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PREFACE
This project has been carried out within the collaborative research program Renewable transportation fuels and systems (Förnybara drivmedel och system), Project no. 50482-1. The project has
been financed by the Swedish Energy Agency and f3 – Swedish Knowledge Centre for Renewable
Transportation Fuels.
The Swedish Energy Agency is a government agency subordinate to the Ministry of Infrastructure.
The Swedish Energy Agency is leading the energy transition into a modern and sustainable, fossil
free welfare society and supports research on renewable energy sources, the energy system, and future transportation fuels production and use.
f3 Swedish Knowledge Centre for Renewable Transportation Fuels is a networking organization
which focuses on development of environmentally, economically and socially sustainable renewable fuels. The f3 centre is financed jointly by the centre partners and the region of Västra Götaland.
Chalmers Industriteknik functions as the host of the f3 organization
(seehttps://f3centre.se/en/about-f3/).
Neste is acknowledged for participation in the project work and for partly financing RISE work.
This report should be cited as:
Ahlström, J., et. al., (2022) Climate-positive and carbon efficient bio-jet fuels, are they possible? –
a systematic evaluation of potential and costs. Report No FDOS 38:2022. Available at
https://f3centre.se/en/renewable-transportation-fuels-and-systems/
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SUMMARY
This report presents a techno-enviro-economic assessment of seven pathways for the production of
aviation biofuels in combination with carbon capture and storage (CCS) or carbon capture and utilization (CCU) for enhanced feedstock carbon utilization. The pathways examined utilize processes
such as gasification with Fischer-Tropsch synthesis, hydropyrolysis of forest residues, hydrotreatment of fats and fermentation with alcohol-to-jet technologies. Process models built with data obtained mainly from open literature were used to compile carbon and energy balances for each pathway. Performance was quantified in economic terms by estimating levelized cost of biofuel production (LCOP) and in environmental terms by estimating the total climate impact, comprising of the
green-house gas (GHG) emissions from the biofuel production process and the additional warming
effect from using the fuel at high altitudes. These economic and environmental metrics were combined in cost of GHG reduction.
The process performance is distinctively different depending on whether pathways are adopted
with CCS or CCU. For the CCS option, four of the pathways have a positive climate impact (net
negative emissions). This means that the negative emissions at least compensate for the high-altitude effect comprising a climate impact corresponding to 70-72 gCO2eq./MJ. Although the additional cost of CO2 sequestration can be substantial, the total cost of GHG reduction is still advantageous for several pathways, leading to cost efficient processes with high carbon utilization and a
positive climate impact.
A combination of relatively low carbon efficiency, i.e. the fraction of feedstock carbon in the fuel
product, and high investment costs means that the CCU option generally has a LCOP that is higher
than the base option and similar to the CCS option, even exceeding the latter for some pathways.
Furthermore, owing to the high impact of the high-altitude effect, none of the pathways are able to
produce biofuels under the CCU option with a total climate impact under 85 gCO2eq./MJ, including high-altitude effects. Although this is a significant improvement on fossil jet fuels and enough
to reach the Renewable Energy directive (RED) sustainability criteria, it is not sufficient to avoid a
total net warming effect. The combination of relatively high LCOPs and climate impact entails that
the GHG reduction cost increases when adopting the CCU option in all pathways. The CCU option
substantially increases the amount of fuel that can be produced from a given amount of biomass,
which can be important from a resource efficiency perspective.
On an individual pathway level, the gasification pathways and hydropyrolysis of forest residues in
combination with CCS stand out in terms of cost of GHG reduction. Both processes have relatively
low LCOPs and achieves a positive climate impact under the CCS option. Tallow hydrodeoxygenation and wheat fermentation with alcohol-to-jet also have low LCOP for the base and CCS option
but are limited by a high climate impact. In general, pathways that generate large levels of CO2 in
the base process have a better economic case for CCS. As a corollary, pathways such as tallow
hydrodeoxygenation that already use their feedstock carbon efficiently (low CO2 emissions) are not
the best candidates for large-scale production of negative emission aviation biofuels.
The findings of this report can be of use to both policy-makers and the transport and forest industries. As both the European Union as well as individual member states increasingly announces policy pledges to decrease the climate impact of aviation, few alternatives to biofuels or electro fuels
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are available in the short and medium term; both of which have been investigated in this work. Although the pathways are relatively expensive in relation to fossil jet fuel prices today, the technology readiness level is relatively high and the Swedish feedstock potentials are moderate-to-good. In
summary, the results of this study show that bio-aviation fuels can be produced at high carbon utilization efficiencies while completely eliminating the climate impact of aviation.
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SAMMANFATTNING
Den här rapporten presenterar en tekno-ekonomisk utvärdering av sju olika teknikalternativ för produktion av bioflygbränslen kombinerat med infångning och förvaring av koldioxid (CCS) eller infångning och användande av koldioxid (CCU) för ökat utnyttjande av kolet i bioråvaran. Teknikalternativen inkluderar förgasning med Fischer-Tropsch syntes, hydropyrolys av GROT, vätebehandling av fetter, samt fermentering med s.k. alkohol-till-jetteknik. Processmodeller baserade
på litteraturdata har använts för att sammanställa kol- och energibalanser för varje teknikspår. De
olika spårens prestanda kvantifieras i ekonomiska termer med total produktionskostnad (LCOP)
och i miljömässiga termer genom att estimera den totala klimatpåverkan, bestående av växthusgasutsläpp från produktionsprocessen samt den ytterligare värmningseffekt som kommer av att bränslet förbränns på höga höjder (höghöjds-effekt). Den ekonomiska och miljömässiga prestandan
kombineras för att beräkna kostnaden för växthusgasreduktion.
Prestandan för de olika teknikalternativen skiljer sig tydligt beroende på om processen kombineras
med CCS eller CCU. För CCS-alternativet har fyra av teknikalternativet en positiv klimatpåverkan
(negativa utsläpp). Detta innebär att de negativa utsläppen av koldioxid i bränsleproduktionen kan
kompensera för höghöjdseffekten som utgör en klimatpåverkan på 70-72 gCO2eq./MJ. Trots att
kostnaden för minskningen av CO2 kan vara stor är den totala kostnaden för växthusgasreduktion
fortfarande fördelaktig för flera teknikalternativ, vilket resulterar kostnadseffektiva processer med
hög kolutnyttjande och positiv klimatpåverkan.
Kombinationen av relativt lägre kolutnyttjande (andel kol från råvaran i slutprodukten) jämfört med
CCS och höga investeringskostnader innebär att CCU-alternativet generellt sett når produktionskostnader som är högre än för basalternativet (utan CCS/CCU) och likvärdiga eller strax högre än
CCS-alternativet. Detta, i kombination med den höga klimatpåverkan från höghöjdseffekter, innebär att inget teknikalternativ kombinerat med CCU når en klimatpåverkan under 85 gCO2eq./MJ,
när höghöjdseffekter inkluderas. Detta är fortfarande en signifikant förbättring mot fossila flygbränslen, men är inte nog för att totalt sett eliminera negativ klimatpåverkan. Kombinationen av
relativt höga produktionskostnader (LCOP) och klimatpåverkan leder även till att kostnaden för
växthusgasreduktion ökar för alla teknikalternativ när de kombineras med CCU. Kombinationen
med CCU har avsevärt högre produktion av bränsleprodukter ur en given mängd biomassa, vilket
kan vara viktigt ur resurseffektivitetsssynpunkt.
För individuella teknikalternativ står förgasning och hydropyrolys av GROT i kombination med
CCS ut fördelaktigt avseende kostnad för växthusgasreduktion. Båda processerna har relativt låga
investeringskostnader och har en positiv klimatpåverkan. Vätebehandling av talg (slakteriavfall)
och fermentering av vete med alkohol-till-jetbränsle har också låga produktionskostnader för basoch CCS-alternativet, men begränsas av en högre klimatpåverkan. Generellt så är teknikalternativ
med höga utsläpp av CO2 i basfallet bättre lämpade för CCS från ett kostnadsperspektiv. Av detta
följer att teknikalternativ som vätebehandling av talg, där en större del av kolet från råvaran utnyttjas i slutprodukten (låga CO2-utsläpp), är mindre lämpade för storskalig produktion av bioflygbränslen med negativa växthusgasutsläpp.
Resultaten från den här rapporten kan vara av nytta för politiska beslutsfattare, likväl som företag
verksamma inom transport- och skogsindustri. Både EU och individuella medlemsstater har i ökad
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takt annonserat löften om minskade utsläpp från flygsektorn och det finns få alternativ till bio- och
elektrobränslen för att åstadkomma detta inom ett kort- till medeltidsperspektiv; både dessa alternativ utvärderas i det här arbetet. Trots att produktionsprocesserna är relativt dyra i förhållande till
fossila alternativ i nuläget, är teknikmognadsgraden relativt hög och de svenska råvarupotentialerna
är medel till höga. Slutligen visar resultaten av den här studien att bioflygbränslen kan produceras
med en hög kolnyttjandegrad och helt eliminera klimatpåverkan från flygsektorn.
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NOMENCLATURE/ABBREVIATIONS
Abbreviation

Definition

ATJ

Alcohols-to-jet

BECCS

Bioenergy Carbon Capture and Storage

BECCU

Bioenergy Carbon Capture and Utilization

BL

Black Liqour

CAPEX

Capital Expenditure

CCS

Carbon Capture and Storage

CCU

Carbon Capture & Utilization*

DFB

Dual fluidized bed

FR

Forest Residues

FT

Fischer Tropsch

GHG

Green-House Gas

GWP

Global Warming Potential

HDO

Hydrodeoxygenation

HP

Hydropyrolysis

IBJ

Isobutanol-to-jet

IPCC

International Panel on Climate Change

LCA

Life-cycle assessment

LCOP

Levelized cost of production

LPG

Liquefied Petroleum Gas

OPEX

Operational Expenditure

RED II

European Renewable Energy Directive

RFI

Radiative Forcing Index

SD

Sawdust

*Utilization is defined narrowly in the present study as conversion to biofuel.
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1

INTRODUCTION
BACKGROUND

Global CO2 emissions from aviation amounted to 1.9% of the total green-house gas (GHG) emissions in 2020 [1]. However, the use of aviation fuels creates an additional global warming effect
and therefore aviation emissions correspond to 3.5% of the effective radiative forcing [2,3]. Parts
of the transport system are expected to mitigate their climate impact through electrification, e.g.
battery electrical vehicles [4]. However, this option is not available for commercial aviation due to
limitations in battery energy density [5]. Thereby, essentially only two options exist for aviation to
decrease its climate impact: the production of liquid or gaseous fuels from biological feedstock
(biofuels) or from electricity (electro-fuels/power-to-fuels) [6]. Hence, the International Energy
Agency (IEA) estimates that the share of renewable jet fuels (RJF) in aviation need to increase to
30% by 2030 in order to fulfill announced policy pledges [7]. Emissions from all sectors need to
become net zero by 2050 in order to achieve the climate obligations specified in the Paris Agreement [8].

