

Characterization

Unit Method
Factor/Inventory Indicator n etho

Climate change

Global Warming Potential, 100-

k ival L 2001, 201 1,62
year horizon (GWP-100) g COz equivalents CML 2001, 2015 update [61,62]

Acidification Acidification Potential (AP) kg SOz equivalents CML 2001, 2015 update [61,62]
Eutrophication Eutrophication Potential (EP) kg POsequivalents CML 2001, 2015 update [61,62]
Photochemical O Creati
Photochemical Ozone Creation OCPZI’:;;’Sal (;(ggp)rea on kg C2Ha equivalents CML 2001, 2015 update [61,62]
Non-renewable energy sources Non-renewable primary energy MJ GaBi definition [63]
Freshwater consumption Freshwater consumption kg GaBi definition [64]
Land transformation Land transformation m? GaBi definition using the

LANCA method [65-68]

kg CO2eq/MJ

2.00x10!

1.50x101

1.00x10*

5.00x107?

0.00

-5.00x107?

-1.00x10*

-89%; 9.35x10°3

3. Results
3.1. Comparison of Different Production Layouts for PtL-Kerosene

In this section, the different production layouts of PtL-kerosene are compared. The
impact category of climate change is used only, as the trends are transferable to all impact
categories. Further, the comparison is considering wind power only, because PV leads to
similar environmental impacts. The results of the other impact categories considering
wind power as well as PV are displayed in Supplementary Materials Section 54.

The results for the different production layouts for PtL-kerosene are shown in Figure
2 for the product systems HTFT using SOEC and LTFT using PEM, both combined with
low- and high-temperature DAC and using wind power as their electricity source.

B SPK combustion

-56%;3.65x102 -53%;3.95x102

M Ptl+DAC plant construction and EOL
M CO2 losses

CO2 captured
DAC plant operation (NG)

- . -
—_— DAC plant operation (electricity)
M Ptl plant operation (electricity)
@ Total
®JetA-1

HTFT, low-temp. HTFT, high-temp. LTFT, low-temp. LTFT, high-temp.

DAC DAC DAC DAC
GWP-100 GWP-100 GWP-100 GWP-100

Figure 2. Impact category Climate Change (GWP-100)—Layout variation for wind power.

Overall, the layout producing PtL-kerosene with the lowest life-cycle impacts is the
HTFT plant combined with the low-temperature DAC plant and electricity from wind
power. This is due to two factors: First, the high efficiency of the PtL plant translates into
a low demand for final electricity (1.304 MJ/M]J; PtL-kerosene—95.8% of which is con-
sumed by the PtL plant). Additionally, the waste heat of the PtL plant is used to provide
the heat demand of the DAC plant (0.405 MJ/M]J, PtL-kerosene). When the same PtL plant
is combined with the high-temperature DAC plant, impacts are higher. This is mainly due
to the use of natural gas as a source of final energy in the high-temperature DAC plant.
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kg CO2eq/M)

4.00x104

3.50x101

3.00x10

2.50x10*

2.00x104

1.50x10*

1.00x101

5.00x104

0.00

-5.00x10r+

-1.00x104

Further, for the given PtL plants and source of final electricity: all impacts are lower when
the low-temperature DAC plant is used, and higher when the high-temperature DAC
plant is used.

The reduction in climate change is 33% higher if the HTFT plant is combined with
the low-temperature DAC compared to the HTFT pant using the high-temperature DAC
plant and 5% higher compared to the LTFT plant combined also with the low-temperature
DAC plant.

Moreover, the final electricity mix has a strong influence on the environmental im-
pacts of PtL-kerosene, independently of the product system layout as shown in Figure 3.
The impacts are low for both production layouts when 100% of final electricity is provided
from wind power. The impacts increase with the increase of electricity from PV and the
impacts are highest, if a grid mix is used due to the high share of fossil sources in the
German electricity mix.

B S5PK combustion
® PtI+DAC plant construction and EOL
B CO2 losses
CO2 captured
B DAC plant operation (NG)

B DAC plant operation (electricity)

m Ptl plant operation (electricity)

& Total SPK

grid mix wind power PV
GWP-100 GWP-100 GWP-100

Figure 3. Impact Category Climate Change (GWP)—Electricity mix variation for the layout HTFT
& low-temperature DAC.

