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Ambitious fossil-free targets imposed on the aviation industry worldwide demand a large
volumetric supply of sustainable aviation fuel (SAF) to meet. Sweden’s commitment
to a 30% volume SAF blending target by 2030 attracts interest in local production.
However, the sustainability of local production is largely unknown. Addressing this gap,
we aim to explore potential SAF technology pathways and assess their environmental
performances in Sweden. To do so, we utilize a socio-technical system (STS) approach
for pathways selection and prospective life cycle assessment (LCA) for environmental
impact assessment. As a result, we identify two lignocellulosic-based and two electrofuel-
based pathways and evaluate their global warming potential, mineral depletion potential,
ionizing radiation, land use, freshwater ecotoxicity and human toxicity impact in
comparison to jet fuel. Our findings show that the well-to-wake global warming potential
(100 years) of 30% SAF is on average 20% lower than that of jet fuel, with non-carbon
dioxide species emitted in flight being the major contributors, prompting the need for
urgent research efforts to mitigate their potential impacts. Under the assumption that no
burdens are allocated to waste material used as feedstock, lignocellulosic-based 100%
SAF has a well-to-pump climate impact (100 years) ranging from 0.6 to 1.5 g COp_gq/MJ
compared to jet fuel’s 10.5 g CO2_gq/MJ. In contrast, the well-to-pump climate impact
(100 years) of electrofuel-based 100% SAF (ranging from 7.8 to 8.2 g COo_gq/MJ) is
only marginally lower than that of jet fuel, mainly attributed to emissions from steel and
concrete produced for wind turbine manufacturing. In general, the use of electricity
generated by wind power could shift the potential environmental burden associated
with jet fuel from global warming to mineral depletion, land use, freshwater ecotoxicity
and human toxicity. The STS approach underscores the need to prioritize changes
in systems underpinning SAF production, in turn supporting policy and investment
decision making.

Keywords: forest residue, black liquor, hydrogen, biogenic carbon dioxide, Fischer-Tropsch (synthesis),
sustainability transition, emerging technologies, well-to-wake analysis

Frontiers in Sustainability | www.frontiersin.org 1

July 2022 | Volume 3 | Article 912676


https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org/journals/sustainability#editorial-board
https://www.frontiersin.org/journals/sustainability#editorial-board
https://www.frontiersin.org/journals/sustainability#editorial-board
https://www.frontiersin.org/journals/sustainability#editorial-board
https://doi.org/10.3389/frsus.2022.912676
http://crossmark.crossref.org/dialog/?doi=10.3389/frsus.2022.912676&domain=pdf&date_stamp=2022-07-07
https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yylai@kth.se
https://doi.org/10.3389/frsus.2022.912676
https://www.frontiersin.org/articles/10.3389/frsus.2022.912676/full

Lai et al.

STS Approach in Prospective LCA

INTRODUCTION

Aviation is one of the fastest-growing GHG emitters (EU, 2021c).
Thus, reducing aviation-induced climate impact is in the utmost
interest of the European Union (EU) (EU, 2021c) as well as
the international aviation community (ICAO, 2019). Sustainable
aviation fuels (SAF) is a common name for advanced biofuels or
renewable fuels of non-biological origin, i.e., electrofuel produced
from renewable electricity, that can function as alternatives to jet
fuel (EU, 2018; Pavlenko and Searle, 2021). Ambitious targets for
fossil-free aviation have boosted interest in SAF worldwide. In
their recent suggestion for a level playing field for sustainable air
transport, the EU proposed to oversee that every liter of jet fuel
supplied to the EU airports from 2030 must be blended with at
least 2% of SAF (EU, 2021a). The foundation of the proposal was
built upon the belief that large-scale production and supply of
SAF can be achieved in the EU at competitive prices (EU, 2021a).
For that matter, the proposal articulated its support for the use
of existing SAF production capacity and the development of new
additional SAF facilities in the EU (EU, 2021a).

Sweden, an EU member state, imposed a 30% volume SAF
blending target by 2030 (Regeringskansliet, 2020), a mandate
that was far more ambitious than the EU proposal. An initial
estimate (Soone, 2020) projected that an overall SAF production
in the EU in 2030 would meet ~6% of the anticipated jet fuel
volume. In other words, to meet its national target, it may be
necessary for Sweden to look beyond SAF import and plan
for local production. Depending on the feedstock types and
modeling choices, previous studies suggested that SAF could have
a life cycle emission of between —222g COj_¢q/MJ and 698 g
COy_¢q/M] (Kolosz et al., 2020; Prussi et al., 2021), compared
to the average life cycle jet fuel baseline of 89g CO;_¢q/M]
(Prussi et al., 2021). The question is whether Sweden can deliver
SAF with superior life cycle environmental performance as
opposed to jet fuel in 20307 To address this question, it is
essential to investigate what technologies are relevant for SAF
production in the Swedish context, and how to assess their
potential environmental impacts in future times.

Typically, a SAF technology pathway consists of three stages:
feedstock supply, feedstock conversion and fuel synthesis. The
selection of SAF technology pathways can be constrained
by multiple factors, including feedstock types, aviation fuel
production standards, technological limitations, technology
readiness level (TRL), cost etc. In O’Malley et al’s (2021)
recent study of SAF production in Europe, they emphasized
not only how feedstock could dictate the technology pathway,
but also the importance of understanding its interdependencies
with existing markets in which feedstock displacement effects
could undermine the climate mitigation potential of SAF. They
exemplified such a concept by elaborating that the potential
consequence of diverting all wheat residue to SAF production
could be the substitution of wheat resources formerly used
for livestock fodder and bedding (O’Malley et al., 2021). To
understand why certain feedstock is better suited for future
SAF production in Sweden, and which interdependencies can
occur among feedstock, market environment, institutions and
other industrial sectors, we adopt a socio-technical system (STS)

perspective to identify potential technology pathways. STS can
be defined as assemblages of (networks of) technologies, actors
(e.g., individuals, firms, and other types of organizations) and
institutions (e.g., norms, regulations, and standards), embedded
in material, political, economic, geographical, and socio-cultural
aspects (Markard et al., 2012). In this paper, we conceptualize the
Swedish aviation sector as a STS and SAF supply as a sub-segment
of the STS and attempt to explore the relevant SAF technology
pathways with some resemblance to flat ontology (Garud and
Gehman, 2012). Under a flat ontological assumption, we consider
technologies, actors, and institutions as mutually constitutive
agents, flatting the distinction between human and non-human
agents, i.e., assuming there are no hierarchical differences among
agents and all entities are equally important (Garud and Gehman,
2012).

Technologies that are in early development stages but are fast-
growing and gaining importance, such as those enabling SAF
feedstock production, feedstock conversion and fuel synthesis
(Mawhood et al., 2016; Morgan et al., 2019; Wei et al,, 2019;
EU, 2021la), are defined as emerging technologies (Rotolo
et al, 2015; Cucurachi et al., 2018). To study the potential
environmental impact of the projected future of emerging
technologies and their large-scale implementation, Cucurachi
etal. (2018) suggested the use of prospective life cycle assessment
(LCA), a combination of futures scenarios and LCA. LCA is a
quantitative decision support tool that is used to systematically
assess the environmental impact of a product or service over its
entire life cycle. It quantifies the emissions to the environment
into different impact categories (Hauschild et al, 2018). In
Cucurachi et al.’s (2018) opinion, prospective LCA is a tool that
not only puts claims of environmental sustainability to the test
but also allows the test of policy measure options, as well as
supports technology improvement and investment decisions.

