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1. Methodological choices
This section describes the rationale and implications of preliminary methodological choices.

1.1 Rationale behind preliminary methodological choices with an emphasis on the LCI

The approach used in this work is LCA-based and adheres closely to the ISO standard (based on [1]),

exception made for the LCI.

1.2. Overview of preliminary methodological choices with an emphasis on the LCI

A preliminary analysis of likely environmental impacts of PtL-kerosene and their hotspots is performed
to meet preliminary methodological choices. A first analysis relies on the only published LCA study of
an FT PtL-plant at the time of the literature review from Lozanovski and Brandstetter (2015) [2].
Preliminary methodological choices are counter-proofed with preliminary results and finalized, after

common LCA practice [1].

Lozanovski and Brandstetter (2015) quantify GWP, AP, EP, POCP, and non-renewable primary energy
consumption from e-Diesel production and use in a road vehicle using a WTW boundary and including
all flows from upstream and downstream processes [2]. E-Diesel is produced in the same HTFT plant
analyzed in the present work, is coupled with a DAC plant from the Swiss company Climeworks and

operates at different final production electricity mixes in Germany in 2015.

The lower heating value (LHV) of e-Diesel (43.5 MJ/kg) is 2.7% lower than the LHV of PtL-kerosene
(44.7 MJ/kg), making the energy weighted results in the work applicable to PtL-kerosene production
(Lozanovski and Brandstetter (2015) only specify that the LHV of the liquid hydrocarbons produced
(i.e. diesel, gasoline and kerosene) range from 43.5 MJ/kg to 44.7 MJ/kg [2]. Considering that the LHV
diesel < LHV gasoline < LHV kerosene [4], it follows that the 43.5 MJ/kg is the LHV of diesel, while 44.7
is the LHV of kerosene from Lozanovski and Brandstetter (2015)). It is pointed out that according to a

different study, the lower heating values of e-Diesel and PtL-kerosene produced via the FT pathway



differ by <0.05% (based on Kénig et al. (2015) [3]). The findings of Lozanovski and Brandstetter (2015)
are thus indicative of the environmental impacts that can be expected from PtL-kerosene produced

via the HTFT pathway coupled with the Climeworks DAC plant.

Some of the results of Lozanovski and Brandstetter (2015) [2] are thus used to meet some

methodological choices of the present work, namely:

(i) The e-Diesel production plant’s construction and end-of-life (EOL) phases cause
negligible shares of the environmental impacts over the fuel’s lifecycle, regardless of
the final production electricity mix, exception made for the case where final fuel
production energy is composed of wind and/or photovoltaic energy only. These results
are based on the collection of primary data of the “Fuel 1” HTFT PtL-plant developed

by the company Sunfire [5].

(ii) The environmental impacts of e-Diesel are almost entirely caused during the
production and combustion phases of the fuel. In the combustion phase, the
environmental impacts are directly caused by the emissions to air. In production, the
environmental impacts are caused indirectly by the background processes needed to
produce and deliver the final electricity. The reason for the latter is that the production
of e-fuel is a highly energy-intensive practice, requiring up to 2.2 MJ of electricity and
4.1 MJ of primary fossil energy per MJ of PtL-kerosene (own analysis. The values found

by Lozanovski and Brandstetter (2015) are closely similar).

The considerations (i) and (ii) lead to the following observations.

From (i):

(a) The environmental impacts from construction and EOL of the HTFT plant from the
work of Lozanovski and Brandstetter (2015) are used in this work and adjusted for the

difference in LHV between the fuels. Re-calculating them is assumed to not deliver
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(b)

(c)

more accurate results, since these are based on primary data, and no other LCI data

for the plant was available at the time of the literature review.

The environmental impacts from the construction and EOL phases of the LTFT plants
are calculated based on the LCIA results of the Fuel 1 plant from the work of Lozanovski
and Brandstetter (2015). Since no LTFT plant has been built at the time of the literature
review and since the only major infrastructural difference between the plants is the
type of electrolyser, this is considered to be the modeling choice delivering the

estimates for associated LCIA results.

Additionally, even if this modeling choice arguably does not provide highly precise LCIA
results, these are likely to comprise small shares of the lifecycle environmental impacts
of the fuel. This may not be the case solely if the final production energy is electricity
from wind power and/or PV only (see (i) above). Additionally, the electrolyser
comprises 0.9% of total plant mass (based on [2]), and is thus very likely to contribute
marginally to impacts from construction and EOL. Since the HTFT and LTFT plants
analyzed in this work use the same types of processes, components other than the
electrolyser is assumed to be similar, which increases the validity of applying the

results of Lozanovski and Brandstetter (2015) to LTFT designs.

The inventory data of the Fuel 1 construction materials is considered to represent
conservative mass estimates. The Fuel 1 plant is a demonstration plant that does not
take advantage of upscaling effects due to a low production volume of 159 liters of
liguid hydrocarbons per day. Commercial-scale PtL-plants with higher production
volumes using the same main components as the Fuel 1 (i.e., as the PtL-plants studied
in this work) can be expected to have smaller energy-specific material flows (e.g., kg
steel/MJ fuel), and consequentially cause smaller environmental impacts associated

with their construction and EOL phases. This is likely the case for the LTFT plants



studied herein since these have a production volume 1,000 times higher than the Fuel
1, for example compared to the production volume of 170 t/day in the theoretical LTFT

plant described by Kénig et al. (2015) [3].

From (ii):

(d) From (ii), it follows that the environmental impacts of PtL-kerosene are mainly a

function of four factors:

a. The environmental impacts of the production energy mix, which in turn are a function

of the lifecycle environmental impacts of the single energy carriers,

b. and of their shares of final production energy.

c. The amount of final production energy (MJ/MJ, PtL-kerosene), which in turn is a

function of the product system layout and operating conditions.

d. The environmental impacts of the combustion of PtL-kerosene, including the radiative

forcing index (RFI).

Consequentially, the focus of the LCA is put on maximizing the accuracy of the data pertinent to a.

to d. To increase accuracy, the following choices are met:

1. The impacts of wind energy are mainly derived from an LCA study by wind turbine
manufacturer Vestas, which comprised approximately 24% of the German wind power
market by installed capacity in 2017 [6]. The LCA is based on primary data from Vestas and

was audited externally [7].

2. The impacts of the PV system are calculated for the most used PV array type in Germany
(polycrystalline modules) with the modules being sourced from the market leader in

Germany, China (based on [8-11]) and with the most used layout worldwide (fixed axis,



6.

7.

i.e. without solar tracking ([12]). The main LCA study used as the source of the LCIA results

is based on primary data from the Chinese polycrystalline PV industry [13].

The impacts of the German electricity mix are calculated with the LCA software GaBi based

on Sphera’s LCl database [14].

The impacts of natural gas are calculated based on a review study of primary energy factors

in Germany [15], and a LCA study of the German electricity and gas sector [16].

The final energy consumption of the product system is calculated from primary data or

from a theoretical PtL-plant model from literature. Specifically:

a. The final energy consumption of HTFT and LTFT plant operation is mainly
calculated from data obtained through correspondence with Sunfire and from
a theoretical LTFT design model developed in a doctoral dissertation on PtL-
kerosene production from CO; and hydrogen in cooperation with the German

Aerospace Center (DLR) [3].

b. The data on final energy consumption of the DAC plants is derived from one
peer-reviewed article written by the technical lead and founder of Carbon
Engineering [17]. The Carbon Engineering DAC plant also analyzed in this work.

For the Climeworks plant, the data is derived from Viebahn et al. (2019) [18].

All values are integrated into a spreadsheet where the impacts are calculated as a function
of three variables (plant type, plant layout, and final energy mix composition) which can

be adjusted to analyze any scenario.

The impacts of PtL-kerosene combustion are quantified based on laboratory tests on FT-

PtL-kerosene combustion [19], and are checked against other literature [20,21].



Additionally, the RFl is calculated based on a systematic review study of RFI calculation

methods and is checked against other further literature [22,23].

8. Land transformation requires dedicated attention and is discussed below.

Land transformation is divided into two components: land transformation directly caused by the
infrastructure of the process or flow and land transformation indirectly caused by upstream and

downstream processes of the process or flow.

An effort is made to consider both components of land transformation for all foreground and
background processes. For some processes, no data was found. Nonetheless, both components are

quantified for all energy carriers.

Sphera has recently updated its methodology to quantify land transformation to the LANCA method
[24]. Upon request, Sphera has confirmed that in this method, only upstream contributions to the land
transformation of the German electricity mix and Jet A-1 produced in Germany are quantified. This
means that the land transformation from power plant infrastructure is not included in the GaBi

databases (for the German electricity mix and Jet A-1).

For the German electricity grid mix as a whole, not considering the contribution of the power plant
infrastructure does not have a strong influence on the absolute land transformation of the system,
since the provision of biomass and biogas alone comprise 97% of the impact, and are notoriously land-
use intensive practices [25], meaning that the ratio of direct land transformation over indirect land

transformation is assumed to be negligible.

For electricity from PV and wind, land transformation from the power plant itself has the same order
of magnitude of indirect land transformation, mainly from upstream processes (as found in this work.
See 2.11). Therefore, both contributions must be considered. This is especially important in this work
since the environmental impacts of PtL-kerosene are predominantly a function of the final production

energy mix.



Direct land transformation for PV and wind electricity is calculated through own models based on
literature data. The indirect contributions are obtained from the GaBi database, 2019 version, for

Germany with the reference year 2015 [14].

Combining upstream data from GaBi with own calculations may not provide highly accurate results.
For example, the PV system modeled herein is based on polycrystalline PV panels arranged in an array
with no solar tracking mechanism. The upstream data from GaBi includes all different PV systems

installed in Germany and is thus only partially representative of the modeled system.

Wind energy is here modeled based on a 50 MW onshore wind farm using 2 MW Vestas turbines. The

same rationale regarding indirect land transformation depicted for the PV system applies here, too.

The values of indirect land transformation for the following flows from the cited GaBi database are

used: electricity from wind power, electricity from PV, natural gas, and Jet A-1 [14].

The year of reference is set to 2015 to allow a comparison with the only comprehensive LCA on e-fuels
available to date [2] and to allow to use part of the inventory data used by Lozanovski and Brandstetter

(2015).