3.2. Relative Contribution of Life-Cycle Stages and Hotspots of PtL-Kerosene

In this section, the relative contribution of the life-cycle stages and the hotspots of
PtL-kerosene are shown. As the same trends could be observed both for wind power and
PV as electricity sources, only the results for wind power are reported, while the results
for PV are shown in Supplementary Materials Section S4.

Overall, the combustion of PtL-kerosene and the consumption of natural gas domi-
nate each impact category (see Figures 2 and 4). One notable exception is the captured
CO: for the impact category of climate change, which contributes to -51% to -86% to CO:
eq. for wind or PV as an electricity source. If the low-temperature DAC plant is used in
combination with any PtL plant and the energy mikx, its operation causes a small impact
in all categories (<2%).



 ndirect: power plants production and EOL = Direct: power plants infrastructure
m Direct: DAC plant infrastructure

—p et AL

mm Direct: ptl plant infrastructure
& Total

(e)
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(®

Figure 4. Layout variation for wind power —results for the impact categories Acidification (a), Eu-
trophication (b), Photochemical Ozone Creation (c), Non-renewable primary energy (d), Land trans-
formation (e), and Freshwater consumption (f).

Freshwater consumption is also an exception, because the low-temperature DAC
plant generates 0.075 L of freshwater per MJ of PtL-kerosene by extraction from air. When
this DAC plant is used, the total water consumption amounts to 0.006 1/M] when using
the HTFT plant, and 0.113 1/M] when using the LTFT plant. It is noted that when electricity
from PV is used, the maximum freshwater consumption decreases to —0.019 1I/M] if the
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HTFT plant is used (implying a net positive production of freshwater) and 0.07 I/M] if the
LTFT plant is used. If the high-temperature DAC plant is used, the DAC plant contributes
significantly to each impact.

Notably, for each category other than freshwater consumption and land transfor-
mation, the impact shares of the construction and EOL phases of the PtL and DAC plants
amount to ca. 1-8% if the final electricity mix is 100% renewable and the low-temperature
DAC plant is used. If the high-temperature DAC plant is used, the contribution of the
construction and EOL phases are <5% for each impact and production pathway, except
for AP when wind power is used (6.7%) and non-renewable primary energy (up to 8.1%).

The processes and life-cycle stages contributing predominantly to the considered im-
pact categories are described in the following more in detail when applying wind power
and PV:

e  Climate change: Hotspots are combustion during the use phase (127% to 171%), CO2
capture during PtL-kerosene production (-64% up to -86%) and PtL plant operation
(6% up to 9%), due to electricity-intensive production processes. Additionally, if the
high-temperature DAC plant is used, DAC plant operation contributes up to 24% to
total CO2 eq. due to the combustion of natural gas.

e AP, EP and POCP: The combustion phase causes up to 44—65% when electricity from
PV is used and up to 80-91% when electricity from wind power is used. The PtL plant
operation causes up to approximately 90% of the remaining impacts due to the pro-
duction and transportation processes of the PV modules, the wind turbines and the
used electricity in the PtL plant.

¢ Non-renewable primary energy: When the high-temperature DAC plant is em-
ployed, over 90% is attributable to natural gas; while when the low-temperature DAC
plant is used, up to 84% is caused by construction and EOL of the PtL and DAC
plants.

e Land transformation: land transformation from power plant infrastructure, construc-
tion and EOL sums up to >99.5% of total land transformation. Indirect land transfor-
mation (from the power plants’ production and EOL) comprises 39.8% to 79.6% of
the latter, while direct land transformation (from the power plants” infrastructure
themselves) makes up 19.9% to 59.7% of it.

e  Freshwater consumption: The hotspots vary depending on the DAC plant type and
the final energy mix. With the low-temperature DAC plant combined with electricity
from wind power, the contribution of extraction from air ranges from -226% to 0%,
the direct consumption in fuel production up to 197%, and indirect consumption
(from the energy sources) up to 129%. For electricity from PV, indirect freshwater
consumption is negligible. For the high-temperature DAC plant, extraction from air
does not occur and the hotspots are direct consumption in the DAC plant (between
66% and 86%) and in fuel production (i.e., from water electrolysis) (comprising 100%
of the remaining share if electricity from PV is used and 70-80% of the remaining
share if electricity from wind power is used). Therefore, the main drivers of freshwa-
ter consumption are either electrolysis or DAC, when the high-temperature DAC
plant is used.