The study aims to explore potential SAF technology pathways
and quantify, from the perspective of the fuel user, the potential
environmental impacts that can be attributed to different SAF by
utilizing a STS approach for pathways selection and prospective
LCA for environmental impact assessment. The study compares
the potential life cycle environmental impacts of the 30% SAF
(mandate imposed by the Swedish government) and 100% SAF,
produced from different pathways, to jet fuel in the year 2030, as
well as identifies hotspots in SAF life cycles. The implications of
the study could serve as a source of information to support future
policy and investment decision-making.

METHODS AND MATERIALS

Prospective LCA is an assessment method that studies emerging
technologies and analyzes their potential future life cycle
environmental impacts (Cucurachi et al., 2018). Arvidsson et al.
(2018) explained that the primary features that differentiate
a prospective LCA from its retrospective counterpart are the
inclusion of future time consideration in the choice of emerging
technology pathway, the projection of the background systems
and upscaling of the foreground systems. Background systems
are the parts of a product system that cannot be directly
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influenced by the developer of new technology, while foreground
systems are the emerging technologies that can be directly
manipulated by the technology developer (Arvidsson et al,
2018). They explained that background systems should be
relevant to the time horizon of the study such that temporal
inconsistency between foreground and background could be
avoided. Cucurachi et al. (2018), in addition, indicated that a
comparative LCA conducted for future times would only be
fair if an up-scaled emerging technology is putting up against
its evolved incumbent counterpart. Therefore, technology up-
scaling in the foreground system is crucial to the performance
of prospective LCA.

The remainder of this section is as follows. Highlighting the
future time aspect of a prospective LCA, Section Selecting SAF
Technology Pathways develops a four-step method to select the
SAF technology pathways. Then, we clarify methods adopted
for background system projection and upscaling of foreground
systems in Sections Projection of Background Systems and
Upscaling of Foreground Systems. Lastly, Sections Scope of LCA
Model and Data Inventory explain the scope of the LCA model
and how data inventory is accomplished.

Selecting SAF Technology Pathways
Selection of SAF technology pathway involves choice making.
Choices on feedstock types, technologies for feedstock
production, feedstock conversion and fuel synthesis are in
turn demarcated by constraints. Here, we propose four steps
(Figure 1) to select SAF technology pathways.

Our assumption is that feedstock types and availability (Step
1 in Figurel) are dependent on the market environment,
institutions and cross-sectorial development. Hence, we borrow
some ideas from sustainability transitions literature (Markard
et al., 2012) and conceptualize feedstock supply as a sub-
segment in the STS of the aviation sector. Inspired by a
flat ontological assumption, we consider technologies, actors,
and institutions as mutually constitutive agents, flatting the
distinction between human and non-human agents (Garud and
Gehman, 2012). We also assume that a technological shift in
one industrial sector affects the development in other sectors,
inducing co-evolution and inter-dependence between industrial
sectors (Bergek et al., 2015). Figure 2 illustrates our application
of STS approach with a flat ontology, in which climate policy
is seen as the key agent for novel technological development

in different sectors. Assuming feedstock A has been identified
as the primary resource to support the development of sector
X, to assess As availability, we study the interactions between
A and the existing markets (Figure 2A). Next, we analyze the
implications of existing and upcoming relevant national and
regional policies on the availability of A (Figure 2B). Finally,
we consider the potential impacts that other climate policy-
driven sectors or markets have on As availability (Figure 2C).
The assessment would lead to a conclusion that either supply of
A is sufficient to satisfy demand or an alternative (feedstock B) is
required to supplement feedstock A (Figure 2D). The assessment
process iterates for each feedstock alternative identified. As
demonstrated in Section System Boundary, the STS approach
helps identify feedstock types that could potentially contribute to
SAF production in Sweden.

To select the feedstock production technology in Step 2
(Figure 1), feedstock types, technological limitations, TRL, cost
and experiences from other sectors are taken into account.
Steps 3 and 4 (Figure 1) are interdependent. The feedstock is
converted to an intermediate product to feed the fuel synthesis
processes, but it is the choice of fuel synthesis processes in
Step 4 that dictates the feedstock conversion process. Thus,
feedstock conversion technology choice (Step 3) is reliant on
the fuel synthesis process, technological limitation, TRL and
cost whereas fuel synthesis process determination (Step 4) is
limited by the approved fuel production standard (ASTM, 2021),
feedstock compatibility and cost. Implementation of steps 1-4 is
demonstrated in Section System Boundary.

Projection of Background Systems

Steubing and de Koning (2021) advised that the background
systems chosen for a specific future time horizon should reflect
the wider technological and economic development at that
particular point in time, including energy generation, material
supply, manufacturing techniques and waste management etc.
Mendoza Beltran et al. (2020) and Steubing and de Koning
(2021) proposed that such future background can be represented
by merging overarching future scenarios derived from the
integrated assessment model (IAM) (Moss et al., 2010) with
the Ecoinvent database (Wernet et al., 2016). To capture the
wider aspect of local, regional and global social development
in future times, we adopt a background system developed
by Steubing and de Koning (2021). Their background system
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types and availability production
determination technology selection
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FIGURE 1 | Proposed four steps of selecting SAF technology pathways.
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FIGURE 3 | A simplified representation of a future background system for the
year 2030. Adapted from Steubing and de Koning (2021).

consists of a database made up of the Ecoinvent database and
data that are common to all IAM scenarios, and a scenario
difference file that portrays the specific IAM scenarios at targeted
reference years. The integration of such future-oriented database
and scenario difference files is shown in Figure 3. Detailed
background systems used by the study are shown in Section
Background Systems.

Upscaling of Foreground Systems

Upscaling of emerging technologies with varying maturity levels
would require a tap into the plausible future scenarios of
their industrial-scale implementation (Cucurachi et al., 2018).
To scale up the technology, Tsoy et al. (2020) proposed
utilizing technological experts to hypothesize the projected future
technology scenarios. Once defined, the scenarios could be
translated into LCA flow charts by LCA experts and thereafter
the unit process data including energy, material and elementary
flows be estimated to the desired scales (Tsoy et al., 2020).
There are several ways to go about data estimation, for example,
Cossutta et al. (2017) and Mazzoni et al. (2019) employed
process simulations to estimate large-scale data flows of their
emerging technologies. While Piccinno et al. (2018) proposed
the use of manual calculations to scale up their laboratory-
based process, Villares et al. (2016) and Schulze et al. (2018)
utilized the proxy method for the same purpose. Based on their
literature review, Tsoy et al. (2020) found that the accuracy of data
estimation methods decreases from process simulation to manual
calculations, to proxy data and data omission. In this study,
future technology scenarios are projected through reviewing
literature and institutional reports that focus on technology
optimization and the future development of the targeted
technology. Data estimation is conducted primarily through
collecting secondary data from the relevant process simulations.
In cases of lack of simulation data, manual calculation and
proxy data estimation are utilized. This is done following Tsoy
et al’s (2020) upscaling framework, to minimize potential data
uncertainty as far as possible. Details of technology upscaling for
the current study are presented in Section Foreground Systems.

Scope of LCA Model

Functional Unit

The LCA is designed to compare fuels that could be used in the
same aircraft type, i.e., with the same combustion technology,
thereby circumventing the potential complications introduced by
differences in technological efficiencies (Elgowainy et al., 2012).
For this reason, adopting energy in fuel as the reference value
of the functional unit can be considered reliable (Elgowainy
et al.,, 2012). Therefore, the functional unit chosen is 1 MJ of
fuel consumed by a twin-engine single aisled aircraft in a typical
short-haul flight consisting of takeoff, climb, cruise, descend,
approach and landing phases. Single aisled aircraft is used as the
reference as it is the most popular aircraft type deployed globally
(O’Hare, 2022).