Policy incentives for Bio-jet fuels
The phase out of fossil fuels is expected to be more complex for aviation compared to other parts of
the transport sector and owing to political complexity, aviation is the sector of transportation least
affected by policy incentives. In the EU, aviation fuels have been completely exempted from taxation. However, aviation has been part of the European Emission Trading scheme since 2012 and it
is included in the European Unions (EU) fit for 55 package [9]. Mandates for increased e-fuel use
and a fossil jet fuel tax have also been proposed as a of the European Green Deal [10].
In Sweden, starting from 2021, a mandate for aviation emissions reductions has been in effect. The
mandate stipulates a gradual phase in of bio aviation fuels mixed with fossil jet, starting at 0.8%
then increasing each year to reach 27% by 2030 [11]. To provide additional support for decreased
use of fossil fuels in aviation, landing and takeoff tariffs are adjusted according to the climate impact of the used fuel [12].
The lack of policy incentives for development of aviation have slowed down the development of
aviation biofuels in relation to the development of road biofuels. Nonetheless, it is likely that a substantial amount of the available biomass resource is utilized for production of aviation jet fuels by
2040 [13]. According to the annual World Energy Outlook 2021 by the International Energy
Agency, the total use of aviation biofuels will have to reach 105 Mt/y (126 TJ/day) by 2050 in order to meet the net zero emission target [7]. The US department of Energy states that it is possible
to produce 0.6-3.1 Mt/y of bio jet in 2030, but it requires multiple production incentives and a favorable investment climate [14]. Bauen et al. estimates that, depending on growth scenarios, a
range between 3 and 13 Mt/y of sustainable aviation fuels can be produced by 2030 [15]. It is
pointed out that to achieve this development, production and use of bio jet fuel must have overcome technical and market entry barriers by 2030.
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High-altitude effect
Researchers are in agreement that aviation has a higher climate impact than just the direct CO2
emissions caused by burning jet fuels. This contribution is often referred to as the high-altitude effect. High altitude effect is, as the name suggest, caused by the fact that the fuel is combusted at
high altitudes when used in airplanes. Quantifying the GHG footprint of aviation fuels based only
on the emissions related to production and combustion of the fuel thereby leads to an underestimation of their net contribution to global warming.
There are several complex mechanisms causing high-altitude effects, the five clearest pathways being [16]:
1.
2.
3.
4.
5.

Emissions of nitrogen oxides (NOx) cause ozone formation and methane degradation
Water emissions in the stratosphere (>10-15 km above sea level)
The formation of contrail cirrus (also known as airplane-induced clouds)
Formation of sulfate aerosols
Formation of soot aerosols

The most prominent warming mechanism is considered to be the formation of contrail cirrus,
which are essentially high-altitude clouds made up of ice crystals that are formed around aerosols
caused by the combustion of jet fuel. To further complicate the overall mechanisms, several of the
pathways cause both a cooling and a warming effect, depending on temperature, time and other
factors. Therefore, estimating a global warming potential (GWP) factor for jet fuel emissions that
accounts for the high-altitude effect is a complex issue. There are many reasons for this, some of
the more prominent ones being that the relation between NOx emissions and ozone formation is
non-linear and highly weather dependent. Furthermore, the build-up and impact of short-lived particles and aerosols is highly dependent on location and timing; a large part of the climate impact
from jet fuels is relatively short-lived. In the 2000 IPCC report on aviation and the global atmosphere, it was concluded that there is no point in estimating a GWP factor for aviation fuels, as the
GWP was developed to handle the climate impact of long-lived, well-mixed gases, such as CO2
and CH4 [17]. They, instead, suggested radiative forcing index (RFI) as a better method.
Although some of the high-altitude effects have a short lifetime, research also suggests that the
long-term effects are severe. For instance, studies have shown that while contrail cirrus dominate
warming contribution in the short time, they also make up 15% of the climate impact over a 100
year time horizon [3]. Regardless of these conclusions, there is no agreement within the life-cycle
assessment (LCA) community on the quantification of the GWP caused by high altitude effects and
the IPCC have not included a quantitative evaluation in their reports.
Although there seems to be a lack of consensus regarding how to implement high-altitude effects in
LCA studies, they are important to consider when evaluating the heating effects of aviation.
Jungbluth et al, performed a literature and interview study to determine how high-altitude effects
are quantified within the LCA community. Five different methods for estimation of a GWP factor
in relation to the total CO2 emissions generated by the fuel were identified, ranging from an RFI of
1 (no high-altitude effects) to 2.7. They suggest that a factor of around 2 of an airplanes’ total CO2
footprint is preferable based on the work by e.g. [18] and [19]. However, they emphasize that it is
better to use an RFI based on the emissions at high altitude rather than the total CO2 emissions,
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since this allows for a better comparison of different flight distances. Accounting only for the emissions emitted at high altitude, the corresponding RFI is 5.2 kgCO2-eq/KgCO2. The specific 100year GWP suggested by [19] ranges between 1.3-2.7 with an average of 1.7 when accounting for
aviation induced cirrus from contrails. The emission factors attributed to the high-altitude effect
represents an average for long-distance aviation and might be both higher and lower for specific
cases.
What should be highlighted about these GWP factors is that they have been estimated for fossil jet
fuels. The combustion chemistry of aviation biofuels can be different from their fossil counterparts,
which might influence the strength of their high-altitude effect. In an attempt to quantify the GWP
of renewable ATJ and FT based bio jet, [20] points out that although substantial advances have
provided researches with a variety of metrics for aviation combustion emissions, these metrics are
yet to be applied to climate studies of renewable jet fuel pathways. The results of the paper include
GWP factors for ATJ and FT based biofuels, including high-altitude effects (near-term climate
forcing) on both a 20- and 100-year time horizon. It was shown that for a longer time perspective
(20 years or more), the high-altitude effects of aviation biofuels are approximately similar to the
numbers seen for fossil jet fuel. This implies that, at least with this methodology, the heavy decrease of ice crystals in contrails research has shown for aviation biofuels, only has an effect in a
shorter time perspective.
However, although high-altitude effects of aviation biofuels is a research field that needs to grow
further, there are some recent findings indicating that combustion of aviation biofuels generates
less of the particles and aerosols that contribute to the high-altitude effect. [21] compared the formation of contrail cirrus from the operation of an Airbus A320 (short-to-mid range flights) on
standard jet fuel and on low aromatic sustainable aviation fuel blends. Their results show that burning sustainable aviation fuels can lower the formation of soot and ice number concentrations with
50-70%, which in turn will lower the high-altitude climate impact from aviation. [22] compared inflight emission data of the ethanol-based ATJ-SPK fuel blend and conventional JP-5 fuel to conventional Jet A1 fuel. The results show that the ATJ-SPK blend reduced the total and non-volatile
particle number emissions with up to 97% compared to Jet A1 fuel. Similar conclusions were
drawn by [23], who compared contrails formed using sustainable aviation biofuel blends to conventional jet fuel. [24] showed that by using a jet fuel blend consisting of 50% HEFA, soot formation
decreases with 50-70%. A reduction of soot particles in turn leads to the same number of reductions in formed ice crystals. By adopting global climate modelling [25] furthermore, showed that a
decrease with initial ice crystal numbers with 80% leads to a decrease in contrail cirrus radiative
forcing with 50%.
[26] reviewed the formation and radiative forcing of contrail cirrus. They concluded that while contrail cirrus enhances the impact of natural clouds on climate, uncertainties remain regarding their
properties and lifecycle. It should also be highlighted that a large part of the impact on radiative
forcing caused by contrails occurs over a relative short time frame. The long-term properties on
high-altitude effects caused by changing from fossil jet fuels to bio-jet are harder to quantify.
Kärcher states that “If the objective is to minimize the aviation contribution to climate change on
long time scales (relating to centuries), then reductions in CO2 emissions are much more important
than mitigating non-CO2 effects” [26].
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Although the effects of high-altitude emissions clearly have an impact on the GHG footprint of aviation biofuels, the authors have not been able to find specific GWP factors concerning the different
aviation biofuels considered in this work. The previously cited research conclude that it is likely
that the GHG footprint caused by high-altitude effects is lower for aviation biofuels than for fossil
jet fuel. However, little is said about long-term effects. Therefore, specific representation of the
GWP of high-altitude effects from aviation biofuels is not included in this work. To specifically investigate the high-altitude effects of the different aviation biofuel production pathways would require specific insights into combustion chemistry of the different fuel alternatives as well as a deep
knowledge of the physics of different high-altitude effects and is outside the scope and competence
of this project as well as the general knowledge in the scientific community. Therefore, the highaltitude effect is represented with generic values for international flights. The potentially lower effect of biofuels in relation to fossil fuels is highlighted with a sensitivity analysis. It is also noted
that shorter flights that does not reach equally high altitudes have a lower climate impact.