1.3. System boundary

1.3.1. PtL-kerosene

For clarity, an overview of the studied subsystems and flows classified by the lifecycle stages of PtL-
kerosene is provided in Table S1. The system boundary is displayed in Figure S1. Background and
foreground processes are highlighted. Figure S1 also shows that some products need to be allocated.
Table S2 shows the system boundaries by subsystem by lifecycle stages. The system boundary is
displayed in Figure S1. Background and foreground processes are highlighted. Figure S1 also shows
that some products need to be allocated. The system boundary and related material and energy flows
for the use phase of the production plant at a foreground system level are displayed in Figure 1 of the

main paper.
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Table S1. Subsystems and flows included in the study of the impacts from the lifecycle stages of PtL-kerosene

Subsystems and flows studied by lifecycle stages of PtL-kerosene

Lifecycle stage

WwtpP PtWa

PtL-plant

Carbon capture plant

Electricity from the German el. Mix

Included Electricity from Wind power
subsystems or Combustion process
flows Electricity from the PV array
Natural gas

Electricity and heat from natural gas

Water

Resources

Extraction and processing of natural resources and primary energy carriers
Manufacturing, set-up, use and maintenance of energy carrier infrastructure
Manufacturing of ptl and carbon capture plants

—' Production plant operation

SPK

\ 4 A\ 4 Y. A

Other fuels combustion Recycling of energy carrier infrastructure
(allocation) Recycling of ptl plants

| Technosphere

—_——— e U gy

Ecosphere

- Background processes
Foreground processes

Emissions

Figure S1. System boundary, highlighting the foreground and background systems
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Table S2. System boundaries by subsystem or flow of the product system by lifecycle stage

System boundaries by subsystem or flow
Lifecycle stage
Grouping Subsystem or flow - -
Manufactu'rlng Operation (or Maintenance EOL

(or extraction) use)

HTFT plant \/ \/NEG XNA \/
PtL-plant

LTFT plant \/ VNEG XNA \/

Carbon DAC plants. (Carbon V' NEG

capture plant Engineering and Xna Xna Xna
Climeworks)
German el. mix v Ng v v
Final energy Wind power v v v v
source PV array v* VNG v NeG v
Natural gas N4 N4 (-) (-)
Water Water X v (-) (-)
Vehicle Aircraft (-) (As fuel use) (-) (-)
PtL-kerosene v v (-) (-)
Fuel

Jet A-1 VAL v () (-)

NA = no data available; NEG = Negligible; (-) = does not apply or is outside of the scope; *upstream emissions from the

production plant are not included since negligible according to the source; ** impacts of EOL practices from the fuel

production plant are not included (see section 1.3.2.).

1.3.2. JetA-1

The system boundary of the refinery model is shown in Figure S2 and takes upstream processes
associated with the input flows into account, but not end-of-life processes. For a more detailed

description of the model, the reader is invited to refer to [27].

12



:System boundary

Crude oil

[ Naturalgas }—:—)
1
1

[ Electricity ]_:_’ Refining model

[Methanol! Ethanol}—-l—-)

Water

GaBi

Hydrogen

Figure S2. GaBi refinery model system boundary [27]

1.4. Geographical scope

Products

Emissions

Waste water

The geographical scope for both fuels is set to Germany and the results are strictly valid for this region

only.
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1.5. Temporal scope

It is found useful to aggregate results as presented in Table S3 for readability.

Table S3. Geographical and temporal scope of the LCA by life cycle stage of main processes

Process or flow

Geographical scope

Temporal scope

PtL-plant* construction and EOL Germany, up to mainland Europe 2015 -2020
DAC plant** construction and EOL n.a. n.a.

Natural Gas extraction and use Germany 2015 -2020

Electricity from PV, entire lifecycle Germany, up to mainland Europe 2015 -2020

Electricity from wind power, entire Germany, up to mainland Europe 2015 -2020

lifecycle
Electricity from the German el. Mix, Germany 2015 -2020
entire lifecycle
PtL-plant* operation including related Germany, up to mainland Europe 2015 -2020
background processes
DAC plant** operation including Germany, up to mainland Europe 2015 -2025
related background processes
Fuel (PtL-kerosene and Jet A-1) Worldwide 2015 -2050
combustion
Water extraction Germany, up to mainland Europe 2015-2020
Jet A-1 production Germany 2015-2021

*applies to both HTFT and LTFT plants; **applies to both Climeworks and Carbon Engineering plants.

As for Jet A-1 production, the temporal scope indicated by the source spans from 2015 to 2021 [30].

1.6. Technological scope

1.6.1. Foreground system

The different layout options allow to analyze a product system that operates at typical energy

conversion efficiencies achievable today, as well as at likely best-case efficiencies reachable in the

upcoming years.
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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 (as for example mentioned by Searle and Christensen (2018) [31] and Deutsche Energie-
Agentur GmbH (dena) [32]). For clarity, it is pointed out that a carbon capture plant is not part of the

Fuel 1.

The LTFT plant design is adapted from a theoretical design employed in PtL-kerosene production from
COzand hydrogen, developed with the DLR [3]. This design is used to create a plant model using PEM,

one of the most common electrolyser types worldwide besides SOEC [33,34].
The PtL-plants’ impacts are calculated from primary data and literature data [2,3,18,24,35-50].

The impacts from heat demand, under consideration of the use of excess heat from other processes,

are quantified based on the digression in section 2.9.3.
1.6.2. Background system

The background system is modeled using literature data and the GaBi database. The data sources
represent state of the art technologies employed in Germany, or provide a conservative picture of

them, given that some data is up to 8 years old. This aspect is elaborated upon in detail in section 2.

2. Modeling of background data

Part of the processes, flows, and components of the product system and/or part of their environmental
impacts are modeled based on literature values to produce the background data upon which the

environmental impacts of the product system are calculated.
2.1. Non-renewable primary energy use

Table S4 shows the sources used to quantify non-renewable primary energy, and of the type of

inventory data used in the sources, by process or flow.
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Table S4. Overview of the sources used to quantify non-renewable primary energy, and of the type of inventory data used in
the sources, by process or flow

Overview of the sources used to quantify non-renewable primary energy, and of the
type of inventory data used in the sources, by process or flow
Process or flow Inventory data type Reference
HTFT plant
primary (1) [2]
construction and EOL
LTFT plant
primary (1) [2]
construction and EOL
DAC plant .
construction and EOL primary (1) based on [2]
Natural Gas .
entire lifecycle primary (| [15,16]
El. from PV rimary (1) [13]
entire lifecycle P ¥
El. from wind power .
entire lifecycle primary (| (7]
El. from Ger.man el. mix entire GaBi db, 2019 [14]
lifecycle
Jet A-1 production GaBi db, 2019 [14]
PtL-kerosene production Calculated within this work

() = from literature; El. = Electricity

2.2 CO2 feedstock mass flow

The amount of carbon dioxide needed to produce PtlL-kerosene is calculated starting from the

combustion products of fossil kerosene.

First, it must be noted that CO, makes up 99.9% (w/w) of carbon-containing molecules in the
combustion gas of the fuel [21]. Second, as discussed in 2.14, the same amount of CO; per kg of fuel is
emitted to air in FT PtL-kerosene and Jet A-1 combustion alike. Third, considering that the gravimetric
energy density of Jet A-1 (43.2 MJ/kg) is 2.5% lower than in PtL-kerosene (44.1 MJ/kg), the CO;

emissions per unit energy are 2.5% lower in PtL-kerosene (based on [26]).
16



Lastly, the combustion of Jet A-1 causes 73.25 g CO,/MJ [14], thus the tailpipe CO, emissions of PtL-

kerosene amount to:
Tailpipe CO,,SPK = 0.975 - 73.25 |2 92
ailpipe CO,, =0. . [M],SPI(]

According to Lozanovski and Brandstetter (2015) [2], no carbon dioxide is lost between capture and
binding in the hydrocarbons of the final fuel, and thus no carbon is lost. Here, a more conservative
approach is taken, assuming a 5% difference between the number of carbon atoms in the captured
CO, feed stream and their amount in the final fuel. Consequentially, the quantity of feedstock CO,

amounts to:

oo gCo,
Feedstock CO,,SPK = 1.05 - Tail C0,,SPK =75.0 |———|.
eedstoc 5 ailpipe CO, M],SPK]
2.3. PtL-plant: impacts from construction and EOL
Table S5. Overview of the addressed objects, lifecycle phases and indicators in section 2.3.
Applies to
Object(s): HTFT plant, LTFT plants
Lifecycle phase(s): Construction, EOL
Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, land
transformation, and water consumption

The approach used to quantify the impacts of the PtL-plant (which includes the refining processes) is

here discussed.

2.3.1. GWP, EP, AP, POCP and non-renewable primary energy

GWP, EP, AP, POCP as well as non-renewable primary energy consumption caused by the construction
and EOL phases of the Fuel 1 plant and attached refining processes (i.e. the HTFT plant herein) are
guantified by Lozanovski and Brandstetter (2015) [2] and indicated per MJ of produced fuel (e-diesel).
These are here scaled on the LHV of PtL-kerosene based on the difference in LHV between the fuels

(as discussed in 2.14).
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It is here further argued that these values represent a conservative estimate for an LTFT design and
are thus valid for such designs as well. This is complemented by the observations in section 2.7, in

which the LTFT plant design is qualitatively described in more detail.

This hypothesis is based on the observation of the composition of construction materials employed in
the Fuel 1 plant. An overview is provided in Figure S3 and Figure S4, a detailed inventory can be found

in [2].

This poses a considerable approximation in terms of lifecycle thinking, since it is assumed that similar
inventories apply to distinct systems (the HTFT and LTFT plants). This choice is made since no other
LCA study at the time of the literature review quantified environmental impacts from the construction
and EOL of LTFT plants comparable to the one herein, and because no inventory data of LTFT plants
were found (Ecoinvent 3.6, GaBi 2019, JRC and US federal LCA commons were searched), nor plans

detailing the size of components employed in LTFT plants, which could be used to compile an LCI.

Given the considerations above and the considerations on the comparability of the plants, this

rationale is assumed to deliver representative results.

Additionally, it is pointed out that for each environmental impact, the construction and EOL phases are
responsible for < 5% of the impact’s magnitude regardless of the electricity mix?, as is suggested by
Lozanovski and Brandstetter (2015) [2] and found through a preliminary analysis performed in this

work.

Concrete and steel comprise 94% of the plant’s total mass of 479 tons. Both concrete and steel
manufacturing are energy-intensive and fossil energy intensive processes. 16.6 GJ of final energy are
consumed on average per ton of crude steel produced in Germany and 92% of the employed final

energy is fossil%.

! except for the case where electricity from wind energy > 75% of final electricity and the remainder is provided
by the German national grid, where the contribution of the construction phase to POCP rises to up to 7%.
2 Similar average values have been identified for Mexico, China and the U.S. in the cited work.
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Mass distribution in Fuel 1 plant by components
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@ Plant and foundation
@ Reactors and pumps
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Figure S3. Mass distribution in Fuel 1 plant by components (based on [2])

Mass distribution in Fuel 1 plant by materials

@Concrete
@ Steel
@ Other

Figure S4. Mass distribution in Fuel 1 plant by type of materials (based on [2])

This caused an average 1.6 tons of CO; per ton of crude steel in Germany in 2010 [45].

Cement is too a highly energy intensive good with a high rate of specific fossil energy consumption
comprising 90% of final production energy at approx. 2.8 GJ per ton of cement [46]. Furthermore, its

production process causes non-primary energy specific CO, emissions through the decomposition of
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carbonates. Total CO, emissions from cement production are estimated at around 1.1t CO, per ton of

cement, independently from the location of production [47].

Besides CO, emissions, the combustion of hydrocarbons causes emissions which contribute strongly

to GWP, AP, EP and POCP as can be concluded from the findings of Lozanovski and Brandstetter (2015)

[2].

These observations imply that the cited environmental indicators and the primary energy associated
with the construction of the Fuel 1 plant are dominated by the production of steel and concrete and

are marginally influenced by construction practices.

The cited literature suggests that the production energy for steel and concrete is almost entirely of
fossil origin. Additionally, the mentioned observations are valid for averages calculated upon the
different plant designs in use today in Europe and beyond. Consequentially, the associated specific
environmental impacts are assumed constant regardless of the origin of steel and concrete, across

Europe.

