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Abstract

In response to growing demands for climate action in aviation, sustainable aviation fuels (SAFs) have emerged
as a promising alternative to fossil-based kerosene, offering the potential to significantly reduce greenhouse
gas emissions. To explore this potential, this research conducts a life cycle assessment of two emerging
SAF pathways: Alcohol-to-Jet (AtJ) and Biomass Gasification with Fischer-Tropsch (Gas+FT) using forestry
residues as feedstock. The analysis evaluates their global warming potentials (GWPs) across all life cycle
stages, from resource extraction to combustion (well-to-wake), identifies key contributors to climate change,
and compares the results to updated values for Hydroprocessed Esters and Fatty Acids (HEFA) from used
cooking oil and Power-to-Liquid (PtL) SAF, assessed in a previous thesis. Results indicate that Gas+FT-SAF
achieves the lowest climate impact, reducing emissions by 94.9% compared to fossil jet fuel. AtJ-SAF yields
a 48.7% reduction, while HEFA-SAF reduces the GWP by 81.8%. PtL-SAF shows high variability, with an
emission reduction of 74.6% when powered by wind electricity, but a significant increase of 476% using the
conventional German electricity mix, underlining the critical role of renewable energy sourcing. Energy effi-
ciency analysis reveals that HEFA-SAF has the highest efficiency due to low process energy demand, while
AtJ- and Gas+FT-SAF demonstrate comparatively low efficiencies limited by energy-intensive conversion steps.
PtL-SAF has the lowest efficiency, driven by its high electricity requirements. For most pathways, the energy
carrier production phase dominates both efficiency losses and climate impacts, making it a key target for tech-
nological improvements to enhance performance and reduce life cycle emissions.
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1. INTRODUCTION

Aviation is one of the fastest-growing sources of an-
thropogenic greenhouse gas emissions globally. It is
estimated that the industry accounts for about 2.5%
of global carbon emissions and around 4% of climate
change due to the intensified effects of non-carbon
emissions at high altitudes [1]. Despite contributing
to only about 12% of global transport emissions, avia-
tion remains one of the most difficult sectors to decar-
bonize due to its strong dependence on fossil-based
jet fuel, stringent safety requirements, and long air-
craft life cycles. With air travel demand expected to in-
crease further in the coming decades, aligning the in-
dustry’s growth with international climate goals poses
a considerable challenge. In response, key players
in aviation have committed to a range of sustainabil-
ity measures to meet the Paris Agreement’s target to
limit global temperature rise to below 2°C above pre-
industrial levels. [2, p. 1; 3]

The International Air Transport Association (IATA)
has outlined a roadmap to reach net-zero carbon
emissions by 2050, covering 130 milestones across
five scenarios, with sustainable aviation fuels (SAFs)
highlighted as a central tool for emission reduction
[4, pp. 4-5]. Similarly, in 2023, the International Civil
Aviation Organization (ICAQ) introduced a framework
to accelerate the deployment of SAFs and other low-
emission energy sources. This initiative complements
ICAO’s Carbon Offsetting and Reduction Scheme for
International Aviation (CORSIA), which aims for the
sector’s carbon-neutral growth. [5, p. 1; 6, p. 1]

In an effort to mitigate global warming, a transition
from conventional jet fuel to low-carbon alternatives
is also required by political frameworks, such as the
European Union’s ReFuelEU Aviation initiative and
the United States’ Sustainable Aviation Fuel Grand
Challenge [7; 8]. Starting in 2025, ReFuelEU Aviation
sets EU-wide targets for the volume of SAF to be
used, mandating a minimum share of 2% SAF, rising
to reach 70% by 2050 [9].

Sustainable aviation fuels offer a promising alter-
native to fossil-based jet fuel, with the potential to
reduce life cycle greenhouse gas emissions sig-
nificantly. Their compatibility with existing aircraft
engines and fueling infrastructure allows for seam-
less integration into current operations, making them
especially attractive for near-term decarbonization
without compromising safety or performance. [10,
p. 10; 4, p. 5] As of 2025, seven SAF pathways are
ASTM-certified, each differing in technology maturity
and feedstock flexibility. Among those, Hydropro-
cessed Esters and Fatty Acids (HEFA) represents
the most widely adopted SAF pathway today, while
Power-to-Liquid (PtL) is expected to be the predom-
inant route by 2050. In the short to medium term,
Alcohol-to-Jet (AtJ) and Biomass Gasification with
Fischer-Tropsch (Gas+FT) SAF are also projected
to play an important role in aviation decarbonization,
helping scale up SAF availability. [11, pp. 69-80; 12]

To evaluate and compare the fuels’ benefits with re-
spect to conventional jet fuel, a life cycle assessment
(LCA) is conducted, determining their global warming
potentials (GWPs) and thereby providing a measure
of their cumulative climate impact over time. Since
HEFA- and PiL-SAF were evaluated in a previous
LCA [13], this research shall now be extended by
also assessing the Atd and Gas+FT pathways.

Existing literature reveals significant variations in
reported emission reductions, driven by differences in
feedstocks, conversion technologies, energy inputs,
and methodological choices, including allocation
procedures, database sources, and treatment of
by-products and carbon flows. For instance, Kourk-
oumpas et al. [14] reported greenhouse gas emission
reductions of 16 and 73% for AtJ-SAF derived from
corn and corn stover, respectively. Akter et al. [15]
found a 70% reduction for AtJ-SAF produced from
logging residues, whereas Puschnigg et al. [16]
noted a broader range of 18 to 56% for the same
feedstock, depending on system design. Regarding
Gas+FT-SAF, reported reductions span from 72% in
an analysis using forestry residues [17] to 90—94% for
fuels derived from various waste feedstocks [18], and
go as high as 104% in [19], where applying the dis-
placement method leads to net-negative emissions
for SAF produced from a range of lignocellulosic
sources.

To address the inconsistencies and limited trans-
parency in existing research, this LCA aims to
provide a detailed analysis of the fuels’ climate im-
pact. In particular, it facilitates a direct comparison
of the GWPs of the AtJ and Gas+FT pathways us-
ing forestry residues as a common feedstock, and
aligns the results with those of HEFA- and PtL-SAF
described in [13], and updated to match the used
methodology. In addition to emissions, the analysis
seeks to evaluate the fuels’ energy efficiencies to
pinpoint key inefficiencies, which could be targeted to
enhance overall sustainability in the future.

Accordingly, the following research questions (RQ)

shall be answered:

« RQ1: How do different SAF types compare in terms
of their life cycle greenhouse gas emissions?

- RQ2: What are the key factors driving the climate
impact of different SAF types?

- RQ3: How do different SAF pathways compare
in terms of energy efficiency, and which life cycle
phases contribute most significantly to inefficien-
cies?

To answer these questions, the paper proceeds as fol-
lows: First, the LCA methodology is outlined in Sec-
tion 2. This encompasses the goal and scope defini-
tion, detailed explanations of the relevant processes
and life cycle inventories, as well as the used calcula-
tion methodology for the life cycle impact assessment.
In Section 3, the results are presented and discussed,
identifying key contributors to climate change, com-



paring the findings to those of existing studies, eval-
uating energy efficiency and additional sustainability
considerations. Finally, Section 4 summarizes the key
findings of this paper and offers recommendations for
future research.

2. LCA METHODOLOGY

The life cycle assessment is conducted in accordance
with ISO 14040 and 14044 to ensure its comparabil-
ity and validity [20, p. 2]. It begins with a definition
of the goal and scope in Section 2.1, followed by de-
scriptions of each life cycle phase, including associ-
ated processes and inventories in Section 2.2. The
calculation methodology for the life cycle impact as-
sessment is then presented in Section 2.3.

2.1. Goal and Scope

2.1.1. Goal Definition

The goal of this LCA is to assess and compare the en-
vironmental impacts of promising SAF pathways over
their life cycle and thereby answer the research ques-
tions outlined in Section 1. By identifying key emis-
sion sources and energy inefficiencies, it also aims
to highlight opportunities for future sustainability im-
provements. While the focus lies on Alcohol-to-Jet
and Biomass Gasification with Fischer-Tropsch, the
results shall also be compared to those of the HEFA
and PiL pathways, which were considered in detail in
[13]. Analyzing these additional SAF types shall en-
hance the previous assessment by offering a more
comprehensive view of the climate effects of alterna-
tive jet fuels and their contribution to aviation decar-
bonization. Furthermore, this LCA serves as an up-
date to the results in [13] by applying the energy allo-
cation method, in alignment with the methodological
guidelines outlined in Section 2.1.2.

This research is intended to contribute to the Uni-
SELECT project at the Technical University of Munich,
which integrates an LCA tool to evaluate the environ-
mental impact of future aircraft concepts — including
different types of sustainable aviation fuels. Addition-
ally, results may also support research on further de-
velopment of jet fuel alternatives. As this LCA is not
targeted at experts in SAF production, a low-fidelity
step-by-step analysis is conducted with simple and
transparent inventories.

2.1.2. Scope Definition

Like in [13], the assessment is limited to the environ-
mental stressor climate change, determining the fu-
els’ global warming potentials based on their green-
house gas emissions over 100 years. To account for
the impacts of by-products and distribute the GWP ac-
cordingly, the energy allocation method is applied, as
is recommended by CORSIA’s LCA methodology [21,
p. 22]. It should be noted that in [13], the displace-
ment method was used. The GWPs for HEFA- and

PtL-SAF are therefore recalculated and differ from the
results in [13]. The functional unit used in this LCA
is defined as gCO.e per MJ fuel produced, serving
as the basis for normalizing all input and output data.
Calculation details are provided in Section 2.3.

In contrast to real-world deployment, where SAF is
currently mandated to be blended with conventional
jet fuel, due to certification constraints and engine
compatibility, this assessment models the use of
100% SAF for each pathway. This assumption is
in line with the LCA in [13] and reflects ongoing
developments in fuel certification and aircraft design,
which are expected to enable the use of unblended
SAF in the future. [22, p. 1; 23]

System Boundaries

To ensure a comprehensive assessment of each

pathway, this LCA examines the SAF types’ entire life

cycles from well-to-wake, encompassing four phases:

1) Resource extraction: feedstock production and
collection

2) Energy carrier production:
stocks into jet fuel

3) Energy carrier transportation: distribution of SAF
to airports

4) Energy carrier consumption: SAF combustion in
aircraft engines

This well-to-wake scope is outlined in Figure 1. It is

based on the naming convention by [20] and aligns

with the system boundaries used in [13].

conversion of feed-

Energy and raw materials
System boundary

Resource Energy Energy Energy
extraction 7] carier - carier > carrier
production transportation consumption

Emissions, waste and co-products

FIG 1. Well-to-wake system boundary for LCA on SAF
[13, p. 17]

The input and output flows for each of the four phases
within the system boundary (Figure 3.1) are detailed
in Sections 2.2.2 to 2.2.6 for AtJ- and Gas+FT-SAF.
The life cycle inventories, as well as the modeling
assumptions, for HEFA- and PtL-SAF are provided in
[13]. Upstream processes linked to input flows, such
as hydrogen or diesel production, are not modeled
explicitly. Instead, their associated global warming
potentials, accounting for emissions prior to system
entry, are sourced from existing literature (see Table
A.1). The same applies to downstream emissions,
such as the treatment of produced waste, after leav-
ing the system. An exception to this approach are
waste-based feedstocks, which are assumed to carry
no upstream emission burden and therefore no GWP,
in accordance with CORSIA’s LCA methodology [21,
p. 29].



Furthermore, in this LCA, the following assumptions

are made:

» Construction, maintenance, and end-of-life of ma-
chines and facilities used for SAF production are not
considered.

» Catalyst consumption across all processes is as-
sumed to be minimal and therefore neglected.

« Transport of non-feedstock materials used in the re-
source extraction and SAF production processes is
neglected.

» Fuel storage and related potential losses are not
considered.

« Biogenic CO, emissions are assumed to be offset
by feedstock growth and are therefore zero.

Data Quality

This LCA is based exclusively on findings from litera-
ture, without using proprietary databases for life cycle
inventory data. All four SAF life cycle stages are de-
fined to be carried out in Germany in the year 2025.
However, due to the limited availability of literature
data on the selected processes within the defined
scope, data from other countries and regions is also
incorporated. As a result, the findings are not entirely
specific to Germany. Still, data is predominantly
taken from recent publications, with an emphasis on
German and European sources whenever possible to
ensure local relevance and accuracy.

Peer-reviewed literature and industry reports are
used to ensure a minimum quality standard. Never-
theless, since only secondary data is used, its exact
quality remains uncertain due to inconsistencies
in transparency, methodologies, and assumptions
across the referenced sources. To address this,
Section 3.2 presents a sensitivity analysis evaluat-
ing the impact of key assumptions on the life cycle
assessment results.

2.2. Life Cycle Inventories and Process Descrip-
tions

To quantify the environmental impacts of the SAF
pathways, detailed life cycle inventories (LCls) are
compiled for each phase of the fuel life cycle ac-
cording to ISO 10404 and 14044. These LCIs and
corresponding processes are explained in the fol-
lowing. First, a short overview of the HEFA and
PtL pathways is provided in Section 2.2.1. These
fuels were previously assessed in [13] and are now
updated for comparison with the Atd and Gas+FT
pathways, which are, in turn, described in detail in
the subsequent sections. Since the AtJ- and Gas+FT
SAFs considered here both utilize forestry residues
as a feedstock, the description of the resource ex-
traction phase for these two pathways is combined
in Section 2.2.2, whereas their distinct energy carrier
production phases are outlined separately in Sections
2.2.3 and 2.2.4. Finally, the last two phases of energy
carrier transportation and energy carrier consumption
are addressed jointly again for both SAF types in

Sections 2.2.5 and 2.2.6, as only minor differences
between the fuel types exist.