PROJECT AIM AND OBJECTIVES
There is broad agreement among the aviation industry members, energy transition researchers and
different policymaking branches of the government that biofuels are an important tool for mitigating the climate impact from aviation. Nonetheless, the debate concerning the sustainability of biofuels is on-going (see e.g. [27][28]). There is increasing emphasis on the need for better carbon efficiencies. Further limitations on biomass outtake mean that it is even more important to ensure that
the carbon atoms in the biomass are used productively to as large a degree as possible.
However, most biofuel production processes are endothermic entailing that some part of the feedstock is combusted to generate heat. Moreover, the hydrogen-to-carbon ratio in biomass is much
lower of that in hydrocarbon fuel products. Both these factors typically lead to that part of the biomass feedstock carbon is lost as CO2. A possibility for addressing this problem is through carbon
capture and utilization (CCU), where hydrogen is used to produce additional biofuel product
through reaction with the generated CO2. Such a concept would generate an end-product that can
be considered an electro/bio-fuel hybrid.
Furthermore, as already highlighted, simply replacing fossil fuels with biofuels produced with low,
or none, net GHG emissions will not eliminate the climate impact of aviation, owing to high-altitude effects [3]. By applying bio-energy carbon capture and storage (BECCS), this issue can potentially be eliminated [29]. The possibilities offered by BECCS options in relation to the mitigation
of the climate impact of the high-altitude effect is highlighted e.g. by [30].
The overarching aim of the ‘climate-positive and carbon efficient bio-jet fuels’ project was to compile a knowledge base on carbon and climate-efficient aviation biofuels that can help decision-makers identify long-term priorities for the transition to sustainable aviation with particular focus on
R&D and commercial deployment. The knowledge base is expected to be a significant asset for
both industrial actors and society since reducing the climate impact of aviation is likely to be a
challenging proposition. Furthermore, BECCS has been identified as an area in pronounced need of
knowledge consolidation given its importance to the timely realization of Sweden’s climate goals
(bill number 2016/17:146).
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Building upon the methods and models developed for the ‘carbon, climate & cost efficiency (k3)’
project [31], the focus of which was limited to road transport, results from the ‘climate-positive and
carbon efficient bio-jet fuels’ provide complementary insights into the implementation of BECCS
and BECCU concepts within 7 aviation biofuel pathways.
This report summarizes the findings of the ‘climate-positive and carbon efficient bio-jet fuels’ project in response to the following specific project objectives:
1) Estimate and compile carbon, climate and cost efficiencies for existing and emerging aviation biofuel pathways without modifications for CO2 capture.
2) Analyze technical solutions and quantify CO2 capture costs for each of the studied pathways. Separately evaluate the options of directing the captured CO2 to permanent storage
(BECCS) and of upgrading it to biofuels with electrolysis-based hydrogen to increase biofuel yields (BECCU/electrofuels).
3) Perform an overall comparative assessment of the carbon efficiencies, climate performance
inclusive of the impact of high-altitude effects, biofuel production costs and GHG reductions costs of the studied biofuel production pathways under BECCS and BECCU options.
4) Assess on a general basis the contributory potential of the studied pathways to the transport
sector transition concerning feedstock potential, technology readiness and non-technical
barriers.

REPORT OUTLINE
This report is divided into four chapters. Chapter 1 provides a general introduction. Chapter 2 offers an overview of the results and methods connected to specific objectives 1-3. Chapters 4 provide the same information for specific objective 4. The overall results and conclusions of the project are reported in Chapter 5.

BIOFUEL PATHWAYS
The aviation biofuel pathways evaluated in this report are listed in Table 1. Note that the
hydropyrolysis-based 2a (FR-HP) differs significantly from the HEFA-based 2b (Tallow-HDO)
and is not commonly defined as a typical hydrotreatment pathway. The use case for two pathways
in this report involves some level of integration with a crude oil refinery and the two are grouped
together in this report primarily for convenience.
The scope of the project was limited to pathways that were deemed technically and commercially
deployable within the next 5 to 20 years and in which the utilization of the biogenic feedstock
carbon could be improved through any of the following measures:
•
•

Changes in process configurations increasing the share of the feedstock carbon in the
biofuel products in general and the aviation fraction in particular
Capture of the carbon that does not end up in a useful product followed by:
o Upgrading to primarily aviation biofuel carbon through a so-called e-fuel or
electrofuel concept.
o Transport to a dedicated facility for long-term sequestration.
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Table 1. Aviation biofuel pathways evaluated in this report.
Bio-jet fuel pathways evaluated

Status

ASTM
Certification

1a (BL-FT)

Synthetic jet kerosene from black liquor gasification and
FT synthesis

Emerging

Yes

1b (Bark-FT)

Synthetic jet kerosene from bark by circulating fluidized
bed gasification and FT synthesis

Emerging

Yes

2a (FR-HP)

Synthetic jet kerosene from forest residues by
hydropyrolysis

Emerging

No

2b (Tallow-HDO)

Synthetic jet kerosene from tallow by
hydrodeoxygenation

Commercial

Yes

3a (Wheat-ATJ)

Synthetic jet kerosene from wheat by fermentation &
alcohol-to-jet synthesis

Emerging

Yes

3b (SD-ATJ)

Synthetic jet kerosene from sawdust by fermentation &
alcohol-to-jet synthesis

Emerging

Yes

3c (FR-IBJ)

Synthetic jet kerosene from forest residues by
fermentation and iso-butanol-to-jet

Emerging

No

Gasification
pathways

Hydrotreatment
pathways

Fermentation
pathways

Both conventional biofuel production pathways, such as the HEFA route (hydrogenation of esters
and fatty acids) and more novel pathways, such as fermentation of forest residue-based sugars in
combination with alcohol-to-jet technologies are evaluated.
Table 2 provides an overview of feedstocks, tradable by-products and biofuel products. Pathways
are referred to by their designated abbreviations. BL, FT, FR, HP, HDO, ATJ, SD and IBJ denote
black liquor, Fischer Tropsch, forest residue, hydropyrolysis, hydrodeoxygenation, alcohol-to-jet,
sawdust and iso-butanol-to-jet, respectively.
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Table 2. Overview of feedstocks, tradable by-products and biofuel products.
Pathway

Feedstock(s)

Other biomass inputs

Tradable byproducts

Biofuel Product(s)

1a (BL-FT)

Black liquor

n.a.

Green Liquora

Aviation biofuel, petrol

1b (Bark-FT)

Bark

Rape methyl esterb

n.a.

Aviation biofuel, petrol

n.a.

Aviation biofuel, petrol, marine fuel

MBMe

Aviation biofuel, petrol, LPG

residuec

2a (FR-HP)

Forest residue Forest

2b (Tallow-HDO)

Meat industry
Biogasd
by-products

3a (Wheat-ATJ)

Wheat

forest residuesf, molassesg DDGSh

Aviation biofuel, diesel, petrol

3b (SD-ATJ)

Sawdust

Molassesg

Lignin pellets

Aviation biofuel, diesel, petrol, biomethane

3c (FR-IBJ)

Forest residue n.a.

n.a.

Aviation biofuel, diesel, petrol

a Green

liquor is a soluble mixture of pulping chemicals that is recovered in the gasification step and returned to the
pulp mill with which the process is integrated as an internal product.
b For use in syngas cleaning.
c For use as a source of process heat for biomass drying.
d For use as process heat at meat rendering plants.
e Meat and bone meal.
f For use as process heat for the ethanol production and distillation steps.
g Source reference assumes use in small quantities as substrates for enzymes.
h Distillers’ dried grain with solubles.
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2

TECHNO-ENVIRO-ECONOMIC ASSESSMENT OF
AVIATION BIOFUELS WITH BECCS AND BECCU

This chapter addresses the following project objectives:
1. Estimate and compile carbon, climate and cost efficiencies for existing and emerging aviation biofuel pathways without modifications for CO2 capture.
2. Analyze technical solutions and quantify CO2 capture costs for each of the studied pathways. Separately evaluate the options of directing the captured CO2 to permanent storage
(BECCS) and of upgrading it to biofuels with electrolysis-based hydrogen to increase biofuel yields (BECCU/electrofuels).
3. Perform an overall comparative assessment of the carbon efficiencies, climate performance
inclusive of the impact of high-altitude effects, biofuel production costs and GHG reductions costs of the studied biofuel production pathways under BECCS and BECCU options.

METHODS
A fuller description of the methods can be found in the scientific article based on this project [32].
A summary containing the most important information is reproduced below.
The performance of seven aviation biofuel pathways was evaluated under three different process
options where each option represented a different approach to the final destination of the residual
CO2 streams.
The base option was the reference option in which CO2 was not captured. It served as a comparative baseline. The CCS option was used to evaluate BECCS. CO2 was captured and transported to
an offshore storage location for permanent sequestration by ship or by ship and truck. The CCU option was designed to examine the case of upgrading the captured CO2 to aviation and other biofuel
products. The CO2 captured was upgraded to synthetic jet kerosene, diesel and petrol with the help
of electrolysis H2 in a process based on reverse water gas shift (RWGS) and FT synthesis technologies. Note that the feedstock input to each pathway was kept the same under the base, CCS and
CCU options to generate a consistent frame of reference for easier comparison. The production
scales of the different pathways are, however, different as detailed below.
A summary of the case designs for the base, CCS & CCU options and the principal references used
for assembling the carbon and energy balance models are summarized in Table 3. The carbon, cost
and climate performance indicators used for evaluating the pathways can be found at the end of the
Methods section.