It was shown that the type of DAC plant has a strong influence on Climate Change,
POCP, non-renewable primary energy, land transformation and freshwater consumption
and less on AP and EP. The reason is that in the high-temperature DAC plant, 100% of the
final energy is provided by natural gas.

3.3. Comparative Results of PtL-Kerosene and Fossil Jet A-1

In this section, the comparison to fossil Jet A-1 of different layouts applying wind
power is shown (see Figures 2 and 4). For PV, this comparison can be seen in Supplemen-
tary Materials Section S4.
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As mentioned in Section 3.1, depending on the production pathway and final elec-
tricity mix, the impacts of PtL-kerosene vary significantly. PtL-kerosene can have signifi-
cantly higher impacts than Jet A-1 when grid electricity is used.

For PtL-kerosene produced via any pathway and using PV as an electricity source
AP (+78% up to +132%), EP (+30% up to +62%), POCP (+23% up to +95%) and land trans-
formation (+329% up to +680%) are higher compared to Jet A-1. Freshwater consumption
is lower (—251%) compared to Jet A-1, when the HTFT and low-temperature DAC plant is
used, but higher (+358%) with the HTFT and high-temperature DAC plant. When electric-
ity from wind power is used as the electricity source, compared to fossil Jet A-1, AP, EP,
POCP, and freshwater consumption can be either higher (AP: +12%, EP: +2%, POCP:
+34%, freshwater consumption: +1373%) for the LTFT combined with high-temperature
DAC or lower for the HTFT combined with low-temperature DAC (AP: -3%, EP: 7%,
POCP: -18%, freshwater consumption: -50%). When German grid electricity (reference
year 2015) is used, all impacts are significantly higher than in Jet A-1. COz eq., for example,
are increased by +173% (GWP) compared to Jet A-1. It emerges that overall, the impacts
of PtL-kerosene for a given final electricity mix vary significantly depending on the pro-
duction pathway.

When electricity from wind power is used as electricity, the reduction in CO2 eq. of
PtL-kerosene compared to Jet A-1 varies between 52.6% and 88.9% (GWP), depending on
the layout. The lowest CO: eq. of PtL-kerosene (HTFT combined with low-temperature
DAC) amounts to 9.3 g CO2eq./M] compared to 83.5 g CO2eq./MJ of Jet A-1, i.e., a maxi-
mum reduction of 88.9% GWP (see also Section 3.1, Figure 2). If non-CO: effects are con-
sidered, the reduction potential of PtL-kerosene is lower. This is discussed in Section 4.2.

More information regarding the break-even points considering the impact category
climate change regarding the GWP of electricity production can be found in the Supple-
mentary Materials Section 54.

4. Discussion

The performed LCA has some uncertainties and challenges, which have to be con-
sidered when interpreting the results. These are described in detail regarding limitations
due to data availability and limitations due to the scope of the work (see Section 4.1). Con-
sidering non-CO: effects for fuel combustion is discussed in Section 4.2. Further, chal-
lenges in accounting for land use transformation are discussed (see Section 4.3). Finally, a
sensitivity analysis is presented (see Section 4.4).

4.1. General Challenges

Due to missing data, some impacts of some life-cycle stages of certain processes could
not be quantified and were instead estimated (see Supplementary Materials Section S2).
We here highlight the processes mostly affected by lack of data.

As of currently no studies quantify the environmental impacts associated with the
construction and EOL of the DAC plants. These are here estimated by analogy with other
systems, which yields uncertainty.

FT-PtL-kerosene contains no aromatic molecules, which are essential in jet fuels, be-
cause they have a softening and swelling effect on rubber sealings in aircraft tanks pre-
venting leakages. Consequently, the aromatic content of PtL-kerosene must be increased
to allow for it to be fully comparable to Jet A-1. The effects of increasing the aromatic
content of PtL-kerosene on its environmental impacts have not been analyzed in literature
to date, which contributes to uncertainty in the results.