EOL practices are considered by Lozanovski and Brandstetter (2015) [2] and include a recycling rate of
80% (w/w) of the metals used in the plant by discounting their impacts in accordance to World Steel
Association [49] and European Aluminum Association [48]. In this approach, the environmental
burdens associated with the production of 20% of the employed metals are charged to the product

system, together with the burdens of the recycling operations.

EOL practices are assumed to be equal for both HTFT and LTFT plants and the differences between
their impacts to be negligible. This is because the types of components of the plants making up about
95% of the plant’s mass are identical?, from which follows the assumption that the amount of materials
per unit product (e.g., kg steel/MJ, PtL-kerosene) is highly similar in both designs. Additionally, one LCA

study found that AP, EP, GWP and POCP from the construction phase of PEM electrolysers are 30% -

3i.e., all but the electrolyser, which comprises 2.9% (w/w) of the Fuel 1 plant, and considering uncertainties due
to the difference in the exact size of the components making up the plants (based on Lozanovski and Brandstetter
(2015) [2]).
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60% lower than for SOEC electrolysers, per unit mass of hydrogen [50], which increases the validity of

the above.

One additional difference in infrastructure between the two plant types worth analyzing is the size of
heat exchangers, due to the different amount of recovered heat (lower in the LTFT plant). Heat
exchangers are almost entirely made of stainless steel (99% (w/w) following from Alfa Laval (2017)
[35]). The heat exchanger of the Fuel 1 plant makes up 2.4% (w/w) of the total amount of steel used
in the plant (see Lozanovski and Brandstetter (2015) [2]). In accordance to Hasanbeigi et al. (2016) [45],
it is assumed that environmental impacts from steel production for the heat exchanger do not differ
significantly from the mean environmental impacts resulting from the production of the other kinds of
employed steel (accounting for the remaining 97.6% (w/w) of steel employed in the plant). The LTFT
plant operates at lower temperatures compared to the HTFT plant, and thus requires a smaller heat
exchanger compared to the one employed in the Fuel 1 plant. This consequentially implies a smaller
amount of employed steel, and thus of environmental impacts. Given the small amount of steel
employed in the heat exchanger in the HTFT plant, this difference is assumed to have negligible effects

on the overall results.

In conclusion, the environmental impacts and primary energy quantified by Lozanovski and
Brandstetter (2015) [2] for the construction and EOL phases of the Fuel 1 plant are assumed valid for

the LTFT and HTFT plants studied herein.

2.3.2. Land transformation

The land-use of the PtL-plants (any layout) is assumed to be equal to the amount of area A (Fuel 1)
required by the Fuel 1 plant. This is considered a reasonable assumption, considering that there are

virtually no structural differences between the different PtL-plants as discussed in the previous section.

For a production capacity of 100 million liters of final fuel per year, this amounts to:

16,000 m?
AFyer1 = 100 - 106 T
a
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Under the conservative assumption that the transformed land is transformed indefinitely, and that it
was of higher quality before the installation of the plant, A (Fuel 1) classifies as positive land

transformation as defined by Sphera [24].

This is a conservative assumption, as the change in the quality of land can be expected to be different
from project to project depending on the installation site, implying that land quality is not necessarily

degraded.

Converting for the specific energy of PtL-kerosene and considering the plant’s operational life of 20

years [2], the above translates to:

2
m
Land Transformation Ptl,direct = 2.42-1077 [M_] .

Indirect land transformation from the construction and EOL phases is unknown. It is assumed
negligible, since the product system consumes high amounts of energy during operation, causing a

high amount of indirect land transformation ascribed to the energy carriers.
2.3.3. Water consumption

The amount of water consumed during the construction and EOL phases of the PtL-plants is
unknown. It is assumed negligible, given that the product system consumed extensive amounts of

water during operation.

2.4. PtL-plant: impacts from the use phase

Table S6. Overview of the addressed objects, lifecycle phase and indicators in section 2.4.

Applies to

Object(s): PtL-plant, all layouts

Lifecycle phase(s): Use

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

2.4.1. Gas flaring

Agas flareis a required component in a refinery to guarantee safe operation and minimize atmospheric

emissions. It causes direct emissions during fuel production, as it burns excess gases from the refining
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process with an emission profile similar to burned natural gas [2]. In their analysis, Lozanovski and
Brandstetter (2015) [2] conclude that gas flaring has negligible impacts on each of the analyzed

environmental indicators (GWP-100, AP, EP, and POCP). This is thus assumed here valid, too.

2.4.2. GWP, EP, AP, POCP, non-renewable primary energy, land transformation, indirect water

consumption

The environmental impacts caused over the lifecycle of the electricity carriers, as well as the associated
non-renewable primary energy, land transformation and water consumption are ascribed to the use-

phase of the PtL-plant.

The final electricity mix is comprised of electricity from three sources (PV (PV), wind power (Wind),
and the German electricity mix (DE mix)) at different shares, adding up to 100%. Each impact I}, Ptl
attributed to the use-phase of the PtL-plant is calculated as the sum of the impacts [;; of each
electricity carrier j, weighted by their share s; of the final electricity mix, multiplied by the electricity

consumption E,;, Ptl;, of the PtL-plant in its layout k.

I;, Ptly |i,k:const. = E¢, Ptly Z lij - sj
J

I, Pt | ik=const. = Eet, Ptle(Iipy - Spy + liwina * Swina + 1i pE mix * SE mix)

With the corresponding units:

[ kg ]_ M],el] kg]

M],SPK MJ],SPK]1LM], el
Where:
I; =  GWP, EP, AP, POCP, non-renewable primary energy, land transformation, indirect water
consumption.
j = Electricity from PV, wind power or the German electricity mix.
k =  HTFT plant operating at 80% efficiency, LTFT plant with PEM electrolysis.

2.4.3. Direct water consumption

Direct water consumption is discussed in 2.10
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2.5. PtL-plant, HTFT layout: electricity consumption of main processes

Table S7. Overview of the addressed objects, lifecycle phases and indicators in section 2.5.

Applies to

Object(s):

PtL-plant, HTFT layout

Lifecycle phase(s):

Use

Indicator(s):

GWP, EP, AP, POCP, non-renewable primary energy, water

consumption, land transformation

The electricity consumption of the HTFT plant and of its main processes is here quantified. This allows

to calculate the environmental impacts caused indirectly from the energy carriers and attributed to

the use-phase of the plant. It is further needed to allow for an environmental hotspot analysis.

The overall electricity consumption of the plant is a function of its operational efficiency. The

operational efficiencies for the HTFT plant analyzed in this work are 65% and 80%, which translates to

1.54 MJ/MJ, PtL-kerosene and 1.25 MJ/MJ, PtL-kerosene respectively.

The electricity demand of the SOEC electrolyser and RWGS reactor can be calculated from the reaction

enthalpy of the power-to-liquid process steps [36,37] shown in

Table S8. These comprise the whole power to liquid reaction chain.

Table S8. Power-to-liquid chemical process steps and enthalpy of reaction (based on [36,37])

Power-to-liquid chemical process steps and enthalpy of reaction

Process step Reaction Enthalpy 4H [kJ/mol]
Evaporation 3 H,0 (I) = 3 H,0 (g) +141
SOEC electrolysis 3H,0(g) 3H,+150;, +726
RWGS reaction 3H,+CO; > 2H;+CO+H0 +41
FT — synthesis 2 H; + H,0 + CO — CH; + 2H,0 - 147

(I) = liquid, (g) = gaseous

Knowing the enthalpy of reaction, the Gibbs function allows to estimate the amount of electrical

energy needed by each process. In its simplified form AH = AG + TAS, it translates to change in

enthalpy = electrical energy + thermal energy. The exothermic FTS reaction releases heat, which is
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recovered and used to evaporate water. In accordance with Posdziech et al. (2017) [37], it is assumed
that the remaining 6 kJ/mol of thermal energy are not recovered. This allows to calculate the shares
of electricity consumed by the electrolyser and RWGS reactor at 94.5% and 5.5% of the total electricity

consumed for these two processes respectively.

Additional electricity is required for fuel refining and compression processes (for CO, and steam). This
data is not available for the Fuel 1 plant, but it is quantified by from Koénig et al. (2015) [3] in his LTFT
plant model. The electricity demand from compression and refining processes per unit product (energy
based) is assumed equal in both plant types, since the energy specific flows are identical in both designs

(i.e., kg H, kg CO, and consequently kg Syncrude per MJ of PtL-kerosene).

In the LTFT designs employing PEM electrolysers, the refining processes require 0.002 MJ of electricity
per MJ of PtL-kerosene, while compression processes require 0.033 MJ of electricity per MJ of PtL-

kerosene (see Table S9).

Combining the information above, following values for electricity consumption in the HTFT plant can
be summarized. It is assumed that in the more efficient HTFT layout, the efficiency gains are equally

distributed across all processes®.

Table S9. Electricity consumption in the HTFT plant by main process steps

Electricity consumption in the HTFT plant
Energy . RWGS . . .
conversion Total Electrolysis Compression Refining Unit
- reactor
efficiency
65% 1.54 1.423 0.0804 0.033 0.002
’ [M] SPK
80% 1.25 1.156 0.065 0.027 0.002 [
M],SPK
Shares 100.0% 92.50% 5.22% 2.15% 0.13% -

4 This is an approximation, as it is more likely that efficiency gains are rather caused by decreased energy demand
in the electrolyser and RWGS reactor, being technologies under development. Nonetheless, since those two
processes consume > 97% of final energy, this approximation has negligible effects on the overall results.
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2.6. PtL-plant, HTFT layout: excess heat

Table S10. Overview of the addressed object, lifecycle phases and indicators in section 2.6.

Applies to

Object(s): Climeworks DAC plant

Lifecycle phase(s): Use

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

The amount of excess heat produced by the HTFT PtL-plant is here discussed. Here too, the Sunfire

Fuel 1 plant serves as reference plant for calculations.

For this work, the relevant question is whether enough excess heat from the PtL-plant can be
recovered in order to operate the Climeworks DAC plant in its 2019 layout. Based on literature, it is

argued that this is the case when a HTFT layout is in place.

In the model of Lozanovski and Brandstetter (2015), the Fuel 1 plant is coupled with the Climeworks
DAC plant [2]. In such a configuration, Lozanovski and Brandstetter (2015) state that while as of 2014
it was not possible to recover enough excess heat from the Fuel 1 plant to cover the thermal energy
consumption of the Climeworks DAC plant due to design constraints, this could improve in future
designs [2].

As of 2019, according to Viebahn et al. (2019) [18], the thermal energy required by the Climeworks

DAC plant could be sourced entirely from a FTS plant.

Based on these two considerations, it is assumed that enough excess heat from the HTFT plant can be

recovered to cover the heat demand of the Climeworks DAC plant.

It is further assumed that the effect on the studied indicators from modifications to infrastructure
needed to increase the amount of recovered heat are negligible. The same rationale regarding the
materials, mass and environmental impacts from construction and EOL of the PtL-plant laid out in 2.3.

is here valid.
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2.7. PtlL-plant, LTFT layout: Electricity consumption of main processes, water

consumption and excess heat production

Note: the following observations are based on an LTFT plant employing a PEM electrolyser.

