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ARTICLE INFO ABSTRACT

Keywords: Sustainable aviation fuels (SAFs) represent the short-term solution to reduce fossil carbon emissions from
Decarbonisation aviation. The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) was globally adopted
Aviation

to foster and make SAFs production economically competitive. Fischer-Tropsch synthetic paraffinic kerosene (FT-
SPK) produced from forest residue is a promising CORSIA-eligible fuel. FT conversion pathway permits the
integration of carbon capture and storage (CCS) technology, which provides additional carbon offsetting ca-
pacities. The FT-SPK with CCS process was modelled to conduct a comprehensive analysis of the conversion
pathway. Life-cycle assessment (LCA) with a well-to-wake approach was performed to quantify the SAF’s carbon
footprint considering both biogenic and fossil carbon dynamics. Results showed that 0.09 kg FT-SPK per kg of dry
biomass could be produced, together with other hydrocarbon products. Well-to-wake fossil emissions scored 21.6
gCO4e per MJ of FT-SPK utilised. When considering fossil and biogenic carbon dynamics, a negative carbon flux
(-20.0 gCO2eMJ 1) from the atmosphere to permanent storage was generated. However, FT-SPK is limited to a
50 %mass blend with conventional Jet A/A1 fuel. Using the certified blend reduced Jet A/A1 fossil emissions in a
37 %, and the net carbon flux resulted positive (30.9 gCO2eMJ1). Sensitivity to variations in process as-
sumptions was investigated. The lifecycle fossil-emissions reported in this study resulted 49 % higher than the
CORSIA default value for FT-SPK. In a UK framework, only 0.7 % of aviation fuel demand could be covered using
national resources, but the emission reduction goal in aviation targeted for 2037 could be satisfied when
considering CCS.

Sustainable Aviation Fuels
CCs

Lifecycle assessment
Net-negative emissions

the total global anthropogenic CO» emissions, close to twice as much as
the total emissions of the UK. However, if no action is taken, interna-
tional aviation is forecasted to become the second-largest emitter by
2050 due to the continuous rise in air transport demand and the emis-
sions reduction achieved in other sectors undergoing decarbonization
efforts [8].

Many countries, including the United Kingdom, have committed to
climate change mitigation by shaping trajectories towards a net-zero
emission scenario that is targeted to be a reality by 2050 [10,11]. In
2019, the UK reported 40 % reduction in net GHG emissions when
compared to 1990 levels [9]. Fig. 1 (a) shows the sectors sorted by GHG
emissions contribution, including their emissions levels in 1990. Fig. 1
(b) indicates the percentage change in emissions for that period. While
some sectors, such as waste disposal, energy (electricity and heat) supply
and industrial processes, have started to decarbonize, international
aviation has had the largest percentage growth in emissions (139 %).
This trend was only disrupted by the COVID-19 lockdown measures.

1. Introduction

International commercial aviation provides the only rapid world-
wide transportation network. The International Civil Aviation Organi-
zation (ICAO) estimated the number of passengers to be about 4.5 billion
in 2019, equal to 8,686 billion revenue passenger kilometres (RPK) [1].
International aviation passengers have almost quadrupled since 1990
[2]. Only the existing mobility limitations due to the COVID-19
pandemic caused air traffic activity to fall by 66 % in 2020 [3] and
58 % in 2021 [4] compared to 2019 RPK levels. However, those effects
were only temporary. Global air traffic is projected to increase between
4.3 % and 4.6 % annually in RPK compared to pre-pandemic values [4].

The strong reliance of aviation industry on petroleum-based liquid
fuels, and the ongoing surge in demand, has led to a relentless growth in
the GHG emissions generated by this sector [5,6]. Globally, aviation was
responsible for 915 Mt of CO5 in 2019 [7]. This is approximately 2 % of
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Nomenclature

Lowercase
odt oven dry tonnes
p.a. per annum

Uppercase
ASF Anderson-Shulz-Flory
ASTM  American Society for Testing and Materials

ASU air separation unit
B carbon balance
BTX benzene, toluene, and xylene

CAEP Committee on Aviation Environmental Protection

CCGT  Combined cycle gas turbine

CCS carbon capture and storage

CDR Carbon dioxide removal

CEF CORSIA-eligible fuels

CORSIA Carbon Offsetting and Reduction Scheme for International

Aviation
DEPG Dimethyl ether polyethylene glycol
F specific carbon mass flow (g CO2e MJ SAFY)
FT Fischer-Tropsch

GHG greenhouse gas
GREET  Greenhouse Gases, Regulated Emission and Energy use in

Technology
HC hydrocarbon
IATA International Air Transport Association
ICAO International Civil Aviation Organization
ILCD International Reference Life Cycle Data System
IPK isoparaffinic kerosene
IRA Inflation Reduction Act

ISO International Organization for Standardization
JRC Joint Research Center European Commission
LCA lifecycle analysis

LCIA lifecycle impact assessment

LHV low heating value (MJ kg_l)

LSy lifecycle emissions value (gCO.e/MJ)
LTFT low temperature Fischer-Tropsch

MIT Massachusetts Institute of Technology
NDC nationally determined contribution

NE net emissions

RPK revenue passenger kilometres

SAF sustainable aviation fuel

SPA solid phosphoric acid

SPK synthetic paraffinic kerosene

UK United Kingdom

uUs United States

WGS water gas shift

Subscripts

AO aircraft operation

BS biological sequestration

BSC biomass supply chain

CCSi carbon capture and storage infrastructure
CcS stored carbon

CT conversion technology

e equivalents

JA1 jet Al supply chain

out outlet

raw unprocessed material

torr torrefied

TOT total

The International Air Transport Association (IATA) committed in
2009 to approach reducing emissions by setting three main goals as
illustrated in Fig. 2: improve fuel efficiency by 1.5 % annually to 2020,
cap net emissions through carbon-neutral growth from 2020 and halve
CO emissions by 2050 taking 2005 data as a reference [12].

Progress in fuel efficiency has been made. The average fuel
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consumption decreased by 24 % on a fuel passenger km™! basis be-
tween 2005 and 2017 [15]. A myriad of studies is focused on improving
aeroplane fuel efficiency. Evolutionary aircraft technologies try to
innovate the current tube-and-wing aircraft with jet fuel-powered
turbofan engines to improve aerodynamics [16,17], using new jet en-
gine architectures [18,19] or including advanced aircraft systems

International aviation
International shipping
Domestic transport
Agriculture

Residential and commercial
Industrial processes

Energy supply

LUC and Forestry

Waste management

Total net emissions

(b)

Fig. 1. Nationally determined contribution (NDC) of the UK by sector, reported for the reference year (1990) and the latest year reported (2019), in (a) absolute
emissions by sector in 1990 (black) and 2019 (grey) and (b) percentage change of each sector between 1990 and 2019 [9]
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Fig. 2. Net emissions from commercial aviation [13] and international aviation. The estimated reduction in CO2 emission in international aviation (long-haul flights)

is shown in coloured areas [14].

[20,21]. These technologies are expected to reach a 30 % improvement
in fuel efficiency by 2030, when compared to 2005 numbers. Beyond
such innovations, efficiency improvements are likely to plateau [22].
This reduction is insufficient to accomplish the 2050 goal set for avia-
tion. Aircraft technology research investigates alternatives to conven-
tional aircraft that could bring major emission reductions in the long
term, such as innovative airframe designs [23,24], revolutionary ma-
terials [25], improved fuel additives [26] and fuel formulation [27], or
novel jet propulsion technologies [28]. In addition, upgraded opera-
tional efficiency can reduce fuel consumption while improving airline
economy [29].

To rapidly transition to low-carbon aviation, finding energy vectors
that can substitute conventional fossil-based aviation fuels is essential.
Kerosene, the conventional fuel used in aviation, is produced from the
distillation of crude oil. Jet fuel is composed of Cg — C;6 hydrocarbons,
alkanes, iso-alkanes, naphthenic or naphthenic derivatives and aromatic
compounds, providing the properties required to operate a jet engine
under the aircraft’s changing conditions [30]. The aviation industry
needs a short-term drop-in fuel solution to ensure the initial compati-
bility of alternative fuels with the current engines, aircraft fleet and fuel
distribution systems.

Globally, about 60 % of CO, emissions from civil aviation are pro-
duced by aircrafts with a gross take-off mass above 45 t and operating at
average stage lengths above 6,500 km [31]. This makes long-haul flights
the main emitters of the aviation sector. Similarly, the UK reports 60 %
of the UK’s aviation emissions from flights with ranges above 5,000 km
[8]. Carbon-free alternatives to conventional jet engines, namely electric
(batteries), hydrogen or ammonia propulsion, are restricted by their
inferior energy content per unit mass, showing limitations on take-off
weight and maximum range [32,33]. Fully operational aircrafts using

these technologies are not expected to become feasible alternatives for
at least 25 years [34-37]. Additionally, nuclear and/or renewable
electricity generation capacities would need to increase significantly,
either to operate turboelectric engines or to produce green hydrogen, so
that the CO5 emissions generated by the alternative technologies do not
outscore fossil kerosene operation [31].