System Boundary

The life cycle of aviation fuel covered by this study consists
of two stages, namely well-to-pump and pump-to-wake.
Well-to-pump stage constitutes feedstock extraction and
transportation, feedstock treatment, fuel synthesis and the
subsequent transportation to the fuel pump. The combustion of
fuel during aircraft operation is termed the pump-to-wake life
cycle stage (Elgowainy et al., 2012).

The system boundary of the well-to-wake life cycle of aviation
fuels in 2030 is presented in Figure 4, which summarizes the
results of applying the four-step technology pathway selection
process outlined in Section Selecting SAF Technology Pathways.
Hydrogen and carbon dioxide (CO,) storage are not included as
the syngas production system assumed just-in-time supply. Fuel
storage and fuel blending are also excluded as these activities are
assumed to have negligible contributions to the life cycles. Black
liquor and forest residue feedstock in the study are treated as
waste material, in agreement with Annex V of EU (2018), that
could be collected from their respective sources with no burden.
The selection of the SAF technology pathways is explained in the
four steps that follow.

SAF Technology Pathway Selection Step 1: Feedstock Types
and Availability

Local SAF production is seen supported by some political
parties (Kulanovic and Nordensvird, 2021) and some actors
in the aviation sector (Christley et al., in progress) in Sweden.
It has been suggested by researchers that rich resources like
forest residue, biogenic CO, and renewable electricity could
drive the Swedish SAF (lignocellulosic-based advanced biofuel
and electrofuel) production (Hansson et al., 2017; Trinh et al.,
2021). We adopt a STS approach, as proposed in Section
Selecting SAF Technology Pathways, to analyze the availability
of each of these potential feedstock options qualitatively, based
on their interactions with the market environment, policies
and other industrial sectors to understand their potential in
contributing to the demand in 2030. Such analysis is elaborated in
Figures 5A-D and the paragraphs that follow. The results show
that lignocellulosic-based feedstock (forest residue and black
liquor) and electrofuel-based feedstock (renewable electricity and
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FIGURE 4 | Possible technology pathways for SAF and jet fuel in a scenario for Sweden in 2030. Except for processes marked with * and energy inputs that are not
shown in the figure, all processes within the system boundary belong to the foreground system. AWE, alkaline water electrolysis; PEM, polymer electrolyte membrane;
BL, black liquor; FR, forest residue.

biogenic CO;) may all play a part in contributing to the future
Swedish SAF production.

In the shadow of bioeconomy development, the extensive
use of forest residue in future SAF production is debatable.
For instance, Borjesson et al’s (2017) estimation of additional
forest logging residue to support the growth of paper and
pulp, power and heat and road transport sectors in 2030
is in direct feedstock competition with SAF production. The
limitation of forest residue supply makes black liquor, a by-
product of pulp mill (IEA, 2007) that is qualified by the EU
(2018) as an advanced biofuel feedstock, an interesting alternative
lignocellulosic feedstock for SAF production (IEA, 2007; Jafri
et al.,, 2020). Besides, the appreciable amount of chemical pulp
mills in Sweden estimated by Pettersson et al. (2015) might
ensure an uninterrupted supply of black liquor. However, taking
the EU forest strategy that proliferates the function of the forest
as a carbon sink (EU, 2021b) into account, the supply of any
lignocellulosic material could be restricted and unlikely to meet
the demand in 2030 on its own.

Non-fossil CO;, can be one of the ingredients for electrofuel
production in Europe (EU, 2018). In Sweden, the biogenic
CO,, feedstock could be recovered from bioenergy point sources
such as paper and pulp mills or biogas plants etc. (Hansson
et al, 2017). In their study of biogenic CO, point sources in
Sweden, Hansson et al. (2017) projected that the sum of all

recoverable biogenic CO; could produce sufficient electrofuel to
cover the entire Swedish transportation demand. However, the
deployment of bioenergy carbon capture and storage (BECCS)
may limit CO, supply. The potential development of BECCS
credits, an acceptable avenue to compensate for hard-to-abate
emissions in the EU (Zetterberg et al., 2021), could constrain the
supply of CO; in the future. In other words, potential biogenic
CO; competition should be taken into account when electrofuel
production is concerned.

Green hydrogen, another ingredient for electrofuel
production, is produced from renewable electricity (EU,
2018). Although the EU Taxonomy Complementary Delegated
Act has classified certain nuclear activities as sustainable
(EU, 2022), whether the projected 2030 Swedish electricity
production grid, which composes of ~30% of nuclear power
(Energimyndigheten, 2021a), is qualified for green hydrogen
production is still debatable. It is worth mentioning that the
additional electricity demand from hydrogen production is
not currently included in the grid expansion planned for 2030,
which is mainly targeting to support road electrification and
societal digitization (Energimyndigheten, 2021a). Moreover,
renewable electricity competition from actors undergoing
fossil-free transitions including steel (Pei et al., 2020), heavy
road transport, maritime (Energimyndigheten, 2021b), cement
(Energimyndigheten, 2021a) and chemical (Fossil Free Sweden,
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2021) are also anticipated. To elude grid power competitions and
at the same time ensure 100% renewable electricity delivery, a
dedicated renewable electricity supply might be a viable option
for hydrogen production in Sweden.

SAF Technology Pathway Selection Step 2: Feedstock
Production Technology

The dependency of feedstock production technology on
feedstock types, technological limitations, TRL, cost and
development of other sectors are explained in this section.

The proposed Swedish national hydrogen strategy
(Energimyndigheten, 2021b) has identified alkaline water
electrolysis (AWE) (TRL 8), polymer electrolyte membrane
(PEM) (TRL 7) and solid oxide electrolyzer cell (SOEC) (TRL
5) as the relevant hydrogen production technologies. Given that
AWE and PEM have similar merits in technical performance and
cost (see Table 1), they are both included in the study. In contrast,
SOEC is rejected mainly due to its technological limitations.

Non-fossil CO; can be captured from the air or bioenergy
point sources. Direct air capture (DAC), despite its site
independency, is rejected as a technological choice mainly due to
its low concentration yields. Monoethanolamide (MEA) or hot
potassium carbonate (HPC), with TRL of 9 and 7, respectively,
are relevant representatives of point source carbon capture

technologies (Fagerstrom et al., 2021). MEA is however chosen
for the study, given that HPC’s cost-effectiveness is tied to specific
applications, which poses a limitation to its use (see Table 2
for details).

SAF Technology Pathway Selection Step 3: Feedstock
Conversion Technology

Fischer-Tropsch (FT) synthesis, as mapped in Step 4 (Section
SAF Technology Pathway Selection Step 4: Fuel Synthesis
Process), is a catalyzed chemical reaction used to convert syngas,
a unique mixture of carbon monoxide and hydrogen (Foit et al.,
2017), to various liquid hydrocarbons (Ail and Dasappa, 2016).
To produce syngas, hydrogen and CO, would be subjected to
a reverse water gas shift (rWGS) process (Schmidt et al., 2018),
whereas lignocellulosic feedstock would need to go through
gasification (Ail and Dasappa, 2016; Jafri et al., 2016).

rWGS, with low technical maturity (EU, 2021a), is the
sole technology available to convert CO, to syngas, which
is also the reason for incorporating the technology into the
system boundary.

Black liquor can only be gasified efficiently with entrained flow
gasification technology (Jafri et al., 2016). A pilot demonstration
of the technology in northern Sweden earlier (Jafri et al., 2016)
is a valuable reference for SAF production. Forest residue
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TABLE 1 | Technological limitations/performance, cost, and development of other sectors that affect the selection of hydrogen production technology.