2.2.1. HEFA and PtL Overview

The HEFA Pathway

Hydroprocessed Esters and Fatty Acids describes a
biofuel technology in which SAF is produced via the
hydroprocessing of lipids. It is currently the most ad-
vanced pathway and the only ASTM-certified option
used at scale. [24; 25] In [13], HEFA from used cook-
ing oil (UCO) was assessed, since UCO is the pre-
dominant feedstock currently used for SAF produc-
tion in Europe [26, p. 23; 27, p. 17]. Furthermore, its
classification as a waste product makes it an attrac-
tive choice as no upstream emissions are attributed
to it [21, p. 34]. During resource extraction, UCO
is collected and undergoes pre-treatment to improve
its quality and ensure compatibility with downstream
SAF conversion processes [28, p. 12]. The refined
feedstock is then subjected to a multi-step process,
consisting of hydrogenation, cracking, isomerization,
and product separation, to produce jet fuel [29, pp. 36-
41]. A detailed description of these processes, as well
as the underlying assumptions, can be found in [13,
pp. 20-27]. A schematic overview is given in the ap-
pendix in Figure A.1.

The PtL Pathway

Power-to-Liquid SAF is a type of synthetic jet fuel
produced from electricity, water, and CO, as primary
feedstocks. It is frequently highlighted as a promising
long-term pathway for aviation decarbonization due
to its compatibility with renewable energy and use of
captured CO,, although its current deployment is lim-
ited by high energy demand and cost. [2, pp. 11-12;
10, p. 8; 11, pp. 71-80] In [13], CO, is assumed to
be supplied via direct air capture (DAC) during the
resource extraction phase. This is followed by the
energy carrier production phase, which begins with
the generation of hydrogen through polymer elec-
trolyte membrane (PEM) electrolysis, using water and
electricity. During reverse water gas shift, hydrogen
and CO, are then converted into carbon monoxide,
which is combined with hydrogen to create syngas.
Afterward, this syngas undergoes Fischer-Tropsch
(FT) synthesis to produce syncrude, yielding jet fuel
after product separation. [30, pp. 3-8; 31, pp. 12-14]
These processes and the underlying assumptions
are outlined in more detail in [13, pp. 27-36], with a
schematic overview given in the appendix in Figure
A.2. Since PiL-SAF is designed to be produced with
renewable electricity [11, p. 12], two cases were
assessed in [13]: SAF production using electricity
from wind (case 1) and utilizing the German elec-
tricity mix (case 2). In [13], the most current value
for the electricity mix (from 2023) was used; now the
updated value from 2024 is taken (see Section A.1 in
the appendix).
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FIG 2. Flowchart of the forestry residue extraction process

2.2.2. AtJ and Gas+FT Resource Extraction

The initial stage of AtJ- and Gas+FT-SAF production
involves extracting and collecting raw materials for
fuel conversion. Forestry residues are selected as the
feedstock for both the At and Gas+FT pathways due
to their classification as second-generation biomass.
This type of feedstock does not compete with food or
feed production, nor does it require additional land or
trigger land use change. [32, p. 17; 15, p. 2].

In contrast, agricultural residues, such as straw or
husks, often have competing uses (e.g., animal
bedding and feed, soil amendment), and their re-
moval can negatively impact soil health and carbon
retention [33; 21, p. 29; 34, p. 5]. Municipal solid
waste, while abundant, presents challenges in terms
of heterogeneity, contamination, and complex pre-
treatment requirements, making it less suitable for
consistent, scalable fuel production and difficult to
assess [21, pp. 31-32; 35]. Herbaceous energy
crops and short-rotation woody crops are purposely
grown for bioenergy purposes and offer high yields,
but require dedicated land, resources, as well as
long-term planning, and may reduce biodiversity [21,
p. 27; 36, p. 592; 37; 38].

Compared to these alternatives, forestry residues
represent a low-impact and readily available feed-
stock, as they are by-products of existing forestry
operations, making them a suitable choice for this
LCA. Although no commercial-scale AtJ or Gas+FT
facilities are currently in operation [12], several
planned projects intend to utilize forestry residues as
an input material. [39; 40; 41; 42]

In this LCA, only primary forestry residues are con-
sidered. They are by-products of forest management
activities and include components such as thinning
material, branches, treetops, and bark. [43, p. 6; 44,
p. 3] Since these residues are collected post-harvest,
no upstream emissions prior to the collection phase
are accounted for in the LCA, as is in line with COR-
SIA’s LCA methodology [21, p. 29].

Figure 2 illustrates an overview of the steps within in
the resource extraction phase, where the feedstock is
prepared for processing.

As forestry residues are left in the woods after har-
vest activities, they need to be collected first from
the stump area, skid ftrails, or roadside landings
using specialized forestry machinery [45, p. 598].
Afterward, they are seasoned over the span of three
to eight months, reducing their moisture content

from 50% to 30%. Once dried, the forestry residues
are chipped on-site using a mobile diesel chipper
to ensure consistent size and bulk density. These
steps are essential to facilitate both transportability
and processability. [46, pp. 76-77; 47, p. 50; 48,
p. 329] Finally, the collected, seasoned, and chipped
residues are transported to the SAF production
facility. It is assumed that this is done using 40-ton
heavy-duty trucks, driving an average of 100 km. [46,
p. 78; 49, p. 4; 50, p. 16208]

Table 1 provides the life cycle inventory (LCI) for AtJ-
and Gas+FT-SAF used in this LCA. The values are
based on [46, pp. 76-77; 21, p. 115; 51, p. 53] and
are normalized to an output of 1 MJ of jet fuel, ac-
cording to the fuels’ respective lower heating values,
44 MJ/kg for AtJ-SAF [47, p. 45] and 43 MJ/kg for
Gas+FT-SAF [17, p. 4607]. This principle is followed
for all LCls in this paper. A detailed overview of the
origin of this data, as well as the conversion, is given
in the appendix Section A.2.1.

TAB 1. Inputs and outputs of the resource extraction
phase per MJ of jet fuel

Category | ltem Amount [kg] Comment
AtJ Gas+FT
Input Forestry | 2.76E-1 | 3.70E-1
residues
Diesel 7.39E-4 | 9.89E-4 | Collection
Use Diesel 1.92E-4 | 2.57E-4 | Chipping
Diesel 1.91E-6 | 2.56E-6 | Transport
per km
Output Forestry | 1.83E-1 | 2.45E-1
residues

In addition to the feedstock, only diesel is required
during the resource extraction phase. Although diesel
is an input flow to the system, its associated emis-
sions are not explicitly given as outputs here. Instead,
diesel is categorized under "use" to reflect its oper-
ational role, and its climate impact is accounted for
through its GWP, which includes both its production
and combustion impacts. Furthermore, it should be
noted that the reduction in forestry residue mass can
be traced back to moisture losses during seasoning,
as well as mass losses during chipping.

This concludes the resource extraction phase, after
which the feedstock can be transformed into SAF.



2.2.3. AtJ Energy Carrier Production

After the feedstock is extracted and transported to the
SAF process plant, the second life cycle phase, en-
ergy carrier production, begins. For the Alcohol-to-
Jet pathway, this phase is subdivided into two parts:
First, the feedstock is transformed into alcohol — typi-
cally ethanol or butanol. Then, this alcohol is used to
produce jet fuel. Although the term "AtJ" literally only
refers to the conversion of alcohol to jet fuel, here, it
is used to describe the entire pathway. [52, p. 24; 53,
p. 544] In contrast, "EtJ" (Ethanol-to-Jet) is used to re-
fer to the second phase of the production, as ethanol
is considered the intermediary alcohol from forestry
residues. This choice is based on ethanol’s status as
the most widely produced alcohol worldwide and its
strong presence in Europe, where a mature ethanol
industry offers an existing foundation for AtJ-SAF pro-
duction. [54, p. 23; 53, p. 545]

This multi-step process is assumed to be carried out
in a single integrated facility and is further explained
in the following.

Ethanol Production

The production of ethanol from forestry residues in-
volves four steps: pre-treatment, hydrolysis, fermen-
tation, and distillation, illustrated in Figure 3. While
there are different methods for these individual steps,
the most common ones are chosen for this analysis.
[55, pp. 23-24]

First, the chipped and seasoned forestry residues
undergo chemical pre-treatment, disrupting their
lignocellulosic structure using dilute acids. This
enhances accessibility to cellulose and hemicellulose
molecules, which are then hydrolyzed into soluble
sugars during enzymatic hydrolysis. [56, p. 3; 55,
pp. 23-26] It is assumed that cellulase enzyme pro-
duction occurs on-site, as is the case for [57, p. 1034;
47, p. 40]. However, for simplicity, this step is not
considered in detail here, and cellulase is treated as a
pre-processed input. Following hydrolysis, the sugars
are fermented into ethanol using yeast, corn steep
liquor, urea, and diammonium phosphate (DAP) [21,

p. 115; 47, p. 31-40; 58, p. 1]. Lastly, the mixture
resulting from this process is distilled to separate
ethanol from water and unfermented sugars. The
purified ethanol can then be turned into SAF. [59,
p. 17]

The inventory for ethanol production, combining all in-
dividual process steps, is given in Table 2.

TAB 2. Inputs and outputs of ethanol production per MJ

of jet fuel

Category | ltem Amount | Unit
Forestry residues 1.83E-1 kg
Natural gas 5.91E-2 MJ
Diesel 1.45E-4 kg
Cellulase 1.87E-3 kg
Sulfuric acid 6.05E-3 kg

Input Yeast 4.64E-4 kg
Ammonia 7.31E-4 kg
NaOH 2.05E-3 kg
CaO 1.34E-3 kg
Corn steep liquor 2.29E-3 kg
DAP 2.39E-4 kg
Urea 3.66E-4 kg

Product Ethanol 5.27E-2 kg

By-product | Electricity 3.44E-2 kWh
Biogenic CO» 5.27E-2 kg
CO; 2.64E-2 kg
VOC 1.22E-5 kg
PM10 1.50E-5 kg

Output PM2.5 D55E-6 | kg
co 1.83E-4 kg
NOx 1.92E-4 kg
SOx 7.86E-5 kg

These values are based on [21, p. 115; 55, p. 34; 60],
and are scaled to an output of 1 MJ of jet fuel.

Although ethanol is the main product of this process,
electricity is generated too via the combustion of the
lignin fraction of forestry residues. This energy is di-
rectly used within the ethanol and subsequent jet fuel
production, while excess electricity leaves the system
as a by-product. As a result, the system is consid-
ered electrically self-sufficient, with additional energy
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FIG 3. Flowchart of the ethanol production process
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FIG 4. Flowchart of the Ethanol-to-Jet process

provided using natural gas and diesel. [55, p. 24; 21,
p. 115]

The emissions, including CO,, listed in Table 2 stem
primarily from this energy generation. However, dur-
ing fermentation, biogenic CO. is formed as well and
assumed to be offset by biomass growth, as detailed
in Section 2.1.2. [55, p. 34; 60]

Ethanol-to-Jet Production

Once ethanol is produced, it is converted into SAF via
the Ethanol-to-Jet (EtJ) process. In contrast to alco-
hol production, which varies significantly depending
on the pathway, the subsequent processing steps to
jet fuel are mostly independent of the type of alcohol
used. [53, p. 544] Sitill, for consistency with the cho-
sen pathway, the term "EtJ" is used in the following.
A schematic overview of the production of jet fuel from
ethanol is given in Figure 4.

First, the ethanol is converted to olefins (ethylene) by
removing oxygen in the form of water during dehydra-
tion. This is followed by oligomerization, during which
these short-chain olefins are linked to form long car-
bon chains. Subsequently, the long-chained olefins
are converted to paraffins through hydrogenation,
utilizing hydrogen as a reactant. [61, p. 7; 52, pp. 26-
28; 53, pp. 559-562] Finally, fractionation separates
the product stream, consisting of hydrocarbon chains
of varying lengths, into SAF, gasoline, and diesel,
according to their boiling points [62, p. 41; 56, p. 3].

The inventory of the EtJ process per MJ of jet fuel is
provided in Table 3, based on data from [21, p. 115;
61, p. 71

TAB 3. Inputs and outputs of the EtJ process per MJ of

jet fuel

Category | ltem Amount | Unit

Input Ethanol 5.27E-2 kg
Hydrogen 6.64E-4 kg

Product Jet fuel 1.00E0 MJ

By-product Gasoline 2.12E-1 MJ
Diesel 1.15E-1 MJ

Output Water unknown

Hydrogen is the only input required to produce SAF
from ethanol, assuming a system that integrates
ethanol and fuel conversion. While energy for this
step is supplied via natural gas and electricity, these
flows are not listed as inputs here, but are included in
the inventory for ethanol production in Table 2. This is
because the AtJ process is energetically integrated,
i.e., electricity and heat generated during ethanol
production are utilized throughout the entire system.
[21, pp. 79, 115] It should therefore be noted that the
emissions listed in Table 2 are also attributed to the
EtJ process, even though, to avoid double-counting,
they are not included in Table 3.

As dehydration is conducted under high temperatures
[53, p. 559), it is assumed that the water removed dur-
ing this step leaves the system as water vapor. Al-
though the exact quantity of water emitted to air re-
mains uncertain due to limited data in the literature,
this output is considered environmentally negligible,
since water vapor does not contribute to the GWP
(see Section 2.3). It is therefore not considered fur-
ther. Additionally, although the EtJ steps are con-
ducted in the presence of catalysts [53, pp. 560-563],
catalyst consumption is assumed to be negligible, as
detailed in Section 2.1.2.

2.2.4. Gas+FT Energy Carrier Production

The Gas+FT process is made up of the following
steps: pre-treatment, gasification, syngas cleaning,
CO, capture, Fischer-Tropsch synthesis, and syn-
crude upgrading. This, as well as the flows entering
and exiting the system, is illustrated in Figure 5.