Table S11. Overview of the addressed objects, lifecycle phases and indicators in section 2.7.

Applies to

Object(s): LTFT PEM plant

Lifecycle phase(s): Use

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

In order to calculate the environmental impacts of the use-phase of the LTFT plants and the amount
of land transformation, their energy and water consumption must be known. Energy and water
consumption is calculated through further modeling of a flowsheet process model of an LTFT plant
from literature [3]. In the model, hydrogen from a PEM electrolyser and CO; are used as production

feedstock for PtL-kerosene.

The flowsheet process model is first checked for comparability with the Fuel 1 plant. This allows to
ensure that the environmental impacts from the two plant types are comparable. The Fuel 1 plant and

the LTFT plant model are considered comparable if two criteria are met:

(a) the plant’s infrastructure allows for the use of the same type of final energy and

(b) both plants use the same main processes, and thus the same main components.

A detailed plant layout of the Fuel 1 plant is not publicly available, but an inventory of its main
components aggregated by their function is provided by Lozanovski and Brandstetter (2015) [2]. As for
the LTFT plant model, a flowsheet of the LTFT plant provides a detailed overview of the plant’s

components (see Konig et al. (2015) [3]).

A comparison shows that both types of plants employ the same main components. Konig et al. (2015)
further quantifies their energy consumption [3]. The main infrastructural difference is the type of

electrolyser (the influence of this difference on the environmental impacts is discussed in 2.3).
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One significant difference is the energy provision of the RWGS reactor. In the Fuel 1 plant it is electric,
while in the model of Kénig et al. (2015) it is thermal, requiring 0.7t of fossil fuel fed into a burner per
ton of fuel produced®. The RWGS reactor operates at 900 °C [3], while in the Fuel 1 plant it operates at
“ca. 1000 °C” [2]. Furthermore, in the HTFT layout, the RWGS reactor is fed with hydrogen at high
temperature. This is not the case in a LTFT layout, as PEM operates at 50°C to 90°C, compared to the
500 °Cto 1000 °C of a SOEC electrolyser [56]. The exact operating temperature of the SOEC electrolyser

employed in the Fuel 1 plant is unknown.

The other main processes employ the same main components, and differences in their operational

parameters can be either quantified or are assumed to be identical.

The design of Konig et al. (2015) is modified for comparability, substituting the burner with electric
heating [3]. With the designs being qualitatively equal, the specific amounts of materials per MJ of final
product are assumed equal, and so are the impacts from the construction and EOL phases of the HTFT
plant and LTFT plants (discussed in section 2.3). This section provides — in part — a qualitative
description of the plant design section 2.3 is based upon, with regards to the validity of construction-

phase impacts of the HTFT plant for the LTFT plants.

2.7.1. Electricity demand of the electric heater replacing the burner

The RWGS reactor in the original design of Konig et al. (2015) [3] requires 0.0443 MJ of thermal energy
E;p per MJ of produced PtL-kerosene (based on [56]). In the model developed in this work, the burner
it is replaced with an electric heater. Like in the model of Kénig et al. (2015), the RWGS reactor is
assumed to absorb heat through convection from process air. Given that the type of (electric) heater
in the Fuel 1 plant is unknow, a likely heater technology is identified amongst commercially available

options and literature.

5> According to Schmidt et al. (2019) [89] — who analyzed the work of Kénig et al. (2015) [3] —in this configuration
the burner emits 24 grams of CO2 per MJ of SPK. For reference: CO2 emissions from Jet A-1 combustion amount
to 73.2 g CO2/MJ [30].
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A flanged heater is chosen, since it is suited for high temperature, low flow gas heating operation and
offers a high electrical to thermal energy conversion efficiency [38,39]. Flanged heaters classify as
direct resistance heaters (DRHs). Their electrical to thermal energy conversion efficiency 7, ¢, is not
disclosed by manufacturers such as Wattco (2020) [39] and is thus estimated with an engineering

textbook discussing DRHs in detail [38]:

Net,en = 90%.

The electricity demand of the heater, E,,, is calculated as the ratio of E;; and the product of 7, 1, and

the heat transfer efficiency between process air and the reactor, nyr:

Etp
Eel -
Net,thHT

The design of the flanged heater-RWGS reactor group determines iy, and is estimated based on the
design of a RWGS reactor employed in laboratory tests conducted at temperatures of 875°C to 925°C
[40], which are comparable with the operating temperatures of the RWGS reactors in this work. The
disposition of the heating medium (process air) and heated medium (gases in the RWGS reactor) are

as in a shell and tube heat exchanger. This can be appreciated comparing Figure S5 a) and b).

Feedstock q
(heated medium in) Heating medium

/ out

L
=

RWGS

reactor \

Process air l 1 '
(heating medium Heated medium

infout) out m
J
[ mesimin | =

Syngas

(heated medium out)

C

a) b)

Figure S5. a) Schematic highlighting the disposition of the heating elements surrounding a RWGS reactor (based on [40]); b)
Diagram of a typical shell and tube heat exchanger (based on [57])
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In both designs, a flow of matter is concentric to, and in contact with, a substance at a higher
temperature which is itself contained in a thermally isolated chamber. Based on the same observations
made in section 2.6, and given the additional uncertainty due to a lack of design specifications, the
efficiency of heat transfer is here conservatively assumed at 23%. For the given input gases (air,
hydrogen and carbon dioxide), the calculated heat capacity ratio of the system amountsto C, = 0.42 ¢,
which actually corresponds to a heat transfer efficiency of 56% [41]. Due to the high uncertainty
concerning the design, applying a security factor of 2 to this estimate is considered an appropriate

measure. Consequently:

Nur = 23%

and

E, =0214 [
et = [M],SPK]'

2.7.2. Effects on the main mass and energy flows due to the removal of the burner
In the plant design of Konig et al. (2015) [3] (hereafter referred to as “original design”), a fuel recycling
unit (recycle splitter) redirects part of the hydrocarbons (2.8% of recycled portion of hydrocarbons)

produced in refining to the aforementioned burner providing heat energy to the RWGS reactor (see

Figure S6)’. The remaining 97.2% are recycled to the FT reactor (90.3%) and RWGS reactor (6.9%).

It is assumed that by eliminating the burner, the portion of recycled hydrocarbons originally fed into it
can be redirected entirely to the internal recycle stream fed into the FT reactor. The effects of

increasing the internal recycle stream are discussed below.

6 A more detailed description of this model goes beyond the scope of this work. For further details, the reader is invited to
refer to Fakheri [41], which provided the theoretical background for estimating HT. The values needed to calculate the heat
capacity ratio are the specific heat capacities of air, carbon dioxide and hydrogen (e.g. available from Gopal [90]) and the
RWGS reactor feedstock’s CO;:H, ratio in weight (i.e. 16:1), which can be calculated knowing their stochiometric ratios (i.e.
1:3 see Table S8) and atomic masses (H=1, C=12, 0=16).

7 An additional 0.1t/h of fossil fuel is fed into the burner externally. This flow is removed from the original design
alongside the burner.
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Figure S7. Modified design of the LTFT plant (based on [3])

Effect on mass flows

Out of the 3.9 t/h of fuel supplied to the burner in the original design, 3.8 t originate from the recycle
splitter. From the recycle splitter, 130.9 t/h of recovered fuel are redirected to the FT reactor in the
original design, along with 29.5t/h from the RWGS reactor. At this mass input rate, the plant produces

5.5 t/h of liquid product.

In the adapted design, in a first iteration of the modified FTS-to-refining cycle, an increased quantity
of 130.9 t/h + 3.8 t/h of fuel are redirected to the FT reactor. Supposing a linear relationship between

input and output products, an increase by

38 = 2.36 %
1309 + 295 0 7°
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of FT mass flow input causes the same percentual increase in liquid product output. In the first iteration

(i = 1) of this process, the amount of produced fuel increases to

t t
Liquid products, modified design (i =1) = 5.5 [E] -1.0236 = 5.63 [ﬁ]
The increased mass flow input to the FT reactor causes an increase in the mass inflow of the recycle
splitter, which in turn causes an increased input to the FT reactor. This feedback loop leads to an overall
increase of the two output flows of the syncrude refining process (liquid hydrocarbons and water)

which stabilizes after about 60 iterations. The mass flows in the modified design are displayed in Figure

S7.

In the original design, the composition (w/w) of the output flows of the refining process are (see Figure

S6):

Table S12. Composition of the output flows of the syncrude refining process by weight

Composition of the output flows of the syncrude refining process by weight

Total (w/w) Recycled hydroc.arbons Water knockout Liquid product
(to recycle splitter)
100% 90.85% 5.7% 3.45%

It is assumed that these shares remain constant. After 60 iterations of the modified FTS-to-refining

cycle, the reaction stabilizes, and the output flows reach >99% of their asymptotic values.
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Figure S8. Increase of output flow volumes in the modified FTS-to-refining cycle

Absolute and relative increases are summarized in Figure S8 and Table S13.

Table S13. Increase of output flow volumes in the modified FTS-to-refining cycle compared to the original cycle

Increase of output flow volumes in the modified FTS-to-refining cycle compared to the original
cycle
Component Water knockout [t/h] Liquid product [t/h]
Original design 9.4 5.5
Modified design 11.5 6.96
Increase 25.8%

Effect on excess heat energV (Enoat new)

The input mass flow to the FT reactor increases too by 25.8%, and with it the total mass m of the

produced syncrude. Since heat is a manifestation of kinetic energy (Ex;, = 0.5 - mv?), assuming an
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unchanged output velocity v of syncrude from the FT reactor, its kinetic energy increases by same

amount.

In other words, the available amount of heat at a temperature of 225 °C from the FT reactor increases
by 25.8%. The amount of heat power recovered from the FTS reaction (Peq¢ rr) and from other
sources® (Pheqr other) in the original design, are extracted from Konig et al. (2015) [3]. In the modified

design, the amount of heat Ppoq¢ ey is:

Preatnew = Preat.rr - 1.258 + Phoatother = 21.86 MW - 1.258 + 3.84 MW = 31.35 MW

M]
Eheat,new = 0.367 [m]

in form of steam, out of which 0.043 MJ/MJ, PtL-kerosene are reused in the PtL-plant, resulting in a
net amount of excess heat:

M
Excess heat, LTFT plants = 0.323 [M],—S{H(]

For further details please refer to the original layout described by Kénig et al. (2015) [3].

The electricity consumption of the main processes occurring in the LTFT plant are summarized in Table

S14.

Table S14. Electricity consumption in the LTFT plant employing a PEM electrolyser by main process steps

Electricity consumption in the LTFT plant (PEM)
Energy . RWGS . i .
conversion Total Electrolysis Compression Refining Unit
- reactor
efficiency
MJ
50.9% 1.963 1.759 0.169 0.033 0.002 —_—
M],SPK
Shares 100% 89.59% 8.59% 1.70% 0.12% -

8 Konig et al. (2015) does not specify the origin of the other sources of waste heat. It is thus conservatively assumed that
these are not affected by the redesign, which implies that their amount of excess heat remains unchanged in the modified
design.
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Since no fossil fuel is burned during PtL-kerosene production in the modified design, the direct

emissions from the plant are reduced to zero®.