Hydrogen production
technological options

Reasons for adoption or rejection

Technological Cost Others
limitations/performance

AWE e High production capacity® Relatively low Use case in the Swedish fossil-free
o High maturity? investment cost? steel-making project HYBRIT.C
e Long lifespan® Experiences from the project could
o Lower efficiency? be beneficial for SAF production
o Lower hydrogen purity?
e Long cold start time @

PEM e High efficiency? Higher investment Experts believed that PEM would be
e Fast cold start time® cost compared to the dominant electrolysis technology
e High hydrogen purity? AWE but low in 2030, based on the historical
* Lower production capacity? operating cost? development of installed electrolyzer
e Shorter lifespan 2 capacities.d

SOEC o High efficiency® Higher investment

Less electricity consumption®
Very low production capacity®
Very short lifespan®

Long cold start time ©

cost compared to
AWE?

aFagerstrém et al. (2021).
bZhang et al. (2015).
CVattenfall (2019a).
9Schmidt et al. (2017).
eGrigoriev et al. (2020).

TABLE 2 | Technological limitations/performance, cost, and development of other sectors that affect the selection of carbon capture technology.

Carbon capture
technological options

Reasons for adoption or rejection

Technical

Cost Others

MEA

High absorption rate?

High stability?

Can be fitted with existing
bioenergy plant?

Independent of point sources?
e Low temperature operation?
Low output energy regeneration
possibility 2

HPC High temperature operation®
Output heat regeneration, if
coupled with cogeneration plant®©
e Low absorption rate®

Slow kinetic reactions 2

DAC Site independency?

e Low concentration yields ¢

Relatively low operating cost
but high capital cost?

Technology previously
demonstrated in
conjunction with coal power
plant®

High investment but low
operating cost?

Not beneficial if output heat
cannot be recovered?®

Demonstrated by
Stockholm Exergi but is
coupled with existing heat
and power plant®

High investment costd

4Fagerstrém et al. (2021).
bCousins et al. (2012).
¢Gustafsson et al. (2021).
9Bui et al. (2018).

gasification, on the other hand, is technically mature and can be
done at high efficiency either by fluidized bed or entrained flow
gasification technology (Molino et al., 2018). Given that syngas
yielded from entrained flow gasification contains less char and tar
(Molino et al., 2018), and the use of technology common to black
liquor gasification might be economically beneficial, entrained
flow gasification of forest residue is selected.

SAF Technology Pathway Selection Step 4: Fuel

Synthesis Process

Mapping feedstock with the approved aviation fuel production
standard stipulated by the ASTM D7566 (ASTM, 2021) results
in Fischer-Tropsch (FT) and alcohol-to-jet (At]) being identified
as the eligible processes. Whist lignocellulosic-based SAF or
advanced biofuel can be synthesized with FT and At], electrofuel
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is only approved to be produced from FT for the time being
(EU, 2021a). From the point of commonality, hence cost-
saving perspective, FT is chosen as the fuel synthesis process in
the study.

Assumptions, Cut-Off, and Allocation

The study adopted a cut-off allocation approach, by which the
burden of treating waste material is borne by the primary user
of the material, while recycled materials are available burden-
free (Ekvall et al., 2020). In our case, forest residue is assumed
as waste material with no burden. By the same token, biogenic
CO; is considered a burden-free carbon source, where the flue
gas is assumed treated by the bioenergy plants before release,
and black liquor is assumed as waste material rather than a co-
product. Therefore, bioenergy plants, pulp mills and forestry are
considered external to the system boundary (Figure 4). This cut-
off approach is valid as long as the waste flow remains as waste
and does not assume any economic values. While this approach is
consistent with the Ecoinvent cutoff database (Ecoinvent, 2022),
which is utilized by the study, as well as how the EU (2018)
quantifies the emissions of waste material, it does not consider
the avoided burdens or functions of those waste streams in the
case when kerosene is used instead of SAF. This choice deviates
from the ISO 14044 recommendations where system expansion is
prioritized over allocation (ISO 14044, 2006). On the other hand,
it is in line with the aim of the study which is to quantify, from
the perspective of the fuel user, what impacts can be attributed to
different SAF.

Non-waste by-products of energy processes are allocated
with burden based on their energy content. Allocation applies
to entrained flow gasification of black liquor and FT fuel
synthesis in this study. Details of these processes are presented
in Supplementary Material. It is worth mentioning that there
are other ways such as mass, economic values, exergy and system
expansion to allocate burden. Mass allocation is not used for the
reason that mass cannot be allocated to the electricity by-product
yielded from the FT fuel synthesis process. Similarly, economic
allocation is not employed given that the economic values of
green liquor (a by-product of black liquor gasification) and the
future prices of electricity are largely unknown. Exergy, owing to
a lack of data associated with green liquor, is also not used for
allocation. Finally, system expansion is not considered because it
is uncertain which system(s) the green liquor will be substituting
in future times.

Geographically, feedstock conversion and fuel synthesis
processes are assumed to be located close to the existing oil
refineries on the Swedish west coast, typically Gothenburg and
Lysekil (Figure 6), taking advantage of the know-how from the
industries. According to the prediction of Energimyndigheten
(2021b) and Stenkvist (2021), northern Sweden will be the most
likely location for future wind power and major hydrogen-
dependent projects. Therefore, it might be reasonable to assume a
centralized supply of green hydrogen from the same region in the
future. Biogenic CO; could be captured from high concentration
point sources distributed in the SE3 region as described by
Hansson et al. (2017). Forest residue is presumably transported
from sustainably managed and productive forests in southern

Sweden (SE4 region) while black liquor could be extracted from
pulp mills located in central and southern Sweden (Pettersson
etal., 2015).

Impact Categories

The current study assesses the potential climate impact,
GWPo9 and GWP;, of the future Swedish-produced SAF and
conventional jet fuel. Global warming potential in the time
horizon of 100 years (GWPjgp) is chosen as the assessment
metric, for the reason that it is the most common metric adopted
in climate policy application and LCA assessment (Tanaka et al.,
2010). The 20 years time horizon is selected to investigate
the reportedly elevated impact of short-lived aviation non-CO,
emissions in the use phase of the life cycle (Lee et al., 2021). To
assess the potential well-to-wake (excluding non-CO; emissions)
climate impact at different time scales, ReCiPe 2016 Midpoint (I)
and (H) methods (Huijbregts et al., 2016) are used to evaluate
20 and 100 years time horizons, respectively. Concerning global
warming potential induced by the non-CO, emissions from
aviation, including NOx, water vapor, soot and sulfate, Lee et al.
(2021) investigated the exogenous relationships between aviation
emissions and earth-atmosphere radiation budget. As such, non-
CO;, contributed potential climate impact in the use phase of the
life cycle is quantified with the characterization factor proposed
by Lee et al. (2021). The potential impact attributed to aviation-
induced contrail cirrus is not included in the study due to the
complexity and uncertainty involved in the formations of these
species (Lee et al., 2021).

As emphasized by Algunaibet and Guillén-Gosalbez
(2019), focusing solely on climate change when performing
environmental studies of energy systems may undermine other
impact categories, which could lead to suboptimal decision
making, resulting in potential burden shifting. Previous studies
conducted by Kleijn et al. (2011) and de Koning et al. (2018)
found that low carbon technology is oftentimes metal intensive,
while Yellishetty et al. (2012) stated that human toxicity and
ecotoxicity are impact categories relevant to the minerals and
metals sector. The construction of dedicated wind power plants
and the additional demand for electricity to support the SAF
production (Figures4, 5) could entail urban land use and
higher capacity of the Swedish electricity grid. As such, to
ensure that potential burden shifting is captured by the study,
mineral depletion potential (MDP), freshwater ecotoxicity,
human toxicity, land use and ionizing radiation in the well-to-
pump life stages are also assessed, using the mineral depletion,
freshwater ecotoxicity, human toxicity, ionizing radiation,
agricultural and urban land occupation metrics calculated with
ReCiPe Midpoint (H) method (Huijbregts et al., 2016). Further
justification of the choice of impact categories can be found in
Supplementary Figure S9.