First, the feedstock undergoes pre-treatment to
ensure its suitability for gasification. This includes
additional grinding and drying of the forestry residues,
reducing their moisture content from 30% to 10%.
Afterward, the treated forestry residues go through
gasification in a dual-fluidized bed gasifier to pro-
duce syngas, a mixture of hydrogen and carbon
monoxide. This is followed by syngas cleaning, in
which contaminants in the gas are reduced to levels
compatible with the FT catalyst’s tolerance thresholds
via a series of physical and chemical treatments.
Additionally, CO, is removed from the syngas using
monoethanolamine to enable the subsequent steps,
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FIG 5. Flowchart of the Biomass Gasification with Fischer-Tropsch process

with some of this substance escaping again. During
FT synthesis, the cleaned syngas is then converted
into syncrude, which is sent to the upgrading sec-
tion, while unreacted syngas is recirculated into the
process. The upgrading section includes distillation,
separating syncrude into jet fuel, naphtha, diesel,
and waste. Additionally, this process incorporates
a hydrocracker to minimize wax and maximize SAF
production. [63, pp. 3-8; 51, pp. 53-54]

The inputs and outputs needed to generate 1 MJ of
jet fuel via the Gas+FT process are given in Table 4.
These values are taken from [51, pp. 53-54].

TAB 4. Inputs and outputs of the Gas+FT process per
MJ of jet fuel

Category | ltem Amount | Unit
Forestry residues 2.45E-1 kg
Input Process water ‘ 1.22E0 kg
Monoethanolamine 2.07E-4 kg
Silica sand 1.21E-2 kg
Product Jet fuel 1.00E0 MJ
Naphtha 3.80E-3 kg
By-product | Diesel 1.14E-2 kg
Electricity 3.00E-2 kWh
Biogenic CO, 3.33E-1 kg
co 1.07E-4 kg
NOx 1.49E-3 kg
SO, 2.78E-4 kg
Output Water vapor 6.00E-2 m®
Monoethanolamine to | 2.07E-4 kg
air
Inert waste 1.21E-2 kg
Wastewater 1.94E-1 kg
Wood-ash mixture 1.35E-3 kg

Electricity and heat are generated within the sys-
tem, making the plant energetically self-sufficient.
Thus, no additional fossil sources are assumed to
be required. As more electricity is produced than
used within the process, excess electricity leaves the

system as a by-product. In addition to energy, the
Gas+FT process requires catalysts to facilitate chem-
ical reactions. [63, pp. 4-8] However, as elaborated
in Section 2.1.2, catalyst consumption is considered
negligible and therefore excluded from the inven-
tory. During Gas+FT-SAF production, various waste
streams are generated and subsequently directed to
appropriate treatment facilities. The fuel is then ready
for its third life cycle phase.

2.2.5. Energy Carrier Transportation

After processing, the sustainable aviation fuel is trans-
ported to and distributed at airports. Like for HEFA-
and PtL-SAF in [13, p. 36], it is assumed that both
fuel types, AtJ and Gas+FT, are transported using
identical transport methods over the same distance.
A pipeline system of an average length of 100 km is
chosen — the most popular means of transport for jet
fuel in Germany. In reality, conventional kerosene and
aromatic-free, unblended SAF must be handled sep-
arately due to regulations and airport infrastructure.
However, for simplicity, it is assumed that the SAF
types can be transported in existing pipelines. [64,
p. 29]

The inventory used for life cycle impact assessment
calculations is provided in Table 5; the corresponding
values for HEFA and PtL can be found in [13, p. 36].

TAB 5. Pipeline transport per MJ of jet fuel

Category | ltem Amount | Unit | Distance
Transport AtJ-SAF 2.27E-2 kg | 100 km
P Gas+FT-SAF | 2.33E-2 kg | 100 km

To assess the environmental impact of 1 MJ of jet fuel,
the fuel quantity is converted from MJ to kg. This
aligns with the global warming potential for pipeline
transport, expressed in gCO.e per kg-km, as given in
Table A.1. The conversion is based on the lower heat-
ing values of the fuels: 44 MJ/kg for AtJ-SAF and 43
MJ/kg for Gas+FT-SAF [47, p. 45; 17, p. 4607].



Once the SAFs are transported to the airport, they
can be fueled into an aircraft and are ready for use.

2.2.6. Energy Carrier Consumption

The final phase of the fuel life cycle is combustion
in an aircraft engine. Burning SAF produces harm-
ful emissions that are released into the environment:
carbon dioxide (CO.), nitrogen oxides (NOy), water
vapor, sulfur oxides (SOx), and soot, as well as un-
burned hydrocarbons [65, p. 13; 66, p. 5]. Although
exact emission quantities depend on engine design
and flight characteristics, on average, burning 1 kg
of fossil kerosene emits 3.15 kg CO; [65, p. 13; 67,
p. 20; 68, p. 3231].

Due to their similar chemical composition, SAFs show
only minimal differences in combustion emissions
compared to conventional Jet A-1, as observed by
the German Aerospace Center's ECLIF3 study on
an Airbus A350 flying with 100% HEFA-SAF in both
engines. In this case, approximately 3.11 kg CO, are
emitted per kg SAF due to an increased hydrogen
content in the fuel. Additionally, soot emissions are
reduced due to the fuel's near-zero aromatic and
sulfur content. These characteristics are shared by
other SAF types, which is why they are assumed
to behave similarly when combusted. [19, p. 2;
69, pp. 3813-3815; 70, p. 1] However, since AtJ-
and Gas+FT-SAF from forestry residues, as well as
HEFA-SAF from UCO, are biofuels produced from
biomass-based feedstock, their CO, combustion
emissions are considered biogenic and therefore
offset by the growth of the biomass under CORSIA
and EU RED Il (European Union Renewable Energy
Directive) LCA guidelines. Thus, they are assumed to
be zero, and CO, emissions are only relevant in the
case of PtL-SAF, as a synthetic fuel. [21, p. 23; 71,
p.9; 19, p. 2]

Nevertheless, the inventory for this life cycle phase is
provided in Table 6, based on data from [65, p. 13;
69, pp. 3815-3822]. The values for conventional jet
fuel are given for comparison.

TAB 6. Emissions of the combustion of Jet A-1, AtJ-,
and Gas+FT-SAF [kg/MJ]

Emission Jet A-1 AtJ Gas+FT
COy* 7.33E-2 | 7.07E-2 | 7.23E-2
Water vapor 291E-2 | 3.11E-2 | 3.19E-2
NOx 3.26E-4 | 3.18E-4 | 3.26E-4
SOx 2.33E-5 | 2.27E-5 | 2.33E-5
Soot 8.60E-5 | 5.47E-5 | 5.59E-5
Unburned

hydrocarbons 9.30E-7 | 9.09E-7 | 9.30E-7

* biogenic CO, for AtJ and Gas+FT

Note that the values between AtJ- and Gas+FT-SAF
differ due to their respective heating values; the LHV
of Jet A-1 is assumed to be 43 MJ/kg [72, p. 18]. A
detailed overview of how the values in Table 6 were
obtained, as well as the inventory for HEFA- and PtL-
SAF, can be found in [13, pp. 37-39].

2.3. Life Cycle Impact Assessment

The life cycle impact assessment quantifies the
environmental effects associated with the production
and use of sustainable aviation fuels, building on the
inventory data collected for the individual pathways.
As outlined in Section 2.1.1, this LCA is limited to
calculating the climate impacts of the SAF types over
their life cycle, i.e., their global warming potentials,
corresponding to the environmental stressor climate
change. The functional unit of this value is gCO.e/MJ
to allow for a straightforward comparison between the
SAF variants based on their energy contents.

The total GWP (GWP;14) of each SAF type is the sum
of all GWPs of its inputs and outputs by quantity and
can be written as:

(1)
GWPiotas = GWPRe + GWPgcp + GWPgcT + GWPEe

where each term represents the GWP of one of
the four life cycle phases: resource extraction (RE),
energy carrier production (ECP), energy carrier
transportation (ECT), and energy carrier consump-
tion (ECC).

To determine the values for each phase (GWPphase),
Equation 2 is applied. This approach reflects the
energy allocation method and accounts for the en-
vironmental burdens associated with by-products by
distributing the GWP of multi-output process stages
based on the energy content of each product stream.
[73, pp. 44-45; 6, p. 4].

(2) GWPphase B Z Z(Item,d . GWP| . H AFg’:iJk)

j i keKij

Here, ltem;; is the amount of an individual flow i oc-
curring in step j of the life cycle phase, and GWP;
is that flow’s corresponding global warming potential.
The term AF®,, ; refers to the relevant allocation fac-
tors applied to the product my generated in step j, as
part of allocation stage k € K;;. This set comprises all
steps in the production chain from step j to the final
product, in which environmental burdens are shared
among multiple products.

The allocation factor for a given stream is calculated
as the ratio of its energy contribution to the total en-
ergy content of all products from that step. It can be
expressed as:

Em,

3 ZHGMJ' En!j
) ~ yield,,; - LHV,,
 Yonew Yield,; - LHV,

AFpj =

where Enj is the energy content [MJ] of the product
m generated in process step j, calculated as the



product of its yield [kg] and its lower heating value
[MJ/kg]. Here, M; denotes the set of all products, with
n looping over the sum. [73, pp. 45-46]

For the AtJ pathway, two allocation factors are used:
one for ethanol, produced in the first step of the en-
ergy carrier production phase, and one for SAF gen-
erated during the second step, EtJ conversion (see
Section 2.2.3). Consequently, upstream emissions —
including those from resource extraction and ethanol
production — are multiplied by both the ethanol allo-
cation factor (91.9%) and the SAF allocation factor
(75.4%), whereas only the latter is multiplied by the
GWP of the EtJ process.

In contrast, Gas+FT-SAF requires one allocation fac-
tor (56.9%) to assign the GWP to the fuel, which is
separated from its by-products, naphtha and diesel,
during the final upgrading stage (see Section 2.2.4)
[51, p. 53]. Likewise, one allocation factor is needed
to calculate the GWP of HEFA- and PtL-SAF, with val-
ues of 65.6% and 59.1%, respectively. Details on the
origin of these allocation factors are provided in Sec-
tions A.2-A.3 in the appendix.

Downstream phases, such as transportation and
combustion, are specific to SAF and therefore do not
require allocation. In Equation 2, AF = 1 can be used.

Remarks on Data and Calculation Procedures

All calculations are solely based on data sourced from
literature — no external databases or specialized LCA
software tools are used. Instead, the calculations
are conducted in MATLAB and cross-checked using
Microsoft Excel to ensure consistency and accuracy.
The global warming potentials of the individual flows
of all four considered SAF types contributing to the
impact category climate change are given in the
appendix in Table A.1. They account for the upstream
processes associated with the inputs as well as the
downstream processes related to the outputs listed in
the life cycle inventories.

Furthermore, the following should be noted:

For HEFA- and PtL-SAF, the GWPs in Table A.1 are
not identical to those used in [13], as the GWP for
the German electricity mix has been updated, and
a value for process water has been added.

The inputs and outputs listed in the inventories in
Sections 2.2.2 to 2.2.6, but not in Table A.1, do not
contribute to the impact category climate change.
This includes waste feedstocks, intermediate prod-
ucts that stay in the system for processing, as well
as emissions to air other than fossil CO..

The values for diesel consumption for feedstock
transport as well as pipeline transport of SAF to the
airport are multiplied by the respective distances
traveled (see Sections 2.2.2 and 2.2.5).

No altitude-dependent climate model is applied. Ac-
cordingly, no adjustments to the GWP of emissions
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released during the energy carrier consumption
phase at cruising altitude are made.
Additional information on the individual GWPs can be
found in Section A.1 in the appendix.

3. RESULTS AND DISCUSSION

In the following, the findings from the life cycle assess-
ment of sustainable aviation fuel produced via the AtJ
and Gas+FT pathway are presented, analyzed, and
discussed. The updated results for HEFA- and PtL-
SAF are provided as well. First, an overview of the
results is given in Section 3.1, with the impacts ana-
lyzed in detail in Sections 3.1.1 to 3.1.3. This is fol-
lowed by a sensitivity analysis in Section 3.2, to see
how changes in key assumptions affect the LCA out-
comes. Section 3.3 validates the results obtained for
AtJ- and Gas+FT-SAF, offering insights into their re-
liability and accuracy. Lastly, additional sustainability
considerations are discussed in Section 3.4, examin-
ing energy efficiency, the biogenic CO, neutrality as-
sumption, and feedstock availability.

3.1. LCA Results

Figure 6 presents the LCA results for the global warm-
ing potential of AtJ- and Gas+FT-SAF, expressed in
gCO.e/MJ and calculated using the energy allocation
method outlined in Section 2.3. The updated results
for HEFA- and PtL-SAF are also provided there. The
values for each phase are additionally given in Table
7, with more detailed results in the appendix in Sec-
tion B.
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TAB 7. Well-to-wake GWPs of AtJ-, Gas+FT-, HEFA- and PtL-SAF (using wind energy (case 1) and the German

electricity mix 2024 (case 2)) [gCO.e/MJ]

Phase AtJ Gas+FT | HEFA PtL case 1 | PtL case 2
Resource extraction 3.14E0 3.45E0 1.20E0 -6.84E1 -8.67E0
Energy carrier production 4.25E1 1.02E0 1.50E1 1.86E1 4.49E2
Energy carrier transportation | 4.55E-2 | 4.65E-2 | 4.55E-2 4.65E-2 4.65E-2
Energy carrier consumption 0.00EO 0.00EO 0.00EO 7.23E1 7.23E1
Total 4.57E1 4.52E0 | 1.62E1 2.26E1 5.13E2

The results show significant differences, primarily
due to the resource extraction and energy carrier
production phases, which are further analyzed in
Sections 3.1.1 to 3.1.3. Transporting SAF to the
airport during the energy carrier transportation phase
has a minimal impact on the well-to-wake GWP in
all cases. As outlined in Section 2.2.6, combustion
emissions are only relevant for PtL-SAF, as they are
assumed to be biogenic and therefore offset when
assessing SAF from biomass.