Therefore, as shown in Fig. 2, the largest contribution to the decar-
bonisation of commercial aviation in the short to medium term is ex-
pected from using sustainable aviation fuels (SAFs), such as biofuels and
e-fuels [38-40]. Aviation biofuels are biomass-derived synthetic paraf-
finic kerosene (SPK) suitable to be used directly or blended with con-
ventional fuel. Multiple technologies have been investigated to produce
SAF from a great number of feedstocks [41-43]. It is assumed that the
emissions over the fuel lifecycle can be reduced when produced from
sustainably sourced biomass. Besides, advanced aviation biofuels are
likely to have low sulphur content, low tailpipe emissions, high thermal
stability, good cold flow properties and show compatibility while
achieving an enhanced performance on conventional engines. SAFs
utilisation can save over 70 % of CO, emissions on a lifecycle basis and
support net-zero targets when carbon dioxide removal technologies are
integrated into the production process [44]. Thus, conventional aircraft
comprising jet combustion engines fuelled with biobased SAF, improved
fuel efficiency, and optimised flight operation can represent the most
promising short-term strategy to achieve emission savings for long-haul
flights.

Nevertheless, policy intervention is required to incentivise aviation
stakeholders to reduce air transport’s carbon footprint. The range of cost
for SAFs is currently wide and technology-dependant, which can
quadruple the cost of Jet A fuel [45]. Since fuel purchase constitutes
between 20 % and 30 % of an airline’s total expenditure [46], closing
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the price gap is needed not to compromise economic performance. In
this regard, the US incorporated a subsidy programme for SAFs in the
recent Inflation Reduction Act (IRA) introduced a $1.25 tax credit per
gallon of SAF reducing 50 % lifecycle emissions compared to fossil jet
fuel [47]. Furthermore, global market-based measures have been
introduced, including GHG emission caps, trading systems, and off-
setting schemes [48]. ICAO recently promoted the Carbon Offsetting and
Reduction Scheme for International Aviation (CORSIA), Which aims to
freeze net emissions to 2020 levels [14]. As a contracting state of ICAO,
the UK has committed to implementing CORSIA. In addition to these
schemes, national governments are also promoting policies to cap
emissions of both domestic and international flights. For example, the
UK’s Sixth Carbon Budget commits to reducing the UK’s emissions to 78
% below the 1990 level by 2035, for the first time, including interna-
tional aviation and shipping emissions [49].

One of the methods for an airline to claim emissions reduction is
using CORSIA-eligible fuels (CEF). To be CORSIA eligible, the fuel must
be derived from sustainable feedstocks approved by the Committee on
Aviation Environmental Protection (CAEP) and be produced using fuel
conversion pathways accepted by the American Society for Testing and
Materials (ASTM). These requirements make CEF and SAF similar con-
cepts. The CORSIA program lists default lifecycle emissions values for
any CEF [50]. The CORSIA pilot phase started with voluntary partici-
pation in 2021 and becomes a mandatory scheme for most states in 2027
[51].

The aim of this research was to investigate the Fischer-Tropsch
Hydroprocessed Synthesized Paraffinic Kerosene (FT-SPK) pathway,
an ASTM-certified route to produce jet fuel from renewable and non-
renewable feedstocks and catalogued as CEF when waste wood is used
as feedstock. CORSIA default lifecycle emissions values for this route do
not consider carbon capture and storage technology (CCS) as part of the
process. This approach’s novelty was challenging the common
assumption for biogenic carbon accounting as climate neutral and
include it in the assessment. This will allow to assess and quantify the
additional environmental impact mitigation originated from integrating
CCS in the FT-SPK production process, which creates a negative carbon
flow from the atmosphere to a geological storage [52]. Process model-
ling and lifecycle assessment methodologies were implemented to
evaluate process performance accurately and monitor carbon dynamics
along the entire SAF supply chain. With this, the objectives of this paper
are to:

e Using carbon capture and storage technology, evaluate the theoret-
ical performance and compute the lifecycle emissions of converting
forest residues to sustainable aviation fuel.

e Identify key parameters from the process and assess their effect on
the lifecycle emissions score.

e Compare the results from this study to the CORSIA default lifecycle
emissions for airlines to certificate emission reduction by using this
type of fuel.

e Make policy recommendations for decarbonising international
commercial aviation.

The UK’s Royal Society has recently brought attention to a lack of
comprehensive assessment in determining the carbon balance linked to
the production of aviation fuel from biomass [45]. Techno-economic
and environmental assessments for e-fuels and oil-to-jet technologies
can be found in literature [40,53-55]. However, to the best of authors’
knowledge, this is the first work developing a complete and detailed
model in a validated and robust process simulation software (Aspen
Plus) for the FT-SPK route for SAF production from wooden residue,
which includes feedstock pretreatment, biomass-conversion process,
carbon capture and storage, upgrading stages, SAF yield maximization
processes and auxiliary unit operations. The work examined the un-
derpinning engineering process/steps, and integrated a comprehensive
lifecycle assessment, with a well-to-wake approach, founded on the
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developed process modelling and an aircraft operation model to esti-
mate the produced fuel performance in a jet turbine. This research
pretends to be transparent and make traceable any impact contribution
to the SAF final score, so that the recommendations and conclusions
generated from this study are based on a strong scientific methodology
and involve high confidence.

2. Materials and methods
2.1. Assessment methods

A whole supply chain approach was taken, assessing all relevant
lifecycle stages as shown in Fig. 3. This included supply chain activities
from biomass growth to SAF consumption during aircraft operation,
considering carbon fluxes from fossil and biogenic sources. This is
essential when considering incorporating carbon dioxide removal (CDR)
technologies in the SAF production process to capture some of the CO,
and reduce aviation’s emission impact. The different supply chain stages
included forest growth and management, wood residue sourcing, feed-
stock pre-treatment, FT conversion process, fuel upgrading, aircraft
operation, CO capture and storage/use, and any transportation
required to connect consecutive supply chain stages.

The applied methodology combined process modelling and lifecycle
assessment (LCA). Feedstock pre-treatment and SAF production via FT-
synthesis with carbon capture were modelled using ASPEN Plus. The
designed model allowed a detailed analysis of such a complex process,
thus enabling sensitivity analysis capabilities and optimisation poten-
tial. The resulting mass and energy balances, biomass-to-SAF yield, CO,
removal fraction and resulting energy penalty, and heat and power de-
mand defined the whole process. Process modelling outputs were
incorporated into the encompassing LCA. The impact of technical pa-
rameters and process configurations on the SAF’s net emissions score
was evaluated to test sensitivity on the carbon emission reduction ach-
ieved for international aviation.

A detailed estimation of the economic performance of this process
was beyond the scope of the present work. However, the cost for SAF
through the chosen technology pathway was compiled from the litera-
ture and accounted for in the final recommendations for decarbonising
international aviation.

2.2. Biomass feedstock

Biomass captures CO2 from the atmosphere as it grows. Utilizing
sustainable biomass as the feedstock for FT synthesis has the potential to
diminish the emission impact of SAF. Promising sources for efficient
thermochemical conversion to SAF include woody and herbaceous pe-
rennials such as poplar, miscanthus, and switchgrass, as well as woody
biomass residues like forestry and sawmill by-products [38,56,57]. In
this study, low-quality wood, forestry, and sawmill residues were
considered suitable feedstocks for SAF production.

The availability of small, low-quality roundwood, sustainably
sourced forestry residues and sawmill residues is estimated between 2.7
and 3.3. Mt p.a in the UK [52,58]. Considering possible other uses for the
woody feedstock, it is projected that between 1.0 and 2.0 Mt p.a of these
resources could be available for bioenergy. The use of accessible residue
would minimise the land-use change penalty from this activity.

In the UK, conifers cover around 51 % of the woodland area. Pine
species (Sitka spruce, Scots pine and Larches) account for 80 % of the
UK’s conifers [59]. Thus, pine wood is assumed as feedstock for SAF
production, and Table 1 shows the feedstock characterisation.

2.3. Description of the SAF process
This section describes the whole biomass-to-SAF conversion process

via the Fischer-Tropsch pathway. The conversion includes the feedstock
pre-treatment through torrefaction, followed by gasification, syngas
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Fig. 3. SAF supply chain. The resulting balance of CO2 sinks (blue arrow) and sources (red arrow) will determine the net GHG emissions balance of the system.

Table 1
Proximate and ultimate analysis for raw and torrefied pine wood.

Pinewood Torrefied pinewood

[60,61] [62,63]
Moisture 48.50(64] 7.47
Volatile content (VC) 85.47 56.87
Fixed carbon 14.23 42.77
Ash 0.30 0.36
C 47.95 53.12
H 6.03 7.09
N 0.72 0.86
S 0.00 0.00
O (difference) 45.00 38.57
Low heating value (MJ kg™?, dry 16.95 20.34

basis)

cleaning and conditioning, CO, absorption, FT synthesis, biocrude
fractionation and upgrading and auxiliary energy generation. Fig. 4
shows the unit operations of the designed process. A detailed flowchart
can be found in the Supplementary material (Figs. S1-512).