Biofuel Pathway Process Models
The process configurations developed for the ‘carbon, climate & cost efficiency (k3)’ project [31]
were complemented with aviation-specific data from the public literature to generate process
models for aviation biofuel pathways. Simplified schematic overviews under the base option can be
found in Appendix A, full balances are provided in Appendix C. Where possible the same source
was used for modelling all the steps in a process configuration. This was not always possible as
there were few-to-no studies of corresponding scope in the literature for most of the pathways. A
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standard set of thermochemical and compositional data was used to reduce the inconsistencies created by the use of different sources, often with opaque assumptions regarding heating values and
material compositions.
The seven aviation biofuel pathways were classified into three technology tracks: gasification pathways, hydrotreatment pathways and fermentation pathways. Some plants were designed as
standalone units without material and/or energy integration with existing process industries. The 1b
(Bark-FT) pathway and the three fermentation pathways belonged to this category. The remaining
pathways involved some level of material and/or industrial integration with one or more types of
existing industries. See the detailed carbon and energy balances in Appendix C for more details on
the types and magnitudes of the streams exchanged between the biofuel plants and the host sites.
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Table 3. Case designs under the base, CCS & CCU options.
Integration
(Type of
Industry)

Feedstock
Input
[LHV MW]

CO2 Capture Streams
Yes/No (Quantity)

CO2
Transport

Concentrated

Dilute

Truck

Ship

CCU Product

Reference
Studies

1a
(BL-FT)

Yes
(Pulp Mill)

92.8a

Yes
(1)

Yes
(1)

No

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[33,34]b

1b
(Bark-FT)

No

533

Yes
(1)

Yes
(1)

No

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[34,35]c

2a
(FR-HP)

Yes
(Crude Oil
Refinery)

107

No

Yes
(1)

No

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[36,37]d

2b
(TallowHDO)

Yes (Rendering
Plants, Oil
Refinery)

1262e

No

Yes
(1)

No

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[38]

3a
(WheatATJ)

No

240

Yes
(1)

Yes
(1)

Yes

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[39,40]f

3b
(SD-ATJ)

No

132

Yes
(2)

Yes
(1)

Yes

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[40,41]g

3c
(FR-IBJ)

No

132

Yes
(1)

Yes
(1)

Yes

Yes

Synthetic Jet
Kerosene,
Petrol, Diesel

[40,42]h

a The

biofuel plant in 1a (BL-FT) would be operated in parallel with a recovery boiler and was sized for a scenario in
which the thermal load on the recovery boiler is the same as under normal operation but there is an increase the
pulping capacity. See [33] for more information.
b Data for black liquor gasification is taken from [33] and data for Fischer-Tropsch synthesis is taken from [34].
c Data for bark gasification and syngas cleaning is taken from [35] and data for Fischer-Tropsch synthesis is provided
by RISE Research Institutes of Sweden AB [34].
d Balances in [37] have been modified to account for the absence of energy integration. [36] is the original reference.
Integration with the crude oil refinery is limited to the delivery of the hydrotreatment products to the refinery for
final processing and blending.
e Denotes the throughput of animal by-products that yield 888 MW LHV of tallow and 375 MW LHV of meat and
bone meal.
f [39] for wheat-to-ethanol and [40] for ethanol-to-jet fuels.
g [41] for sawdust-to-ethanol and [40] for ethanol-to-jet fuels.
h [42] for forest residues-to-iso-butanol and [40] for iso-butanol-to-jet fuels.

The feedstock inputs were based on previous techno-economic studies taking into account Swedish
feedstock potentials and the sizes of existing industrial facilities for pathways that were based on
commercial technologies, e.g. fermentation of wheat grain and hydrotreatment of tallow. Further
details on the sizing choices are given in [32].

Carbon Capture, Transport, Sequestration & Upgrading Models
The modelling assumptions for CO2 capture and transport were developed in common with the
‘carbon, climate & cost efficiency (k3)’ project [31]. The most important assumptions are
summarized below. More information can be found in [31,43]. The CO2 streams captured were
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classified into two different types for estimating the consumption of electricity and steam.
‘Concentrated’ streams were CO2 streams that were assumed to be pure with a CO2 concentration
of 100 mol% that were generated during the conditioning of syngas, the upgrading of biogas and
the fermentation of wheat, sawdust and forest residues. ‘Dilute’ streams were streams in which CO2
was present together with other compounds. These were further sub-divided into three types:
biomass boiler flue gas, refinery flue gas and methane reforming flue gas with CO2 concentrations
of 15.5 mol%, 8 mol% and 24 mol%, respectively. The CO2 rate for all dilute streams was 85% and
capture was carried out with monoethanolamine (MEA) as the solvent. The utility demand for
capturing the CO2 in dilute streams is summarized in Table 4 and was met with either excess heat
generated through the combustion of residual biomass streams from the biofuel production
processes or with imported electricity.
Table 4. Utility demand for capturing CO2 in dilute streams.
Dilute Stream

Electricity
[MJ/kg CO2]

Heat
[MJ/kg CO2]

References

Biomass boiler

0.0870 [44]

3.76 [45,46]

Post-combustion [44–46]

Refinery fuel gas

0.341 [47]

4.00 [46]

Post-combustion [46–48]

Methane reforming

0.126 [47]

3.60 [46]

Mixed [46,47]

CO2 was assumed to be transported and stored temporarily in liquefied form. Liquefaction was
carried out in a propane-based refrigeration unit at -30°C, 15 bar(g)) [49]. Transport was initially
by truck for the CO2 captured from fermentation plants, which were assumed to be located 50 km
inland for maximizing the uptake of feedstock locally. The carrying capacity of the trucks was 40 t.
Both the CO2 from the fermentation plants and the CO2 for the shore-side plants was stored
temporarily in 4500 t tanks located at the shipping harbor. Transport to the offshore storage site
was by ship and the transport distance was set at 1200 km and the total time at sea was calculated
to be 128 h based on data taken primarily from [49]. Key parameters for the CO2 transport model
are given in Table 5. Note that the total quantity of CO2 captured from a crude oil refinery is likely
to be significantly greater in a realistic CCS implementation and biogenic CO2 is expected to make
up only a small part. The economies-of-scale from aggregating the transport of biogenic and fossil
CO2 at a refinery were not considered in this study since the impact on the levelized cost of biofuel
product was found to be minimal.
The size of the ships carrying the CO2 to the transport size varied between 2000 t and 20000 t and
was determined individually. Pathways that could utilize a ship for more than 4000 h/y had a
dedicated ship. Pathways that did not produce enough CO2 to utilize the smallest ship of 2000 t
shared the costs with same size plants. Costs for the platform moored adjacent to the storage well
and home to the temporary storage tanks were also allocated following a similar approach, with
pathways bearing a share in proportion to the size of their ship loads.
The storage site was an 80% depleted offshore gas field and CO2 was stored at a depth of 1000 m
[50]. The ships transporting the CO2 to the storage site off-loaded it into storage tanks moored
adjacent to the storage well with a capacity of 40 000 t/y.
For more information on the assumptions and data behind the CO2 capture, transport and upgrading
models, see section 3.3 and the Supplementary Material to [43].
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Table 5. Key parameters for the CO2 transport model.
Pathway

Transported CO2 [kt/y]

Ship Size/CO2 Capacity [kt]

Yearly Utilization [Hour/y]

1a (BL-FT)

173

4000

5365

1b (Bark-FT)b

911

20000

5658

2a (FR-HP)

149

2000

4613

2b (Tallow-HDO)

41

2000

2565

3a (Wheat-ATJ)

360

8000

5589

3b (SD-ATJ)

183

4000

5673

3c (FR-IBJ)

247

8000

3827

Under the CCU option the CO2 that was captured was upgraded to synthetic jet kerosene, diesel
and petrol with electrolysis H2 in a process based on reverse water gas shift (RWGS) and FT synthesis technologies with data from [51]. The process was not optimized for jet yield, which can
reach 70-80% of FT products in jet-optimized process configurations. The electrolysis technology
for the production of H2 was assumed to be polymer electrolyte membrane (PEM) electrolysis with
a nominal system efficiency of 60% on LHV basis [52,53]. Key parameters for the CCU option are
listed in Table 6. Due to heating demands of the FT-unit, part of the off-gases from the separation
sequence are used as fuel for heating, rather than being recirculated to the RWGS-reactor. Thereby,
part of the carbon entering the FT-process is lost as flue gas, resulting in an overall carbon efficiency of the RWGS+FT process of 75%.
Table 6. Key parameters for the CO2 upgrading model. Reworked from [51].
Stream

Notes

Hydrogen

[kg/kg CO2]

0.132

Synthetic jet kerosene

[kg/kg CO2]

0.105

Petrol yield

[kg/kg CO2]

0.075

Diesel yield

[kg/kg CO2]

0.060

Electricity (Internal Use)

[MW/kg CO2]

0.740

Steam (Internal Use)

[MW/kg CO2]

3.44

2.3 bar steam

[MW/kg CO2]

0.709

Excess. Used for process demands e.g. for heat for CO2 capture.

8.8 bar steam

[MW/kg CO2]

0.488

Excess. Used for process demands e.g. for heat for CO2 capture.

20 bar steam

[MW/kg CO2]

2.85

Excess. Used for process demands e.g. for heat for CO2 capture.

Climate Performance Assessment
Climate performance was assessed from a well-to-(jet) wheel perspective. The GHG footprints of
the aviation biofuels in each pathway were estimated in accordance with the Renewable Energy
Directive (RED II) guidelines [54]. The global warming potential (GWP) of the high-altitude effects was also estimated.
GHG emissions were allocated to the products of each pathways following the refinery principle in
which individual products in a multi-product stream are allocated emissions on an energy basis up
until the point of divergence. As an example, the emissions from the electricity used in the CO2 upgrading processes were allocated only to the biofuels produced through those processes and not to
the biofuels produced through the base configurations. However, an exception was implemented
for the negative emissions from the sequestration of CO2 under the CCS option, which were allocated on an energy basis to all biofuel products.
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Table 7. Emission factors for estimating GHG footprints.
Electricity
GWP methane
Forest biomass outtake
Forest biomass transport
Jet fuel distribution
Bio-Methane distribution
Petrol distribution
Diesel distribution
CO2 distribution truck
CO2 distribution ship (LNG fuel)
Wheat cultivation
Average fossil fuel footprint

46.8
32
1.03
0.02
1.51
2.49
1.55
1.45
108
38
50.4
333

Unit
kgCO2eq/MWh
gCO2eq/gCH4
kgCO2eq/MWh
kgCO2eq/MWh,km
kg CO2-eq/MWh
kg CO2-eq/MWh
kg CO2-eq/MWh
kg CO2-eq/MWh
gCO2eq/ton*km
gCO2eq/ton*km
kg CO2-eq/MWh
kgCO2eq/MWh

Reference [Notes]
[55] [Swedish mix]
[56]
[57]
[30]
[58]
[58]
[58]
[58]
[59]
[60]
[61] [3a (Wheat-ATJ) only]
Used for estimating GHG reduction costs (see text)