It can be seen that Gas+FT-SAF from forestry
residues has the lowest GWP with a value of 4.52
gCO.e/MJ, corresponding to a reduction of 94.9%
compared to Jet A/A-1 (well-to-wake GWP of 89
gCO.e/MJ) [6, p. 2]. In contrast, AtJ-SAF produced
from the same feedstock exhibits a tenfold higher
GWP, amounting to 45.7 gCO.e/MJ. Accordingly,
compared to fossil jet fuel, a greenhouse gas re-
duction of 48.7% is observed. Applying energy
allocation, HEFA-SAF from used cooking oil has a
GWP of 16.2 CO.e/MJ. Compared to conventional
jet fuel, this corresponds to a reduction of 81.8%.
PtL-SAF using exclusively renewable wind energy
has a GWP of 22.6 gCO.e/MJ, whereas using the
German electricity mix from 2024 results in a value of
513 gCO.e/MJ. Therefore, depending on the case, a
reduction of 74.6% or, conversely, an increase of up
to 476% in climate impact can be achieved.

To ensure CORSIA-eligibility, the GWP of a SAF
type must be at least 10% lower than that of the
fossil baseline, i.e., 80.1 gCO.e/MJ or less [6, p. 2].
The examined pathways fulfill this criterion, with the
exception of PtL-SAF using the current electricity mix,
as previously discussed in [13, pp. 56-58].

To delve deeper into the contributions to the GWPs of
the SAF pathways, they are examined in detail in the
following.

3.1.1. Impact of the AtJ Pathway

As illustrated in Figure 6, the well-to-wake GWP of
AtJ-SAF from forestry residues is 45.7 gCO.e/MJ.
It can be clearly seen that the biggest contributor
to the GWP is the energy carrier production phase,
with 42.5 gCO.e/MJ. This, although at a significantly
smaller impact, is followed by the resource extrac-
tion phase with 3.14 gCO.e/MJ. In contrast, fuel
transportation to the airport in the energy carrier
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transportation phase is minimal, contributing only
0.0455 gCOze/MJ.

Impact of AtJ Process Steps

To determine which steps within those phases affect
the GWP the most, Figure 7 illustrates their contribu-
tions to the GWP of the AtJ pathway in %. Here, only
the well-to-gate scope (resource extraction and en-
ergy carrier production) is considered, since only the
first two life cycle phases are pathway-specific.

11.84%

81.28%

OForestry residue collection B Forestry residue seasoning
OForestry residue chipping DOForestry residue transport

OEthanol production OEtJ process

FIG 7. Contributions of the AtJ pathway’s process
steps to the well-to-gate GWP [%]

Figure 7 shows that ethanol production is the most
significant contributor to the emissions associated
with AtJ-SAF production. Within the energy carrier
production phase, it is responsible for 87.28% and
accounts for 81.28% of the well-to-gate GWP. The
EtJ process contributes less, with 11.84% of well-
to-gate emissions. However, considering the steps
of the energy carrier production phase separately
and attributing all energy-related emissions solely
to ethanol production overlooks the energetic inte-
gration of the AtJ process. Emissions from energy
generation are partly attributable to the EtJ process,
although they are not explicitly included here to avoid
double-counting (see Section 2.2.3). The results
should therefore be interpreted with caution. Never-
theless, the majority of the GWP arises during the
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FIG 8. Contributions of the considered inputs and outputs to the well-to-gate GWP of AtJ-SAF [gCO.e/MJ]

SAF production phase, which accounts for 93.12%
of the total well-to-gate GWP of AtJ-SAF. Conversely,
the resource extraction phase’s effect on the GWP is
much smaller, with the collection of forestry residues
having the largest impact, with 4.53% of the well-
to-wake GWP. Chipping and transport of forestry
residues follow with just over 1% each, while sea-
soning does not contribute to the GWP at all and is
merely included for completeness.

Impact of AtJ Flows

While Figure 7 highlights the relative dominance of
ethanol production and EtJ conversion within the AtJ
pathway, Figure 8 provides a more detailed view by
quantifying the absolute contributions of individual
input and output flows to the well-to-gate GWP,
expressed in gCO.e/MJ. Those inputs and outputs
that do not contribute to the impact category climate
change are not included here.

It can be seen that CO, contributes the most to the
GWP of AtJ-SAF, followed by cellulase and hydrogen.
As detailed in Section 2.2.3, fossil CO, is emitted dur-
ing Atd production as a result of burning natural gas
and diesel for energy generation [55, p. 34; 60]. Al-
though the inputs are listed in the inventory of ethanol
production, the CO, emissions, accounting for 18.29
gCO.e/MJ, can be attributed to the entire production
process, as an energy-integrated system is consid-
ered.

The second-largest contributor is cellulase, with a
GWP of 10.23 gCO,e/MJ. This enzyme is used dur-
ing hydrolysis and is assumed to be produced on-site.
Still, its GWP is not determined in this LCA explicitly,
but is based on literature values and therefore subject
to uncertainty.

Hydrogen, required for EtJ conversion, adds another
5.40 gCO.e/MJ, reflecting the upstream emissions
from its production. Other notable, although overall
much smaller, contributors include diesel used during
both resource extraction and energy carrier produc-
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tion, as well as corn steep liquor required for ethanol
generation.

For diesel utilized during resource extraction, its
full life cycle emissions, including combustion, are
captured within its GWP. In contrast, during energy
carrier production, only upstream emissions are as-
signed to diesel as an input, while the CO, released
during combustion for heat generation is accounted
for separately under the aggregated CO, flow. The
same applies to natural gas: although it is a key
energy source in the ethanol and EtJ production
steps, its direct combustion emissions are included
in the CO» total, not in its individual GWP value. As
a result, the relatively low GWP of natural gas (0.4
gCO,e/MJ) is not entirely representative of its impact.
The remaining input flows (chemicals and additives)
used in the energy carrier production phase have
only minor effects on the total GWP.

Thus, the AtJ pathway’s climate impact is mainly
driven by fossil CO, emissions from energy use and
the upstream burden of cellulase production. This
highlights the need to reduce fossil energy inputs
and improve enzyme efficiency or sourcing. While
potential mitigation strategies are not explored further
in this study, the influence of cellulase on the AtJ-
SAF’'s GWP is assessed in the sensitivity analysis
presented in Section 3.2.2.

3.1.2. Impact of the Gas+FT Pathway

As shown in Figure 6, the well-to-wake GWP
of Gas+FT-SAF from forestry residues is 4.52
gCO.e/MJ. For this pathway, the resource extraction
phase has the biggest contribution to the GWP, with
3.45 gCO.e/MJ, whereas the resource extraction
phase only adds 1.02 gCO.e/MJ. The impact of the
fuel transportation step is minimal, contributing only
0.0465 gCO.e/MJ.



Impact of Gas+FT Process Steps

To identify the steps within the life cycle phases that
affect the fuel's GWP the most, Figure 9 illustrates
their contributions to the GWP of the Gas+FT path-
way in %. Analogous to Section 3.1.1, the well-to-
gate GWP, including resource extraction and energy
carrier production, is analyzed.

0.00%

OForestry residue collection @Forestry residue seasoning
OForestry residue chipping OForestry residue transport
OFT process

FIG 9. Contributions of the Gas+FT pathway’s process
steps to the well-to-gate GWP [%)]

Figure 9 highlights the importance of the resource
extraction phase, making up 77.16% of the well-to-
gate GWP. Especially, the impact of forestry residue
collection is significant, accounting for over half of all
emissions, with 50.81%. Within the resource extrac-
tion phase, forestry residue chipping and transport
account for just 13.20% and 13.15%, respectively,
making up roughly a third of the first life cycle phase.
Forestry residue seasoning does not contribute to
the GWP and is included solely for completeness. In
contrast to the steps of the resource extraction phase,
the Gas+FT process, corresponding to the energy
carrier production phase, contributes only 22.84% to
the well-to-gate GWP, illustrating the comparatively
low climate burden of fuel conversion.

Impact of Gas+FT Flows

To further understand the influence of each input and
output flow within the examined pathway, their contri-
butions to the GWP of Gas+FT-SAF are presented in
Figure 10 in gCO,e/MJ. Again, the flows that do not
contribute to the impact category climate change are
not included here; the scope is well-to-gate.

While Figure 9 shows that, particularly, the steps of
resource extraction account for a large share of the
GWRP in relative terms, Figure 10 makes it clear that
the absolute contributions are comparatively small.
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This is because the overall GWP of the Gas+FT path-
way is low (4.52 gCO.e/MJ), and thus, even relatively
dominant steps translate into modest absolute emis-
sions. Diesel has the largest contribution, with 3.45
gCO,e/MJ, corresponding to its use in feedstock col-
lection, chipping, and transportation. Like in the AtJ
process, this value reflects diesel’s full life cycle emis-
sions.

Other flows contribute only marginally to the overall
GWP. Monoethanolamine, required for CO, capture
during syngas cleaning, accounts for 0.40 gCO.e/MJ,
while process water and silica sand used for gasifi-
cation and syngas conditioning contribute 0.21 and
0.30 gCO.e/MJ, respectively. Emissions associated
with inert waste, wastewater, and wood ash mixture
are nearly negligible, each contributing less than
0.1 gCO.e/MJ. Notably, the Gas+FT process itself
has only a limited impact on the GWP, as the CO»
released during the associated steps is biogenic in
origin and therefore considered to be offset (see
Section 2.2.4).

Overall, Figures 9 and 10 reveal that the climate im-
pact of Gas+FT-SAF is largely driven by diesel con-
sumption during the first life cycle stage, resource ex-
traction, whereas the conversion process itself con-
tributes minimally. This emphasizes the importance
of feedstock-specific logistics in shaping overall cli-
mate performance. To improve Gas+FT-SAF’'s GWP
further, diesel could be replaced by using alternative
powertrains or renewable energy sources. However,
such measures are outside the scope of this study
and, therefore, not examined further.



3.1.3. Updated Results of the HEFA and PtL Path-
way

In the following, the updated LCA results for HEFA-
and PtL-SAF are presented, complementing the anal-
ysis of the newly assessed pathways.

Updated Results of the HEFA Pathway

In [13], the GWP of HEFA-SAF from used cooking
oil was determined to be 17.3 gCO.e/MJ, assuming
combustion emissions to be biogenic and therefore
offset. This result was obtained using the displace-
ment method. Applying the energy allocation method
and utilizing an updated value for the energy mix re-
sults in a well-to-wake GWP of 16.2 gCO.e/MJ. Al-
though the updated value is smaller, overall, the dif-
ference is minor, corresponding to a reduction of just
over 1 gCO-e/MJ.

Like determined in [13], the key contributor to HEFA-
SAF’s GWP remains to be hydrogen, contributing
71.7%. This is followed by steam, with a contribution
of 19.8%. Accordingly, the HEFA process, i.e., the
energy carrier production phase, is the main driver
of the fuel's climate impact, making up 92.3%. Re-
source extraction accounts for 7.38% and the energy
carrier transportation phase’s impact is minimal at
0.280%, illustrated in Figure 6. An overview of the
updated contributions of each flow and phase is
provided in the appendix in Table B.3. Further details
can be found in [13, pp. 43-51].

Updated Results of the PtL Pathway

For PtL-SAF, the GWPs vary depending on the type of
electricity used. For case 1, utilizing wind electricity,
a GWP of -21.1 gCO.e/MJ was determined in [13],
due to the extraction of CO, from ambient air and
the applied displacement method. For case 2, using
the German electricity mix 2023, on the other hand, a
value of 844 gCO.e/MJ was estimated.

Using the energy allocation method alongside an
updated energy mix (from 2024) as well as a GWP
for process water (see Table A.1) yields well-to-wake
GWPs of 22.6 and 513 for cases 1 and 2, respec-
tively. This emphasizes not only the significance
of the allocation method but also further underlines
the effect of the type of electricity. As highlighted in
[183], electricity remains to be the key contributor to
PtL-SAF’s climate impact. For case 1, it contributes
85.0%, for case 2, 99.3% of the well-to-wake GWP.
While the most significant phase from well-to-wake
shifts depending on the examined case, electrolysis,
to which electricity is the sole contributor, is respon-
sible for the majority of the emissions within the PtL
process. Electricity thus remains the decisive factor
in the sustainability of the PtL pathway. Notably,
resource extraction remains to have a negative GWP
in both cases, as more CO, is removed than is
emitted by the other flows contributing to that phase.
An overview of the updated contributions by flow and
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life cycle phase is presented in the appendix in Table
B.4. Further details are provided in [13, pp. 46-53].

3.2. Sensitivity Analysis

To address the uncertainty associated with key
assumptions made throughout this life cycle assess-
ment, as well as connected uncertainties in the GWP
values reported in literature sources, a sensitivity
analysis is performed. This analysis focuses on
variations in these assumptions for AtJ- and Gas+FT-
SAF. First, the influence of collection distance and
truck type during resource extraction is assessed for
both fuel types. This is followed by examining the
sensitivity of the AtJ process by varying GWP values
for cellulase and yeast during ethanol production.
Lastly, a change in pipeline length in the energy
carrier transportation phase is considered for both
assessed SAF types.

3.2.1. Sensitivity of Resource Extraction

In Section 2.2.2, it is assumed that the forestry
residues used as a feedstock for AtJ- and Gas+FT-
SAF are transported over an average distance of 100
km using a 40-ton heavy-duty truck from the forest
landing to the fuel production facility. This assumption
is based on [46, p. 78; 49, p. 4; 50, p. 16208].