The plant capacity considered for this study had a biomass input of
145 t h™!. Therefore, continuous operation of this plant during a year
(8,760 h year ) would consume 1.27 Mt p.a. of feedstock. Hence
enough domestic feedstock would be available if directed to SAF pro-
duction at assumed capacity.

2.3.1. Biomass pre-treatment

Wood residues need to be dried and milled before gasification. Pine
wood’s average relative moisture content is 48.5 mass % [64]. At this
condition, the feedstock needs to be dried to reduce moisture to a
maximum of 20 mass %, but preferably 15 to 10 mass % to make it a
suitable feedstock for gasification [65,66]. Commonly, residues are not
dried [67], which implies that pre-treatment is necessary before the FT
process.

The particle size of wood must also be reduced to achieve an effective
thermochemical conversion. Depending on the technology selected for
gasification, wood chips are broken down to a maximum particle size.
Entrained flow gasification was considered, for which biomass needs to
be pulverised before being fed into the gasifier [68]. Hence particles

must be smaller than 100 pm. A vibration mill was selected to reach that
optimal particle size [69].

To save energy at powdering and improve gasification performance,
the wood chips are pre-dried in a rotary kiln at 120 °C and torrefied in a
multiple hearth furnace at 275 °C [70,71]. Torrefied wood significantly
reduces the energy consumption for grinding and pulverisation,
requiring only 20 % of the energy compared to dry wood milling [72].
Two closed water cycles for indirect heating using superheated steam at
pre-drying (1 bar) and torrefaction (6 bar) were assumed to reduce the
water footprint of the process. The heat integration allowed to use of
excess heat produced downstream at the FT reactor to supply the tor-
refaction stage. Some of the separated CO, at downstream stages was
used as carrier gas.

Pre-drying reduced the moisture content of biomass to 18 %. During
torrefaction, water (70 %) and volatiles (26 %) mass loss occurred,
altering the chemical composition of wood[59]. The characterisation of
torrefied pine wood is shown in Table 1. The composition of the
resulting torrefaction gas was consulted in literature and compiled in
Table 2.

2.3.2. Thermochemical conversion: Biomass gasification

Gasification converts biomass to syngas, which is the precursor for
FT synthesis. Entrained flow gasification is a very efficient technology
for biomass gasification, suitable to process biomass with high conver-
sion rates of up to 99 % [74]. The considered plant size [66], the feed-
stock input is above 1,600 odt day . Entrained flow gasifiers operate at
high temperature and pressure conditions, ranging between 1,250 —
1,600 °C and 2.0 — 8.5 MPa. These extreme operating conditions allow
clean and tar-free syngas production [75]. Oxygen is employed as a
gasification agent to reach those high temperatures and reduce down-
stream equipment sizes at an equivalence ratio of 0.3 [64]. Soot and ash
are undesired by-products of entrained flow biomass gasification that
melt and cause fouling and corrosion [74,76,77]. Therefore, a water-
cooling system was considered, consisting of a first radiation screen to
recover heat and subsequent water quenching to solidify the ash and
soot sludge recovered at the bottom of the equipment. Particles from the
water-saturated and tar-free syngas leaving the gasifier are removed in a
ceramic filter. The syngas is then sent to the conditioning step. The
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following water gas shift (WGS) reaction occurs in a catalytic packed-
bed reactor at 300 °C adjusted with the H2:CO mole ratio to 2:1 to
satisfy FT synthesis optimal conditions [78].

2.3.3. Carbon dioxide removal unit

A commercially proven physical absorption technology is the Selexol
process. Dimethyl ether polyethylene glycol (DEPG) is used as solvent
for pre-combustion CO capture to treat the high-pressure syngas [79].
This process can achieve up to 95 % carbon capture efficiency [80].
Physical absorption is based on Henrys law. It depends on the COx sol-
ubility in the solvent with no chemical reaction. The high pressure of
input syngas facilitates subsequent non-thermal solvent regeneration
[77]. Syngas is first cooled to ambient temperature, and the decanting
water is removed before entering the absorption column. Countercur-
rent flow is implemented to improve the gas-solvent contact. The rich
solvent from the column bottom is regenerated using two flash drums
that regenerate the CO2 with consecutive adiabatic expansions. The lean
solvent is then pressurised and recycled back to the absorption column.
Purge and make-up solvent flow is accounted for to avoid solvent
saturation. The sulphur content of selected biomass is negligible. How-
ever, DEPG would absorb any sulphur from syngas if another type of
biomass was used, thus preventing FT catalyst poisoning in the subse-
quent synthesis stage [81].

2.3.4. Fischer Tropsch island

The syngas exiting the CDR unit undergoes an FT reaction, i.e. a
catalysed reductive polymerisation of carbon monoxide that produces
straight-alkanes, ranging from methane to high-melting paraffins, as
primary products [82]. Product distribution depends on the catalyst, the

water evaporation inside cooling pipes immersed in the slurry [86],
enabling using that heat for other processes. A precipitated iron-based
catalyst under low-temperature FT conditions and high pressure was
selected to enhance the reaction yield to aviation fuel carbon range, i.e.
C10-C14 [87]. A fraction of the light gases leaving the reactor is recy-
cled to maximise HC production to achieve a carbon monoxide con-
version of 0.9 [88]. The produced liquid FT hydrocarbon blend is then
sent to the fractionation stage.

2.3.5. Refining and upgrading

The FT products must be further processed to reach aviation fuel
specifications. A fractionated distillation column separates the biocrude
into different compounds. One of the product fractions obtained is
synthetic paraffinic kerosene since LTFT produces a highly paraffinic
fuel with a very low or no aromatics content [89]. Unavoidable
byproducts are also obtained, namely light gases (C1-C5), naphtha (C5-
C9), diesel (C14-C20) and wax (>C20) fractions.

Light gases from the FT reactor and distillation column undergo an
oligomerisation process to maximise the yield of SAF. A cryogenic sep-
aration (about —80 °C) is required to recover the C3-C5 fraction from the
light gases. An auxiliary ethylene refrigeration system, combined with a
turboexpander-compression train to reduce the energy input, is
considered [90]. The C3-C5 fraction is recovered by distillation and sent
to the oligomerisation reactor. A packed bed reactor with solid phos-
phoric acid (SPA) on kieselguhr as catalyst was selected to perform the
reaction at 200 °C and 2.5 MPa [91]. The hydrocarbon (HC) product is
highly branched with a high proportion of kerosene’s range that is
recovered in a fractionated distillation column [92,93].

The FT wax fraction underwent hydrocracking to produce an addi-
tional SAF stream and improve the economics of the Fischer-Tropsch
technology [94]. A trickled-bed reactor using a bifunctional catalyst
comprising platinum in a silico-alumina matrix was considered. This
operates at 320 °C in a high-pressure hydrogen environment (3.5 MPa)
[95]. Part of the excess hydrogen is recovered and recycled. High con-
version for the wax feed (80 %) can result in a branched product with a
major SAF length-chain fraction [96]. A final fractionated distillation
column separates the hydrocarbon product blend obtained into the
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different fuel fractions.

Adequate distillation range and degree of isomerization are essential
for aviation fuel to achieve a low freezing point and optimal cold-flow
properties during the cruise flight phase [94]. Synthetic paraffinic
kerosene from FT synthesis enters the upgrading stage, a hydro iso-
merisation process that converts the predominantly linear hydrocarbons
into branched isoparaffins suitable to operate aviation turbines (IPK).
The feed stream comprising the previously obtained SAF product
streams is mixed with hydrogen and heated to the reaction temperature.
A fixed bed isomerisation reactor operates in a hydrogen once-through
configuration at 250 °C and 2 MPa, with a sulphided Pt-ZrO2/AI1203
catalyst [97]. At these conditions, isomerisation and hydrocracking re-
actions occur simultaneously [98]. A light gas stream is sent to a gas
turbine, and the isomerised SAF stream is obtained as the final product.

2.3.6. Auxiliary blocks

An air separation unit (ASU) and a combined cycle gas turbine
(CCGT) were included in the studied process. The ASU supplies the high-
pressure oxygen stream required for the entrained flow gasification and
the low-pressure oxygen needed for oxidizing the carbon monoxide and
hydrogen unavoidably captured together with the CO5 at the CDR unit.

The light gases obtained during the conversion process stages are
mixed and used as fuel for a combined cycle CCGT [99]. The design of
the turbine must be tailored to operate the gas mix. The unit produces
electricity to cover part of the power demand from the process. Flue
gases are vented into the atmosphere.

2.4. Process modelling

The complete FT process outlined above was modelled as a contin-
uous stationary process in Aspen Plus. The overall aim of the process
modelling was to accomplish a thermodynamic equilibrium calculation,
which predicts the thermodynamic limits of the biomass conversion
process. This is an approximation. The equipment’s design was not
included since equilibrium cannot be reached under normal operation.
However, the process modelling can determine the components’ for-
mation, consumption and separation and set yield limits [100]. Aspen
Plus was used to create a digital study. Material and energy balances
were carried out using Aspen Plus capabilities, including accurately
describing pure components’ physical and chemical properties, complex
mixtures, and rigorous unit procedure models [101]. The modelling was
also supported with Fortran user block models when required. The
process modelling allowed the evaluation of the plant’s behaviour with
various operating conditions and performance parameters. The Sup-
plementary material contains both unit operation parameters and sup-
porting codes in section S.1.