It can be expected that the discussed increase in flow volumes causes an increase in the energy
consumption of refining processes. Since those consume only 0.12% of the final operational electricity

(see Table S14), this effect is ignored.

2.7.3. Water consumption

Water consumption is discussed in 2.10.

2.8. DAC plant: impacts from construction and EOL

Table S15. Overview of the addressed objects, lifecycle phases and indicators in section 2.8.

Applies to

Object(s): DAC, Carbon Engineering and Climeworks plants

Lifecycle phase(s): Construction and EOL

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

It is here described how impacts from the construction and EOL phases of the DAC plants are

estimated. Following observations are based on literature.

Carbon Engineering refers to having conducted a LCA of its plant in one publication [17], but its extent

is unclear and results only partially published.

2.8.1. GWP, EP, AP, POCP, and non-renewable primary energy

This section describes the approach to quantifying non-renewable primary energy, GWP, EP, AP and

POCP.

From Lozanovski and Brandstetter (2015) [2] it can be concluded that impacts from construction and

EOL of the Climeworks plant are negligible compared to the magnitudes of GWP, EP, AP, POCP, and

% On the one hand, this is an approximation of a real system, because — as discussed in 2.3 — a flue gas torch is needed to
ensure the safe operation of a distillation plant and is required by law. A flue gas torch causes direct emissions, yet those are
assumed to be negligible, as discussed in 2.3 Therefore, the assumption for direct emissions to be zero is justified.
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non-renewable primary energy of the HTFT plant in their study, since the impact share of the
Climeworks DAC plant over its entire lifecycle comprise <0.05% of any impact’s magnitude of the

product system.

This is valid in the best-case scenario analyzed by Lozanovski and Brandstetter (2015) [2] (final
electricity = 100% wind power and waste heat as final electricity sources). In scenarios where the final
electricity is produced from fossil sources, the lifecycle impact share of the Climeworks DAC plant
increases. This is attributable to the use-phase of the plant, where the impacts are caused indirectly

by the electricity carriers.

The impacts from the construction and EOL phases of the Climeworks DAC plant are thus negligible.

One important technological and infrastructural difference between the Climeworks and Carbon
Engineering DAC plants is that presence of a combined cycle gas turbine (CCGT) power plant within the
Carbon Engineering plant. To take this difference into account, thereby increasing the comparability

of the results for the two DAC plants, following approach is taken:

The impacts from the construction and EOL phases of the Carbon Engineering DAC plant, CCGT plant
excluded, are assumed to be negligible. The impacts from construction, use and EOL of the CCGT plant

are taken into account (see 2.9).

The latter assumption is assumed to have a negligible effect on the accuracy of results by analogy with
the product system: the product system consumes high amounts of energy and water during
operation, which are very likely to cause direct and indirect environmental impacts orders of
magnitude higher than the contributions from the construction and EOL phases of the Carbon

Engineering DAC plant.

2.8.2. Direct land transformation

Most recent direct land-use data for the Climeworks and Carbon Engineering DAC plants were

summarized in August 2019 by Viebahn et al. (2019) [18] and serve as background data for this section.

Direct land-use from DAC can be defined as:
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Adirect = Apackings + Afacilities
Where:
Apackings = Area occupied by the CO, captuing infrastructure
Afqcitities = Area occupied by supporting facilities

Carbon Engineering published land use data for Ay,qckings Only, scaled on the average quantity of

captured carbon dioxide per year:

km?

Apackings,Carbon Engineering = 0.0016 COZ
year

However, Carbon Engineering concedes that actual land use would be significantly higher than the land

use of packings alone [52].

Climeworks on the other hand provides a more comprehensive measure which includes packings and

facilities for a total of:

km?

Adirect,Climeworks = Apackings,climeworks + A acilities,Climeworks — 0.1 .
co,
year

It is worth noting that this area mainly consists of clearance between facilities, according to an

interview with Climeworks conducted by the authors of Viebahn et al. (2019) [18].

Due to a lack of data of the land use of facilities from the Carbon Engineering plant, direct land-use of
the Carbon Engineering plant is conservatively assumed equal to direct land-use of the Climeworks

plant.

km?

Adirect,Carbon Engineering — Adirect,Climework =0.1 —COZ .
year

As stated by Smith et al. (2016) [53], “[DAC plants] can be deployed on unproductive land that supplies

few ecosystem services”. This study does not identify a specific location and aims at delivering
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conservative estimates of the environmental impacts of the product system. Therefore, it is assumed
that the quality of the used land is deteriorated indefinitely, and thus that it classifies as transformed

land (i.e. land transformation Arp ) according to the LANCA definition [24].

Agirect is scaled according to the lifetime of the plants (20 years, according to Fasihi et al. (2019) [54])
and the quantity of feedstock CO, needed per unit PtL-kerosene (75g/MJ), and translated to land

transformation (see Table S16).

Table S16. Direct land transformation from the Carbon Engineering and Climeworks DAC plants

Direct land transformation from the Carbon Engineering and Climeworks DAC plants

M],SPK

2
— -7
ATR direct,Carbon Engineering — ATR direct,Climeworks 3.75-10 [—]

This assumption is validated through an analysis of preliminary results. For all scenarios, direct land

transformation from DAC plants contributes to <0.01% to overall land transformation (see 4.2.6.).

2.8.3. Indirect land transformation and water consumption

No data on indirect land transformation and water consumption from the construction and EOL phases

of DAC plants were found in literature.

No inventory data to calculate those impacts were found (Ecoinvent 3.6, GaBi 2019, JRC and US federal
LCA commons were searched), nor schematics of DAC plants were found, which could be used to

compile an LCI.

Itis assumed that indirect water consumption and land transformation attributable to both the Carbon
Engineering and Climeworks DAC plant are negligible, since the product system consumes high
amounts of energy and water during operation, which are very likely to cause direct and indirect

environmental impacts orders of magnitude higher than the indirect contributions from DAC plants.
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2.9. DAC plant: impacts from the use phase

Table S17. Overview of the addressed objects, lifecycle phase and indicators in section 2.9.

Applies to

Object(s): DAC — Carbon Engineering and Climeworks plants

Lifecycle phase(s): Use phase

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

The two DAC plants studied in this work have direct and indirect impacts associated with their use-

phase. An overview of the impact sources is provided in Table S18.

Table S18. Overview of impacts sources concerning the use phase of DAC plants

Overview of impacts sources concerning the use phase of DAC plants

Manufacturer Direct Indirect

Climeworks (none) Electricity carriers

Electricity carriers
Carbon Engineering Natural gas
Natural gas and CCGT plant

The environmental impacts caused over the lifecycle of the energy carriers feeding into the DAC plants,
as well as the associated non-renewable primary energy, land transformation and water consumption

are ascribed to the use-phase of the DAC plants. These are here referred to as.

The electricity carriers include the entire lifecycle of the carriers’ infrastructure. In order to increase
the validity of a comparison with natural gas, the impacts from the infrastructure used to convert
natural gas to electricity and heat in the Carbon Engineering DAC plant is taken into account (this is

discussed further below).

Indirect impacts include the impacts from construction, use and EOL of the CCGT plant, and extraction
and transport of natural gas. For consistency with the other energy carriers, those are ascribed to

natural gas.

The Climeworks DAC plant does not cause any direct emissions and impacts during operation [58].

Indirect impacts are caused over the lifecycle of the electricity carriers powering the plant.
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The Carbon Engineering DAC plant uses natural gas final energy carrier. Direct and indirect impacts are

caused by the combustion of natural gas and related infrastructure.

Natural gas is converted to electricity and thermal energy in an on-site CCGT power plant with an
operating power of 55.8 MW for an extraction capacity of 1 MtCO,/year. The power plant provides
100% of the operational energy in the layout analyzed in this work. The consumption of natural gas
amounts to 8.81 MJ/kgCO, captured [17]. The General Electric turbine GE LM 2500 DLE is here coupled
with a heat recovery steam generator and a steam turbine. According to Carbon Engineering, this setup

results in a thermal efficiency of 63.8% (electricity generated over LHV of natural gas) [17]%°.

90% of CO, emissions from the gas turbine are scrubbed from the exhaust gases and captured [17].
The captured CO; is accounted for as (negative) captured atmospheric CO,, while the turbine tailpipe

emissions are accounted for as (positive) emissions to air.

2.9.1. GWP, EP, AP, POCP, non-renewable primary energy, land transformation, water

consumption

The final energy carriers are natural gas (natural gas), and electricity from three sources (PV, wind
power (Wind), and the German electricity mix (DE mix)) at different shares, adding up to 100% of final

electricity consumption.

Each impact I}, DAC attributed to the use-phase of the DAC plants is calculated as the sum of the
impacts [;; of each energy carrier j. The impacts of the electricity carriers are weighted by their share
sj of the final electricity mix. The impacts of each energy carrier p are multiplied by the energy
consumption Ej,, DAC of a DAC plant in its layout k.
I;, DACy | ik=const = Z Ep' DACy - Iij * Sj
jp

I;, DACk | i j=const = Eet» DACk(Iipy - Spy + liwina * Swina + 1ipE mix * Spgmix) + Eng, DACk - Iy

10 This can be calculated from the flowchart in figure 2 of the cited work.
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With the corresponding units:

[ kg _[M],el] kg ]+[M],NGH kg
M],SPK - M],SPK]11M], el MJ],SPKIIM],NG
Where:
I; = GWP, EP, AP, POCP, non-renewable primary energy, land transformation, water
consumption.
j = PV, wind power, German electricity mix.
k = Climeworks DAC plant, Carbon Engineering DAC plant.
p = Electricity, natural gas.

Notably, the Climeworks plant condenses 1 ton of water from air per ton of captured CO, [18]*, while

the Carbon Engineering plant consumes 4.7 tons of water per ton of captured CO; [17].

2.9.2. Final energy consumption

In order to calculate the impacts concerning the use-phase of the DAC plants, their final energy
consumption must be known. Values for final energy consumption of all plant designs are available in

literature [17,18]. These are here scaled to the reference flow and summarized in Table S19 and

Table S20.

When the Climeworks plant is coupled with the HTFT plant, enough excess heat is generated by the
PtL-plant to supply the entire heat demand of the DAC plant of 0.54 MJ/MJ,PtL-kerosene. This is

discussed in detail in 2.6.

However, when the Climeworks plant is coupled with a LTFT plant, only 0.323 MJ/MJ,PtL-kerosene of
excess heat are available from the PtL-plant (discussed in 2.7). Under those circumstances, the
Climeworks DAC plant is assumed to be equipped with an electric heater. This is discussed in section

2.9.

Consequently, when the Climeworks DAC plant is coupled with a LTFT PtL-plant, the heat demand from

an external source decrease, since it is partially provided from within the plant itself. Therefore, a

1 The authors do not specify the atmospheric conditions for which this rate is valid.
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distinction is made between the final energy consumption of the Climeworks plant coupled with a

HTFT PtL-plant, and LTFT PtL-plant (Table S20 and Table S21).