LCA Modeling

The Activity Browser, an open-source LCA software (Steubing
et al,, 2020), is used to model and analyze the results of the well-
to-pump life stages of jet fuel and the various types of SAF. The
potential climate impacts of the pump-to-wake stage of the life
cycles, on the other hand, are calculated manually.
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FIGURE 6 | Map of Sweden with locations of potential SAF production sites, potential feedstock supply sites and location of average Swedish airports.
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Background Systems

The background database and the scenario difference file adopted
in this study are generated from Brightway, an open-source
LCA framework (Mutel, 2017; Steubing and de Koning, 2021).
The database is a combination of Ecoinvent version 3.7.1 and
common IAM data, while the scenario difference file portrays
the TAM Shared Socio-economic pathway “Middle of the Road”
below 2°C scenario (O’Neill et al., 2014) at 2030.

The background database is designed to represent the
generic regional development (Steubing and de Koning, 2021),
in which sectorial progress in any specific country is not
reflected. To portray energy development in Sweden, we add
Swedish electricity production mix data to supply the foreground
systems. To project the Swedish electricity production mix
in the year 2030, the scenario “Electrification” proposed by
Energimyndigheten (2021a) is adopted since the high degree of
sectoral and societal electrification portrayed by this scenario
agrees with the future anticipated by the energy sector (NEPP,
2020). The assumptions made by the “Electrification” scenario

and the dataset used to construct the 2030 electricity production
mix are explained in the Supplementary Material. Additionally,
to align with the cut-off allocation approach described in Section
Assumptions, Cut-Off, and Allocation, where forest residue is
available burden-free, the burden allocated to wood chips in the
dataset of electricity generated by the combined heat and power
plants (CHP) is removed.

As indicated in Figure 4, jet fuel is a part of the background
systems. Dataset for kerosene production in average Europe is
used to represent the conventional jet fuel in the study. Besides
kerosene production, the dataset includes the necessary transport
of kerosene from the production plant to an average European
location, which is assumed to sufficiently cover the distance
to travel to any average Swedish airport. It is also noted that
infrastructure and the associated land use are accounted for by
the dataset; in other words, the foreground systems should reflect
the same scope as kerosene, to ensure the final comparison with
jet fuel is fair.

To represent local transportation, a freight train driven
by electricity is assumed as the default transport mode for
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any distances >300km traveled in Sweden (Schenker, 2020).
Distances <300km and transportation of SAF are covered by
EURO 6 class lorry. Cryogenic tanks are not used for the
transport of hydrogen or carbon dioxide, instead, regular freight
trains or Euro 6 lorry are assumed.

Data for the pump-to-wake life cycles including aircraft
type, the average distance traveled, passenger capacity, fuel
consumptions, emission types and quantities at different phases
of flight are derived from the dataset for various aircraft averages
published by the U.S. Volpe National Transportation Systems
Center (Elgowainy et al., 2012).

Foreground Systems

Technologies included in the SAF technology pathways
(Figure 4) make up the foreground systems. Both AWE and
PEM are hydrogen production technologies that use electric
energy to split water. While AWE utilizes liquid alkaline
electrolytes (Koj et al., 2017), PEM employs a thin solid polymer
electrolyte membrane as an electrolyte (Bareif et al., 2019). MEA
is a post-combustion carbon capture technology that employs
amine solvent to absorb carbon dioxide in the flue gas stream
exited from CO; point sources (Iribarren et al., 2013; Kuparinen
et al,, 2019). While rWGS reaction produces syngas by treating
CO, with hydrogen (Gonzélez-Castafo et al., 2021), entrained
flow gasification converts lignocellulosic material, including
black liquor and forest residue, into syngas (Jafri et al., 2016;
Molino et al., 2018). FT synthesis is a catalyzed chemical reaction
in which synthesis gas is converted into liquid hydrocarbons of
various forms via the use of a reactor with cobalt or iron catalyst
(Ail and Dasappa, 2016).

Future technology scenarios are formulated based on data
obtained from literature and institutional reports review,
focusing on optimization and future development of technology.
Performed per Tsoy et al’s (2020) upscaling framework, data
estimation of MEA carbon capture, rWGS syngas forming,
gasification of black liquor and FT fuel synthesis are conducted
through process simulation data collection. In the case of AWE
and PEM hydrogen production, where process simulation data
are unavailable, manual calculations are employed. Data for
forest residue gasification is estimated based on proxy, given
that a relevant simulated process is identified. Descriptions of
projected scenarios, detailed LCA flow charts, data estimation
and dataset used in LCA modeling for all the technologies
included in the four SAF technology pathways (Figure 4) are
presented in Supplementary Material.

RESULTS

Results of the prospective LCA of the 30% SAE 100% SAF and jet
fuel GWP, ionizing radiation, MDP, land use and toxicity impacts
are presented in Sections Potential Well-to-Wake Climate
Impact and Well-to-Pump Life Cycles. Sensitivity analysis of
uncertain modeling choices is performed and presented in
Section Sensitivity Analysis.

Potential Well-to-Wake Climate Impact

From the perspective of the entire life cycle, the performances of
30% SAF fuels in the GWPyg (between 260 and 263 g CO;_cq/M])
and GWPyqo (between 94 and 97 g CO,_q/M]) categories are
not drastically different from that of jet fuel (290 g CO;_cq/M]
in 20 years and 120 g CO;_.q/M] in 100 years), where a majority
of the impacts are contributed by fuel combustion (Figure 7).
This can be explained partly by the burden from the 70% volume
of jet fuel, but also by the contribution of non-CO; emissions.
In the case when non-CO, impacts are excluded, the GWPy
and GWP of the 30% SAF fuels are calculated to be between
59 and 62 g COz_eq/M]J, and between 58 and 61 g COz_eq/M],
respectively. The corresponding values for jet fuel are 85¢g
COz—eq/MJ in 20 years and 84 g COz_eq/M] in 100 years. The
non-CO; impacts, as seen in Figure 7, are comparable regardless
of fuel types, indicating that the use of SAF is not free from non-
CO; emissions. These impacts are particularly pronounced in
the 20 years horizon (Figure 7), due to the net photochemical
effects of aviation NOg, including increase and reduction of
ozone, methane and stratospheric water vapor, which is ~5.4
times higher than a 100 years consideration (Lee et al., 2021).
Otherwise, all of the 100% SAF types are having minimal impacts
in the combustion stage (excluding non-CO,) when only CO3,
methane and nitrous oxide emissions are included, for the reason
that biogenic CO, emissions are discounted by the ReCiPe 2016
Midpoint (H) and (I) calculation methods.

Even though the well-to-pump phases are not the dominating
contributors to potential climate impact, they are not negligible.
Specifically, the contributions from the production of electrofuel,
SAF (AWE) and SAF (PEM) in Figure 7, are comparable to
jet fuel production. In contrast, the GWP, and GWPjgo of
producing SAF from black liquor (BL) and forest residue (FR) are
notably lower. Well-to-pump contributions to climate impact are
further explained in Section Well-to-Pump Life Cycles.