Raw pine wood entering the process has the composition compiled in
Table 1. A rotary dryer and multiple heath furnaces were modelled as
stoichiometric reactors. A Fortran block was implemented to calculate
the conversion to achieve the final moisture content from drying. Tor-
refaction was modelled developing an empirical stoichiometric reaction
(Eq. 1), that was obtained performing an atom balance based on liter-
ature data previously mentioned, i.e. raw and torrefied pine wood
compositions (Table 1) [60-63], mass loss (moisture and volatiles)
occurring, and generated torrefaction gas composition (Table 2) [73].
The gas stream produced was separated using flash units. At the same
time, the auxiliary water/steam closed cycles were modelled using a
combination of pump and heat exchangers.

Pine;y—0.7420Pine;o: + 0.0070H,0 + 0.00160, + 0.0012CO + 0.010CO,
+ 0.0002CH,(1).

Gasification was modelled assuming that product gases from biomass
devolatilization can be calculated from its elementary composition, i.e.
ultimate analysis [56]. For this purpose, a yield reactor with a calculator
block was used to decompose torrefied wood into ash, moisture and
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elementary components (C, H, O, N, S). Subsequently, an RGibbs unit
calculates the Gibbs equilibrium, restricted to a temperature —10 K
below the gasifier’s temperature [77], to estimate the producer gas
composition. To cool the syngas, a heat exchanger represents the water
radiation section producing steam for drying/torrefaction. The water
flow, added in a second heat exchanger representing the quench, was
computed with a calculator block so that the heat removal from direct
contact and water evaporation is enough to solidify the slag[102] and
cool the gas to 300 °C. A Cyclone and a Sep block separate the solidified
slag and the remaining particles from the gas. Then, an equilibrium
reactor (REquil) modelled the WGS reactor, using a calculator block to
compute the extra steam flow needed to reach an H,O/ input ratio of 1:1
at the reactor to enhance the forward reaction to hydrogen [103,104].

The following stage is the CDR process. A RadFrac block model with
neither condenser nor reboiler simulates the CO5 absorption in DEPG
with a solvent/CO, feed mole ratio above 2:1. A medium-pressure flash
(1.1 MPa) and low-pressure flash (0.1 MPa) were used to expand the rich
solvent and desorb the CO,. The lean solvent was then recompressed and
recycled. A small part of the CO and Hy was also captured with the
solvent and desorbed within the COs-rich stream. That stream was
oxidized in combustion with oxygen to convert the present CO into CO,.
Then, four compression stages with intercooling and water decanting
units were employed to reach the supercritical CO; state and have it
ready to enter the pipe leading to geological storage [56].

The CO,-free syngas was sent to the FT synthesis reactor. A calculator
block (Excel based) computed the Anderson-Shulz-Flory (ASF) mathe-
matical model and estimated the FT product distribution [90,105]. A
Flash block separated gas and liquid product streams. The biocrude was
later distilled using a series of distillation columns (RadFrac) to obtain
the different fuel fractions.

The non-recycled FT gas product and the light gas fraction from
distillation entered the oligomerisation stage. A compressor block first
compresses the gas as the first stage of the turboexpander-compression
train. Then, the compressed gas is first cooled in a multiple heat
exchanger (MHEATX) with the cold gases produced downstream and
subsequently in a heat exchanger representing the auxiliary ethylene
refrigeration system. The power input of this system was calculated
using the coefficient of performance reported in the literature [92]. Cold
gas is then expanded in a turbine (COMP) for power recovery and
distilled in a RadFrac to recover the C3-C5 hydrocarbons. The top stream
was used at the MHEATX as the cold fluid, and the subsequent selective
membrane separated the CO, from methane and ethane gases [106]. The
separated CO, entered the compression block previously referred to.
Finally, the light fuel gases were used to feed the gas turbine.

On the other hand, the C3-C5 recovered at the distillation bottom
were heated to oligomerisation reaction conditions. A yield reactor
(RYield) was employed to set the product distribution[95] and
branching percentage[94] obtained from experimental studies. The
fractions of the hydrocarbon product stream were separated in another
fractionated distillation. Similarly, wax cracking was modelled in an
RStoich block with a calculator block (Excel based) that estimated the
stoichiometric parameters to obtain the reported empirical product
distribution [98]. Unconverted Hy was separated in a Flash and recy-
cled, while liquid HC product was fractionated in a series of RadFrac.

Finally, the kerosene hydrocarbon range streams obtained from the
FT synthesis, oligomerisation and wax cracking units were mixed. They
entered the isomerisation reactor modelled with an RYield and a
calculator block to get the SAF stream with the empirical product dis-
tribution [94]. Naphtha, diesel and lubricant fractions obtained from the
different fractionated distillations along the system were stored in their
respective pools as byproducts from the system.

Concerning the two auxiliary blocks, the light gases were sent to the
combined cycled gas turbine unit for energy production. Air was com-
pressed in a 4-stage multiple compressor (MCompr) to 1.8 MPa and used
to provide the oxygen needed for the combustion, which was modelled
in an RStoic block with a 100 % conversion assumed for all the HC
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gaseous compound comprising the feed stream. Electricity was gener-
ated in two stages. The high-pressure flue gas operated a gas turbine.
The heat produced in the combustion was used to generate high-
pressure steam (16.5 MPa) and operated a steam turbine [107].

The ASU model was taken from [108] and adapted to our capacity
requirements. High-pressure (6.9 MPa) oxygen was produced using an
MComp once separated, while low-pressure (1 MPa) did not require
further compression and was sent to the oxidation chamber. The
byproduct Ny stream was compressed and considered a commercial
system output.

The comprehensive report of material and energy inflows/outflows
delivered by running the described model in Aspen Plus was used as
input for the posterior LCA.

2.5. Lifecycle assessment

The goal of the LCA was to evaluate the emission intensity of the
investigated SAF production pathway and compare the net lifecycle
emissions values (with carbon capture technology incorporated) with
the CORSIA benchmark values. To allow comparability with CORSIA,
the functional unit was defined as g COe MJ L.

The system boundary is depicted in Fig. 5, comprising biomass
sequestration, biomass supply chain, biomass-to-SAF conversion, fuel
transportation, CO5 capture, kerosene supply chain and combustion in
aircraft. Biogenic and fossil CO, and GHG released to the atmosphere
were also considered. The emissions associated with utilising the
captured CO; were not considered, and there was not within the scope of
this research. An attributional LCA with a well-to-wake perspective was
performed [109]. The LCA followed 1ISO14040/44 guidelines and was
performed in SimaPro® 9.1. The lifecycle impact assessment (LCIA) was
ILCD 2011 Midpoint + V1.11 to classify and characterise climate change
impacts and estimate the resulting net airborne emission of the system
while separately considering both biogenic and fossil carbon dynamics
[110]. When more than one fuel is produced, an energy-based allocation
method, considering the LHV of each fuel, was implemented [52,111].
Data to evaluate the transport and storage of CO, was taken from [112].
The calculation of the fuel consumed during aircraft operation was
carried out using the model implemented by [113] and considering an
Airbus 330-300 as the long-haul plane exemplar [114].

Based on the LCA results, the net carbon balance (Bror) and the net
emissions (NE) are calculated, see Eq. (2) and Eq. (3), respectively. The
net CO, balance represents the net atmospheric carbon flux of the
studied system, i.e., the sum of carbon uptake (sequestered biogenic CO,
during plant growth) and release (emissions generated along the SAF

ﬁ Boundaries: Well to wake (WtW) ‘ ———————

GHG emissions
—
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supply chain). The net emissions account for the difference between the
GHG emissions released to the atmosphere and the avoided emissions
from using CCS technology to evaluate the impact of the CCS
integration.

Bror = —Fps + Fpsc + Fer + Feesi + Fiar + Fao 2
NE = Fgsc + Fer + Fiar + Fao — Fes 3

where the GHG emissions mass flows, expressed as g CO, equivalents per
MJ of SAF produced, are as follows: Fgg is the carbon fixed in the biomass
via biological sequestration, Fpsc are the biomass supply chain emis-
sions, F¢r are the conversion process emissions, Fccs; are the emissions
related to the CCS infrastructure operation, Fj4; are the Jet Al supply
chain emissions, F4o are the emissions from fuel burning in aircraft
operations and Fg is the carbon stored underground by CCS.

2.6. Sensitivity analysis

Despite being aware using 100 % FT-IPK is not technologically
feasible with current jet engines, this could represent the final goal in the
defossilisation of international aviation. The FT-SPK production system
studied here is not rigid and is subject to change. To investigate the
consistency of the net emission score delivered, variations throughout
the supply chain were suggested to check the sensitivity of the system’s
net emissions. Thus, the effect of altering the assumptions set during the
modelling for the hydrogen consumption, the catalyst supply chain
emissions, the location of biomass pre-treatment (centralised vs decen-
tralised) and the incorporation of aromatics (fossil-based versus bio-
based) in the SAF formula was evaluated. Justification and details of
each variation are explained in the subsections below.