Table S19. Final energy consumption of the Carbon Engineering DAC plant

Final energy consumption of the Carbon Engineering DAC plant

Layout
Type Unit
95% Natural Gas + 5% Electricity 100% Natural Gas
Natural M 0.394 0.661
atural gas W] SPK. . .
. MJ
Electricity _ 0.021 0
|[M], SPK |
MJ
Total —_— 0.415 0.661
[M], SPK |

Table S20. Final energy consumption of the Climeworks DAC plant when coupled with a HTFT PtL-plant

Final energy consumption of the Climeworks DAC plant — HTFT coupled

Layout
Type Unit
2019 plant type Future plant type
Heat M 0.540 0.405
ea W] SPK. . .
- MJ
Electricity _ 0.081 0.054
[M], SPK ]
M]
Total —_— 0.621 0.459
|[M], SPK |
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Table S21. Final energy consumption of the Climeworks DAC plant when coupled with a LTFT PtL-plant

Final energy consumption of the Climeworks DAC plant — LTFT coupled

Layout
Type Unit
2019 plant type Future plant type
- M] -
Heat —_— 0.323 0.323
[M], SPK ]
. MJ
Electricity _— 0.335 0.150
[M], SPK |
- M)
Total —_— 0.658 0.473
[M], SPK |

2.9.3. Heat energy supply to the Climeworks plant coupled with the LTFT PtL-plant

It is assumed that the remaining heat demand AE;; is covered by an electric counterflow heat
exchanger. The efficiency of heat transfer 7, is estimated at 95% based on a heat capacity ratio

estimate of C,, = 0.8 [41]:
nth = 95%.

The heating fluid is assumed to be heated by DRH, with a thermal energy conversion efficiency 7, ¢p,

of 90% [38]:
Net,tn = 90%.
The resulting additional final electricity demand E; 4pp can thus be calculated as:
Eepapp = 0.9-0.95 - AE,.
The amounts of AE, and E,; opp are summarized in

Table S22.

Table S22. Additional final electricity demand of the Climeworks DAC plant when coupled with a LTFT PtL-plant

Additional final electricity demand of the Climeworks DAC plant — LTFT coupled
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Layout
Type Unit
2019 plant type Future plant type
AE 0.217 0.082
th [M] SPK
Eeiapp [M] PR 0.254 0.096

Impacts from the infrastructure needed for the additional heat supply are assumed negligible by

analogy with the considerations on the heat exchanger in the HTFT plant presented in 2.3.1.
2.9.4. Natural gas: GWP, EP, AP, and POCP

GWP, EP, AP, and POCP of natural gas consumed at the CCGT plant within the Carbon Engineering DAC
plant are calculated by scaling the lifecycle environmental impacts of natural gas consumed at a utility
scale 300 MW CCGT plant. The plant operates in Germany, the reference year of the study is 2010
(even though the study was published 2006). The system boundary is comparable to the boundary in

the present work as it includes impacts from construction, use and EOL of the CCGT plant [16].
LCIA results for the CCGT plant are scaled based on the ratio of the energy conversion efficiency of the

plant from literature (50%) and of the Carbon Engineering CCGT plant (63.8% [17]).

50
Scaling factor,CCGT at DAC = 38 0.78.

2.9.5. Natural gas: non-renewable primary energy and land transformation

Non-renewable primary energy is calculated with a “[non-renewable] primary energy factor” of 1.1 MJ
per MJ of natural gas used in EU norms applied in several European regions, including Germany,

according to Schuwer et al. (2015) [15].

j
P tor =1.1
rimary energy factor = [ M ]]
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2.9.6. Note on indirect land transformation and water consumption

The amount of indirect land transformation and water consumption associated with the electricity
carriers used during operation is described in the sections on electricity from wind power, PV and the

German electricity mix.

The value for indirect land transformation from natural gas is calculated as upstream land
transformation from natural gas extraction (in Germany with reference year 2015). It is obtained from
correspondence with Sphera, per unit of electricity produced at natural gas power plants [14] and
amounts to 0.000102 m%/MJ, electricity in line with literature, the average thermal efficiency of natural

gas-fired power plants in Germany can be assumed at 50%, which translates to:

m2
Indirect land transformation, natural gas = 0.000051 [W]

Water consumption from natural gas extraction and transport is negligible at 3.6 ml per MJ delivered

to the plant (estimated from Mielke et al. (2010) [59])2.

No water is consumed directly during the use-phase of the DAC plants [17,58].

2.10 Product system: water consumption

Table S23. Overview of the addressed objects, lifecycle phases and indicators in section 2.10

Applies to

Object(s): Product system
Lifecycle phase(s): Entire lifecycle
Indicator(s): Water consumption

Water is consumed directly and indirectly in the product system. A significant amount of water is
consumed during the use phase of the PtL-kerosene production plant by water electrolysis (i.e., direct

water consumption) and by the Carbon Engineering DAC plant (H,0, Carbon Engineering). Water is

e 1 gallon per MMBtu. This is an average value valid for natural gas in the United States. It is assumed that the same

order of magnitude is valid for natural gas consumed in Germany. Given the amount of direct water consumption, which is
several orders of magnitude greater, this amount is negligible.
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further produced as a side product in the PtL-plant, and is condensed from air by the Climeworks DAC

plant.

Water is further consumed indirectly by the background system.

2.10.1. Direct consumption from electrolysis

The electrolysers consume deionized water during operation. Water, sourced as freshwater, is treated
in a deionizer operating at a water conversion efficiency 14eionizer 0f 99% (after Anderson et al. (2010)
[43]):

Naeionizer = 99%.

The deionized water consumption per kg of hydrogen of the electrolysers (H,0;y) is summarized in

Table S24.

Table S24. Deionized water consumption by type of electrolyser

Deionized water consumption by type of electrolyser

Electrolyser Rate of consumption [kg/kgH.] Reference
SOEC 9.1 [44]
PEM 18.04 [44]

2.10.2. On-site water production: water as a side product of the PtL-plant

In the PtL-plant, all processes downstream of the RWGS reaction produce a significant amount of water
as side product, which is extracted from the process flows with scrubbers!®. The water is then purified
and reused as input to the electrolyser'®. As discussed in previous sections, for both HTFT and LTFT

plants, the main plant components between the point of hydrogen production (electrolyser output)

13 devices used to purify streams of hydrocarbons from undesired side products.

14 \While water is not recycled to the electrolyser both in the LTFT plant in the design of Konig et al. (2015), nor in the Fuel 1
plant, it is technically feasible as mentioned by Fasihi et al. (2016) [36].
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and refinery output are identical (exception made for auxiliary components such as heat recovery

units).

It is assumed that the amount of water knockout is the same for both HTFT and LTFT plants.

The energy specific water knockout is calculated from the values summarized in Table S13. Considering
that the LHVs of all fuels produced in the LTFT plant deviate from one another by <0.1% (from the
power and mass flows in Konig et al. (2015) [3]), from an energy standpoint, the liquid product can be
treated as if it was composed by PtL-kerosene alone. Consequentially, the scrubbed water per MJ of

PtL-kerosene is:

11.5 [

t,SPK
h

t, I-}Ii 0]

H,0,out = —
] . LHV,SPK

= 0037[ kg ]
696 M], SPK

Among the studied literature, one work mentions the possibility of reusing scrubbed water, but does
not specify to which extent it can be recovered [36].
It is here assumed that 90% of the knocked-out water is reused as an input to the electrolyser, after
having been purified and deionized. This can be described as water reuse efficiency:

Nwater reuse = 90%.
2.10.3. On-site water production: water as a side product of DAC
In the Climeworks layout, water is obtained as a side product of the extraction process of carbon
dioxide from air and amounts to 1 ton of water per ton of CO; [18]. The authors do not specify under

which climatic conditions this is the case. Considering the amount of carbon dioxide needed per unit

of PtL-kerosene (discussed in 2.2.):

k
H,0 out, Climeworks = —0.075 [M],—gm( .

H3 00yt climeworks 1S assumed to be constant.
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2.10.4. Total direct water consumption

Combining the above, direct water consumption H,0ror is calculated as:

H,0,in
H50,tot = 2 4 H,0,Carbon Engineering + H,0 out - Ny.ater reuse
Ndeionizer
and as
H,0,in
H,0,tot = —— + (H,0 out + H,0 out, cw) * yater reuse
Ndeionizer

if the Climeworks DAC plant is employed.

2.10.5. Indirect and total water consumption

Water is consumed indirectly over the lifecycle of the final electricity sources. Total water consumption

is the sum of direct and indirect water consumption.

2.11. Electricity from PV

Table S25. Overview of the addressed objects, lifecycle phases and indicators in section 2.11.

Applies to

Object(s): Electricity from PV

Lifecycle phase(s): Entire lifecycle

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

The environmental impacts from the panels are here quantified for Germany in 2015 based on a
lifecycle analysis of poly-crystalline PV modules produced in China in 2014, based on data for “typical
PV companies in China” [13]. The panels are arranged in a flat plate array without tracking mechanisms,
because this is the most common PV array design in use today, along with flat plate arrays with tilt
adjustment, according to US department of energy [12]. The former layout is chosen, as it represents

the more conservative option, having a lower specific energy yield.

In Fu et al. (2014) [13], the impacts are quantified per unit energy delivered to the electricity grid, given

kWh

a solar irradiation of 1,300 [m] The environmental impacts per kWh of electricity generated by PV
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systems is thus a function of their life-cycle energy generation capacity, which is a function of solar

irradiation.

The authors do not specify the type of solar irradiation used in their calculations. As GHI is commonly

used for PV system sizing?®, it is assumed that the authors have used this metric.

2.12. Electricity from wind power

Table S26. Overview of the addressed object, lifecycle phases and indicators in section 2.12.

Applies to

Object(s): Electricity from wind power

Lifecycle phase(s): Entire lifecycle

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

The calculations of the environmental impacts associated with electricity from wind power are here

laid out.

2.12.1. GWP, EP, AP, POCP, non-renewable primary energy and water consumption

Values of GWP, EP, AP, POCP, water consumption and non-renewable primary energy are adapted
from a lifecycle analysis of a 50 MW onshore wind farm employing 2 MW wind turbines manufactured
by Vestas [7]. The functional unit of the study is the production of 1 kWh of electricity delivered to the
electricity grid from a 50 MW virtual wind park composed by 25 2MW Vestas Wind turbines. The
functional unit is thus compatible with the setup of the product system in this work, where the

electricity is directly fed into the product system.

The energy-specific impacts identified in the study are here scaled according to the amount of energy

produced at the geographical location of the product system, i.e., with the ratio of the capacity factors.

The capacity factor ¢ of a wind turbine (or wind farm) is the ratio of the output electrical energy E,;
over a given amount of time and the theoretically maximum energy output over the same period, thus

with the turbine operating at nominal power Py. This value is typically calculated per annum.

15 Based on own experience in the field.
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o2

Cwind =

Py[MW] 365.25 [%] 24 [%]
The capacity factor used by Vestas is (based on [7]):

Cvestas = 0.432.

The capacity factor for a plant operating in Germany in 2015 is calculated based on the total onshore
nominal wind power installed nationwide in 2015 and the total generation from onshore wind turbines

in the same year (based on [11]):

Cwind pE 2015 = 0.206.

In both cases, the lifetime of the wind turbines is assumed to be 20 years in line with Razdan and

Garrett (2015) [7].