Table 7 provides a listing of the emission factors used in the estimation of GHG footprints. The
biomass feedstocks to all pathways except Whet-ATJ are classified as residues. Emissions linked to
land use change and potential carbon accumulation from improved agricultural management were
omitted.
Owing to the lack of consistent data for how to handle the GWP of the high-altitude effect, several
LCA studies of bio jet fuels, simply does not account for them at all (e.g. [62] and [63]). However,
given the fact that high altitude-effects are such a large contributor to the total climate impact of
aviation, it is of essence to quantify and include in the analysis. Furthermore, such effects become
particularly interesting from a bio-jet fuel perspective. The trade-off between CCU as a means to
increase the fuel output from a limited resource and the CCS pathway, which might be the only option for production of carbon neutral (or negative) aviation fuels becomes extra important. Given
the magnitude of high-altitude effects, BECCS might be required to reach jet-fuels with a carbon
footprint low enough to reach our climate targets.
It is important to acknowledge that the GWP of the high-altitude effect is dependent on the usage
of the fuel product and should not be attributed to production of the fuel itself. Therefor the term
climate impact is used to describe the combined GWP from production of the fuel and the high-altitude effect in this report. The central assumption is this study assumes GWP values corresponding
to an increase in the GHG footprint of FT and hydrotreatment-based aviation biofuels with 69.8
gCO2eq/MJ and alcohol-based aviation biofuels with 70.9 gCO2eq./MJ [20].
Naturally, the total high-altitude effect will differ between flight routes, depending on the time
spent at high altitude. The share of total flight time spent above an altitude where there is an additional warming effect will vary depending on e.g., length, speed, and flight planning. It is also of
importance to emphasize that there exist other options for decreasing the high-altitude effect of aviation, for instance implementation of route optimization strategies. To evaluate aviation biofuels
taking such effects into account would require detailed scenario analysis outside the scope of this
work. The emission factors attributed to the high-altitude effect represents an average for long-distance aviation and might be both higher and lower for specific cases.
Throughout the following sections GHG footprints are presented either as the share of GHG emissions attributed to the aviation biofuel product or as an average GHG footprint for all products estimated on an energy basis for ease of presentation and understanding.
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Economic Assessment
The economic assessment of aviation biofuel was carried out for an energy market scenario for the
year 2030 since many of the pathways assessed are still classified as emerging and large-scale commercial production is not expected to be a realistic prospect in the near future. The prices of electricity, biomass and other important energy carriers were estimated with the energy price and carbon balance scenario (ENPAC) tool [64]. Potential revenue from the sequestration of CO2 under
the CCS option were not included in the main scenario but the impact of revenues amounting to 50,
100 and 200 EUR/tCO2 on biofuel production costs was included as a sensitivity case. All prices
were denominated in EUR2020 using exchange rates of 0.88 EUR/USD, 0.095 EUR/SEK and 1.13
EUR/GBP. All energy flows were computed in MWLHV.
Estimates of capital expenditure (CAPEX) were taken from the literature (see Table 8). Where possible, the same references were used for both the process models and the CAPEX estimates. Where
such information was available, estimates were used and scaled in accordance with the methodology provided in the source studies. Data granularity and underlying assumptions such as those related to indirect costs and balance of plant varied between different studies. Some estimates were
total capital investment (TCI) estimates and variously included cost items such as engineering, construction and contingency. Others were estimates of main and auxiliary equipment costs.
PEM CAPEX was calculated with a reference value of 1000 EUR/kW (2018 USD price level) and
without economies-of-scale [33]. The CAPEX estimates for the RWGS and FT-based CO2-to-Jet
step was from Albrech et al. [65] for a configuration similar to that used as the basis for the carbon
and energy balances. The Power-to-Liquid (PtL) TCIs compiled by them were modified to exclude
the costs of major process either not included in the configuration studied, namely, a turbine, or estimated separately, namely, electrolyzers. The CCU options in 1a (BL-FT), 2a (FR-HD) and 3b
(SD-ATJ) were scaled with references costs for the small-sized PtL concept. The remaining pathways were scaled with reference costs for the large-sized PtL concept.
The scaling of costs was carried out as described in eq. 1 [66] unless otherwise stated:
𝐶 = 𝐶0 ∗

𝑃0 𝑆𝐹
𝑃

(Eq. 1)

where C is the cost of the process or specific unit operation, C0 the base cost, P0 the base scale and
P the scale. SF is the scaling factor, which, unless otherwise specified, was set to 0.67.
The Chemical Engineering Plant Index was applied to update all cost data to 2020 monetary values
[67] as noted in eq. 2:
𝐶2020 = 𝐶𝑥 ∗

𝐶𝐸𝑃𝐶𝐼2020
𝐶𝐸𝑃𝐶𝐼𝑋

(Eq.2)

Where C2020 is the equipment cost in 2020 monetary value, Cx the cost at the given year x, and
CEPCI the cost index at year 2020 and year x, respectively.
The CAPEX calculations presented in this work should be considered as indicative. Finding reliable estimates from commercial projects is difficult as many of the production pathways currently
(2022) only exist in demonstration scale.
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Table 8. Sources for CAPEX estimates.
Pathway

References

Notes

1a (BL-FT)

[33,34]

Oxygen for gasifying black liquor was purchased on the market under the base and
CCS options but was taken from the PEM electrolyzer under the CCU option.
The same reference was used for the process modelling and CAPEX estimation of
the gasification stage. The CAPEX for the FT stage was estimated by scaling the costs
of individual process units.

1b (Bark-FT)

[34,68]

The same reference was used for the process modelling and CAPEX estimation of
the gasification stage. The CAPEX for the FT stage was estimated by scaling the costs
of individual process units.

2a (FR-HP)

[69][33].

Partly different references were used for process modelling and CAPEX estimation.
It was assumed the final refining and blending of the liquid hydrocarbon products
from the hydropyrolysis process could take place at the crude oil refinery in existing
units without additional CAPEX and OPEX requirements.

2b (TallowHDO)

[38]

The same reference was used for process modelling and CAPEX estimation.

3a (WheatATJ)

[70]

The same reference was used for process modelling and CAPEX estimation.

3b (SD-ATJ)

[41]

[41] is partly based on [70] and was used for both process modelling and CAPEX
estimation.

3c (FR-IBJ)

[40,42]

The same references were used for both process modelling and CAPEX estimation.

Operational expenditure (OPEX) was classified into OPEXMaterials & Energy and OPEXO&M.
OPEXMaterials & Energy represented energy and material costs. OPEXO&M covered maintenance and personnel costs, with costs for process components expressed as a fraction of the capital cost, set at
3% for all cost components apart from intermediate and offshore CO2 storage units, which were set
at 5% following [49].
The ENPAC input data for estimating the prices of energy carriers in the year 2030 was based on
the Sustainable Development (SD) scenario from the IEA’s World Energy Outlook (WEO) 2017
[71]. A selection of the most important energy and material prices from ENPAC and other sources
is presented in Table 9. Further details on ENPAC data and the underlying methodology can be
found in [32] and [43]. Most of the data and assumptions used for the SD2030 scenario were taken
or adapted from previous work presented in [72].
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Table 9. Prices for selected energy and material streams for the cost evaluation.
ENPAC

Notes

[EUR/kg]

[EUR/MWh]

Electricity [Buy]

-

49

Electricity [Sell]

-

50

Plants exporting renewable electricity were assumed to be eligible
for support and the corresponding support level (5 EUR/MWh)
was included in the price.

Pellets [Sell]

-

32

Pellets from lignin and other forestry assortments.

Bio-Methane [For
Industrial
Heating, Producer
gate price, Sell]

-

43

Based on alternative cost for the consumer, where the biogas was
exempted from the energy tax according to current Swedish tax
levels and avoided the EU ETS allowances at the cost level of the
CO2 emissions charge. Gate prices were calculated assuming the
same distribution costs for natural gas and biogas.

Wood chips &
Forest Residue
[Buy]

-

29

Forest residue include tops and branches, bark, hog fuel, saw dust
etc. Price of wood chips was based on the price relation between
wood chips and by-products the last decade.

District Heating
Water [Sell]

-

28

Assuming heat replaces existing Bio-CHP

Natural Gas [Buy]

-

51

Including CO2 charge.

Fossil petrol [Sell]

-

47

Producer gate price. Used to estimate the reference fossil
production cost when estimating the GHG reduction costs of the
aviation biofuel pathways.

Fossil diesel [Sell]

-

54

Producer gate price. Used as described above for fossil petrol
(sell).

Other Sources

Assumptions and references

[EUR/kg]

[EUR/MWh]

Wheat Grain
[Buy]

0.167

-

December 2020 price for the wheat used for ethanol production in
Sweden [73,74].

Meat Industry ByProducts [Buy]

0.300

-

AO2 carcass price was chosen as an indicative reference price for
tallow feedstock [75,76]

Bark [Buy]

-

27

Bark is a forestry by-product and the price was assumed to
shadow the price of forestry residue in ENPAC.

Sawdust [Buy]

-

27

Sawdust is a forestry by-product and the price was assumed to
shadow the price of forestry residue in ENPAC.

Performance Indicators
An overview of the indicators used in the performance evaluations is provided in Table 10. Each
indicator is described below in greater detail.
CBifoeul Product(s) includes all biofuel products as aviation biofuels, road biofuels and marine biofuels
can all be considered functionally equal when used for replacing equivalent fossil products. No distinction is made between carbon in permanent storage and that in biofuel products since increasing
the production of biofuels of all types and the sequestration of CO2 both contribute to the reduction
of GHG emissions. It is worth noting that the carbon deposited in permanent storage is removed
from the carbon cycle for millennia, while the carbon in biofuel products replaces fossil equivalents
and is part of the atmospheric carbon cycle.
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Table 10. An overview of key performance indicators.
Parameter

Carbon

Climate

Cost

Climate &
Cost

Performance
Indicator

Description

Carbon Efficiency

Share of feedstock carbon in all biofuel products

Carbon System
Efficiency

Share of all biogenic carbon inputs in all biofuel products and all tradable
by-products.

GHG Footprints

An estimate of the GWP of the GHG emissions from feedstock harvesting,
processing and product distribution. Follows the well-to-wheel perspective
and RED II guidelines.

Climate Impact

The aggregate GWP of the GHG footprints and the high-altitude effects.