2.6.1. Hydrogen consumption

The Anderson-Schulz-Flory (ASF) distribution assumes that FT hy-
drocarbons synthesis is regular [115], i.e. the FT reactor will operate as a
polymerisation reactor where only saturated hydrocarbons (paraffins
and naphthenes) were obtained. However, experimental data for low-
temperature FT (LTFT) reports that the FT product typically comprises
15 %-20 % alkene content and 5 % oxygenated content (mainly alcohol
and small proportions of esters and ethers) [92]. Catalyst deactivation
decreases its hydrogenating power so that the unsaturated content in the
biocrude increases [115]. This would mean hydrogen conversion in the
FT reactor is considerably lower, as the unreacted hydrogen will join the
FT gaseous product stream, which is not entirely recycled to the reactor.
Further hydrogenation in the downstream processing will saturate the

Fossil-kerosene supply chain

Combustion

Biomass
pre-treatment

Biomass biological Biomass supply
sequestration chain

>

Biomass-to-SAF Fuel
(Conversion with CDR)

in aircraft

transportation

e
Resources, energy and infrastructure

Fig. 5. System boundary for SAF supply chain within this study
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double bond and dehydration of oxygenates, leading to a higher
hydrogen consumption. Observing the effect of increasing the external
hydrogen supply on the net emissions score is important. All the
hydrogen externally supplied is assumed to be produced from natural
gas reforming (see LCA inventory in the Supplementary material).

2.6.2. Emissions allocated to the catalyst

The full FT-IPK process relies on an extensive amount of catalyst,
including the stages of WGS reaction [116,117], FT synthesis [118],
oligomerisation [119], wax cracking [120] and isomerisation reactions
[97]. LCA studies on full FT-IPK processing rarely include the emissions
associated with the catalyst supply chain [50,121]. To understand
whether and how the high requirement for catalyst affects the overall
emission score has been addressed in the sensitivity analysis. This in-
cludes the catalyst/reactant feed ratio at each relevant reaction step and
the catalyst flow in the annual process operation. The catalysts’ shelf life
and regeneration cycles were also considered when regeneration is
possible. Attrition limits catalysts shelf life [84], so calculations are
based on a catalysts’ average lifespan of 5 years [122]. This analysis
allows to measure the impact of catalysts’ supply chains in the overall
emissions results and compare the outcome from this work with previ-
ous studies not including this contribution. Considering it or not would
provide upper and lower bounds on the environmental impact of this
SAF production pathway.

2.6.3. Decentralisation of biomass pre-treatment

In the baseline model, biomass was dried with excess heat from the
FT-IPK conversion process at the biomass-to-fuel conversion facility.
Alternatively, wood could be pre-treated at the collection point to
reduce the moisture content from 50 % to 7 % before transport.
Decentralised feedstock pre-treatment reduces the volumetric con-
straints and increases transportation capacity. Two different energy
vectors were assessed for the decentralised drying and torrefaction:
electric kiln and natural gas kiln. Specific efficiencies and energy input
of the two types of rotary kilns were considered in the study [123]. The
environmental impacts were computed according to their respective
energy source externally supplied. Transportation was matched with
biomass’s current volume and weight with similar truck mileage.

2.6.4. Incorporation of aromatics into the SAF formula

Aromatics compounds provide the jet fuel with seal-swell and other
needed “fit-for-purpose” (FFP) properties [124]. ASTM regulations
require a minimum aromatic content of 8 vol%][125] for SAF to be
considered a drop in fuel for commercial aviation. Blending aromatics
into the FT-IPK could be an affordable option to match the ASTM re-
quirements for jet fuel (see Section S.5 of Supplementary material).
Selecting the appropriate aromatic type, molecular weight, and total
concentration could achieve the desired degree of volume swell while
also increasing the density of the SAF [126]. The emission impacts of
fossil-based and bio-based aromatics under a cradle-to-gate perspective
were obtained from the literature. A BTX fraction was assumed as the
aromatic additive blended with the FT-IPK. Bio- and fossil-based BTX
production were accounted for to measure this blendstock’s impact on
the SAF’s total emissions score. Aromatics produced from biomass re-
ported a net GHG impact of —1.16 kg COqe kg BTX'!, obtained as an
average value of three scores from past studies [127-129]. The negative
value indicates the sequestration of CO5 during feedstock growth was
accounted in the LCA for bio-based aromatics. Conversely, average net
emissions of fossil-based aromatics were 4.68 kg COse kg BTX!
[127,128,130]. Upstream supply chain impacts, i.e., transportation to
the fuel blending facility, were also considered assuming an average
travelling distance of 200 km.

2.7. CORSIA model description and benchmarking

The CORSIA framework provides a Default Lifecycle Emissions Value
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(LSp) for the SAF produced from forest residue via the FT pathway
[50,121]. Any airline claiming emissions reduction must account for 8.3
g CO2e per MJ of SAF utilised. Table 3 shows this score was calculated as
the median of three different estimations, two of them employing The
Greenhouse Gases, Regulated Emission and Energy use in Technology
(GREET) model[131] and an additional employing the E3 database
[132]. The LS¢ was used as a benchmark to compare the outcome pre-
sented in this work under a well-to-wake perspective. The system
boundary of CORSIA consists of the full supply chain of SAF production
and use, including feedstock harvesting, collection and recovery, feed-
stock processing and extraction, feedstock transportation to processing
fuel production facilities, feedstock-to-fuel conversion processes, fuel
transportation and distribution. Biogenic carbon was considered climate
neutral, so biological sequestration and fuel combustion were not
accounted [50].

When employed by both the Massachusetts Institute of Technology
(MIT) and the Joint Research Center European Commission (JRC), the
GREET model calculated higher total emissions than the E3 database
estimations [50]. Feedstock-to-fuel conversion step contribution resul-
ted in zero emissions for the GREET model since GHG emissions credits
were accounted for from the process power co-generation, which is
assumed to displace an equal amount of US average grid emissions
[133]. The E3 model reported higher emissions for feedstock production
because of the higher energy demand assumed at the collection. Still,
transportation distances were shorter, thus showing a lower impact
[50].

3. Results
3.1. Process modelling

The technical performance results of biomass to SAF via FT conver-
sion, including CO, capture, are presented in Table 4. Mass and energy
balance can be found in the Supplementary material (section S.2).
Table 5 shows the material inputs and product outputs for the FT-IPK
pathway modelled.

For the described operational scale and process, 145 t kg h™! pine
wood was required to generate 185.1 MW of liquid FT hydrocarbon
fuels. The biomass-to-liquid fuel efficiency was 51 %, calculated on a dry
basis (16.95 MJ kg™1). The total electricity and heat consumption were
33.4 MWe and 140.5 MWth, respectively, mainly due to the energy-
intensive pre-treatment processing (74.4 MW) and the multiple distil-
lation stages required to separate the different product fractions. The
heat demand, however, could be internally satisfied after performing
heat integration to the process due to the highly exothermic nature of
the FT synthesis and the heat recovered from the gasifier. Conversely,
only 85 % of the power requirements could be co-generated at the CCGT,
so an external power supply was needed. The ASU (12.8 MW), the
grinding of torrefied wood (6.1 MW) and the captured CO» compression
(4.5 MW) reported the largest power demand. The pre-combustion
carbon capture using Selexol technology allowed to capture 72 % of
the CO; produced in the process, generating 56.7 t h-1 of CO2 with 99 w
% purity. As per the functional unit, 84.7 kg CO, MWh ! was captured.
The high-pressure conditions of the upstream process enable solvent
recovery by adiabatic expansion and reduce the energy required for the
Selexol process to capture COy. The energy penalty is limited to elec-
tricity use for pumping and chilling the solvent, consuming 0.19 MJ per
kg CO- captured (8 % of the process power demand).

Based on the ASF distribution, results showed that 145 t kg h™! of
biomass generated 6,775 kg h™! of FT-IPK. In addition, gasoline (6,386
kg hY), diesel (1,827 kg h~1) and lubricant (202 kg h™!) were produced
as by-products despite the process was designed to maximise SAF pro-
duction. The fate of the biogenic carbon in the biomass biologically
sequestrated from the atmosphere was tracked, performing an atom
balance throughout the process. As illustrated in Fig. 6, 44% of the
biogenic carbon was captured in the CDR unit and permanently stored
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Table 3
LCA results for forest residue FT pathways [g COe MJ 1. .
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Feedstock Data Model Feedstock cultivation and Feedstock Feedstock-to-fuel Fuel Total ~ Midpoint value
provider collection transportation conversion transportation (LSp)
Forest MIT GREET 1.4 3.8 0 0.9 6.1 8.3
residues JRC GREET 2.4 3.8 0 0.9 7.1
JRC E3 3.3 2.9 4 0.3 10.5

Adapted from [50]

Table 4
Technical performance of the biomass to sustainable aviation fuel (FT-IPK)
conversion process.