The ratio of the capacity factors (or: scaling factor) f. ,inq is:

c
Scaling factor,wind power = f = Vestas  _2092.

ewind  cyin g DE 2015

2.12.2. Direct land transformation

Quantifying the amount of area undergoing changes due to the installation of wind turbines is not
trivial. This amount varies by one or two order of magnitudes across studies, engineering manuals and
reports, depending on the definition of the terms used to measure land-use quantities such as

“occupied land”, “land use”, “permanently occupied land”, and so on, which are not defined univocally

across literature [66—69].

The most comprehensive work providing clarity on the topic is a 2009 report by the US National
Renewable Energy Laboratory (NREL) on “land use requirements” of wind farms in the US [67]. The
work quantifies the differences in quantity and characteristics of area occupied and/or transformed by
different wind farms. It is based on 172 existing or proposed projects as of 2009 in the U.S., with a

cumulative nominal capacity of more than 26 GW. The study additionally analyzes the wording used in
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several thematically relevant studies and translates it into two land-use metrics relevant for wind

farms:

(a) Direct impact area, i.e. “disturbed land due to physical infrastructure development”, divided in

permanent and temporary direct impact area [67].

Under the conservative assumption that the transformed land is transformed indefinitely, and that it
was of higher quality before the installation of a wind power related infrastructure, permanent direct
impact area is positive land transformation as defined by Sphera [24]. This is a conservative
assumption, as the change in the quality of land can be expected to be different from project to project,

implying that land quality is not necessarily degraded.

(b) Total area, i.e. “land associated with the complete wind plant project” [67]. Figure S9 illustrates

both definitions. Infrastructure contributing to land transformation is labelled as “permanent”.

The cited study finds that “there is substantial variation among the reported area requirements [...].
For the permanent direct impact, the range is about 0.06 hectares/MW to about 2.4 hectares/MW;
however, approximately 80% of the projects (both number of projects and total capacity) report direct

land use at below 0.4 hectares/MW.” [67], see Figure S10.

The average nominal power of the wind turbines in the study is 1.6 MW [67]. Nominal power per wind
turbine of at least 2 MW were the norm from 2015 onward in Germany [70]. Direct impact area
depends on the number of turbines needed to produce a given amount of power (as can be for
example concluded from Figure S9). It follows that the direct impact area of wind turbines in Germany

is lower than the average found in the cited study.
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Figure S9. Visual description of total area and direct impact area resulting from wind power infrastructure (adapted from
Denholm et al. (2009) [67])%¢
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Figure S10. Permanent direct impact area of onshore wind farms (from Denholm et al. (2009) [67])

16 This illustration is not meant to represent any specific project and the actual components and configuration of
direct impact area vary among projects.
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Permanent direct impact area:

Considered the above, the permanent direct impact area (i.e., direct land transformation) is here
calculated as the mean of the values < 0.4 ha/MW, corresponding to 80% of the studied power
capacity. It amounts to 0.25 ha/MW. This choice is considered a measured trade off. On the one hand,
by excluding the extremes, values that are likely to be less representative for the 2 MW wind turbines
(part of the product system under study) are excluded. On the other hand, a high percentage of the

sample from the study is considered.

Factoring in the capacity factor and lifetime of a wind turbine, land transformation amounts to:

Direct impact area [ m?
MW

. m? Py
Land transformation |—| = -
¢ 8760 [E] lifetime [a] - 10° - 3.6

Mj

Using the average capacity factor for Germany in 2015, and assuming a lifetime of 20 years (in

accordance to Razdan and Garrett (2015) [7]), land transformation amounts to:

m2
Land transformation, wind power, direct = 1.90 - 107> [W]

Total area:

Unlike for the other components of the product system, it is found useful to quantify the total area
associated with electricity from wind power, the main reason being that it resides at the center of
current public debate surrounding wind power, which makes it interesting for the intended recipients
of this work [71]. It is pointed out that out of the total area, only a fraction classifies as land

transformation, while the rest is unchanged.

The total area is calculated based on a report from the German Ministry for Environment (UBA), which
estimates the total amount of area available in Germany for installing onshore wind power at 49,361
km?, and the total wind power installations possible on that area resulting in 1,187.84 GW of nominal
power. In the report, a capacity factor of ¢4 = 0.278 is used. At the given capacity factor, the total

area according to the UBA study amounts to
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m2
Total area, wind power, UBA = 4.73 - 1073 [W]

This value is scaled on the wind conditions in Germany in 2015 with the ratio of the capacity factors

and amounts to:

c
Total area,wind power = Total area, wind power, UBA usbA

CWind DE 2015

m2
Total area, wind power = 6.38 - 1073 |—|.

Mj
It is noted that offshore wind power is excluded from this analysis. The main reason being that the

modeled PtL-plants are assumed to operate off-grid, on land?’.
2.12.3. Indirect land transformation

A significant amount of land transformation is caused by upstream activities related to wind power
plants operating in Germany. This amount is provided by Sphera and is based on the LANCA method
for the evaluation of land quantities. The other data on wind power used for the calculations herein is
itself valid for Germany in 2015 and its impacts are computed with the same LCIA method as for
indirect land transformation. On the other hand, the value below is valid for the mix of wind farms in

Germany with reference year 2015, out of which only 24% were produced by Vestas [6].

2
Land Transformation, wind power, indirect = 1.46-10~* [M_]]

17 For completeness it is noted that offshore wind power constitutes only about 2.7% of globally installed wind
power capacity [91,92]. Including figures for offshore wind power would decrease energy specific area needs, as
offshore wind power has capacity factors higher than onshore wind [93].

54



2.13. Electricity from the German electricity mix

Table S27. Overview of the addressed object, lifecycle phases and indicators in section 2.13.

Applies to

Object(s): Electricity from the German electricity mix

Lifecycle phase(s): Entire lifecycle

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

LCIA results for electricity from the German electricity mix are calculated in GaBi ts, version 9 (demo

version) and are based on the 2019 GaBi database.

Land transformation is obtained from the 2020 GaBi database through correspondence with Sphera.
This choice is made, because Sphera updated their methodology for land-use quantities to deliver
more accurate results recently, making older methodologies and data such as in the GaBi ts demo

version obsolete.

2.14. PtL-kerosene: impacts

Table S28. Overview of the addressed object, lifecycle phases and indicators in section 2.14.

Applies to

Object(s): PtL-kerosene

Lifecycle phase(s): Whole lifecycle

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, and land transformation

The impacts from each component of the product system are expressed over 1 MJ of produced PtL-

kerosene.

2.14.1. Production

The impacts from the production of PtL-kerosene are thus the sum of the impacts of each process or

flow of the product system.

2.14.2. Combustion

The combustion emissions profiles (or: emissions profiles) of Jet A-1 and PtL-kerosene present some
differences which influence the magnitude of the environmental impacts resulting from the fuels’

combustion. Additionally, the chemical composition (and thus the emissions profile and subsequent
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environmental impacts) of PtL-kerosene varies slightly with respect to different feedstock sources and
production methods [19,72]. It is thus stressed out that here “PtL-kerosene” is understood to be
produced via FTS. It is also noted that the emissions profile of FT-PtL-kerosene produced from CO; and
hydrogen as feedstock has not been characterized at the time of the literature review, but that it is
assumed to be identical to the emissions profile of FT-PtL-kerosene produced from a different kind of

feedstock.

The emissions profile of PtL-kerosene has lower contents of certain characterization factors'® of AP
and EP. Knowing the AP and EP values from the combustion of (1 MJ of) Jet A-1, and the differences
between the combustion products of the two, the values for AP and EP for PtL-kerosene are calculated.

The differences in the combustion profiles do not affect GWP-100 nor POCP.

Acidification due to Jet A-1 combustion is caused by SO, (12%) and NOx (88%) [14]. In FT PtL-kerosene,
tailpipe SO; emissions are absent (100% reduction) and NOx emissions are 8% lower compared to Jet

A-1[19-21]. As a result, AP from PtL-kerosene combustion is 18.9% lower.

Eutrophication due to Jet A-1 combustion is caused by NOx (99%) [14]. Since tailpipe NOx emissions

are 8% lower in FT PtL-kerosene, the EP of PtL-kerosene is 7.9% lower.

Additionally, considering that the gravimetric energy density of Jet A-1 (43.2 MJ/kg) is 2.5% lower than
in PtL-kerosene (44.1 MJ/kg), the emissions per unit energy are 2.5% lower in PtL-kerosene (based on

Elgowainy et al. (2012) [26]).

Considering that both fuels are used under the same conditions, the equations below describe the
cited environmental impacts of PtlL-kerosene combustion (igpx 7rwq) — indicated by the TtWa
subscript — as a function of the environmental impacts of Jet A-1 combustion (ijer 4—1,77wa)- The
relative contributions of the characterization factors to the impacts are defined in the LCIA

methodology used in this work (CML 2001, April 2016 version, [73,74]).

18 e. a substance which contributes to an environmental impact.
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GWPspkrrwa = 0.975 - GWPjera1,rewa
APspg rrwa = 0+ 0.975-0.88 - 0.92 - APjera1,1twa
EPspicrrwa = 0.975 - 0.99 - 0.92 - EPjerss rewa
POCPspk,rrwa = 0.975 - POCPjetasriwa

2.15. Jet A-1: impacts

Table S29. Overview of the addressed object, lifecycle phases and indicators in section 2.15.

Applies to

Object(s): Jet A-1

Lifecycle phase(s): Entire lifecycle

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

LCIA results for Jet A-1 produced in Germany are calculated in GaBi ts, version 9 (demo version) and

are based on the 2019 GaBi database.

Land transformation is obtained from the 2020 GaBi database through correspondence with Sphera.
This choice is made, because Sphera updated their methodology for land-use quantities to deliver
more accurate results recently, making older methodologies and data such as in the GaBi ts demo

version obsolete.

2.16. Jet A-1: effects of renewable electricity on environmental impacts

Table S30. Overview of the addressed object, lifecycle phases and indicators in section 2.16.

Applies to

Object(s): Jet A-1

Lifecycle phase(s): Entire lifecycle

Indicator(s): GWP, EP, AP, POCP, non-renewable primary energy, water
consumption, land transformation

In order to deliver an accurate comparative analysis of PtL-kerosene and Jet A-1, it is useful to explore
how the impacts of Jet A-1 are influenced if the same final electricity mix deployed to the product

system is used in its production.
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To do so, first, the amount of electricity consumed in fuel production is quantified, as well as the
primary energy required over the fuel’s lifecycle. According to [14], 84% of primary energy from Jet A-

1is embedded (fossil) chemical energy, while the remaining 16% is required for fuel production.

According to European Commission [75], 10% of the production energy in refineries is, on average,
electrical®®, the rest mainly being chemical energy from petrol or other fossil energy carriers. The
electricity is commonly produced on-site from (fossil) refinery by-products, with some cases where
electricity is bought from a utility [75]. Consequently, a maximum of 1.6% of primary energy is

delivered as electricity and can potentially be renewable.

Even if this share of primary energy was completely renewable, the environmental impacts would be
dominated by the combustion of fossil energy carriers, or —in production — by their use and the use of

affiliated infrastructure and production practices.

It is thus concluded that the environmental impacts of Jet A-1 are constant, independently of the final

electricity mix.

2.17. Global aviation: tailpipe emissions share of stratospheric CO;

The fuels studied in this work are combusted in an aircraft operating on a flight path representing the
global average flight path for commercial aviation. The characteristics of the flight path are relevant to

calculate the RFI.