Finally, additional data can be gathered to increase the validity of the results, espe-
cially life-cycle inventory data for the DAC plants, the LTFT plant, and for carbon conver-
sion efficiency.

The scope of this paper could be modified in order to build a broader body of data
valid for different technological, geographical and temporal boundaries. The following
aspects might be of interest for future studies:
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1. A precise quantification of the impact of EOL practices, and of the lack thereof (in
this work, it is assumed that these practices are carried out on each component).

2. The effects of electrical infrastructure needed for the off-grid operation of the product

system, such as power lines, converters, and in particular the effects of energy storage

devices on the product system.

The effects of transport practices on the environmental impacts of PtL-kerosene.

4. The environmental impacts of water purification and deionization. A characteriza-
tion of the rate of water extraction from air based on atmospheric data and/or the
geographical location of the product system.

®

It is assumed that the impacts from the construction and EOL phases of the high-
temperature DAC plant are comparable to the ones of the low-temperature DAC plant.
This assumption can be challenged. The comparative impacts can vary significantly de-
pending on the location of production of Jet A-1. Therefore, performing the same analysis
in a different geographical location would be of interest.

Next the climate impact of aviation fuels in existing studies (e.g., [17,49,50,69,70]), is
compared to the GWP of PtL-kerosene in this study. The lowest CO2 eq. of PtL-kerosene
adds up to 9.23 g COz2eq./M]J (see Section 3.1, Figure 2). For reference, the CO: eq. emis-
sions of aviation fuels produced from biomass (feedstocks: switchgrass, Soybean oil, palm
oil, rapeseed oil, jatropha oil, and algae oil), measured as GWP-100 and without including
land use change ranges from 18 g COz2eq./MJ to 55 g CO2eq./M]J [17]. The same study
found that the GWP-100 of PtL-kerosene produced via HTFT or LTFT combined with
DAC and with final electricity from PV or wind power ranges from 1 g CO2eq./MJ to 28 g
CO2eq./MJ [17]. The lowest possible GWP of PtL-kerosene is more than nine times higher
in the present study. This discrepancy cannot be further commented upon, because the
cited study does not reveal enough details on its methodology and system boundaries.

The low-temperature DAC plant extracts water from air at a rate of 1 t/tCO2 captured
[71], while the high-temperature DAC plant uses water at a rate of 4.7 t/tCO:z captured,
but does not consume any, as the water is first kept in the production loop and later dis-
charged. As shown in Section 3.2 for the HTFT layout with PV as an electricity source, the
use of the low-temperature DAC plant can lead to a net positive amount of water pro-
duced over the plant’s life cycle (0.019 I/M]). This result can be challenged in future re-
search. The source used to quantify the impacts of electricity from PV indicates that no
water is consumed over its life-cycle, but only used. For comparison, one review article
on water-related LCA metrics of electricity generation, found that freshwater consump-
tion from PV ranges from 3.6 I/KW h to 7.50 I/’kW h [72].

As shown before, the impact shares for the impact categories GWP, AP, EP, POCP,
and non-renewable primary energy of construction and EOL phases of the PtL and DAC
plants amount to approximately 1-8%. Therefore, environmental impacts of the construc-
tion and EOL phases of the PtL and DAC plants might be considered not negligible, con-
trary to Lozanovski and Brandstetter [35].

As mentioned in Section 2.1, two DAC plants that are commercially available today
are chosen for this study —the one from Climeworks employing a low-temperature DAC
technology and the one from Carbon Engineering employing a high-temperature DAC
technology. An assessment on whether these represent the market average high-temper-
ature and low-temperature DAC plants was not performed. It is however pointed out that
the two companies providing the two analyzed plants are two of the three DAC technol-
ogy providers to offer their technology on the market as of 2021, the third one being Global
Thermostat. A review of available DAC technology producers revealed that three offer
commercial solutions to date [73-75], while five indicate to be at different product devel-
opment stages [76-80]. Viebahn et al. [71] listed the same three DAC technologies found
to be commercially available in this work.