Parameters Process modelling
results
Biomass input (kg h™!) 145,000
Biomass energy content (MW) 351.6
Power consumption (MWe) 33.4
Heat consumption (MWth) 140.5
Internal power production (MWe) 28.8
Internal heat production (MWth) 189.1
Net power requirement (MWe) 4.7
Net heat output (MWth) 48.6 (excess)
Liquid fuels energy production (MW) 185.1
Biomass-to-liquid fuel efficiency (dry basis) 51 %
CO,, capture rate at CCS unit 95 %
Net CO,, capture 72 %
CO,, captured per unit of energy produced (kg CO, 310.5
MWh 1)
Captured CO concentration (mass%) 99.0
Airborne CO, emissions per unit of energy produced (kg 118.0
CO,e MWh™)
Table 5

Raw materials and products of the forest residue conversion to sustainable
aviation fuel (FT-IPK).

Mass flow (kg h™ LHV (MJ kg™ 1) HC-range
Raw materials
Biomass input 145,000 16.95 -
Air 190,045 - -
Water 19,080 - -
Hydrogen 67 120.1 -
Products
Iso-paraffinic kerosene (IPK) 6,775 43.8* Cg—Cis
Gasoline 6,386 43.9% C4-Cyo
Diesel 1,827 44.0" Ci2—Coo
Lubricant 202 43.9* >Cyo

Purity

Nitrogen 96,975 - 99.1 %

* Calculated based on hydrocarbon blend composition (see Supplementary
Material) and an average of the two methods described in [134]. Average LHV
for Jet A1 fuel is 43.2 M J kg .

underground. A 36 % was converted into liquid fuels (including FT-IPK,
gasoline, diesel and lubricant), so it will be returned to the atmosphere
once burnt. The rest of the biogenic carbon was directly emitted to the
environment, with 16 % released back into the atmosphere, 4 %
constituting solid wastes (soot sludge and filtered carbon particles), and
0.2 % going into water effluent (dissolved carbon gases).

3.2. Lifecycle assessment

The LCA results report GHG emissions as COy mass equivalents
generated per unit of fuel energy (g COze MJ 1) used. Both biogenic and
fossil carbon were accounted for to evaluate the effect of incorporating
CCS technology in the FT process. The LCA results are presented in
Table 6. Three different fuels were investigated and compared: con-
ventional Jet A1 fuel, FT-IPK and the ASTM-certified blend of Jet A1 and
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Table 6
Carbon attribution per stage of the aviation fuel supply chain. Results are shown
per MJ of aviation fuel utilised to operate an aircraft.

(g COze MY Conventional Jet FT-IPK (100 Jet Al and FT-
Al fuel[121] mass%) IPK (50 mass%)
Biogenic ~ Fossil  Biogenic  Fossil  Biogenic  Fossil
CO, biological - - -128.1 - —64.5 -
sequestration
Emissions — Biomass - - 0.1 11.0 - 5.6
supply chain
Emissions — SAF - - 15.7 9.9 7.9 5.0
production process
Emissions — CCS - - 0.1 0.7 0.1 0.3
Infrastructure
Emissions — Aircraft - 72.9 70.7 - 35.6 36.2
operation
Emissions — Jet Al - 8.9 - - - 4.4
Cradle to Gate
CO,, captured - - 56.4 - 28.4 -
Total GHG emissions 81.8 108.1 95.0
Net GHG balance 81.8 —20.0 30.5

FT-IPK (50 mass %). The LCA inventory can be found in section S.4
within the Supplementary information. The GHG emissions contributors
have been classified into six main categories: CO2 uptake during biomass
growth, biomass supply chain, biomass-to-SAF conversion process, Jet
Al cradle-to-gate supply chain, CCS infrastructure, and aircraft opera-
tion. Since the biomass-to-SAF process also produces three biofuel
byproducts, an energy-based allocation method was employed to
partition the GHG emissions corresponding to aviation fuel.

The LCA results have shown that from the conventional Jet A1 fuel,
cradle-to-gate emissions are 8.9 g COze MJ ™!, while 72.9 g COze MJ L is
emitted during fuel combustion at the aircraft [121]. This results in total
net emissions of 81.1 g COe MJ ™}, all having a fossil origin.

Assuming only FT-IPK is used to operate an aircraft, feedstock re-
quirements sequestered 128.1 g CO, MJ ! from the atmosphere during
biomass growth. The biomass supply chain typically encompasses land
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management, biomass processing and transportation, which accounted
for 11.1 g CO, per MJ. During biomass conversion, the emissions were
25.6 g COse MJ™!. The emissions associated with the CCS system
accounted for 0.8 g CO2e MJ ™%, including transporting the CO5 through
pipelines and building and operating the geological storage infrastruc-
ture. During aircraft operation, 70.7 g COge per MJ was released.
Permanently capturing through CCS 56.4 g of biogenic CO2 per MJ of
aviation fuel used allowed the FT-IPK system to outstrip fossil emissions
and remove —20.0 g COse MJ ™! from the atmosphere.

The LHV of the produced FT-IPK blendstock (43.8 MJ/kg) was
slightly superior to the average reported for Jet Al fuel (43.2 MJ/kg).
Since the LCA functional unit is energy-specific, 1 MJ of 50:50 mass FT-
IPK and Jet Al blend involved 0.504 MJ FT-IPK and 0.496 MJ Jet Al
contributions. Emissions associated with FT-IPK production were
approximately, but not exactly, half of the values reported for the pre-
vious case. The ASTM-certified blend additionally incorporated the
emissions associated with the conventional Jet A1 required (0.023 kg Jet
A1/MJ FT-IPK). Jet Al supply chain contribution was 4.4 g COze MJ L.
Burning the SAF blend during aircraft operation released 71.8 g COqe
MJ L. The CCS captured 28.4 g COe MJ ™! from the biomass conversion
process, which resulted in a total net GHG balance of 30.5 g COze MJ
from the use of blended Jet A1/FT-IPK.
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Table 6 also shows how the two SAF blendstocks’ total emissions,
including biogenic and fossil carbon, generated superior total GHG
emissions than fossil Jet Al fuel. It is common practice to assume
biogenic emissions are climate neutral (e.g. CORSIA framework), so
emissions mitigation is sustained on the reduced fossil GHG generated
along the supply chain. The suitability of this assumption is questioned
in the discussion section.

4. Discussion

In 2023, aviation industry recovered pre-COVID-19 pandemic ac-
tivity. The UK consumed approximately 14.5 Mt of aviation fuel in 2019,
with an 85 % net import rate [135], ranking the UK as the second highest
jet fuel consumer after the US [136], and generated 39.6 Mt CO2e [137].
In alignment with the Climate Change Act 2008, the UK has pledged to
fulfil 4 % of its aviation fuel demand with SAF by 2025 [137]. This
commitment establishes a baseline market size of 0.6 million metric tons
of SAF annually in the UK, with anticipated expansion in subsequent
years to meet the SAF mandate that seeks to have at least 10 % of SAF (c.
1.2 Mt year™!) in the UK aviation fuel mix by 2030 [138]. The UK
Carbon Budget Delivery plan was established to annually reduce avia-
tion emissions by 0.029 Mt COe (period 2023-2027), 0.093 Mt COze
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Fig. 7. GHG emissions, CO2 net balance and net emissions from three different aviation fuels: (a) Jet A1 fuel, (b) 100 w % FT-IPK and (c) ASTM blend Jet A1 with 50

w % FT-IPK
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(period 2028-2032) and 0.2 Mt COse (period 2033-2037) [139].

The performance of process modelling for the analyzed SAF pro-
duction pathway allowed to estimate the biomass to SAF conversion
process yield. Assuming the upper bound for the availability of domestic
sustainable forestry residues, i.e., 2.0 Mt p.a., and no competition for
resources, two facilities of the investigated scale (6.8 t SAF h’l) could be
operated with a capacity factor of 80 %. 0.1 Mt of FT-IPK could be
produced, replacing 0.7 % of the UK’s aviation fuel demand.

The LCA calculated the GHG emissions generated from each inves-
tigated aviation fuel blendstock. Fig. 7 depicts the breakdown of the
carbon emissions, differentiating biogenic and fossil based GHG con-
tributions, for the three types of aviation fuel evaluated in this work.

Using Jet A1 fuel to operate an aircraft result in a positive carbon flux
from a carbon reservoir to the atmosphere that has been stored for
millions of years. Emissions associated with extraction, processing,
transportation and storage are aggregated to score a final positive car-
bon balance (81.1 g COze MJ 1y within the system boundaries
described. Including a biogenic fraction on the jet fuel implies that part
of the carbon emitted to the atmosphere has been previously sequestered
from it in a relatively short time during biomass growth. This is the basis
for assuming biogenic emissions are climate neutral. Thus, an aircraft
fuelled with FT-IPK could cut down fossil GHG emissions by 74 %
concerning Jet Al score (see Fig. 7a and 7b). Since commercial jet en-
gines are yet unable to operate only with SAF, using the ASTM-certified
Jet Al and FT-IPK blend (Fig. 7c) reduced fossil emissions by 37 %.
Adapting jet engines to run on 100 % FT-IPK could lead to a substantial
reduction in fossil carbon emissions comparable to synthetic e-fuels
pathways, which reported lifecycle emissions savings that range be-
tween 50 and 90 %, while the energy intensity is significantly lower
(0.01 MJ/MJ liquid fuel), measuring two orders of magnitude below
than those alternatives [40,53,55].