To see how these assumptions affect the overall GWP
of the respective fuel types, both distance and fuel
type are varied. Regarding transport distance, two
scenarios are considered: 50 km, halving the current
distance, and 200 km, doubling it. As for vehicle size,
the analysis includes the baseline 40-ton truck (24 t
payload), as well as a 26- and 18-ton alternative (13
and 9 t payload, respectively) [74; 75; 76]. Figures 11
and 12 give an overview of the resulting well-to-wake
GWPs of AtJ- and Gas+FT-SAF for the considered
cases.

These values are determined analogously to the
baseline case, which is described in detail in the
appendix in Section A.2.1.
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Both figures show that using smaller trucks results
in higher emissions per MJ of SAF, primarily due
to their reduced payload capacity. For AtJ-SAF, the
GWP increases by 5.35E-3 gCO.e/MJ per km using
a 40-ton truck, 8.27E-3 gCO.e/MJ per km with a
26-ton truck, and 1.19E-3 gCO.e/MJ per km for the
18-ton option. The trend is similar for Gas+FT-SAF,
with corresponding increases of 5.88E-3 gCO.e/MJ
per km, 9.08E-3 gCO,e/MJ per km, and 1.31E-2
gCOe/MJ per km, respectively.

While the difference between the GWPs is minimal
for both cases when driving 50 km, increasing the trip
length leads to a larger discrepancy. This is more sig-
nificant in the case of Gas+FT-SAF, as this pathway
requires a higher amount of feedstock to produce
1 MJ of SAF than AtJ-SAF — thereby also leading
to a higher GWP of the resource extraction phase,
as shown in Section 3.1. Nevertheless, overall, the
effect of transport-related emissions on the fuels’
overall climate impact remains modest, ranging from
45.4 10 47.5 gCOe/MJ for AtJ- and from 4.23 to 6.56
gCO.e/MJ for Gas+FT-SAF.

It should be noted, however, that, depending on
specific assumptions, transporting feedstock over
longer distances with a higher-capacity vehicle may
result in lower overall emissions than shorter trips
using smaller trucks. Thus, both truck size and
transport distance should be matched in a way that
helps reduce AtJ- and Gas+FT-SAF’s environmental
impact.

3.2.2. Sensitivity of the AtJ Process

Since the AtJ process relies on assumptions for key
inputs, particularly cellulase and yeast, it is assessed
how variations in these two parameters influence the
overall climate impact of AtJ-SAF.
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Cellulase

As explained in Section 2.2.3, cellulase enzyme
needed for ethanol production is assumed to be
produced on-site. Since this step is not modeled in
detail, a literature value of 7.9 kgCO,e/kg enzyme
(on-site production from softwood [57, p. 1034]) is
applied, resulting in 10.23 gCO»e/MJ, or 22.4% of
AtJ-SAF’s total GWP. This substantial share means
that a 10% change in either the amount of cellulase
or its GWP would shift the overall result by 2.24%.
Given both the magnitude of this contribution and
the wide range of GWP factors reported in literature,
leading to uncertainty, it is analyzed how sensitive the
overall results are to variations in the assumed GWP.
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FIG 13. Overview of the impact of cellulase’s GWP on
the well-to-wake GWP of AtJ-SAF [gCO.e/MJ]

Figure 13 compares alternative literature values with
the baseline used in this LCA. For on- and off-site cel-
lulase production using corn-derived glucose, GWP
factors of 10.2 and 16 kgCO.e/kg [77, p. 303] raise
the total climate impact to 48.7 gCO.e/MJ (+6.56%)
and 56.2 gCO.e/MJ (+23.0%), respectively. Off-site
production in the EU (9.6 kgCO.e/kg [78, p. 16])
results in 47.9 gCO.e/MJ (+4.81%). At the extremes,
values range from 2.3 kgCOqe/kg [79, p. 7], which
lowers the overall GWP to 38.4 gCO.e/MJ (—15.9%),
to 21.9 kgCOe/kg [80, p. 1], which raises it to 63.0
gCO.e/MJ (+37.9%).

These results underline that the assumed production
method and carbon source for cellulase strongly af-
fect the calculated climate impact. While softwood-
based, on-site production is chosen here as the most
representative assumption, it also reflects the most
recent value reported in literature. Alternative path-
ways, such as off-site production or the use of dif-
ferent carbon sources during production, could sig-
nificantly increase or decrease the GWP of AtJ-SAF.
Therefore, the climate impact of the fuel should be in-
terpreted with care.

Yeast

In this LCA, it is assumed that dry yeast is used dur-
ing the fermentation stage of ethanol production, like



in [81, p. 298]. As shown in Figure 8, its contribu-
tion to the overall climate impact of AtJ-SAF is minor.
However, there are various types of yeasts with differ-
ent environmental impacts, and the exact type is not
specified by the references, serving as the basis for
the life cycle inventory used in this LCA (see Section
2.2.3). Therefore, it is evaluated how the use of alter-
native yeast types influences the GWP of AtJ-SAF.
Using dry yeast (3.2 kgCO.e/kg) leads to a fuel GWP
of 45.7 gCO.e/MJ, with yeast contributing about
2.25%. If instead, the use of compressed yeast is
assumed (0.73 kgCO.e/kg), this value is reduced
to 44.9 gCO.e/MJ, with a contribution of 0.525%.
Liquid yeast further reduces the impact, yielding a
total GWP of 44.7 gCO.e/MJ and a yeast contribution
of just 0.261%. While these values differ, the overall
GWP changes by less than 1 gCO.e/MJ, indicating
that the choice of yeast has a negligible effect on the
climate performance of AtJ-SAF.

3.2.3. Sensitivity of Energy Carrier Transporta-
tion

The results in Figure 6 indicate that transporting
SAF from the processing facility to the airport has a
minor impact on the overall climate performance of
fuel due to the low global warming potential asso-
ciated with pipeline transport. Nevertheless, since
the energy carrier transportation phase is based on
assumptions, including a pipeline length of 100 km,
the impact of varying this parameter, and thus the
proximity of the production facility to the airport, is
examined. This is done analogously to [13, pp. 52-
53], considering two scenarios: a pipeline length of
50 km, halving the current distance, and a length of
200 km, doubling it. Since the LHV of AtJ-SAF is the
same as that of HEFA-SAF (44 MJ/kg) [47, p. 45; 71,
p. 13], and the LHV of Gas+FT-SAF is the same as
that of PtL-SAF (43 MJ/kg) [17, p. 4607; 30, p. 7],
the fuels behave the same way. As such, the impact
of changing the pipeline length results in the same
effects as described in [13, pp. 52-53].

For every km traveled, 4.54E-4 gCO,e/MJ is added
to the GWP of AtJ-SAF and 4.66E-4 gCO.e/MJ to
the value of Gas+FT-SAF. Considering the two sce-
narios, thus, leads to a marginal change in the over-
all GWP of both fuel types. For AtJ-SAF, reducing
the pipeline length to 50 km lowers the GWP from
45.69 to 45.67 gCO,e/MJ, while increasing it to 200
km raises the value to 45.73 gCO,e/MJ. Similarly, for
Gas+FT-SAF, the GWP decreases from 4.52 to 4.50
gCO.e/MJ when halving the distance, and increases
to 4.57 gCO.e/MJ when doubling it. These results
confirm that the energy carrier transportation phase
has a negligible influence on the total climate impact
of SAF, even when the pipeline length, i.e., the dis-
tance between the fuel production facility and the air-
port, varies significantly. However, this applies exclu-
sively to pipeline transport, and no conclusions can
be drawn for other transport methods, such as truck
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or ship. Still, in the considered case, relocating the
production facility closer to the airport yields no mean-
ingful environmental benefit.

3.3. Validation of the Results

To ensure the accuracy of the results obtained in this
life cycle assessment, these values are compared to
relevant literature findings, including those GWPs pre-
sented by CORSIA as default core LCA values in [21].
First, the global warming potentials found for AtJ-SAF
are examined, and then, the results found for Gas+FT-
SAF are compared. The validation of HEFA- and PtL-
SAF results is not conducted here, as this was already
done in [13, pp. 53-56], and the results remain within
the ranges found in literature.

3.3.1. Validation of the Results of AtJ-SAF

Figure 14 compares the global warming potential of
AtJ-SAF from forestry residues determined in this
study with values reported in literature sources. At
45.7 gCO,e/MJ, the GWP determined here is higher
than previously published results, ranging from 22.7
to 33.9 gCOe/MJ.
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FIG 14. GWPs of AtJ-SAF from forestry residues in dif-
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Although the inventories of ethanol production and
subsequent EtJ conversion in Section 2.2.3 are
based on the same data used to derive the CORSIA
default value of 24.9 gCO.e/MJ [21, p. 79], a sub-
stantial discrepancy is observed between this study
and the reference value. Similar differences can be
noted when comparing it to the results determined
by Bedin et al. (31.2 gCO2e/MJ) [47, p. 75], Wang et
al. (30.7 and 33.9 gCO.e/MJ for willow and poplar
wood, respectively) [82, pp. 10-11], as well as Akter
et al. (22.7 gCO2e/MJ) [15, p. 8]. Notably, Akter et al.
assume electricity displacement, limiting comparabil-
ity. However, if instead, the energy allocation method
is applied, as is the case in the other LCAs, based
on [15, p. 3], the GWP increases to 26.1 gCO.e/MJ,
thereby aligning more closely with the other values.



The primary contributor to the overall climate impact
of AtJ-SAF in this LCA is the energy carrier produc-
tion phase. This is in line with the results found in
literature, although the effects are less pronounced.
This discrepancy likely stems from the inclusion of
fossil CO, emissions associated with energy genera-
tion, specifically from natural gas and diesel combus-
tion, during the AtJ production process, as detailed in
Section 2.2.3. In contrast, the other LCAs do not ac-
count for any CO, emissions arising from processing
stages, either omitting them entirely [21, p.115; 15;
82] or treating them as biogenic [47, p. 35].

If, in this LCA, all CO, emissions from the AtJ process
were also assumed to be biogenic, the GWP would
be reduced to 27.4 gCO.e/MJ, which is in the same
order of magnitude as the GWPs in Figure 14. How-
ever, such an assumption would overlook the climate
relevance of fossil-derived emissions embedded in
the process. Therefore, the higher GWP determined
in this LCA reflects a more conservative approach,
capturing the impact of fossil energy use for biomass
processing.

Despite the different results, overall, these findings
support that the energy carrier production phase is
the most significant contributor to AtJ-SAF's GWP,
followed by resource extraction. At the same time,
fuel transportation to the airport remains a minor
contributor. Remaining discrepancies across studies,
especially regarding the resource extraction phase,
can be explained by differences in system bound-
aries, methodological assumptions, inventory data,
feedstock choice and regional or temporal contexts.

3.3.2. Validation of the Results of Gas+FT-SAF

The GWP for Gas+FT-SAF from forestry residues de-
termined in this LCA is compared to literature findings
in Figure 15.
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FIG 15. GWPs of Gas+FT-SAF from forestry residues in
different studies [gCO2e/MJ]

It can be seen that at 4.52 gCO.e/MJ, the result of
this assessment is lower than the ones found in liter-
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ature, ranging from 5.1 to 15.5 gCO.e/MJ. While the
values determined by Baledén et al. (5.1 gCO.e/MJ)
[83, p. 39], de Jong et al. (6.0 gCO-e/MJ) [19,
p. 10] and Antonissen (5.1 gCO.e/MJ) [84, p. 58] are
close to the baseline, the default value provided by
CORSIA is slightly higher (8.3 gCO.e/MJ) [21, p. 30].
Notably higher, however, is the value determined by
Rojas-Michaga et al. (15.5 gCO,e/MJ), particularly
due to the partial inclusion of combustion emissions
in the energy carrier consumption phase [63, p. 15].
In this LCA, combustion emissions are assumed to
be biogenic and therefore offset. This is in line with
the other results, except for the value provided by
Baleddn et al., which also includes a small fraction
of combustion emissions [83, p. 39]. However, as
this is not further explained and the overall effects
are minimal, the deviation is considered negligible for
comparative purposes.

Despite variations in the results across studies,
the general trend confirms that Gas+FT-SAF from
forestry residues exhibits consistently low climate
impacts, largely due to the energetic self-sufficiency
of the Gas+FT process as highlighted in [19, p. 9].
Furthermore the findings support that the resource
extraction phase is the most significant contribu-
tor to the well-to-wake GWP, whereas the energy
carrier production phase’s impact is low across all
considered LCAs.

Small variations can be traced back to differences in
system boundaries, assumptions, inventory data, and
regional or temporal contexts.

For example, the discrepancy between the contribu-
tion of the Gas+FT process observed in this assess-
ment compared to the work of Rojas-Michaga et al.
[63, p. 15], on which the inventory of this phase is
based (see Section 2.2.4), likely reflects differences
in the global warming potentials assigned to individual
input and output flows. Similarly, although the energy
carrier transportation phase has the smallest effect on
the GWP in most assessed literature sources, differ-
ences in SAF transport assumptions, such as the use
of trucks [83, p. 40], affect the magnitude of this con-
tribution.

Still, overall, the GWP determined in this LCA falls
within the same order of magnitude as literature val-
ues, supporting these findings.

3.4. Additional Sustainability Considerations

In the following, additional sustainability considera-
tions are discussed. Section 3.4.1 examines the en-
ergy efficiency of the assessed SAF pathways to iden-
tify points of inefficiency for future sustainability im-
provements. Section 3.4.2 then discusses the impli-
cations of assuming biogenic CO, neutrality. Lastly,
Section 3.4.3 touches on the limitations of feedstock
availability.



3.4.1. Energy Efficiency

As touched on in Section 1, the energy efficiency
of the SAF pathways is a crucial parameter for
evaluating their sustainability. The conversion pro-
cesses vary significantly in terms of energy inputs,
fuel and by-product yields, which in turn affect the
overall climate performance. Identifying sources of
inefficiency within these processes enables targeted
improvements to enhance energy efficiency and
thereby sustainability in the future.