The presented results therefore do not allow general statements for low- and high-
temperature DAC plants, but for the studied plants. This means that further studies
should also consider other types of low- and high-temperature DAC plants, e.g., further
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development of the high-temperature DAC plant which uses renewable energy instead of
100% natural gas. This could have a strong influence on the comparison of different PtL-
kerosene production plant layouts using low- or high-temperature DAC plants.

This work focuses on the environmental impacts of PtL kerosene. For completeness,
it is noted that the cost-effectiveness of PtL-kerosene is challenging. Compared to the
weighted average price of jet A-1 from 2015 to 2020, the production cost of PtL-kerosene
is expected to be between up to five times higher in 2030 and close to 1.2 times higher in
2050, declining significantly between today and 2050. According to several recent studies,
PtL-kerosene production costs are expected to range from 1880 €/t to 2600 €/t in 2030, 940
€/t to 2080 €/t in 2040, and 610 €/t to 1740 €/t in 2050 [81-84]. The relatively large cost
ranges are mainly due to differing assumptions on production sites, CO2 sources and elec-
tricity prices. The market price of jet A-1 by comparison has ranged between 260 €/t and
675 €/t with a weighted average of 488 €/t from January 2015 to January 2020 [85]. It is
further noted that different projected costs of CO2 emissions are not included in these val-
ues, which can influence the price of Jet A-1 and the production costs of PtL-kerosene
significantly.

4.2. Considering Non-CO: Effects from Aviation Fuel Combustion

In literature, the global warming effect associated with the use of aviation fuels is
mainly quantified by using the GWP or CO: emissions [36,38]. However, it is discussed
that these metrics ignore the warming effect of non-GHGs and therefore do not quantify
the whole global warming effect of aviation fuels [86-89]. These effects are called non-CO:
effects and result from the release of tailpipe emissions in the stratosphere. They can cause
a significant amount of radiative forcing, and thus a higher CO2 eq. value compared to the
CO:z eq. value calculated with just GWP [86,87]. In this section, the impact of these non-
CO:effects on the life-cycle impact assessment results is presented and discussed.

There is a significant statistical uncertainty on the radiative forcing caused by non-
COx effects of global aviation [90]. However, despite these uncertainties, several scholars
propose to use a Radiative Forcing Index (RFI) as means of quantifying all warming effects
of aviation [88,91].

The RFI translates the CO:z emissions from fuel combustion to a CO:z eq. value. The
equation proposed by Jungbluth and Meili [91] is used in this section (see Equation (1)),
because it is based on an extensive, recent review of RFI-related methods. The “Charac-
terization Factor” (CF), which, multiplied by the CO: emissions of the fuel, quantifies the
warming effect of fuel combustion for a given flight path in terms of CO:z eq. on a 100-year
horizon.

_ RFlall — (1 — CO, share, stratosphere)
B CO, share, stratosphere

)

The RFI for the total tailpipe CO: emissions of aircraft (RFI all) must be chosen ac-
cording to the literature. In this paper, it is chosen as 2, following Jungbluth and Meili
[91].

The share of stratospheric tailpipe CO: emissions is the share of jet fuel consumption
during the “cruise phase” of a flight. The share of jet fuel consumed during the cruise
phase (relative to total jet fuel consumption during all aircraft operation phases) is set to
91.1% (share of stratospheric CO2) based on data from Argonne National Laboratory and
is a representative average of worldwide civil aviation flight paths [49] (see also Supple-
mentary Materials Section S2). For a specific flight path, the CF and therefore the GWP +
RFI of PtL-kerosene can be significantly higher or lower (see e.g., [89]).

Thus, the CF amounts to 2.1, see Equation (2):

2-(1-0911) __ 8C04eq

CF="~~ "~
0911 g CO,

2)

The RFI is calculated as shown in Equation (3):
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M] ] ®)

The GWP of the Well-to-Tank phase of PtL-kerosene is added to the RFI from the
combustion phase, resulting in the GWP + RFI of PtL-kerosene and Jet A-1.

Over the life-cycle of PtL-kerosene, radiative forcing is caused both by greenhouse
gases, measured as GWP-100, as well as other non-CO: effects, accounted for through the
RFI. Since both indicators are measured in COz-equivalents (CO: eq.), their specific values
are summed up in one single indicator, referred to as the GWP + RFI indicator. The GWP
+ RFI indicator is measured as mass of CO: eq. per functional unit (g CO2eq./MJ).