Well-to-Pump Life Cycles
As illustrated in Figure 8, the average GWPjo of electrofuel
production, SAF (AWE) or SAF (PEM) is not significantly lower
than that of jet fuel production. Analysis of 100% SAF (AWE)
and 100% SAF (PEM) shows that both cases could attribute
over 68% of their GWP to hydrogen production, of which
more than 90% is from electricity generation from dedicated
wind power, owing to the production of steel and concrete
(Supplementary Figures S-10, S-11). About 22% of the GWP is
contributed by the biogenic CO, capture process, where the use
of electricity from the Swedish production mix is identified as the
main contributor. Although a majority of the Swedish electricity
in 2030 would be generated from renewable sources, they are
not completely emission-free when the share of wind power and
hydropower original construction, as well as feedstock to biogas
plants and blast furnaces for iron purification (with electricity
as a by-product), are taken into account. Overall, the intensive
electricity demand for hydrogen production is the main driver of
the GWP of electrofuel production.

In comparison, the GWP of forest residue and black liquor
originated 100% SAF is remarkably low (Figure 8), which can
be largely explained by the assumption that both materials are
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considered as waste and therefore available as burden-free, per
the cut-off allocation principle. By the same token, one could
infer that the global warming potential of captured biogenic CO,
would be higher if the burden from bioenergy production would
be partially allocated to the released biogenic CO,.

From Figure 8, it is clear that the larger the volume of SAF
produced, the higher would the MDP be, regardless of technology
pathways. Cobalt produced for the use as a catalyst in FT
synthesis is identified as the common contributor to MDP for
all the SAF production types. In addition, copper and steel used
by wind turbines for renewable electricity generation contributed
on average more than 50% of MDP from SAF (AWE) and SAF
(PEM) productions.

The potential impact of ionizing radiation increases with the
volume production of electrofuel, with 100% SAF (AWE) or SAF
(PEM) on average having a 220% higher impact than that of jet
fuel (Figure 8). This relatively higher impact of ionizing radiation
could be attributed to the Swedish medium voltage electricity
used to operate the biogenic CO; capturing process, which might
consist of 26% of nuclear power in 2030.

The treatment of scrap copper, used in wind turbines and
wind turbine network connections, is the main reason for
the freshwater ecotoxicity produced by SAF (AWE) or SAF
(PEM) compared to jet fuel (Figure 8). The copper smelting
process employed in making copper cathode, as a part of wind
turbines and network connections, is accountable for the human
toxicity associated with SAF (AWE) or SAF (PEM) production
(Figure 8). The relative impacts of toxicity increase with the
volume of electrofuel production.

Figure 9 shows a potentially higher land use by a larger
volume (from 30% to 100%) of SAF (AWE) and SAF (PEM) in
comparison to jet fuel. The onshore wind turbine is primarily
responsible for the agricultural and urban land use (over 45%
contribution on average) in producing electricity to support the
production of SAF (AWE) or SAF (PEM).

Sensitivity Analysis

This section analyzes the two main uncertain choices identified
based on the results in Sections Potential Well-to-Wake Climate
Impact and Well-to-Pump Life Cycles, namely the allocation rule
and political definition of renewable energy.

Using cut-off allocation, by which all lignocellulosic-based
feedstock considered as waste products are available burden-free,
produces SAF with low life cycle environmental impacts (see
Figures 7-9). However, as clarified in Section SAF Technology
Pathway Selection Step 1: Feedstock Types and Availability
and Figure 5, market conditions and the introduction of new
policy measures could lead to resource competition, a situation
where feedstock like black liquor, forest residue, or biogenic
CO; would no longer be considered as waste and could no
longer be taken for granted as burden-free. To understand
how burden-borne feedstock, in general, would alter the GWP,
MDP, ionizing radiation, land use and toxicity impacts of SAF
production, a sensitivity analysis of 100% SAF (FR) and SAF (BL)
produced from burden-borne forest residue and black liquor is
performed. Assuming forest residue is a commodity, we assign
environmental burden to the feedstock for SAF production as
well as to the wood chips input to CHP that is removed in the
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background systems earlier (see Section Background Systems).
As a co-product of the pulp mills, we allocate the burden to the
black liquor based on its energy content, to be consistent with
the rest of the LCA model (see Section Assumptions, Cut-Off,
and Allocation). Detailed calculations of the allocation factor and
dataset used can be found in Supplementary Material.

Renewable electricity generated from dedicated wind power
and its high demand for hydrogen production appears to
contribute to relatively high GWP, MDP, urban land use and
toxicity impacts when electrofuel production is concerned. If
nuclear power is accepted as an energy source for green hydrogen
production (see Section SAF Technology Pathway Selection Step
1: Feedstock Types and Availability), the potential environmental
impacts of electrofuel production might be different. Hence,
a sensitivity analysis is conducted by replacing wind power
generated electricity with Swedish electricity production mix in
the production of green hydrogen for 100% SAF (PEM).

The results of the sensitivity analysis are presented in Table 3.
When the burden is allocated to forest residue and black liquor,
their GWP and potential agricultural and urban land use are
substantially higher than when they are burden-free, indicating
the potential impact of forestry, the source of forest residue and
pulp, on climate change and land use in general. The effects of
bearing burdens on ionizing radiation, MDP and the toxicity
impacts observed in the burden-borne SAF (FR) and SAF (BL)

can be explained by the electricity usage in the wood chip and
pulp production processes. Compared to jet fuel, the potential
land use impacts and freshwater ecotoxicity of the burden-borne
SAF (FR) and SAF (BL) could be significantly higher.

Replacing dedicated wind power generated electricity with
grid electricity results in an ~12% well-to-pump GWP, 54%
MDP, 92% freshwater ecotoxicity, 4% human toxicity, 13%
agricultural land use and 46% urban land use reduction in SAF
(PEM) production (Table 3). Compared to a 100% dedicated
wind power source, the projected share of wind power in the
electricity production mix is significantly smaller, clarifying the
reduction seen in the analysis. The GWP, human toxicity and
agricultural land use reduction are comparatively lower for the
reason that the electricity production grid consists of multiple
contributing sources to these impact categories, whereas the
larger reduction in MDP, freshwater ecotoxicity and urban land
use can be attributed to the production grid’s less dependency
on wind power. On the other hand, the use of grid electricity
is likely to induce higher ionizing radiation (Table 3) given
the relatively large presence of nuclear power in the projected
Swedish electricity grid. Except for GWPq, the grid electricity-
driven SAF (PEM) could potentially have higher impacts in the
other environmental categories compared to jet fuel.

The ranking of well-to-wake GWPjqg of the different SAF
types does not change despite the changes in allocation rules and

TABLE 3 | Percentage variations in environmental impacts per 1MJ of 100% SAF (PEM)—grid electricity, 100% SAF (BL)—burden borne and 100% SAF (FR)—burden

borne with references to jet fuel, SAF (PEM), SAF (BL) and SAF (FR).
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100% SAF (PEM)—grid -64% -31% 1,420% 656% 381% 439% 139% 122%
electricity
100% SAF (BL) -69% -95% -93% 280% -42% -56% -75% -66%
100% SAF -68% -75% -85% 320% 22% 16% 52,757% 252%
(BL)—burden borne
100% SAF (FR) -68% -86% -93% 367% 2% -36% -36% 34%
100% SAF -66% -52% -74% 448% 107% 9% 124,140% 1,095%
(FR)—burden borne
Percentage variations in environmental impacts with reference to 100% SAF (PEM)
100% SAF (PEM)—grid -2% -12% 373% -55% -92% -4% -13% -46%
electricity
Percentage variations in environmental impacts with reference to 100% SAF (BL)
100% SAF 6% 371% 129% 10% 109% 162% 207,270% 943%
(BL)—burden borne
Percentage variations in environmental impacts with reference to 100% SAF (FR)
100% SAF 9% 243% 248% 18% 103% 70% 193,911% 792%

(FR)—burden borne

SAF (PEM)—grid electricity = hydrogen produced from grid electricity; SAF (BL)—burden borne = burden allocated to black liquor; SAF (FR)—burden borne = burden allocated to

forest residue.
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energy sources (Table 3; Figure 7). From the results of well-to-
pump GWPjqp, it can be seen that even though SAF (PEM) is
still the worst performer among the SAFs, the potential climate
impact of burden-borne SAF (FR) and SAF (BL) is not as
insignificant as their burden-free counterparts.