Figures 16-19 illustrate the energy flows of each SAF
pathway, including resource extraction and energy
carrier production. These Sankey diagrams were
generated via sankeymatic.com and are based on
the life cycle inventories provided in Section 2.2 and
in the appendix in Sections A.3.1 and A.3.2. All
energy inputs and outputs were converted to MJ
according to their respective lower heating values.
These factors are provided in the appendix in Ta-
ble A.14. Note that energy efficiency here refers
specifically to the energy retained in jet fuel. Energy
allocated to by-products, while valuable, does not
contribute to this metric and thus lowers the apparent
efficiency.

The diagrams show that HEFA-SAF (Figure 18) is
the most energy-efficient out of the four assessed
pathways. For every MJ of jet fuel produced, it loses
only 0.28 MJ (15.7%) of energy along its process.
Taking the by-products naphtha, hydrotreated veg-
etable oil (HVO), and propane into account, 55.6%
of energy is attributed to the final product. As the
resource extraction phase merely contains two steps,
encompassing UCO collection and pre-treatment to
enable further processing, few energy inputs are re-
quired — in turn, leading to few losses. Furthermore,
since UCO is a lipid-rich feedstock, and the added
hydrogen is retained in the hydrocarbon products
[13, pp. 20-27], the main energy losses in the HEFA
process stem from electricity and steam use, which
are comparatively low as well.

AtJ-SAF from forestry residues is the second most
energy-efficient pathway assessed, with 35.5% en-
ergy attributed to the final product. Gas+FT-SAF,
also produced from forestry residues, follows with
an energy efficiency of 27.2%. Losses during the
resource extraction phase are comparable between
the two pathways, as both rely on identical steps
(see Section 2.2.2). Differences in efficiency can be
traced back to the fact that Gas+FT-SAF requires a
greater quantity of feedstock to yield 1 MJ of jet fuel
compared to AtJ-SAF.

For the AtJ pathway (Figure 16), around 2.6 MJ of
forestry residues, together with some diesel, hydro-
gen, electricity, and natural gas inputs, are required
to produce 1 MJ of AtJ-SAF. In addition to the tar-
get fuel, smaller amounts of gasoline and AtJ-diesel
are obtained as by-products. These by-products ac-
count for 16.0% of the output energy, whereas 1.37
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MJ (48.6%) are lost — primarily during ethanol pro-
duction and the subsequent EtJ conversion.

The Gas+FT pathway (Figure 17) is also derived
from forestry residues but requires a higher total
energy input of about 3.5 MJ of feedstock. Unlike
for AtJ-SAF, however, the subsequent processes are
energy-self-sufficient [63, p. 2] and do not require
additional energy inputs. Nevertheless, overall, more
energy is lost, with FT synthesis being the main
driver of inefficiency. Per MJ of Gas+FT-SAF, 1.9 MJ
of energy is lost, corresponding to more than half of
the total energy input (51.6%).

PiL-SAF (Figure 19), is the most energy-intensive
of the four production processes, relying purely on
electricity as energy input. To obtain 1 MJ of PtL-SAF,
6.19 MJ of electricity is consumed for electrolysis
and fuel synthesis, along with 0.89 MJ for direct
air capture. While by-products such as diesel and
naphtha are obtained, overall conversion losses are
substantial at 5.57 MJ (76.3%), leaving only 13.8%
energy retained in the final product, PtL-SAF. This
is in line with the global warming potentials deter-
mined for PtL-SAF, showing that the high electricity
demand of electrolysis is the main driver of the fuel’'s
impact on climate change. Another key inefficiency
in this pathway, although minor when compared to
electrolysis, stems from the DAC process. None of
the energy put into this process contributes directly
to the fuel's energy content. Instead, it is only used
to extract CO, from ambient air, which serves as a
carbon source but not an energy carrier. Although
this step is essential for enabling carbon-reduced
fuel synthesis, its energy demand adds to the overall
input burden without enhancing the calorific value of
the final product.

Overall, the comparison highlights clear differences
in conversion performance among the pathways.
HEFA exhibits the highest energy efficiency, driven
by comparatively low process energy demands and
smaller overall energy losses. AtJ- and Gas+FT-
SAF show lower efficiencies, limited primarily by
energy-intensive fuel conversion stages, while PtL-
SAF displays the highest losses due to its reliance
on electricity as a primary feedstock. Across all
pathways, the main contributor to inefficiencies is
the energy carrier production phase, which accounts
for between 85.9% (PiL) and 93.4% (HEFA) of total
efficiency losses. Therefore, improving the efficiency
of processes in this phase is a crucial step toward en-
hancing the overall sustainability of SAF production.
Increasing pathway energy efficiency, particularly
for PtL-SAF, reduces the energy input required per
MJ of jet fuel, thereby lowering upstream emissions
associated with those inputs and decreasing the
overall climate impact.
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3.4.2. Assumption of Biogenic CO, Neutrality

As defined in Section 2.1.2, in this LCA, biogenic CO»
emissions are assumed to be offset by the growth
of the biomass feedstock used for AtJ-, Gas+FT-,
and HEFA-SAF production. This assumption follows
common LCA practice and CORSIA LCA guidelines,
where biogenic carbon is considered to be part of
the short-term carbon cycle. [21, p. 23; 85] Nev-
ertheless, this assumption is often said to be an
oversimplification, as it neglects temporal aspects
of carbon uptake, potential land-use changes, and
carbon stock variations in soils and vegetation [86;
87, pp. 94-97; 88]. Furthermore, as discussed in [13,
pp. 54-55], assuming that emissions stemming from
used cooking oil are biogenic may be problematic
due to uncertainties about potential double-counting
due to prior attribution in other sectors.

The significance of this assumption becomes appar-
ent when all CO, emissions are incorporated without
applying the biogenic offset. In that case, the well-
to-gate GWP of AtJ-SAF increases from 42.7 to 82.2
gCO.e/MJ, while its well-to-wake GWP (including
combustion) reaches 153 gCO.e/MJ. For Gas+FT-
SAF, assuming process CO, emissions are fossil
rather than biogenic raises the well-to-gate GWP
from 4.52 to 194 gCO,e/MJ, and the well-to-wake
GWP to 266 gCO.e/MJ. In contrast, HEFA-SAF’s
well-to-wake GWP increases to 86.9 gCO.e/MJ
when including the offset combustion emissions.
These results illustrate the strong dependence of
GWPs on the treatment of biogenic carbon. Siill,
the values obtained in this LCA under the baseline
assumption are comparable to those reported in the
literature, as shown in Section 3.3. While the assump-
tion of biogenic CO, neutrality therefore remains a
valid and widely accepted simplification within current
LCA frameworks, its implications should be carefully
considered when interpreting results in a broader
sustainability context.

3.4.3. Feedstock Availability

As assessed in this LCA, AtJ- and Gas+FT-SAF from
forestry residues have the potential to significantly re-
duce jet fuel’'s climate impact. Nevertheless, these
pathways are constrained, not only by high costs and
technological readiness, but also by the availability of
feedstock — an issue common to all biofuels [89].

To maintain forest soil health and ecosystem integrity,
around 30% of forestry residues should be left on-site.
[90, p. 4] As such, based on sustainable harvesting
practices, it is estimated that in 2035, using domestic
forestry residues to produce Gas+FT-SAF could cover
1.6-2.2% of the jet fuel demand in the EU, depending
on whether or not competing uses, such as energy
generation, are considered [89, p. 11]. It can be as-
sumed that the AtJ pathway offers slightly higher cov-
erage due to better conversion efficiency, though the
difference would remain marginal.

Likewise, HEFA-SAF, which shows great potential in
reducing aviation’s greenhouse gas emissions, is lim-
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ited by the supply of its feedstock, used cooking oil.
The global availability of UCO is insufficient to meet
the future demands of the aviation sector, restricting
its scalability. [91, p. 1] Even when considering both
domestic and imported UCO, HEFA could only meet
approximately 3% of the EU’s jet fuel demand in 2035.
[89, p. 11]

In contrast, PtL-SAF is not dependent on biogenic
feedstock, theoretically offering unlimited scalability.
However, it remains constrained by its reliance on re-
newable electricity. To show a climate benefit com-
pared to conventional jet fuel, scaling up this pathway
must coincide with the increase in renewable energy.
Ultimately, feedstock availability presents a critical
bottleneck for both biofuels and synthetic fuels, and
no single SAF pathway or feedstock can meet future
aviation fuel demand on its own. This limitation
should therefore be kept in mind when evaluating the
climate mitigation potential of SAFs and their role in
aviation decarbonization.

4. CONCLUSION

This paper has conducted a detailed assessment of
the climate impacts of two SAF pathways: AtJ and
Gas+FT, both derived from forestry residues. In addi-
tion, results for HEFA-SAF from used cooking oil and
PtL-SAF, obtained in a previous thesis, have been up-
dated to reflect current data and LCA methodology.
The analysis has focused on the global warming po-
tential of each pathway, covering all life cycle phases
from resource extraction to energy carrier consump-
tion, i.e., fuel combustion in the aircraft (well-to-wake).
To complement the climate impact assessment, the
energy efficiency of each pathway has also been eval-
uated to identify key inefficiencies and inform future
sustainability improvements.

It has been demonstrated that all assessed SAF
types have the potential to significantly reduce green-
house gas emissions and thereby contribute to the
decarbonization of the aviation industry. Specifi-
cally, the following research questions have been
answered:

RQ1: How do different SAF types compare in
terms of their life cycle greenhouse gas emis-
sions?

« Gas+FT-SAF has the lowest GWP, at 4.52
gCO,e/MJ, reducing emissions by 94.9% com-
pared to fossil jet fuel.

AtJ-SAF has the highest GWP among the assessed
biofuel pathways at 45.7 gCO.e/MJ, offering a GWP
reduction of 48.7% compared to the fossil baseline.
HEFA-SAF achieves a GWP of 16.2 gCO,e/MJ, cor-
responding to an 81.8% reduction.

PtL-SAF shows high variability with a GWP of
22.6 gCO.e/MJ (74.6% reduction) using renewable
electricity from wind and a GWP of 513 gCO.e/MJ
(476% increase) utilizing the German electricity mix
from 2024.



RQ2: What are the key factors driving the climate

impact of different SAF types?

» For AtJ-SAF, the key drivers of the GWP are fossil
CO, emissions from energy generation during the
AtJ process, as well as cellulase for ethanol pro-
duction. AtJ-SAF’'s GWP is especially sensitive to
the GWP of cellulase, as this value may vary signif-
icantly depending on underlying assumptions.

« For Gas+FT-SAF, diesel used during resource ex-
traction is the primary driver of its GWP, whereas
energy carrier production has only a small effect.

« The GWP of HEFA-SAF is mainly driven by hydro-
gen used during energy carrier production. In con-
trast, resource extraction, including used cooking oil
collection and pre-treatment, has only a minor im-
pact.

« PiL-SAF’'s GWP can mainly be traced back to the
pathway’s high electricity demand. This impact is
especially evident during electrolysis, which ac-
counts for the majority of well-to-gate emissions. In
the case of PtL-SAF, there are also additional GWP
contributions from combustion emissions due to the
fuel's synthetic nature, unlike for bio-based SAFs,
whose combustion COs is considered biogenic and
carbon-neutral.

The energy carrier transportation phase, in which
SAF is transported from the production facility to the
airport, has only a minimal contribution to the GWP
for all assessed fuel types. Variations in pipeline
length, i.e., the transport distance, have a negligi-
ble effect on the overall climate impact, indicating
that production facilities do not need to be located
adjacent to airports.

Although diesel use during resource extraction is
the driving factor of Gas+FT-SAF’'s GWP, its abso-
lute impact remains relatively low for both the AtJ
and Gas+FT pathways. A sensitivity analysis of
the forestry residue collection step has revealed
that using larger trucks, even over longer distances,
is environmentally more favorable than deploying
smaller vehicles. This approach results in lower
emissions per MJ of jet fuel, thereby improving the
overall climate performance of the fuel.

Notably, a benefit compared to jet fuel, as well as
CORSIA eligibility (at least a 10% reduction relative to
the fossil baseline), can only be achieved if biogenic
CO, sources for biofuels, renewable electricity, or
CO, capture technologies for PiL-SAF are used to
compensate for combustion emissions.

RQ3: How do different SAF pathways compare in

terms of energy efficiency, and which life cycle

phases contribute most significantly to inefficien-

cies?

- HEFA-SAF shows the highest energy efficiency with
55.6% of energy attributed to the final product due
to low process energy demand and minimal losses.
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« AtJ-SAF and Gas+FT-SAF have considerably lower
energy efficiencies, with 35.5% and 27.2% respec-
tively, limited by energy-intensive conversion steps.

« PiL-SAF has the lowest efficiency, with 13.8%, due
to its high electricity requirement.

« The energy carrier production phase is the main
source of inefficiencies across all pathways, con-
tributing between 85.9% (PtL) and 93.4% (HEFA)
of total efficiency losses, while resource extraction
plays a comparatively small role.

To improve the climate impact of the assessed SAF
pathways, the energy efficiency of the energy carrier
production phase must be increased — particularly for
PtL-SAF. This reduces the energy input required per
MJ of jet fuel, lowering upstream emissions and thus
the overall global warming potential.

Recommendations for Future Research

This LCA has focused on climate change impacts, as-
sessing the global warming potential of SAFs across
their life cycle. While this has provided an insight
into their climate performance, it has not sufficiently
represented their full impact on the environment.
As sustainability encompasses not only greenhouse
gas emissions but a wide range of factors, future
assessments should include additional environmental
stressors, such as resource depletion, land and water
use, toxicity, and air quality effects, as well as eco-
nomic aspects, to build a more holistic understanding
of SAFs’ role in sustainable aviation.