As Figure 5 shows, the Capacity Factor of the RFI has a strong influence on the CO:
eq. of the combustion phase. However, the identified trends of Section 3.1 regarding the
comparison of the production layouts of PtL-kerosene stay the same, if non-CO: effects
are considered, as the CF is assumed to be a constant factor for all PtL-kerosene fuels as
well as for Jet A-1. Thus, the HTFT plant combined with the low-temperature DAC plant
and electricity from wind power remains the layout with the lowest impacts regarding
Climate Change.
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Figure 5. Impact category Climate Change (GWP-100, GWP-100 + RFI)—Layout variation for wind
power considering non-COz effects for the fuel combustion.

When it comes to the reduction potential of PtL-kerosene compared to Jet A-1, the
relative reduction in CO: eq. depends on the value of the RFI. When electricity from wind
power is used as electricity, the reduction in COz eq. of PtL-kerosene compared to Jet A-1
decreases depending on the layout from a reduction of 52.6-88.9% (without considering
non-CO:2 effects, see Section 3.3) to a reduction of 27.6-46.2% (considering non-CO: ef-
fects).

That means that for the lowest CO2 eq. of PtL-kerosene (HTFT combined with low-
temperature DAC), considering non-CO: effects increases to 87.6 g CO:eq./MJ compared
to 162.8 g CO2eq./MJ of Jet A-1, leading to a reduction of 46.2% GWP + RFI. A similar
value (48%) is found by Cames et al. [92]. Without considering non-CO: effects, the abso-
lute values amount to 9.3 g COzeq./M]J for PtL-kerosene (HTFT combined with low-tem-
perature DAC) and 83.5 g COzeq./M] for Jet A-1, see Section 3.3.

This work highlights the importance of an accurate quantification of the RFI. It can
be therefore interesting to analyze whether using Jet A-1 and modifying the flight path in
order to decrease the RFI can yield the same reduction in warming potential as substitut-
ing Jet A-1 with PtL-kerosene while maintaining the same flight path.
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However, a precise quantification of a confidence interval for the RFI is a task perti-
nent to atmospheric physics, and goes beyond the scope of this work. Further studies
should provide a more a precise quantification of a confidence interval for the RFI. Strat-
ton et al. [88] conclude that including non-CO: effects in the form of RFI leads to broad
challenges for the assessment of new energy technology options. These challenges should
be addressed in further studies.

4.3. Challenges in Accounting for Land Use Transformation

An effort is made to consider both the land transformed directly by the infrastructure
of the sub-systems of the product system and land transformed indirectly by upstream
and downstream processes linked to all foreground and background processes. For some
subsystems or flows, however, no data is available.

Nonetheless, both direct and indirect land transformation are quantified for all en-
ergy carriers. Table 4 provides an overview of the scope of land transformation by sub-
system or flow.

Among the available data, land transformation is caused almost entirely (>99%) by
energy carriers. It is unclear how the missing data influence the cumulative amount of
land transformation. As data for direct land transformation is available, the result can be
considered as reliable. However, unknown contributions might come from water and wa-
ter provision systems in Germany.

In the results, Section 3.2, land transformation is aggregated in two categories: “direct
land transformation caused by the PtL-kerosene production plant” and “indirect land
transformation caused by the energy carriers”. The results are presented in such aggrega-
tion to highlight that the PtL-kerosene production plant itself contributes negligibly to
total land transformation (<0.3%), and that total land transformation is mainly caused di-
rectly and indirectly by the wind and PV power plants.

As land transformation linked to the installation of renewable power has proven to
be a polarizing topic in the political discourse [93,94], it is pointed out that considering
different geographical locations could have a strong influence on land transformation. In
this paper, it is assumed that all occupied land classifies as transformed land when no
additional data is available.

Table 4. Overview of the scope of land transformation by subsystem or flow.