Levelized Cost of Biofuel Production

The cost of producing 1 unit (MWh) of biofuel product.

CO2 Sequestration
Cost

The cost of sequestering 1 unit (t) of CO2 in permanent storage.

GHG Reduction Cost

The cost of reducing 1 unit (gCO2eq./MJ) of GHG emissions relative to a fossil reference.

The principle measure of carbon utilization was carbon efficiency, which is defined in eq. 3:
𝜂𝐶𝑎𝑟𝑏𝑜𝑛 =

𝐶𝐵𝑖𝑜𝑓𝑢𝑒𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡(𝑠) + 𝐶𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒
𝐶𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘(𝑠)

(Eq. 3)

Where the CBiofuel Product(s) term includes both the product of the base process and the additional fuel
product (e-fuel) in the CCU option.
Biomass is used as a source of heating in several pathways and many of residual products are
traded on various markets. These non-feedstock and non-biofuel inputs and outputs were included
in the definition of carbon system efficiency, which captures the share of a pathway’s total biogenic
input that ends up in biofuel product(s), tradable by-products(s) and permanent CO2 storage and is
defined in eq. 4:
𝜂𝐶𝑎𝑟𝑏𝑜𝑛−𝑆𝑦𝑠𝑡𝑒𝑚 =

𝐶𝐵𝑖𝑜𝑓𝑢𝑒𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡(𝑠) + 𝐶𝑇𝑟𝑎𝑑𝑎𝑏𝑙𝑒 𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝐶𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒
𝐶𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘(𝑠) +𝐶𝑂𝑡ℎ𝑒𝑟 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐼𝑛𝑝𝑢𝑡𝑠

(Eq. 4)

The levelized cost of biofuel production was the principle indicator of economic performance and
was calculated in accordance with eq. 5:
𝐿𝐶𝑂𝑃 =

𝐶𝑅𝐹∗𝐶𝐴𝑃𝐸𝑋𝑇𝑜𝑡𝑎𝑙 +𝑂𝑃𝐸𝑋𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 & 𝐸𝑛𝑒𝑟𝑔𝑦 +𝑂𝑃𝐸𝑋𝑂&𝑀 − 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐵𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑃∗ℎ

(Eq. 5)

where CRF is the capital recovery factor, CAPEXTotal the total capital investment, OPEXMaterials &
Energy the annual operational expenditure on energy and material streams, OPEXO&M the annual operational expenditure on operational personnel and maintenance, RevenueBy-products the annual revenue from by-product sales, P the biofuel production capacity in MWth with all biofuel products
(aviation, road and marine) aggregated together, and h the annual plant operating hours, set at 8000
for all pathways under all options. The capital recovery factor was 0.126 and was based on a real
discount rate of 11% applied to the investments over a time period of 20 years.
The cost of sequestering 1 metric ton of CO2 under the CCS option, also referred to as the CO2 sequestration cost by defined in accordance with eq. 6:
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𝐶𝑂2 𝑆𝑒𝑞𝑢𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 =
(𝐶𝐴𝑃𝐸𝑋𝐶𝑂2 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 + 𝑂𝑃𝐸𝑋𝐶𝑂2 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 )+(𝐶𝐴𝑃𝐸𝑋𝐶𝑂2 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡+𝑆𝑡𝑜𝑟𝑎𝑔𝑒 + 𝑂𝑃𝐸𝑋𝐶𝑂2 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡+𝑆𝑡𝑜𝑟𝑎𝑔𝑒 )
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝐶𝑂2 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑

(Eq. 6)

The GWP of the biofuel GHG emissions in a well-to-wheel perspective were represented with
GHG footprint, which were estimated by aggregating the contributions from extraction and cultivation of raw materials (eec), feedstock processing (ep), transport and distribution (etd) and CO2 capture and storage (eCCS) in accordance with eq. 7:
𝐸 = 𝑒𝑒𝑐 + 𝑒𝑝 + 𝑒𝑡𝑑 − 𝑒𝑐𝑐𝑠

(Eq.7)

The aggregate climate impact of aviation biofuels was then calculated as defined in eq. 8
𝐶𝑙𝑖𝑚𝑎𝑡𝑒 𝑖𝑚𝑝𝑎𝑐𝑡 = 𝐸 + ℎ𝑎 − 𝑒𝑓𝑓𝑒𝑐𝑡

(Eq.8)

Where E is the GHG footprint as defined in eq. YA, and ha-effect is the high-altitude effect as discussed in detail in Chapter 1.
The combined cost and climate performance was evaluated by establishing the GHG reduction
costs under each of three process options relative to a fossil reference in accordance with eq. 9:
𝐺𝐻𝐺 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 =

(𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡𝐵𝑖𝑜𝑓𝑢𝑒𝑙 −𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡𝐹𝑜𝑠𝑠𝑖𝑙 )
𝐶𝑙𝑖𝑚𝑎𝑡𝑒 𝑖𝑚𝑝𝑎𝑐𝑡𝐹𝑜𝑠𝑠𝑖𝑙 − 𝐶𝑙𝑖𝑚𝑎𝑡𝑒 𝑖𝑚𝑝𝑎𝑐𝑡𝐵𝑖𝑜𝑓𝑢𝑒𝑙

(Eq. 9)

where Annual Production CostBiofuel is the combined annual biofuel CAPEX and OPEX, Annual
Production CostFossil the reference fossil equivalent, calculated by multiplying the annual biofuel
production capacity with the average of fossil petrol and diesel gate prices for the year 2030
(50.2 EUR/MWh) in the ENPAC SD 2030 scenario, Climate impactBiofuel the biofuel GHG footprint
calculated according to eq. 6 and Climate impactFossil the reference fossil fuel GHG footprint
(92.5 gCO2eq./MJ) plus the aforementioned high altitude effect (same for bio and fossil aviation
fuel). When calculating the Annual Production CostFossil., the relatively small difference in the distribution costs of biofuels and fossil fuels was ignored.

CARBON AND CLIMATE PERFORMANCE
Table 11 presents the carbon efficiency and carbon system efficiency of all seven pathways for the
base, CCS and CCU option. Detailed carbon and energy balances can be found in Appendices B &
C. As expected, for most pathways, when accounting for non-biofuel by-products, the efficiency
increases and thereby the carbon efficiency (Carbon) is in general lower than the carbon system efficiency (Carbon-System). The exceptions are the 1b (Bark-FT) and 2a (FR-HP) pathways, explained by
the addition of small amounts of RME for tar cleaning in the former and of forest residues for process heating in the latter. Both pathways do not produce tradable by-products in the configurations
examined.
The carbon efficiencies for the base process option are distributed over a relatively wide interval
from 25 to 66%. However, when adopting the process with either CCS or CCU, that difference is
reduced to 67-97% for the CCS option and to 67-87% for the CCU option. The generally lower
numbers under the CCU option are explained by the efficiency of the FT-based CO2 to jet process,
with a carbon efficiency of 75%.
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Table 11. Carbon efficiencies under the base, CCS & CCU options.
aCarbon

Pathway

Base

bCarbon

Efficiencies [%]
CCS

System Efficieincy [%]

CCU

Base

CCS

CCU

c97

c81

1a (BL-FT)

27

87

72

c36

1b (Bark-FT)

30

91

76

29

88

74

2a (FR-HP)

47

97

84

45

92

80

2b (Tallow-HDO)

66

67

67

90

90

89

3a (Wheat-ATJ)

41

91

79

58

96

86

3b (SD-ATJ)

32

80

68

45

94

82

3c (FR-IBJ)

25

91

75

25

91

75

a Carbon

efficiency is defined as the share of feedstock carbon that ends up in either a biofuel product (road, aviation
or marine) or in permanent storage (only applicable under the CCS option).
b Carbon system efficiency is defined as the share of all biogenic carbon input that ends up in either a biofuel product
(road, aviation or marine) and tradable by-products or in permanent storage (only applicable under the CCS option).
c Green liquor is treated as a by-product.

For the base option, the 2b (Tallow-HDO) pathway clearly reaches the highest carbon efficiency
and carbon system efficiency. It has the largest share of feedstock carbon in both the biofuel products alone as well as in the combined biofuel and tradable by-products. These results also imply
that the pathway generates relatively small amounts of CO2, which explains the minimal improvement in carbon efficiency under the CCS and CCU options. The increase in carbon efficiency (1
p.p.) remains essentially nonexistent irrespective of if the process is adopted with CCS or CCU.
The explanation for this can be found in that the oxygen content of fat feedstocks is relatively low
(~11 wt%). Most of the oxygen content is removed as water, thus resulting in a high hydrocarbon
yield. Conversely, biomass feedstocks have high oxygen content (30-40 wt%) with the majority of
the oxygen removed as CO2, thereby resulting in relatively lower hydrocarbon and carbon yields.
The pathways using lignocellulosic biomass of feedstock (1a & b, 2a and 3b & c) in general see a
large efficiency increase when the CCS and CCU options are implemented. Particularly the 1b
(Bark-FT), 2a (FR-HD) and 3c (FR-IBJ) pathways stand out, reaching a carbon efficiency above
90% for the CCS option. Note that the numbers presented above do not take into account the possibility of carbon leakage during the liquefaction, transport and sequestration of the captured CO2.
The magnitude of leakage during sequestration is expected to vary between locations, with estimates being subject to some uncertainty, but reasonable theoretical leakage rates have been estimated to be around 1% of the injected CO2 over 100 years [77].