It can be concluded that to achieve aviation’s de-
carbonization goals and transition away from fossil-
based jet fuel, sustainable aviation fuels such as AtJ-,
Gas+FT-, HEFA-, and PtL-SAF present viable alter-
natives. However, their large-scale implementation is
currently limited by feedstock constraints, low energy
efficiencies, and, in the case of PtL-SAF, a carbon-
intensive electricity mix. Addressing these challenges
will require further technological advancements and
research to optimize processes, expand sustainable
feedstock availability, and develop cleaner energy
sources. This is essential for scaling SAF production
and ensuring its integration into the next generation
of aircraft, enabling a sustainable future for aviation.
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A. APPENDIX: CALCULATION DETAILS AND INVENTORIES

This appendix includes the GWP values used for the life cycle impact assessment, a detailed overview of the
inventory data found in the literature, on which the LCls for AtJ- and Gas+FT-SAF in Section 2.2 are based, as
well as underlying calculations and conversions. Furthermore, it also includes flowcharts and LCls for HEFA-
and PtL-SAF, along with the LHVs of the energy flows, used to create the energy efficiency diagrams (Figures
16-19) in Section 3.4.1.

A.1. Overview: Global Warming Potentials

The GWPs of the items in Table A.1 account for the upstream processes associated with the inputs as well as
the downstream processes related to the outputs listed in the life cycle inventories in Section 2.2 and are used
in the calculations outlined in Section 2.3.

Item Amount | Unit At Gas+FT HEFA PtL | Comment Reference
Adsorbent 3.20E3 | gCO.e/kg v | Derived from 2.4E-2 [92, p. 206]
kgCO.e per 7.5E-3 kg
adsorbent
Ammonia 2.35E3 | gCOze/kg v [93, p. 37]
Bleaching clay 2.40E2 | gCO.e/kg v Fuller's earth [94, p. 20]
Ca0O 1.19E3 | gCO.e/kg v [93, p. 37]
Cellulase 7.90E3 | gCO.e/kg v From softwood, on-site [57,
enzyme production p. 1034]
CO, 1.00E3 | gCO.e/kg v v [95, p. 25]
CO, removed -1.00E3 | gCO.e’/kg v [95, p. 25]
Corn steep liquor 1.60E3 | gCO.e/kg v [96]
DAP 6.74E2 | gCO.e/kg v [93, p. 37]
Diesel 8.45E2 | gCO.e/kg v Emissions from [97, p. 146]
production
Diesel use 4.04E3 | gCO.e/kg v v v Direct and indirect [97, p. 146]
emissions
Electricity 4.27E2 | gCO.e/kWh v v | German mix 2024 [98, p. 13]
Electricity 1.61E1 gCO.e/kWh v From wind: 20% offshore | [97, p. 59]
and 80% onshore (9.68
and 17.7 gCO,e/kWh)
Hydrogen 1.08E4 | gCO.e/kg v v Steam reforming (most [100, p. 51]
common production
method [99, p. 8])
Inert waste 1.00E1 | gCOqe/kg v Treatment of inert waste, [101]
sanitary landfill
Mono- 3.40E3 | gCO.e/kg v [102,
ethanolamine p. 299]
NaOH 5.30E2 | gCO.e/kg v [93, p. 37]
Natural gas 9.70E0 | gCO.e/MJ v [93, p. 36]
H3PO4 1.90E3 | gCOze/kg v Phosphoric acid [100, p. 54]
Pipeline transport | 2.00E-2 | gCO.e/kg- v v v v | Transport of 1 kg of jet [103, p. 59]
km fuel over 1 km
Process water 3.09E-1 | gCO.e/kg v v [104, p. 64]
Silica sand 4.33E1 | gCO.e/kg v European average, from [105, p. 6]
the max. 44.8 gCO.e/kg
(Netherlands) and the
min. 41.18 gCOze/kg
(France)
Solids 1.03E2 | gCO.e/kg v Compost of solids [106, p. 48]
Steam 7.90E1 | gCOze/kg v [100, p. 56]
Sulfuric acid 2.18E2 | gCO.e/kg v [93, p. 37]
Urea 1.81E3 | gCO.e/kg v [107, p. 85]
Wastewater 3.64E-1 | gCOe/kg v v v | Wastewater treatment [104, p. 67]
Wood-ash 2.49E-1 | gCOse/kg v [108]
mixture
Yeast 3.20E3 | gCO.e/kg v Dry yeast, used during [109, p. 6]

ethanol production
according to [81, p. 298]

TAB A.1. GWPs of the inputs and outputs of the AtJ, Gas+FT, HEFA, and PtL pathways
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Note that, compared to the values provided in [13], the GWP for the German electricity mix is updated from
2023 in [13] (445 gCO.e/kWh) to 2024 (427 gCO.e/kWh). This affects both HEFA-SAF production and PiL-
SAF production for case 2. Furthermore, a GWP for process water is added.

A.2. Detailed Life Cycle Inventories and Inventory Calculations for AtJ- and Gas+FT-SAF

This section provides a detailed overview of the inventory data found in the literature, which serves as the foun-
dation for the inventories presented in Section 2.2. Where needed, supplementary details on value conversions
are also provided.

In addition, the life cycle inventories used for HEFA- and PtL-SAF in [13] are also given, for completeness.

A.2.1. Inventory of the Resource Extraction Phase for the Alcohol-to-Jet and Biomass Gasification
with Fischer-Tropsch Pathway

Table A.2 provides the inputs and outputs of the first steps of the resource extraction phase (forestry residue
collection, seasoning, and chipping) per MJ forestry residues. This data is taken from [46, pp. 76-77].

TAB A.2. Inputs and outputs of forestry residue collection, seasoning, and chipping per MJ of forestry residues
[46, pp. 76-77]

Step Category | Iltem Amount | Unit | Comment
Forestry residue Input Fgrestry residues | 1.00EO MJ | 50% moisture content
collection Use Diesel . 1.20E-2 | MJ
Product Forestry residues | 1.00EO MJ
Forestry residue Input Forestry residues | 1.05E0 MJ
seasoning at roadside Product Forestry residues | 1.00EO MJ | Dried to 30% moisture content
Forestry residue Input Fgrestry residues | 1.03E0 MJ
chipping Use Diesel . 3.36E-3 | MJ
Product Forestry residues | 1.00EO MJ

To match the LCls for ethanol production and the Gas+FT process, the values for forestry residues are
converted from MJ to kg using their respective LHV: 9.5 MJ/kg for forestry residues with a moisture content of
50% and 13.3 MJ/kg for forestry residues with 30% moisture [110]. The same is done for diesel, using its LHV
42.6 MJ/kg [47, p. 45].

As stated in Section 2.2.2, it is assumed that the forestry residues are transported from the forest where they
are collected to the SAF processing facility via a 40-ton truck over 100 km. The required amount of diesel
is determined assuming a truck volume of 90 m3 [74]. The bulk density of forestry residues is assumed to
be 268.2 kg/m3, based on the average forest composition in Germany: 74% softwood (density of 250 kg/m?)
and 26% hardwood (density of 320 kg/m3) [110; 111, p. 12]. Based on this density and the available volume,
a maximum of 24,138 kg of forestry residues could be transported. However, as the maximum payload of a
40-ton truck is 24,000 kg, this value is taken instead [74].

A 40-ton truck meeting European standards consumes 0.251 kg diesel per km [112, p. 47]. Multiplying by 100
km leads to a diesel consumption of 25.1 kg. To determine the diesel required for forestry residue transport,
this consumption is divided by the payload (24,000 kg) and subsequently multiplied by the required amount of
forestry residues. The required diesel to transport 1 kg of forestry residues over 1 km using a 40-ton truck is
given in Table A.3.

TAB A.3. Inputs and outputs of forestry residue transport per kg of forestry residues

Step Category | ltem Amount | Unit | Comment
Input Forestry residues | 1.00EO0 kg
Use Diesel 1.05E-5 | kg/km | For 100 km with a 40-ton truck: 1.05E-3 kg
Product Forestry residues | 1.00EO0 kg

Forestry residue
transport

For the cases assessed in Section 3.2.1, the diesel consumption of 0.21 kg/km for an 18-ton truck (9 t payload)
and a 26-ton truck (13 t payload) is taken from [112, p. 47]. Instead of only multiplying by 100 km, the
values are multiplied by 50 and 200 km as well. An overview of the required amount of diesel to transport the
forestry residues over 1 km, depending on truck type, is provided in Table A.4. Like for the baseline case, these
values are scaled to the required amount of forestry residues for AtJ- and Gas+FT-SAF production, respectively.
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TAB A.4. Diesel use for forestry residue transport over 1 km per MJ of jet fuel

Truck type | Diesel amount [kg/km]

AtJ-SAF | Gas+FT-SAF
40-ton 1.91E-6 2.56E-6
26-ton 2.95E-6 3.95E-6
18-ton 4.27E-6 5.71E-6

Again, as explained in Section 2.2.2, emissions related to diesel use are not explicitly listed here, but instead,
included in its GWP (production and combustion emissions).

A.2.2. Inventory of the Alcohol-to-Jet Pathway

Inventory of the Ethanol Production Process

Table A.5 shows the inputs and outputs of the ethanol production process per MJ ethanol, which serve as the
basis of the life cycle inventory in Table 2. The data for the inputs and products is taken from [21, p. 115], the
CO, emissions are based on data from [60], whereas the remaining emissions are gathered from [55, p. 34].

TAB A.5. Inputs and outputs of ethanol production per MJ of ethanol

Category ltem Amount | Unit | Comment
Forestry residues 1.30E-1 kg
Natural gas 4.20E-2 MJ
Diesel 4.40E-4 MJ
Cellulase 1.33E-3 kg
Sulfuric acid 4.30E-3 kg
Input Yeast 3.30E-4 kg
Ammonia 5.20E-4 kg
NaOH 1.46E-3 kg
Ca0 9.50E-4 kg
Corn steep liquor 1.63E-3 kg
DAP 1.70E-4 kg
Urea 2.60E-4 kg
Product Ethanol 1.00E0 MJ
By-product Electricity 8.80E-2 MJ | Converted to 3.44E-2 kWh
Biogenic CO» 3.75E-2 kg | 1 kg biogenic CO, per kg ethanol [60]
CO; 1.87E-2 kg | 0.5 kg fossil CO- per kg ethanol [60]
VOC 8.69E-6 kg
PM10 1.06E-5 kg
Output PM2.5 181E-6 | kg
CO 1.30E-4 kg
NOx 1.37E-4 kg
SOx 5.59E-5 kg

To determine the amount of CO, emissions, given in kg per kg ethanol in [60], ethanol is converted from MJ to
kg using its LHV, 26.7 MJ/kg [47, p. 45].
Inventory of the Ethanol-to-Jet Process

Table A.6 shows the inputs and outputs of the ethanol production process per MJ AtJ-SAF, which serve as the
basis of the life cycle inventory in Table 3. The inputs per MJ jet fuel are taken from [21, p. 115], whereas the
amount of each by-product is taken from [61, p. 7].

TAB A.6. Inputs and outputs of the EtJ process per MJ of jet fuel

Category ltem Amount | Unit
Ethanol 1.06E0 MJ
Input
Hydrogen | 6.00E-2 MJ
Product Jet fuel 1.00E0 MJ
Bv-product Gasoline 2.12E2 kJ
yP Diesel 11452 | kJ
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To match its global warming potential given in gCO.e/kg in Table A.1, hydrogen is converted from MJ to kg
using its LHV, 120 MJ/kg [47, p. 45]. Gasoline and diesel are converted from kd to MJ. Ethanol is converted
from MJ to kg using its LHV, 26.7 MJ/kg [47, p. 45].

AtJ Energy Allocation

To calculate the GWP of AtJ-SAF, two energy allocation factors are applied: 0.919, or 91.9% for ethanol, and
0.754, or 75.4% for jet fuel. For ethanol production, these values are determined directly using Table A.5,
where 0.088 MJ electricity are generated per MJ ethanol, corresponding to a share of 8.1% of the output
energy.

The energy allocation factor for AtJ-SAF is derived from the total energy content of all products of the EtJ
process, corresponding to 1.33 MJ. Within this total, jet fuel accounts for 75.4%, gasoline for 16.0%, and diesel
for 8.67%.

A.2.3. Detailed Inventory of the Biomass Gasification with Fischer-Tropsch Pathway

Table A.7 shows the inventory of the Gas+FT process for the production of 1 kg of jet fuel, serving as the basis
for the data in Table 4. These values are taken from [51, pp. 53-54].

TAB A.7. Inputs and outputs of the Gas+FT process per MJ of jet fuel [51, pp. 53-54]

Category | ltem Amount | Unit | Comment
Forestry residues 2.45E-1 kg
Water, cooling 1.06E0 | .
Input Water, process water 1 57E-1 | Combined to 1.22E0 | process water
Monoethanolamine 2.07E-4 kg
Silica sand 1.21E-2 kg
Product Jet fuel 1.00E0 MJ
Naphtha 3.80E-3 kg
By-product | Diesel 1.14E-2 kg
Electricity 3.00E-2 kWh
Biogenic CO, 3.33E-1 kg
co 1.07E-4 kg
NOx 1.49E-3 kg
SO, 2.78E-4 kg
Output Water vapor 6.00E-2 m®
Monoethanolamine to air | 2.07E-4 kg
Inert waste 1.21E-2 kg
Wastewater 1.94E-4 m®
Wood-ash mixture 1.35E-3 kg

To match the global warming potential associated with wastewater treatment, which is given in gCO.e/kg in
Table A.1, wastewater is converted from m® to kg, assuming it behaves the same as clean liquid water, with a
density of approximately 1000 kg/m3.