DISCUSSIONS
Comparing GWP With Earlier Studies

Earlier studies reported by Kolosz et al. (2020), Larson et al.
(2020), Obnamia et al. (2020), Pamula et al. (2021), and Prussi
et al. (2021), etc. compared life cycle GWPjop of different
SAF to that of conventional jet fuel. Based on the feedstock
types and modeling choices, we find that Prussi et al’s (2021)
and Fagerstrom et al’s (2021) studies bear some resemblance
to ours. Prussi et al.’s (2021) assessment of the well-to-wake
life cycle (excluding non-CO; impacts) of forest residue-based
SAF resulted in a GWP1gp of 8.3g COz_eq/M]J, in contrast to
38g CO;-_¢q/M] yielded from our study (Figure?). If non-
CO, impacts are discounted from our evaluation, well-to-
wake GWPjgo of SAF (FR) is calculated as 1.9g CO;_¢q/MJ.
This value is lower because first, our study focuses on site-
specific SAF whereas Prussi et al.’s (2021) represent the global
average where transport contributes to a large part of the GWP.
Secondly, our LCA is prospective and projects technology to
the future commercial scale to avoid overestimation of potential
environmental impacts in 2030, whereas Prussi et al.’s (2021)
study was retrospective. Fagerstrom et al. (2021) studied large-
scale electrofuel production in Sweden and reported a well-
to-pump GWPjgg of Fischer-Tropsch synthesized electrofuel
of 19g CO,_¢q/M], compared to our average 8g CO;_¢q/M]
[SAF (AWE) or SAF (PEM) in Figure7]. Despite the large-
scale production considerations, Fagerstrom et al. (2021) did
not optimize SAF production or consider future times in
the background systems. Given that the values of foreground
technology and background systems projection into the future
captured by our study are not reflected in other earlier
studies, we conclude that a comparison between prospective and
retrospective LCA might not yield any meaningful results.

Non-CO, Emissions

Although the Swedish 30% SAF mandate is termed ambitious,
its potential to mitigate climate change, according to Figure 7,
is marginal. The inherent benefits of SAF, namely the absence
of fossil carbon in the fuel, are only apparent in cases when
air operations are powered by 100% SAF, a level that is yet
to be approved by the regulator (ASTM, 2021). The non-CO,
emissions, on the other hand, are potentially equally impactful
on climate change across the board, signifying aviation non-CO,
effects cannot be eliminated by the sole use of SAF. GWP;
amplifies the significance of the short-lived net photochemical
effect of NOx emissions in the near time horizon. Meanwhile,
the potential impact of aviation-induced contrail cirrus, which
is known to have a strong influence on radiative forcing despite
its short lifespan (Lee et al., 2021), is not included in the LCA.
In other words, the overall GWP of non-CO, emissions could
amount to even higher values than demonstrated in Figure 7.

From the LCA perspective, mitigating non-CO, emissions from
SAF is of utmost importance. Insofar research such as Liihrs
et al’s (2021) proposed climate optimized flight planning to
avoid contrail formation and Freeman et al.’s (2018) assessment
on combustor modification to minimize NOx emissions are all
subjected to tradeoffs in the form of fuel penalty. That is to say,
a tradeoff analysis between short-lived climate forcers and long-
lived greenhouse gas is necessary. Given that the uncertainties
associated with the non-CO, impacts remain high (Lee et al,
2021) and unified methodology to estimate non-CO, cruise
emissions or represent CO,-equivalent emissions metrics are still
lacking, intensifying research effort to tackle these obstacles is
salient if the benefits of SAF are to be realized.

Climate Change Hotspot in Electrofuel

Production

In the well-to-pump life cycle of SAF, steel and concrete used
for wind turbine construction are identified as the climate
impact hotspots for electrofuel, SAF (AWE) or SAF (PEM),
production. Steel and concrete industries in Sweden today are
undergoing fossil-free transitions. If incorporating such changes
in the LCA background scenario, the GWP of wind power
produced electricity is likely to be lower. However, fossil-free
steel and low carbon concrete production would only come
into operation between 2025 and 2040 (Vattenfall, 2019b; SSAB,
2022), making them non-applicable to the 2030 target given
that historically, the new onshore wind farm would take up
to 10 years from approval application to final commission
(Vattenfall, 2022). Alternatively, utilizing electricity from the
Swedish production mix could result in a lower GWP in
electrofuel production due to a lower share of wind power in
the mix (see Section Sensitivity Analysis). On the other hand, the
necessary expansion of the Swedish grid to cover the additional
electricity demand in 2030 (see Section SAF Technology Pathway
Selection Step 1: Feedstock Types and Availability and Figure 5)
is not only a lengthy process (Energimyndigheten, 2021b) but
would also entail an increase in wind turbine construction to
make up for the production volume (NEPP, 2020). In short,
lowering the potential climate impact of electrofuel production
is highly dependent on renewable electricity availability, which
in turn relies on the timely development of the underlying
technologies, such as steel and concrete making. Without speedy
and systematic processes of establishing additional renewable
electricity capacity and carrying out sustainable transitions in
the steel and concrete industries, attaining the desired climate
mitigation effect through large-scale electrofuel production by
2030 might be infeasible.

Potential Burden Shifting Effect

Our analysis shows that even though SAF might outperform
conventional jet fuel in the climate impact category, it could
contribute to a higher environmental impact when other
impact categories such as MDP, land use or toxicity are taken
into account (Figures8, 9). The majority of the indicated
burden-shifting effects are attributable to the use of electricity
generated by wind power, either as an independent source
or as part of the electricity grid. Reducing dependency on
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wind power might alleviate the potential burden-shifting effects.
However, care should be taken when alternative power sources
are considered. Without the additional wind power capacity,
Sweden might have to balance the future electricity demand
(see Figure5) with grid power or an increasing proportion
of EU imports in the electricity consumption mix (NEPP,
2020). While the former could mean a higher impact from
ionizing radiation (see Section Sensitivity Analysis and Table 3),
the latter could imply a larger life cycle climate impact
due to a larger share of electricity generated from coal and
gas (NEPP, 2020). It is clear that each alternative has its
drawback and a tradeoff analysis between potential climate
change, resource depletion and human health could be relevant
support for the eventual choice. Another contributor to the
increasing MDP values is the use of cobalt in SAF production.
Cobalt, however, is arguably the most appropriate Fischer-
Tropsch catalyst for SAF production (Dry, 2002), where further
minimization of its use in the Fischer-Tropsch process is
impractical. Alternative SAF production pathways such as
alcohol-to-jet could be further investigated if the use of cobalt is
deemed undesirable.