Presuming biogenic emissions are equivalent to CO, fixation over-
looks the formation of other biogenic-origin GHG with different global
warming potential (e.g. methane) or further non-CO; climate impacts.
However, in this case study, gaseous streams reaching the atmosphere
were flue gases from combustion, and well-to-wake biogenic methane
flow resulted negligible (<2 x 10 g COse MJ ! SAF). The study of non-
CO4, climate impacts is beyond the scope of this study. Still, assessments
around quantification are important for these phenomena and are dis-
cussed in the literature [140-142].

Understanding the potential of integrated CCS technology in the FT-
IPK production process can only be acknowledged when considering
biogenic carbon dynamics. Similarly to bioenergy with carbon capture
and storage, the carbon removal potential is achieved from the carbon
biologically sequestered from the biomass, and the ratio of that carbon is
permanently fixed via CCS [52]. When that fraction of biogenic carbon
stored is superior to the fossil-carbon emitted, a net-negative flux of
atmospheric carbon can be created. Fig. 7b shows a net negative GHG
balance since the biogenic carbon sequestered (central column) is larger
than the positive fossii GHG emissions (left column). The carbon
sequestered in the ASTM-blend system (Fig. 7c) cannot entirely offset
the fossil emissions due to the lesser biomass requirements to produce
one unit of aviation fuel and the fossil carbon emitted by the Jet Al
fraction. The net GHG balance is still positive but inferior to the total
fossil-GHG emissions measured in the LCA.

When using the proposed pathway sourced with the domestic forest
residue available, accounting for the results from this study and
considering biogenic emissions as climate neutral following the
mandate, fossil GHG emissions can be reduced by 0.24 Mt COze p.a.
Considering both fossil and biogenic carbon dynamics, the effective
mitigation on aviation GHG emissions was 0.41 Mt COe p.a. The values
reported are equivalent regardless, assuming the FT-IPK is blended with
Jet Al to meet ASTM standards or used alone to fuel the aircraft. The
factor limiting emissions mitigation was the amount of biomass dedi-
cated to producing the SAF blendstock. It can be inferred that dedicating
the available UK forest and waste wood residues to produce SAF via
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Fischer-Tropsch could satisfy the emission reduction goal for interna-
tional aviation in the UK for 2037, but only when CCS technology is
integrated. However, the share of SAF targeted to cover UK aviation fuel
demand cannot be reached only by this route, and other SAF production
pathways must be parallelly implemented.

These reductions can be achieved by deploying commercially proven
technologies. However, these are modelling values, and the sensitivity
analyses provided more detail on the environmental performance and
possible variations based on operational and performance characteris-
tics. Moreover, with the implementation of CORSIA and the increasing
need to decarbonise the aviation sector, the results of this study are set
into the context of the CORSIA framework.

4.1. Sensitivity analysis on emissions reductions from SAF utilisation

Table 7 summarises the results of the sensitivity analyses of FT-IPK
100 (w%) compared to fossil-based Jet Al fuel. It presents the net
emissions (g COze MJ ~1) of the FT-IPK (w%) and the emission reduction
compared to Jet Al use (%), e.g. net fossil carbon emissions of 21.6 g
COqe MJ -1 for FT-IPK (100 w%) mean an emission reduction of 74 %
compared to Jet Al.

4.1.1. Hydrogen consumption

Sensitivity A considered an additional Hy consumption to hydroge-
nate the FT products with higher content of unsaturates due to
Anderson-Shulz-Flory (ASF) model inaccuracies and catalyst deactiva-
tion. The supplementary hydrogen consumption was calculated using
experimental data from the hydrogenation of alkenes with one and two
degrees of unsaturation, alcohols [143], esters [144] and ethers [145].
The highest unsaturates content in the FT product was assumed, i.e., 20
% of alkenes (with a 3:1 ratio of components with 1 and 2 unsaturations,
respectively) and 5 % of oxygenates (with a 90 % alcohol, 9 % ester and
1 % acid distribution) [146]. As previously stated, hydrogen produced
from natural gas reforming was the external sourcing selected to feed the
process. Hydrogen consumption resulted in 236 % higher than in the
benchmark case study. Compared to the baseline results, the net GHG
emissions score for the SAF resulted in no significant additional emis-
sions generated from the increased hydrogen supply (see Table 7). The
possibility of underestimating hydrogen requirements from assuming
higher hydrogenation, hydrocracking and isomerisation efficiencies still
exists. However, the hydrogen consumption assumed in this work

Table 7
Sensitivity analysis over net CO, balance, net emissions, and emission reduction
for Jet Al use, FT-IPK supply and utilisation.

FT-IPK (100 w%)

GHG emissions Net GHG Fossil emissions
(g CO2e MJ -1 balance reduction to Jet
(g COqe Al (%)
MJh
Fossil  Biogenic
Baseline value 21.6 86.5 —20.0 74
Sensitivity A: Higher Hy 21.7 86.5 -19.9 74
requirements
Sensitivity B: No catalysts 16.8 86.5 —24.8 80
supply chain impact
Sensitivity C1: 31.0 86.5 11.9 62
Decentralised
torrefaction (electric
kiln)
Sensitivity C2: 42.8 82.8 20.0 48
Decentralised
torrefaction (natural gas
kiln)
Sensitivity D1: Aromatic 33.1 84.6 5.3 59
addition (fossil-based)
Sensitivity D2: Aromatic 19.1 84.6 -11.8 77

addition (bio-based)
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resulted superior to previous studies evaluating similar FT processes
with product upgrading [98]. The sensitivity study outcome indicates
that the energy source used to produce hydrogen is irrelevant when used
in the present process, so renewable hydrogen should be employed for
other activities with higher influence on the environmental impact.

4.1.2. Emissions allocated to the catalyst

Despite being a crucial element in the FT-IPK emissions assessment,
many studies overlook the significance of catalyst supply chains. This
study revealed that 22 % of the biomass-to-jet fuel process GHG emis-
sions (equivalent to 4.8 g COze MJ™!) were associated with the metal
catalysts supply chain, having all a fossil origin. This finding indicates
that the contribution of the catalyst supply chain towards FT-IPK
emissions is significant. Excluding its impact from calculations can
lead to mistakenly accounting for an emission reduction of up to 80 %
instead of 74 %, as per our baseline value findings. Moreover, acute
catalyst deactivation leading to reduced shelf life concerning the esti-
mated one or the impossibility of implementing a catalyst regeneration
process would greatly increase catalyst consumption rates and sub-
stantially aggravate the SAF’s emission impact.

4.1.3. Decentralisation of biomass pre-treatment

Sensitivity C assessed the emission implications of drying biomass at
the collection point and before transport using an electric and a natural
gas kiln. Direct implications mainly include the need for an external
energy source to power the pre-treatment kiln. Milling was still
considered to be performed at the conversion facility. The excess heat
from the SAF process, originally used for onsite biomass torrefaction,
was utilised in the steam turbine for electricity production. The extra
power generation allowed the process to match the internal electricity
demand. At the same time, a 4 MWe surplus enters the national grid.
Since electricity is an additional energy byproduct of the process, energy
allocation factors in the LCA were recalculated (see Supplementary
material). Carbon credits from displacing UK grid electricity were
considered [147].

Results compiled in Table 7 show that decentralised biomass pre-
treatment negatively affects the environmental impact of the SAF, in line
with results from previous research evaluating decentralised SAF pro-
duction [148]. Emission savings from reducing transportation and
generating low-carbon electricity could not compensate for the carbon
footprint of the external energy supply required for biomass pretreat-
ment. This outcome holds under the assumptions taken for biomass
freight distance (100 km). A much larger travelling distance for biomass
could close the gap. Indirect heated rotary kilns fuelled with natural gas
resulted in higher fossil emissions when compared to electric kilns due
to differences in the energy efficiency reported for each equipment, i.e.
40 % and 95 % of the energy input, respectively. Since both decentral-
ised scenarios worsened the emission score for the SAF, the benefit from
recycling internal energy waste streams increased the system’s overall
efficiency. However, if the electricity were fully decarbonised, the
emission profile of the electrified decentralised option would result in
13.1 g COze MJ ! FT-IPK, thus representing the scenario with the largest
reduction in fossil emissions (84 %).