Gas+FT Energy Allocation

The energy allocation factor used to calculate the global warming potential of Gas+FT-SAF is 0.569, or 56.9%.
This value is taken directly from [51, p. 53], which also serves as the basis for the LCI for the Gas+FT process
(see Table A.7). Within the total output energy, naphtha accounts for 9.39%, diesel for 27.6%, and electricity
for 27.6%.
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A.3. Overview of HEFA- and PtL-SAF: Flowcharts and Life Cycle Inventories

A.3.1. Overview of the HEFA Pathway

Figure A.1 shows a flowchart of the HEFA pathway’s resource extraction (used cooking oil (UCQO) collection
and pre-treatment) and energy carrier production phase (hydrogenation, cracking and isomerization, product

separation) [13].
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FIG A.1. Flowchart of the HEFA pathway’s resource extraction and energy carrier production phase

The input flow H3PO4 refers to phosphoric acid. Propane, hydrotreated vegetable oil (HVO) and naphtha are
generated as by-products.

Life Cycle Inventories of the HEFA Pathway

Tables A.8 to A.10 show the inventories of the resource extraction and energy carrier production phase used
for the life cycle impact assessment of HEFA-SAF in [13]. The diesel consumption of UCO collection is based
on the assumption of using a heavy-duty 7.5-ton truck driving 50 km, with further details provided in [13, p. 21].
The LCls for UCO pre-treatment and the HEFA process are based on data from [29, pp. 30, 41].

TAB A.8. Diesel consumption of UCO collection per MJ of jet fuel

Category | ltem Amount | Unit | Distance
Use Diesel | 2.56E-6 | kg/km | 50 km

TAB A.9. Inputs and outputs of the UCO pre-treatment process per MJ of jet fuel

Category | ltem Amount | Unit | System flow
Collected UCO 3.80E-2 kg From within the system
H3PO,4 2.97E-4 kg Phosphoric acid
Input Bleaching clay 3.80E-5 kg
Electricity 3.73E-4 | kWh
Steam 6.78E-3 kg
Pre-treated UCO | 3.73E-2 kg Stays in the system
Output Wastewater 3.80E-4 kg
Solids 3.80E-4 kg
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TAB A.10. Inputs and outputs of the HEFA process per MJ of jet fuel

Category ltem Amount | Unit | Comment

Pre-treated UCO | 3.37E-2 kg | From inside the system
Input Hydrogen 1.64E-3 kg

Electricity 1.73E-3 | kWh

Steam 5.52E-2 kg
Product Jet fuel 1.00E0 MJ

HVO 2.22E-1 MJ | Hydrotreated vegetable oil
By-product | Propane 3.13E-3 kg

Naphtha 3.50E-3 kg
Output Water 4.02E-3 kg

The LCls for HEFA-SAF’s energy carrier transportation and energy carrier consumption are the same as for
AtJ-SAF, provided in Sections 2.2.5 and 2.2.6, since both fuel types have the same LHV, 44 MJ/kg [47, p. 45;
71, p. 13].

HEFA Energy Allocation

The energy allocation factor used to calculate the global warming potential of HEFA-SAF is 0.656, or 65.6%.
This value is derived from the total energy content of all products of the HEFA process, corresponding to 1.52
MJ. Within this total, hydrotreated vegetable oil accounts for 14.6%, propane for 9.5%, and naphtha for 10.3%.
To determine these values, lower heating values of 46.3 MJ/kg for propane [113, p. 3] and 45 MJ/kg for naphtha
[114, p. 6] are applied.

A.3.2. Overview of the PtL Pathway

Figure A.2 shows a flowchart of the PtL pathway’s resource extraction and energy carrier production phase.
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FIG A.2. Flowchart of the PtL pathway’s resource extraction and energy carrier production phase

35



Resource extraction consists of direct air capture (DAC). Energy carrier production is made up of polymer
electrolyte membrane (PEM) electrolysis, reverse water gas shift (RWGS), Fischer-Tropsch synthesis, and
product separation. Diesel and naphtha are generated as by-products. Note that process water, used for
cooling, is also fed into the PtL process but is not explicitly depicted in this flowchart. [13]

Life Cycle Inventories of the PtL Pathway

Tables A.11 to A.13 show the inventories of the resource extraction and energy carrier production phase used
for the life cycle impact assessment of PtL-SAF in [13]. The LCI for direct air capture is based on data from
[92, pp. 2-7; 30, pp. 3-11], the input and output values of PEM (polymer electrolyte membrane) electrolysis are
derived from [30, p. 4; 115, p. 14; 116, p. 55; 117, p. 7], and the LCI of the PiL process is based on data from
[115, p. 16].

Further details on these inventories can be found in [13, pp. 27-39].

TAB A.11. Inputs and outputs of the DAC process per MJ of jet fuel

Category | ltem Amount | Unit | Comment
Electricity 2.46E-1 | kWh
Input Air 2.27E2 kg
Adsorbent 9.19E-4 kg
CO; removed 1.23E-1 kg Stays in the system
Output Air without CO» 2.27E2 kg
Water 1.72E-1 kg Stays in the system

TAB A.12. Inputs and outputs of PEM electrolysis per MJ of jet fuel

Category | ltem Amount | Unit | Comment
Input Water 2.90E-1 kg From inside the system
Electricity | 1.72E0 | kWh
Output Hydrogen | 3.13E-2 kg Stays in the system
Oxygen 2.48E-1 kg 1.35E-1 kg emitted to air,
1.13E-1 kg stays in the system

TAB A.13. Inputs and outputs of the PtL process per MJ of jet fuel

Category ltem Amount | Unit | Comment
Process water 4.65E-1 kg
Electricity 5.13E-2 | kWh
Input CO; from DAC 1.23E-1 kg From within the system
Hydrogen 3.13E-2 kg From within the system
Oxygen from electrolysis | 1.13E-1 kg From within the system
Product Jet fuel 1.00E0 MJ
Naphtha 8.07E-3 kg
By-product | 1 el 7.47E3 | kg
CO; 2.70E-3 kg
Water vapor 7.66E-2 kg
Output Oxygen 3.74E-17 | kg
Wastewater 2.26E-1 kg

The LClIs for PtL-SAF’s energy carrier transportation and energy carrier consumption are the same as for
Gas+FT-SAF, provided in Sections 2.2.5 and 2.2.6, since both fuel types have the same LHV, 43 MJ/kg [17,
p. 4607; 30, p. 7]. However, unlike for Gas+FT-SAF from forestry residues, the CO, emissions from combustion
are not biogenic and contribute to the fuel's well-to-wake GWP.

PtL Energy Allocation

The energy allocation factor applied to the PtL-SAF GWP calculation is 0.591, or 59.1%, derived from the total
energy content of all products of the PtL process, corresponding to 1.69 MJ. Of this total, naphtha accounts
for 21.5%, and diesel for 19.4%, using LHVs of 45 MJ/kg for naphtha [114, p. 6] and 44 MJ/kg for diesel [118,
p. 10].
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A.4. Lower Heating Values for Energy Efficiency Diagrams

Table A.14 provides the lower heating values of all energy inputs used to generate the Sankey diagrams on
energy efficiency in Section 3.4.1. For those flows already given in MJ, the LHVs are not included here.

TAB A.14. LHVs of energy flows for Sankey diagram generation

Flow LHV [MJ/kg] | Comment Reference
Diesel 44 [118, p. 10]
Ethanol 26.7 [47, p. 45]
Forestry residues 50% moisture 9.5 Initial feedstock [110]
Forestry residues 30% moisture 13.3 Feedstock after seasoning | [110]
Hydrogen 120 [47, p. 45]
Naphtha 45 [114, p. 6]
Propane 46.3 [118, p. 3]
Steam 2.6 for UCO pre-treatment [119]
Steam 3 for the HEFA process [119]

uco 37 [26, p. 15]
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B. APPENDIX: DETAILED LCA RESULTS

This appendix includes a detailed overview of the life cycle assessment results for AtJ-, Gas+FT-, HEFA-, and
PtL-SAF.

B.1. Climate Change of the AtJ Pathway

Table B.1 provides an overview of the global warming potentials of each flow entering or leaving the system,
and thereby contributing to the well-to-wake climate impact of AtJ-SAF. The individual and total GWPs are
expressed in gCO.e/MJ and are energy-allocated. The feedstock, forestry residues, is not listed here as no
upstream emissions are assumed to be connected to it.

TAB B.1. Detailed overview of the global warming potentials of AtJ-SAF [gCO.e/MJ]

Phase Subphase Item GWP
Forestry residue collection | Diesel use 2.07E0
Resource extraction Forestry residue chipping Diesel use 5.37E-1
Forestry residue transport | Diesel use 5.35E-1
Natural gas 3.97E-1
Diesel 8.49E-2
Cellulase 1.02E1
Sulfuric acid 9.11E-1
Yeast 1.03E0
Ammonia 1.19E0
NaOH 7.52E-1
CaO 1.11E0
Corn steep liquor 2.54E0
Energy carrier production Ethanol production DAP 1.12E-1
Urea 4.59E-1
Biogenic CO- 0.00EO0
CO» 1.83E1
VOC 0.00EO0
PM10 0.00EO0
PM2.5 0.00EO0
COo 0.00EO0
NOx 0.00EO0
SOx 0.00EO0
Ethanol-to-jet process Hydrogen 5.40E0
Energy carrier transportation | Pipeline transport Pipeline 4.55E-2
Biogenic CO» 0.00EO0
Water vapor 0.00EO0
. . . NOx 0.00EO0
Energy carrier consumption Combustion SOy 0.00E0
Soot 0.00E0
Unburned hydrocarbons | 0.00EQ
Total 4.57E1
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B.2. Climate Change of the Gas+FT Pathway

Table B.2 provides an overview of the energy-allocated global warming potentials of each flow entering or
leaving the system, and thereby contributing to the well-to-wake climate impact of Gas+FT-SAF, expressed in
gCO.e/MJ. As for AtJ-SAF, the feedstock, forestry residues, is not listed here as no upstream emissions are
attributed to it.

TAB B.2. Detailed overview of the global warming potentials of Gas+FT-SAF [gCO.e/MJ]

Phase Subphase ltem GWP
Forestry residue collection | Diesel use 2.27E0
Resource extraction Forestry residue chipping Diesel use 5.91E-1
Forestry residue transport | Diesel use 5.88E-1
Process water 2.14E-1
Monoethanolamine 4.00E-1
Silica sand 2.99E-1
Biogenic CO» 0.00EO0
CoO 0.00EO0
. . NOx 0.00E0
Energy carrier production Gas+FT process S0, 0.00E0
Water vapor 0.00E0
Monoethanolamine 0.00EO0
Inert waste 6.90E-2
Wastewater 4.02E-2
Wood-ash mixture 1.91E-4
Energy carrier transportation | Pipeline transport Pipeline 4.65E-2
Biogenic CO, 0.00EO0
Water vapor 0.00E0
. . . NOx 0.00EO0
Energy carrier consumption Combustion SOy 0.00E0
Soot 0.00E0
Unburned hydrocarbons | 0.00EQ
Total 4.52E0
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B.3. Climate Change of the HEFA Pathway

Table B.3 gives an overview of the updated and energy-allocated global warming potentials of each flow en-
tering or leaving the system, contributing to the well-to-wake climate impact of HEFA-SAF. The values are
expressed in gCO.e/MJ. The feedstock, used cooking oil, is not listed here as no upstream emissions are
assumed to be connected to it.

TAB B.3. Detailed overview of the global warming potentials of HEFA-SAF [gCO.e/MJ]

Phase Subphase ltem GWP
UCO Collection Diesel use 3.39E-1
H3;PO4 3.70E-1
Bleaching clay 5.98E-3

Resource extraction Electricity 1.04E-1
UCO pre-treatment | Steam 3.52E-1
Wastewater 9.07E-5
Solids 2.57E-2

Hydrogen 1.16E1

. . Electricity 4.85E-1

Energy carrier production HEFA process Steam 2 86E0
Water vapor 0.00EO0
Energy carrier transportation | Pipeline transport Pipeline 4.55E-2
Biogenic CO» 0.00EO0

Water vapor 0.00EO0

. . . NOx 0.00E0

Energy carrier consumption Combustion SOy 0.00E0
Soot 0.00EOQ

Unburned hydrocarbons | 0.00E0

Total 1.62E1

Note that H3PO4 stands for phosphoric acid.
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B.4. Climate Change of the PtL Pathway

Table B.4 gives an overview of the updated and energy-allocated global warming potentials of each flow en-
tering or leaving the system, contributing to the well-to-wake climate impact of PtL-SAF in gCO.e/MJ. This
includes both electricity scenarios: case 1 using electricity from wind and case 2 utilizing the German electric-
ity mix 2024.

TAB B.4. Detailed overview of the global warming potentials of PtL-SAF [gCO.e/MJ]

Phase Subphase ltem GWP case1 | GWP case 2
Electricity 2.34E0 6.21E1
Air 0.00E0 0.00EO0
Szf;’;fgﬁ Direct air capture Adsorbent 1.74E0 1.74E0
CO; removed -7.25E1 -7.25E1
Air free of CO» 0.00E0 0.00EO0
PEM (polymer electrolyte Electricity 1.64E1 4.34E2
membrane) electrolysis Oxygen 0.00E0 0.00E0
Energy carrier Proce§§ water 8.48E-2 8.48E-2
production Electricity 4.89E-1 1.30E1
PtL process CO. 1.59E0 1.59E0
Water vapor 0.00EO0 0.00EO0
Wastewater 4.85E-2 4.85E-2
Energy carrier Pipeline transport Pipeline 4.65E-2 4.65E-2
transportation
CO. 7.23E1 7.23E1
Water vapor 0.00EO0 0.00EO0
Energy carrier . NOx 0.00E0 0.00EO0
consurmption Combustion SOx 0.00E0 0.00E0
Soot 0.00EO0 0.00EO0
Unburned 0.00EO0 0.00EO0
hydrocarbons
Total 2.26E1 5.13E2
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