Negative emission aviation biofuels & high-altitude effects
Figure 1 displays the net climate impact of the aviation biofuel product of every pathway under all
three process options (Base, CCS and CCU) when accounting for high-altitude effects. The blue
bars are the net GHG footprints of the pathways, the red bars are the contributions from the highaltitude effect, the orange circles mark the net climate impact, and the green squares are the net
emissions for the sensitivity case (decreasing high-altitude effect with 30%).
It can be seen from Figure 1 and from the numbers presented in Table 12 that four of the seven
pathways show a positive climate impact (negative emissions) under the CCS option. The largest
share of the climate impact is connected with the use of fuel at high altitudes, the so-called high-
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altitude effect (See Section 1.1.2). Figure 1 also emphasizes the large influence the high-altitude
effect has on the net climate impacts. Previous research has highlighted that the high-altitude effect
of aviation biofuels might be lower than that of fossil jet fuels, owing to lower soot formation during combustion. However, there are no clear guidelines for how this effect should be accounted for
when assessing the GHG impact over a short-term time horizon (100 years). Therefore, the impact
of a potentially lower high-altitude effect on climate performance was examined through a sensitivity analysis, where it was decreased with 30%.
Naturally, decreasing the high-altitude effect has a large impact on all pathways. However, the only
pathway where the climate impact turns from positive to net-negative is 3b (SD-ATJ), thereby suggesting that ethanol-to-jet pathways can also deliver aviation biofuels with a positive climate impact. The magnitude of the negative emissions is however limited in comparison to the gasification
pathways and to 3c (FR-IBJ).
These results highlight that it is possible that also the ethanol-to-jet (ATJ) pathways can have a positive climate impact. Nonetheless, it is the more novel iso-butanol-to-jet pathway 3c (FR-IBJ), and
the two gasification pathways (1a (BL-FT) and 1b (Bark-FT)) that deliver aviation biofuels with
the clearest positive impact.
150
100

0
-50
-100
-150
-200

BECCU

BECCS

3b SD-ATJ

No BECCS/BECCU

Net

BECCU

High altitude effect

BECCS

2b Tallow-HDO 3a Wheat-ATJ

No BECCS/BECCU

BECCU

BECCS

No BECCS/BECCU

BECCU

BECCS

2a FR-HP

No BECCS/BECCU

BECCU

Base Aviation

BECCS

1b Bark-FT

No BECCS/BECCU

BECCU

BECCS

1a BL-FT

No BECCS/BECCU

BECCU

BECCS

No BECCS/BECCU

Climate Performanceof [gCO2eq./MJ aviation biofuels]

50

3c FR-IBJ

Sensitivity (-30%)

Figure 1. Sensitivity of the climate performance of aviation biofuels to high-altitude effects.

FDOS 38:2022

30

CLIMATE-POSITIVE AND CARBON EFFICIENT BIO-JET FUELS, ARE THEY POSSIBLE?

Connecting the results in Table 11 and Table 12 shows how the pathways with a large difference
between carbon and system efficiency for the base case (2b (Tallow-HDO), 3a (Wheat-ATJ), 3b
(SD-ATJ)) also have poor possibilities for negative GHG emissions. Although counterintuitive,
these results indicate that processes with high feedstock-to-product conversion efficiency are unsuited for the production of climate positive aviation biofuels under the system boundaries of this
study. In comparison, the pathways in which the difference between carbon and carbon system efficiency is small under the base option can deliver biofuels with large negative emissions even when
accounting for the high-altitude effect.
The 3c (FR-IBJ) pathway can reach a positive climate impact below -100 gCO2eq./MJ and the two
gasification pathways also have the potential for a substantial positive climate impact. This result is
naturally explained by the fact that pathways with low system efficiency have a large part of their
feedstock converted to CO2, which can be sequestered or used for producing biofuels; options that
do not exist to the same degree for the pathways where a substantial part of the feedstock is converted to tradable by-products.
For the CCU option, the results show that climate performance in general is marginally worse than
for the base option. The large impact of the high-altitude effect on the GHG footprint means that
the climate impact remains high for the CCU option, regardless of the pathway. The reason for the
relatively low increase in climate impact, compared to the base option, is the low emission levels of
the Swedish electricity mix. On the other hand, the CO2-to-jet process is also relatively inefficient,
which explains the increase in GHG footprint, something that is not observed for production of
road fuels with methanol-to-gasoline or methanation processes [43].
It should be highlighted, that although the emissions from the Base option, and even more so, the
CCU option, are relatively high compared to the CCS option and are unable to reach a net zero climate impact, they are still lower than for fossil aviation fuels. Adding the high-altitude effect to a
65% emission reduction in relation to fossil aviation fuel, gives a threshold of 103 gCO2/MJ, which
is fulfilled by all three process options of all aviation fuel pathways.
Table 12. Climate performance under the base, CCS and CCU options. Numbers represent an average
value for all biofuel products and includes the high-altitude effect.
Pathway

aClimate

Performance [gCO2eq./MJ]

Base

CCS

CCU

1a (BL-FT)

81

-57

92

1b (Bark-FT)

79

-40

92

2a (FR-HP)

73

-12

90

2b (Tallow-HDO)

86

85

86

3a (Wheat-ATJ)

88

37

89

3b (SD-ATJ)

78

4

92

3c (FR-IBJ)

71

-112

86

a

Climate performance is defined is as the aggregate global warming potential of the GHG emissions from feedstock
and processing on the one hand, and the high-altitude effects, on the other.
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Figure 2 shows the impact on climate performance as a function of carbon efficiency when capturing CO2 for storage (CCS) or using it for increased aviation biofuel production (CCU). The figure
emphasizes what was discussed above concerning the beneficial impact of CCS and CCU on carbon and climate performance. Carbon utilization increases markedly for most pathways when
adopting both the CCS and CCU options, but the latter experiences a comparatively smaller increase due to the lower carbon efficiency of the FT-based electrofuel concept.
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Climate Performance
[gCO2eq./MJ Biofuels]
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0
-50 0

0
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Carbon Efficiency
[% Feed-to-Storage+Biofuels]

20 40 60 80 100

CCU

Carbon Efficiency
[% Feed-to-Biofuels]

Figure 2. Carbon and climate performance under the CCS and CCU options.

COST AND CLIMATE PERFORMANCE
The levelized costs of biofuel production under the base, CCS & CCU options are plotted as a
function of carbon efficiency in Figure 3 and tabulated in Table 13. Observe that potential revenues
from credits for CO2 sequestration under the CCS option are not included in these results.
The LCOP ranges from 90 to 158 EUR/MWh under the base option, with the lowest numbers observed for the 2a (FR-HP) and 3a (Wheat ATJ) pathway. Both of these pathways have among the
lowest LCOPs for CCS and CCU as well, slightly behind the Tallow-HDO pathway, which has approximately the same LCOP for all options, explained by the limited quantities of CO2 available for
sequestration or additional fuel production.

FDOS 38:2022

32

LCOP [EUR/MWh Biofuels]

CLIMATE-POSITIVE AND CARBON EFFICIENT BIO-JET FUELS, ARE THEY POSSIBLE?

250

250

200

200

150

150

150

100

100

100

50

50

50

0

250

CCS

0
0

20 40 60 80 100

Carbon Efficiency
[% Feed-to-Biofuels]

CCU

200

0
0

20 40 60 80 100

Carbon Efficiency
[% Feed-to-Storage+Biofuels]

0

20 40 60 80 100

Carbon Efficiency
[% Feed-to-Biofuels]

Figure 3. Biofuel product costs and carbon efficiency under the CCS and CCU options.

Most pathways see substantial increases in LCOPs when adopting the CCS option. A relative exception is 1a (Bark-FT) pathway, which has the lowest specific and absolute increase in LCOP of
all pathways except for 2b (Tallow-HDO). The additional cost of CO2 sequestration relates both to
the cost of additional CO2 separation equipment, but foremost to the added cost of a CO2 transport
and storage infrastructure. Pathways are divided into two categories when estimating the CAPEX
for CO2 transport in this study depending on whether they generate enough CO2 to be to utilize a
ship of their own for more than 4000 h/y. Pathways that did not produce enough CO2 to do so were
assumed to share the costs with same-sized plants, as described above. In addition, the size of the
ship assigned for CO2 transport also has a significant bearing on the total cost for the CO2 option.
The combined outcome of these modelling choices is that CO2 transport costs scale in a somewhat
step-wise manner and small pathways are at a relative disadvantage.
An implication of the results is that both the specific and the absolute scale of the CO2 flow has a
large impact on LCOPs under the CCS option. Low levels of CO2 in relation to biofuel product entail a low added cost (e.g., 2b (Tallow-HDO)), but a high absolute scale of CO2 sequestration entails low specific costs owing to economy of scale, as observed for the 1b (Bark-FT) pathway.
Biofuel LCOPs under the CCU option are higher than the LCOPs under the base options and relatively similar to those under the CCS option, which some pathways being higher and others being
lower, depending on their individual characteristics, with economies-of-scale playing an important
role. The CCU option is, as previously mentioned, less carbon efficient than the CCS option. The
CCU equipment is also relatively expensive. The CAPEX estimate for the RWGS+FT synthesis is
a TCI estimate that is on the high end of the range of estimates in the literature, albeit it is more extensive in its scope than some of the alternatives that only include the costs of main and auxiliary
equipment. Similar to the CO2 transport and storage costs under the CCS option, the CAPEX of
CO2 upgrading under the CCU option is also significantly influenced by economies-of-scale.
In 1a (BL-FT), 3b (SD-ATJ) and 3c (FR-IBJ), the LCOPs under the CCU option are somewhat
lower than those under the CCS option. These pathways are united by the relatively high share of
feedstock carbon in CO2 streams and can therefore benefit from economies-of-scale under both the
CCS and CCU options. Similar results can also be observed for the 1b (Bark-FT) 3a (Wheat-ATJ).
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Those are, however, the two pathways with largest flows of CO2 in absolute terms (911 and 360
kt/year respectively). Thus, the relative cost of CO2 transportation and injection is low and likely
outweighs the relative benefits from economies-of-scale under the CCU option. This results in processes where the CCS option is cheaper than the CCU option, although the cost increase in relation
to the base option is low for both options. The CCU LCOPs presented refer to aggregated biofuel
production and imply that the cost of the additional volumes produced through CO2 upgrading is
often significantly higher than the cost of base production. This is despite the fact that the additional cost of CO2 separation is zero for several streams, since it is already part of the base process
in fermentation and syngas conditioning steps.
Table 13. Levelized costs of biofuels under the base, CCS & CCU options. Potential credits for CO 2 sequestration are not included.
Pathway

Levelized Cost of Biofuel Production [EUR/MWh]
Base

CCS

CCU

1a (BL-FT)

94

148

143

1b (Bark-FT)

129

148

159

2a (FR-HP)

90

133

140

2b (Tallow-HDO)