Specifically, in order to calculate the RFI, the share of CO, emissions from the aircraft occurring in the
stratosphere, i.e., the CCD (climb, cruise, descent) cycle, must be known (see Figure S11; LTO=landing

and take-off).

19 This value was calculated in 2015 by the European Joint Research Center in their Best Available Techniques (BAT) Reference
Document for the refining of mineral oil and gas and is based upon estimated primary energy consumption for refineries in
the US.

58



® climb * @ Cruise » (® Descent

/ CCD cycle

(@ Taxifidle @ Taxifidle

Figure S11. Schematic of a commercial flight cycle (from Defilippi [76])

The share of stratospheric CO2 emissions is equal to the share of fuel consumption during the CCD
cycle. The latter is calculated from data for fuel consumption volumes from commercial aviation in the
US in 2009. Comprising a total of 7.9 million flights, fuel consumption amounted to 43.9 million tons

[26] or 22% of global commercial aviation fuel consumption (i.e. 201 million tons [77]).

Itis assumed that the data collected by Elgowainy et al. (2012) [26] are representative of global average
flight paths and thus valid for this work. The data is evaluated in MS Excel. The LTO share of fuel

combustion, and thus the share of stratospheric CO; amount to:

Share stratospheric CO, = 91.1%.

2.18. Water purifier and deionizer

A water purifier and deionizer are considered in the product system in order to calculate the amount
of water consumption of the product system more accurately. However, the environmental impacts

caused over the lifecycle of those components are not included in this work.

In general, water can be for example purified through reverse osmosis [78] or other techniques, all of
which consume a relatively negligible amount of electricity compared to the electrolysis process [78].

Regardless of the water filtration and deionization technique, approx. 0.12 kWh/m3 to 1 kWh/m?3, i.e.
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0.00012 kWh/I to 0.001 kWh/I are consumed for a concentration of ions in the water to be treated

equivalent to brackish water® [43].

In this work, freshwater is assumed to be fed into the filtration and deionization system. Therefore, an
electricity consumption < 0.001 kWh/I can be expected. Among the studied product system layouts,
the highest rate of water consumption is 0.4 I/MJ of PtL-kerosene, implying a maximum electricity
consumption of 0.001 kWh/I - 0.4 I/MJ = 0.0004 kWh/MJ of PtL-kerosene. This amount is negligible,
compared to an electricity consumption of 1.304 MJ/MJ PtL-kerosene in the product system layout
requiring the lowest amount of electricity among the studied layouts and so are the associated

environmental impacts.

The environmental impacts associated with construction, EOL and maintenance cannot be generalized,
since different filtration and deionization techniques require different types and amounts of resources
[43,78]. However, considering the size of the product system and the fact that despite its size, most
impacts shares arise during operation (see 4.1.), it is assumed that construction, EOL and maintenance
of water filtration and deionization have a negligible effect on the overall environmental impacts of

PtL-kerosene.

2.19. Comparability of LCIA methods

The LCIA methods used to classify and characterize elementary flows are addressed in this section,

along with key methodological choices on data gathering and evaluation.

The environmental impact indicators GWP, EP, AP and POCP are calculated with the CML 2001 method,

version 2015 or equivalent.

The environmental impacts of some processes or flows are calculated as combining LCIA results from
literature, which are all calculated with different versions of the CML 2001 method. The differences

between the versions (2007, 2013, 2014 and 2015) are investigated (CML version history available at

20; e. a mixture of sea- and freshwater. As such, it has a higher concentration of ions than freshwater. The ionic concentration

is the main driver of electricity consumption [43].
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[73]). They do not affect the calculation methods of the indicators studied in this work. All the LCIA
results from literature are based on LCAs adopting a cradle-to-grave boundary. Considered the above,
the use of impact assessment values from literature calculated with the different CML versions is
justified. An overview of the LCIA methods and annexed inventory data types (used in the references)

for the foreground and background systems are summarized in
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Table S31. Referenced sources either rely on primary data, on secondary data from literature.

In some cases, the LCIA results are adjusted in order to adapt them to the studied processes. For
example, the environmental impacts from PtL-kerosene combustion are calculated based on the

quantification of the difference between elementary flows of fossil Jet A-1 and PtL-kerosene.
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Table S31. Overview of the sources used to quantify GWP, AP, EP and POCP, and of the type of inventory data and LCIA
methods used in the sources, by process or flow

Overview of the sources used to quantify GWP, AP, EP and POCP, and of the type of
inventory data and LCIA methods used in the sources, by process or flow

Process or flow LCIA methods, version Inventory Refer
data type ence
HTFT plant CML 2001, 2014 primary (1) [2]

(construction, EOL)

LTFT plant CML 2001, 2014 primary (1) [2]

(construction, EOL)

DAC plant (contribution unknown at the time of the primary (exp) | based
(construction, EOL) literature review/undisclosed), qualitative on [2]
assessment based on CML 2001, 2014

PtL-kerosene CML 2001, 2015 primary (exp) | [3,17,
production plant secondary (I) 18]
(operation)

Natural Gas CML 2001, 2014; ReCiPe, 2008 (EP) primary (1) [15,68
(entire lifecycle) ]
El. from PV CML 2001, 2007 primary (1) [13,
(entire lifecycle) GaBi db, 2020 14,
78]
El. from wind power CML 2001, 2013 primary (1) [7,14]
(entire lifecycle) GaBi db, 2020
El. from German el. CML 2001, 2015 GaBi db, 2019 [14]
mix (entire lifecycle) GaBi db, 2020
Jet A-1 CML 2001, 2015 GaBi db, 2019 [14]
(entire lifecycle) GaBi db, 2020
PtL-kerosene CML 2001, 2015 secondary (I) | [14,20
(combustion) GaBi db, 2019 ,21]

(I) = from literature; El. = Electricity

2.20. Jet fuel

Based on fuel consumption data reported by International Energy Agency [80] it can be concluded that

>99.5% (w/w) of aviation fuel consumed worldwide is either Jet A or Jet A-1
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3. Overview of main assumptions and parameters

Table S32. Overview of main assumptions and parameters

Item Value Unit Notes Reference
Physical properties
Jet A-1 heat of combustion (LHV) 43.2 [MJ/kg] [26]
Jet A-1 gravimetric density at 15°C 0.8 [kg/1] [81]
Hydrogen heat of combustion (LHV) 120 [MJ/kg] [82]
E-PtL-kerosene heat of combustion (LHV) 44.1 [MJ/kg] [26]
E-PtL-kerosene gravimetric density at 15°C 0.75 [kg/1] [26]
Occupied land assumed to be transformed land - - [24]
Fuel burn efficiency Constant -
FT PtL-kerosene nomenclature - - -
Environmental impacts of increasing the aromatic content of
FT-PtL-kerosene lgnored i [83,84]
. . . Postulated from
Environmental impacts of transport: absolute values Negligible - [26]
Fuel combustion products constant until 2050 - - [29]
CO; losses from CC plant outlet to final fuel 5% [keg/kg] Refer to
g P ? &/ke literature in 2.2.
Feedstock CO; to PtL-plant 0.07692 [kg/MJ] -
Water recovery efficiency 90% [ke/kg]
Source of water, and location Freshwater - [85]
, Germany
Quality of freshwater High - -
Freshwater abundance Assumed - In line with [85]
Environmental impacts of water sourcin Not - -
P & included
SOEC 9.1 [ke/ke] [44]
PEM 18.04 [ke/kg] [44]
Deionizer (water conversion) efficiency 99% [keg/kg] [43]
Power converters and energy storage Not - -
&Y & included
Specific mass flows are identical in all PtL-plant layouts - - Refe;;:azil':" for
Gas flare emissions Negligible - [2]
Construction and EOL impacts of HTFT valid for LTFT plant as i i Refer to 2.3. for
well details
Operational life 20 [a] [2]
Effect of excess heat recovery infrastructure on impacts Negligible - -
Redirection of recycled hydrocarbons originally destined to . . 27

burner to FT reactor
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Scalability of LCIA results of 300 MW CCGT plants to 50 MW
Carbon Engineering CCGT plant
Land transformation from natural gas extraction, upstream
Water consumption

Global Horizontal Irradiation

Operational life
Watt peak
Module size
Conversion efficiency

Panel type

Panel Tracking Type

Area requirement valid for all sizes

GWP-100 (per kWp)

Effects of transportation on environmental impacts

Capacity factor, Germany 2015
Operational life
Turbine class
Nominal power
Plant size

Generator type

Energy losses

Technological readiness level (TRL)
Operational life
Climeworks plant: Impacts from infrastructure for additional
heating
Water consumption, Carbon Engineering plant
Water consumption, Climeworks plant

Water consumption, Climeworks plant

Carbon Engineering plant: Impacts attributable to energy
sources alone

Considered
Negligible

1,055

25
200
1.417
16%
Poly-
crystalline
Flat plate
array,
without
tracking.

Varies
strongly
across
literature

9%

0.2063
20
Onshore
2
50
Asynchron
ous
Considered

>5
20
Negligible

4.7
Constant
Accounted
as negative

Assumed

[KWh/
(m?a)]

[a]
[Wp]
[m?]

on top
of total

[a]

(MW]
(MW]

[a]

[kg/kg]

(86]
(59]

(9]

(13]

(11]

(12]

[65]

[79]

Refer to 2.11.1.
for details

Based on [87]

(7]

(18]
(54]
By analogy with
2.3.
[17]
(18]

(17]
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4. Break-even points of CO2 eq. emissions of PtL-kerosene

Figure S12 shows the CO; eq. that the production electricity mix should have in order for the produced
PtL-kerosene to have CO; eq. equal to Jet A-1 with (dark blue) and without considering non-CO; effects
(light blue). Depending on the production pathway, the break-even point in which PtL-kerosene and
Jet A-1 have the same CO; eq., ranges from 26.6 g CO, eq/MJ, electricity (layout producing the highest
CO; eq.: LTFT combined with high-temperature DAC) to 61.8 g CO, eq./MJ, electricity (HTFT combined
with low-temperature DAC). Furthermore, the differences between the break-even points for CO; eq.
of PtL-kerosene measured in terms of GWP alone or GWP+RFI are low. Therefore, the GWP-100 of the
electricity mix used in production has to be lower than 60.3 g CO, eq./kWh (not considering non-CO>
effects) or 61.8 g CO,eq./kWh (considering non-CO, effects) for the layout HTFT and low-temperature
DAC to deliver PtL-kerosene with lower CO; eq. than Jet A-1. For reference, the German grid mix in
2019 had a GWP-100 of 131.7 g CO, eq/MJ [88].The break-even points for the layout producing the
highest environmental impacts are (LTFT combined with high-temperature DAC) at a GWP-100 of the
final electricity of 26.6 g CO, eq./MJ (not considering non-CO; effects), electricity and 27 g CO,eq./MJ,

electricity (considering non-CO, effects).

Fuel WTWa CO, eq. emissions [g CO, eq./M)
=

20 40 60 80 100 12( 140 160

Final electricity GWP [g CO, eq./MJ]

Figure S12. Break-even points of CO2 eq. emissions of PtL-kerosene by GWP of final production electricity for the layout HTFT
and low-temperature DAC (SPK = PtL-kerosene)
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