Land Transformation

Grouping Subsystem or Flow Direct Indirect
HTFT plant v XNa
PiL plant LTFT plant / Xna
Carbon capture plant DAC plants v XNa
German electricity mix V'NEG v
Final energy source Wind farm v v
PV array v v
Natural gas v v
Water Water X X
Vehicle Aircraft Xscope XKscope
Fuel production PtL]:[eZ)jene >(<\1/\11 (j)

NA = no data available; NEG = Negligible; Scope = Is outside of the scope; (V') = is a function of the
other subsystems or flows.
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4.4. Sensitivity Analysis

Moreover, a sensitivity analysis is carried out on PtL-kerosene produced for the lay-
out resulting in the lowest impacts (HTFT combined with low-temperature DAC, see Fig-
ure 6).

The sensitivity analysis indicates that for PtL-kerosene produced with this layout,
impacts vary by less than +/-2.5% for a variation of the wind capacity factor of +/-20%,
while for a variation of the global horizontal irradiation (GHI) of +/-20%, the impacts vary
by less than +/-7.9% exception made for a peak of +11.9% for AP. It can thus be concluded
that the environmental impacts of PtL-kerosene are more disposed to variations in the
yield of solar PV compared to the capacity factor of wind power. The variations are lower
for the impacts of PtL-kerosene produced via the layout resulting in the highest impacts
and are consistent with the conclusion above. The lower variations are mainly ascribable
to the higher relative impacts caused by natural gas in the latter layout, which in turn
result in lower relative variations of each impact.

Finally, considering the results from the sensitivity analysis, it follows those varia-
tions of the global horizontal irradiation and the capacity factor of wind power can have
a significant influence on AP, EP, POCP and non-renewable primary energy. For refer-
ence, the average capacity factor of wind power in Germany in 2019 was 27.1% [95] (31%
higher than in this study) and the global horizontal irradiation in 2019 ranged from 1000
kW h/(m?a) to 1350 kW h/(m?a) depending on the region [96] (up to 28% higher than in
this study). It follows that the accuracy of said impacts can be increased significantly if the
exact geographical location (and thus global horizontal irradiation and capacity factor) of
the wind farm and/or PV plant are known.
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g
5
£ 100% PV -1.4%| [0 2.2%
o E
55
g 100% wind -1.6% 2.5%
25
ﬁ g 100% PV -3.6% 5.3%
@
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Figure 6. Sensitivity analysis: relative deviation from baseline layout HTFT with low-temperature
DAC.
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5. Conclusions

The presented LCA of PtL-kerosene quantifies the life-cycle environmental impacts
of PtL-kerosene and the reduction potential for the analyzed impact categories resulting
from substituting fossil jet fuel with PtL-kerosene. The results show that PtL-kerosene
produced with renewable energy has a huge potential in contributing to the decarboniza-
tion of the aviation sector and thus, could play an important role in achieving the global
climate targets until the year 2050. The cost-effectiveness of PtL kerosene remains a chal-
lenge.

From all investigated layouts, the HTFT-based plant in combination with a low-tem-
perature DAC using wind power as electricity source reduces the environmental impacts
in all analyzed impact categories. Compared to fossil Jet A-1 a reduction of -88.9% for
GWP and -52.6% for GWP + RFI could be identified. Even if the reduction potential of PtL
kerosene produced with CO:z from air and renewable energy is significant, it also indicates
that still a huge amount of lifecycle GHG emissions remain compared to fossil Jet A-1
(11.1% for GWP alone, 47.4% for GWP + RFI) and need to be compensated in order to
reach net-zero GHG emissions for the aviation sector.

Further, when wind power is used, no trade-offs with other impact categories are
identified. This is different for PV, as AP, EP, POCP and land transformation are higher
compared to fossil Jet A-1, while other categories, including GWP, are lower. This high-
lights that electricity from wind power comes with significant co-benefits compared to
electricity from PV, in this context.

A comparison to other studies on biofuels for the aviation sector shows that PtL-ker-
osene produced with renewable energy might have higher potential in reducing the envi-
ronmental impacts.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/su141710658/s1. The Supplementary Materials provides additional
information on the methodological choices (Section S1), the modeling of background data (Section
S2), an overview of the main assumptions and parameters (Section 53) and the break-even points of
CO2 eq. emissions of PtL-kerosene (Section S4). An MS Excel file with all LCIA results is also avail-
able online.
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