4.1.4. Incorporation of aromatics into the SAF formula

Sensitivity D quantified the variations on the impact of the SAF’s net
GHG emissions from adding 10 vol% of aromatics to meet ASTM re-
quirements for aviation fuel to operate jet engines. 3 g BTX per MJ of FT-
IPK were needed to reach that threshold. Fossil-based and bio-based
aromatics LCA data encompassing the additive’s supply chain were
considered. Blending the SAF with a fossil-based aromatics additive
penalised the carbon footprint of the produced fuel by adding 14.2 g
COze MJ L. Net fossil GHG emissions increased a 35 % concerning the
FT-IPK, which prevented the system from removing CO» from the at-
mosphere (the net GHG balance turned positive).

Conversely, using bio-based aromatics reduced 13 % of the net fossil
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GHG emissions of the SAF. Despite bio-based aromatics feedstock also
sequestered CO; before converting them into BTX products, the
biomass-to-BTX yield of the process seemed more efficient and less mass
of feedstock is required to generate 1 MJ of FT-IPK and additive blend.
The net GHG balance of the system was negative (-11.8 g COze MJ™1).
Still, it removed less atmospheric carbon than using solely FT-IPK (-20.0
g COze MJ D).

The minimum density threshold set by the ASTM, i.e., 775 kg/m?>,
could not still be achieved. The resulting blend (696.7 kg/m3) would
require a thickener additive to operate commercial jet engines.

4.1.5. Summary of the sensitivity analysis

Fig. 8 represents the sensitivity analysis results of the three param-
eters representing the emissions reduction when substituting fossil jet
Al aviation fuel with FT-IPK. Net GHG balance reported the wider and
less concentrated spread, showing the highest sensitivity towards pro-
cess and supply chain modelling assumptions. Fossil GHG emissions
factor showed the narrower range located around an average of 27 g CO,
per MJ of FT-SPK utilised.

4.2. Comparison between CORSIA score and modelling results

Fig. 9 compares the CORSIA score obtained using the GREET and E3
models [50,121,131,132] and the LCA results of the presented study.
The graph illustrates the emission scores for each supply chain category
(feedstock cultivation and collection, feedstock transportation, feed-
stock conversion and fuel transportation) and the total emission score of
the assessed cradle-to-gate supply chain.

At feedstock cultivation and collection, the GREET model uses forest
residues of poor quality and unsuitable for the timber markets, such as
branches, tops of stems, diseased wood and deadwood, considered waste
or by-products [149]. By comparison, the feedstock cultivation and
collection emissions of the E3 model as it assumes a higher energy de-
mand for feedstock collection than GREET (0.26 COze MJ kg’l,
compared to 0.14 COze MJ kg™1) [50]. In the presented study, emissions
at feedstock cultivation and collection point were derived from forest
management, harvesting, chipping and handling the biomass amounting
t0 6.7 g CO2e MJ L. As for GREET and E3, this study considers the use of
residual and low-quality wood and emissions were allocated between
the different forest products. Furthermore, GREET and E3 both assume
co-firing (coal + biomass), which explains a lower LCA score.

In GREET, the feedstock transportation distance of 144.8 km using a
heavy-duty truck. The E3 database has a shorter distance of 50 miles

100

75

50

25

-50

Net GHG balance
(gCO2e MI-1)

Fossil emissions
reduction to Jet Al fuel

Fossil GHG emissions
(gCO2e MI-1)

Fig.8. Sensitivity analysis over fossil GHG emissions, system’s net GHG bal-
ance, and Jet Al fossil emissions reduction percentage from using FT-IPK.
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[124]. The distance assumption used in the study was 200 kmina 15t
lorry. This led to slight variations in the results comparing the two
CORSIA models and the here presented research.

At the feedstock-to-fuel conversion point, the GREET and E3 models
assume emissions of 0.03 and 4 g COse MJ ™}, respectively. Both models
state that only isomerisation was considered during syngas upgrading;
therefore, the emission scores are significantly lower than in the pre-
sented study. Our LCA resulted in 6.3 g COze MJ "}, mainly from biomass
torrefaction. The high demand for metal catalyst usage was also
considered, as described above. As a result, the emissions from catalyst
production were 22 %, i.e., 4.8 g COze MJ L. Thus, higher emission
scores in this study resulted from assessing the whole supply chain and
process, including upgrading the FT products (oligomerisation, wax
hydrocracking and isomerisation). This study’s FT conversion efficiency
of 51 % was similar to the GREET and E3 models, with 50 and 44 %,
respectively.

As for feedstock transportation, the assumptions on fuel trans-
portation varied between Greet, E3 and the presented study. GREET
assumed a distance of 1,288 km, 837 km and 644 km via rail, barge and
pipeline, respectively. E3 database assumed a distance of 250 km via rail
travelling.

The LCA results of this study were compared with the CORSIA scores,
showing that the total LCA score was nearly four times higher than the
CORSIA default lifecycle value. Feedstock cultivation and collection and
feedstock-to-fuel conversion had the highest LCA results. The biomass-
to-FT-IPK conversion included the catalyst lifecycle, one of the main
contributing factors to a high LCA score. The CORSIA scores were
collected using the GREET and E3 models. However, this was chal-
lenging as there was insufficient information and uncertainties to
replicate. Furthermore, it is important to remark that CORSIA scores do
not indicate biomass pre-treatment, a highly energy-intensive process
necessary to greatly reduce moisture content and particle size of
biomass, as a key supply chain stage with high emissions contribution.
When the GREET model assumes that the feedstock-to-fuel conversion
contribution is negligible, since the substantial power cogeneration
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within the process displaces emissions from the US grid mix, it can be
argued that there is still an energy surplus available to internally satisfy
the energy demands of biomass pre-treatment. This assertion is sup-
ported by the findings of the process model developed in this study,
which indicated that biomass pre-treatment consumed 53 % of the heat
and 18 % of the power needed to produce the SAF. The LCA carried out
in this work certainly include that stage on the supply chain, which can
be the cause from the superior emissions score obtained when compared
to CORSIA value.

To effectively reach the objectives of CORSIA scheme, it would be
beneficial to have accessible and transparent case studies providing a
comprehensive understanding of the emissions generated by the SAF’s
whole value chain. These case studies can help to verify the claimed
emissions reductions resulting from the utilization of that specific SAF.
Consequently, it would be advisable to establish a more precise default
LCA value, or a set of scores that correspond to various process config-
urations, for a particular CORSIA-eligible fuel pathway.

5. Limitations of this study

Pinewood was the only biomass considered for SAF production in
this study. However, biomass-to-SAF conversion should not be limited to
only one feedstock, as biomass is a finite resource and only biomass
residues should be considered for biofuel production. Sustainable
biomass waste streams, i.e., agricultural waste, could be considered and
incorporated for SAF production.

BECCS was incorporated with the SAF production in the process
simulation and LCA to realise net-zero targets. With the optimistic
process simulation results, BECCS can achieve a net CO5 capture of 72 %.
Future work should include BECCS but not be limited to SAF production
to meet net-zero targets. However, more BECCS technologies should be
implemented, and further work should be investigated to realise BECCS.

We employed the measures of biogenic CO» in the biomass as given
by SimaPro, however, those values do not match the carbon atom bal-
ance performed in the process modelling. The mass balance indicated
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the CO, fixed by biomass was 54 % higher than the numbers used in the
LCA, so that the net GHG carbon balance would be more negative than
the numbers presented here. However, it was preferable to take a con-
servative perspective and utilise the restricted atmospheric CDR flux.

6. Conclusions

Sustainable aviation fuel from biomass holds great potential for
reducing greenhouse gas emissions in the aviation sector. Bio jet fuels
offer advantages in terms of ease and speed of deployment as they can
reuse the existing technologies and infrastructures and their ability to
use equipment with little or no modification. Additionally, SAF blends
meet international standards making their deployment internationally
promising. While electrification, hydrogen and electric fuel are several
alternatives to conventional jet fuel, they do not offer the short and
medium-term solutions for the actions we need to take now.

The use of bio jet fuels, such as those produced through the Fischer-
Tropsch pathway, has gained momentum. The present research has
shown that FT-SPK, combined with carbon capture and storage, can
reduce over 74 % fossil GHG emissions when compared to fossil fuel
counterparts. The emission savings of this route are similar to those
achieved through synthetic e-fuel pathways, but it involves significantly
lower energy intensity and can create a net-negative carbon flow from
the atmosphere to an underground storage. This highlights the potential
of sustainable bio jet fuels to reduce carbon emissions and support net-
zero strategies when combined with carbon capture technologies.
However, to accurately measure the benefits from SAF replacing con-
ventional jet fuels and the carbon removal capabilities from CCS inte-
gration, biogenic and fossil carbon dynamics must be accounted on the
LCA.

A mix of low-carbon fuels and solutions, including bio jet fuels, will
be required to decarbonise the aviation sector. This study showed that
dedicating the whole national waste wood resources for SAF production
would result insufficient to meet the targeted SAF share and emission
reduction goal for 2050. Different technologies and low-carbon fuel
pathways will need to co-evolve, and policy measures and regulatory
frameworks will influence how this development will look to some
extent. However, policies must also be flexible to respond to changes
that support a fast, affordable and resilient supply of low-carbon fuels in
line with net-zero targets and keep transport and infrastructure
functional.
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