Implication of Feedstock Competition
Through the allocation of environmental burden to forest residue
and black liquor, the sensitivity analysis (Section Sensitivity
Analysis) demonstrates that feedstock competition could lead
to higher GWP, ionizing radiation, MDP, toxicity impacts and
land use. In the case of black liquor, it is however a mere
indication of a shift of burden accountability from one sector
to another, rather than an absolute increase in environmental
burden. The potential environmental impacts associated with
“100% SAF (BL)—burden borne” (Table 3) would have been
emitted or used by the pulp mill even if black liquor is burden-
free. This example highlights the limitation of allocation as a
method to account for feedstock competition of co-products.
In the case of forest residue, the analysis provides a reasonable
indication of the possible outcomes of an intentional increase
in the production of waste materials. As seen in Table 3,
while the potential climate impact of the SAF allocated to
burden-borne forest residue is still lower than that of jet
fuel, its potential impacts on land use and toxicity could be
comparatively higher. The observed effects might resonate with
Bryngemark’s (2019) analysis of competition for forest raw
materials, where intense forest feedstock competition could lead
to increased harvest levels, hence higher potential environmental
impacts. Even though quantifying the potential increase in
waste-based feedstock or potential substitutable materials is out
of the system boundary of this study, our LCA illuminates
the risk of higher potential environmental impacts due to the
excessive demand for waste materials, thus highlighting the
need for tight collaboration between sectors that are dependent
on the common feedstock, to avoid any potential feedstock
overuse. Alternatively, other waste-independent SAF technology
pathways might be explored to compensate for the limitations of
the highly competed feedstock in the overall production volume
in Sweden.

Socio-Technical System Approach

The fact that electricity generation, green steel making, fossil-free
concrete or feedstock competitions etc. are hitherto central in the
discussion surrounding SAF production (see Sections Sensitivity
Analysis, Climate Change Hotspot in Electrofuel Production,
Potential Burden Shifting Effect, and Implication of Feedstock
Competition) is a reminder of the complexity of a socio-technical
system and its interdependency on factors beyond its system
boundary (see Section SAF Technology Pathway Selection Step
1: Feedstock Types and Availability and Figure 5). One of the
most important consequences of a systems approach is that
it highlights the fact that fundamental changes are needed in
the way that both SAF production and other industrial sectors
would be affected (Jenkins, 1969). In particular, it demands
that SAF production deployment be carried out on a more
interdisciplinary basis and that industries in Sweden need to be
organized in a more integrated way than before. In this sense, the
systems approach facilitates LCA studies in accounting for the
environmental sustainability of innovative technologies beyond
their technical considerations and incorporating socio-political
perspectives (Lai et al., 2022). Still, we have utilized a rather
limited scope and dimensions of STS in our study, and our
simplified version of actors’ interdependency analysis could well
mean that some actors or interactions are not accounted for.
Also, our approach is purely qualitative and, therefore, does not
include aspects that can be analyzed with quantitative methods,
e.g., quantifying the future availability of feedstock types. For
future research, it might be interesting to integrate the STS
approach in a wider perspective, as well as put more emphasis
on economic and social-cultural actors in the assessment.

Uncertainties

System boundaries, allocation methods, assumptions, technology
projection and scenarios taken in the foreground and
background systems are the main sources of contextual or
model uncertainties in this study. Traditional statistical or
analytical methods used to treat quantitative uncertainty in LCA
are difficult to apply in prospective LCA, where quantification or
statistical evaluation of uncertainties of future unknowns might
be infeasible (van der Giesen et al., 2020). To a minor extent,
uncertainties are treated by assessing different SAF technology
pathways, testing allocation methods, energy sources (Section
Sensitivity Analysis) and the use of expert findings published
in the peer-reviewed literature in the upscaling of emerging
technologies. Still, the results could be different should the
choices of SAF technology pathways, technology projection
methods and background scenarios vary. Thus, for future study,
ranges and extreme scenarios such as fossil-free steel production,
low carbon electricity production mix in the EU or other
IAM shared socio-economic pathways (O’'Neill et al., 2014) to
represent the future background, etc. could be incorporated to
better understand the implications and uncertainty associated
with future development. Furthermore, the collection of
primary data from the SAF value chain, if available, might also
improve the accuracy of the life cycle inventory. The use of
the cutoff approach in which system expansion induced by
potential waste material diversion is not accounted for (Section
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Assumptions, Cut-Off, and Allocation) is a limitation of the
study, particularly when system expansion is prioritized by ISO
14044 (2006) over allocation. Hence, we suggest that sensitivity
analyses to understand the implication of system expansion,
due to diversion of feedstock and substitution effect of co-
products from SAF production, to be incorporated in the future
LCA of SAF.

CONCLUSION

The study aimed to explore SAF technology pathways and
quantify, from the perspective of fuel user, the potential
environmental impacts that can be attributed to different SAF. A
STS approach was employed to identify the future Swedish SAF
feedstock options, hence leading to technology pathways, and a
prospective LCA was performed to compare the life cycle global
warming potential, mineral depletion potential, toxicity impacts,
land use and ionizing radiation of jet fuel and SAF stemming
from different technology pathways. Our analysis employs a
cutoff approach to assume that the waste material such as forest
residue and black liquor are available as burden-free resources,
in which the impacts of potential feedstock competition or
potential substitution effects induced by feedstock diversion are
not quantified. This approach does not capture the system-wide
consequences of the use of lignocellulosic-based SAF but rather
answers the question “what impacts can be attributed to different
SAF?”, applying the same system scope and delimitations as
that of for instance the Ecoinvent cutoff database or the EU
Renewable Energy Directive.

The potential climate impact attributed to non-CO; species
emitted during aircraft operation through the combustion of
jet fuel or SAF dominated the analysis of the life cycle global
warming potential of the aviation fuels, particularly in the
short time horizon. The fact that SAF is not free from non-
CO, emissions prompted the urgency for further research
and development, as well as policy measures to mitigate the
potential impacts contributed by the non-CO, species. Efforts
to unify methodology in estimating non-CO, cruise emissions
from different types of SAF and devising metrics to represent
such emissions are sought to both improve the understanding
of SAFs life cycle global warming potential and facilitate
decision making.

Electricity generated by wind power, utilized either as a
dedicated source or as part of the electricity grid, was identified
as the major contributor to electrofuels’ life cycle global
warming, mineral depletion potential, toxicity impacts and land
use potential. From a socio-technical system perspective, it is
no surprise that steel, copper and concrete industries were
found to be part of the underlying causes of electrofuels’
less-than-desired environmental performance given that wind
turbine construction was tied to these industries. The use
of grid electricity might reduce the demand for mineral
resources but could incur higher ionizing radiation. The potential
environmental impact of future electrofuel production depends
on whether and to which extent steel and concrete industries

can become more environmentally sustainable as well as whether
Sweden can meet the increasing demand for renewable energy
in the future and address future tradeoffs. As long as the
underlying systems or technologies are not fossil-free or low
carbon, electrofuel production in Sweden might not achieve the
life cycle environmental performances as desired.

Under the assumption that no burdens are allocated to
waste material used as feedstock, lignocellulosic-based SAF
could have a better environmental performance compared to
jet fuel. In the cases when waste materials are attached with
economic values, the potential environmental impacts including
land use and toxicity allocated to the lignocellulosic-based
SAF could exceed that of the jet fuel. For that matter, to
take advantage of the potential environmental superiority that
the lignocellulosic-based SAF could offer, a tight collaboration
between waste feedstock users is suggested to avoid over-
exploitation of resources.

Conceptualizing SAF feedstock supply as a sub-segment of a
STS was a fruitful approach, showcasing how fuel feedstock could
be wrapped in a web of relations with other agents as well as
how co-evolution of several industrial sectors could unfold. In
general, a STS approach could be beneficial for any technology-
centric studies, underscoring the significance of cross-sectorial
and interdisciplinary collaborations. Nevertheless, our use of the
STS approach was limited and experimental in the current study,
opening new avenues for future research. We encourage other
scholars to join the debate and develop wider methodological
approaches employing various STS approaches in LCA studies.
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