119

120

120

3a (Wheat-ATJ)

90

120

143

3b (SD-ATJ)

158

206

184

3c (FR-IBJ)

131

213

182

The cost of reducing 1 unit (gCO2eq./MJ) of GHG emissions relative to a fossil reference is tabulated in Table 14 and plotted against the LCOP in Figure 4. While the LCOP increases when adopting both the CCS and CCU options as discussed earlier, the trends for GHG reduction costs differ
clearly between the two options. The GHG reduction cost stays in the same interval or is lower for
the CCS option compared to the base option, while a clear increase can be observed for the CCU
option.
These results are heavily contrasted by the findings of the a sister study on road biofuel production
in which CO2 was upgraded to road biofuels through either catalytic methanation or through the
catalytic methanol synthesis and methanol-to-gasoline process [43]. For road biofuels, the LCOP is
in generally lower for CCU, which to a degree makes up for the higher GHG footprints, with the
relative change also being relatively smaller. Hence, the GHG reduction cost of road biofuels under
the CCU option is closer to the GHG reduction costs under the CCS option. The difference in results between road biofuels and bio-aviation fuels is mainly explained by the fact that the CO2-tojet process is less efficient compared to CO2-to-road fuel processes (e.g., MTG); approximately
25% of the CO2 is vented to atmosphere. In addition, an examination of the relative costs of CO2to-Jet Fuels through RWGS+FT Synthesis, CO2 methanation and CO2-to-methanol-MTG shows
that the former is more expensive the latter two options.
For the CCS option, the results are different. In general, the pathways with large streams of vented
CO2 in the base option, such as 1a (BL-FT) and 1b (Bark-FT), as well as 3c (FR-IBJ), achieve low
GHG reduction costs through their large negative GHG footprints. The only pathways in which the
GHG reduction cost increases under the CCS option are 2b (Tallow-HDO) and 3a (Wheat-ATJ). In
the former, the total CO2 flow is small in relation to biofuel production, therefore the added cost of
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CCS and the difference in GHG footprint is almost negligible. After 2b (Tallow-HDO), 3a (wheatATJ) has the largest GHG footprint of all pathways under the CCS option and improvement relative to the base option is to a larger extent outweighed by the cost of CO2 sequestration.
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Figure 4. Impact of CCS and CCU on biofuel production costs and GHG reduction costs.

The 1a (BL-FT) pathway has the lowest GHG reduction cost under the CCS option, followed very
closely by 1b (Bark-FT) and 2a (FR-HP), with the differences between small enough for the three
to be grouped together. An interesting observation is that the difference in GHG reduction cost
from the base case is much larger for 1b (Bark-FT) compared to 1a (BL-FT). This is likely a combination of economies-of-scale linked to a much larger absolute scale and the stepwise approach
used for modelling the CAPEX of CO2 sequestration. The cost structure of the CO2 transportation
is dependent on the absolute quantity of transported CO2 and since the absolute CO2 flow is larger
in 1b (Bark-FT), the CCS cost is significantly lower.
Pathway 2a (FR-HP) has the highest carbon efficiency and among the lowest GHG reduction costs,
which are relatively similar for both the base and CCS option, likely explained by the negative
emissions being relatively modest in magnitude in relation to the gasification and iso-butanol pathways. Thus, the added cost of CCS is nearly matched by the increased carbon utilization.
The fermentation pathways 3a (Wheat-ATJ) and 3c (FR-IBJ) also reach relatively low GHG reduction costs for the CCS option. It is of interest that the pathway with largest negative GHG emission
potential (3c (FR-IBJ)) does not have the lowest GHG reduction cost. This is explained by high
LCOP for the base process and low absolute levels of CO2 stored that results in a high specific
costs of CO2 infrastructure. On the contrary, the technically similar pathway 3b (SD-ATJ) has the
highest cost of GHG reduction out of all pathways under all options, which is mainly a result of
biofuel production costs that are already high under the base option and of CCS and CCU potentials that are relatively poor on account of the share of feedstock carbon in capturable CO2 streams
being relatively low. Note that a significant amount of carbon in the feedstock ends up in the lignin
by-product that is pelletized and traded as heating fuel in the process configuration evaluated in this
project. Other configurations may therefore be able to deliver more beneficial climate performance.
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Table 14. GHG reduction costs under the base, CCS and CCU options.
Pathway

GHG Reduction Costs [EUR/kgCO2eq.]
Base

CCS

CCU

1a (BL-FT)

0.148

0.123

0.361

1b (Bark-FT)

0.257

0.133

0.421

2a (FR-HP)

0.123

0.131

0.343

2b (Tallow-HDO)

0.247

0.247

0.253

3a (Wheat-ATJ)

0.146

0.155

0.348

3b (SD-ATJ)

0.351

0.271

0.515

3c (FR-IBJ)

0.242

0.164

0.473

COST OF SEQUESTERING CO2 UNDER THE CCS OPTION
Figure 5 shows the cost of capturing and transporting 1 metric ton of CO2 for all pathways under
the CCS option. Further details on the costs included under ‘Capture’ and ‘Transport & Injection’
can be found in the Supplementary Material to [43]. Observe that the estimates are to be viewed as
indications and not absolute numbers, they are primarily intended to provide a comparison of the
total sequestration costs as well as the ratio of the cost of capture to the cost of transport & injection between different pathways. As previously pointed out, the cost of transportation and injection
is one of the most significant determinants of the total costs under the CCS option. CO2 sequestration costs range between approximately 40 and 210 EUR/tCO2. Capture costs are lower than <50
EUR/t in all pathways except 2a (FR-HP) and 2b (Tallow-HDO) and overlap partially with the
lower end of the range expected for CHP-based BECCS. Transport & Injection costs are 34-82
EUR/t excluding 2b (Tallow-HDO).
The Swedish Energy Agency has released its own recent investigation into BECCS support
schemes and settled on 100-200 EUR/t as the most likely range, subject, however, to large uncertainties [78] Thus, CCS with aviation biofuels can potentially deliver CO2 for sequestration at costs
that are significantly low, e.g. (1b (Bark-FT)). CO2 sequestration costs for the majority of the pathways examined are towards the lower end of the reference 100-200 EUR/t range, indicating the
CCS coupled with bio-aviation fuel production could be a cost-efficient alternative and be competitive with large point sources of biogenic CO2 emissions from e.g., pulp and paper industry or CHP
plants.
It can be seen from Figure 5 that the absolute quantity of CO2 is a significantly larger contributor to
the total sequestration cost than the cost of separation. Both the capture and infrastructure cost are
affected by the total quantity of CO2 available for sequestration, but the added cost of capture is
also heavily influenced by the design and availability of excess heat in the base process configuration. For instance, in 1b (Bark-FT), a large part of the CO2 generated is already separated out during syngas cleaning to meet the quality requirements of the FT synthesis process. Hence, the ratio
between added capture cost and the cost of transportation and injection is the lowest of all pathways. However, the 1b pathway also has the largest total flow of CO2 out of all considered pathways. Hence, has the lowest cost of CO2 transportation and injection and this parameter is the main
reason that 1b (Bark-FT) has the lowest sequestration costs.
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The fermentation-based pathways (3a-c) all reach relatively similar results, with slightly lower cost
for the wheat-ATJ process, owing to a slightly higher total flow of CO2. These pathways have a
CO2 sequestration cost in the same order of magnitude as the 1a (BL-FT) pathway.
The pathway with the lowest CO2 flow in absolute terms is 2b (Tallow-HDO), which is also the
pathway with the highest sequestration cost. The total quantity of CO2 transported from a crude oil
refinery is likely to be significantly higher since a realistic CCS implementation would be built
around the capture of fossil CO2, with the biogenic CO2 only making up a very minor fraction.
The resulting economies of scale and their impact on CO2 transport costs has not been estimated
since the impact on the levelized cost of biofuel production is minimal.

CO2 Sequestration Cost
[EUR/tCO2eq.]

250
200
150
100
50

Capture

3c (FR-IBJ)

3b (SD-ATJ)

3a (Wheat-ATJ)

2b (Tallow-HDO)

2a (FR-HP)

1b (Bark-FT)

1a (BL-FT)

0

Transport & Injection

Figure 5. The cost of capture, transport and storing of 1 ton of CO 2 under the CCS option.

IMPACT OF POTENTIAL CO2 SEQUESTRATION CREDITS
With biofuel costs under CCS significantly exceeding those under the base option, the implementation of carbon capture in aviation biofuel pathways is not a commercially viable prospect with the
introduction of credits for CO2 sequestration. Although the uncertainties are large, costs for producing aviation biofuels with net negative climate impacts may be reduced significantly if markets
and/or support scheme for negative emission credits, such as the Swedish proposal advocating the
use of reverse auctions in a BECCS deployment program were to emerge.
It can be seen from Figure 6 that a CO2 credit level of 50 EUR/tCO2 could already bring parity to
base and CCS LCOPs for the best performing pathways (1b (Bark-FT). With a credit level of 100
EUR/tCO2 biofuel production under BECCS is competitive against the base and CCU options in
several pathways, e.g., 1a (BL-FT) in both the base and the CCU options and 3c (FR-IBJ) in the
CCU option. A recent study on Swedish BECCS actors’ own expectation of CO2 sequestration
costs found a wide range of estimates from 100 EUR/t to 200 EUR/t with large uncertainties
around transport and storage costs [79]. With CO2 credit levels of 200 EUR/t, biofuel LCOPs under
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BECCS are significantly lower than those under the base option for the gasification and the fermentation pathways. In its recent investigation into the implementation of BECCS in Sweden, the
Swedish Energy Agency also highlighted the prevalence of uncertainties and settled on 100-200
EUR/t as the most likely range [79].

CCS w/o CO2 revenue

CCS w. 50 EUR/t CO2

CCS w. 100 EUR/t CO2

CCS w. 200 EUR/t CO2

Base

CCU

EUR/MWh Biofuel Products

250
200
150
100
50
0
1a (BL-FT)

1b (Bark-FT)

2a (FR-HP)

2b (TallowHDO)

3a (WheatATJ)

3b (SD-ATJ)

3c (FR-IBJ)

Figure 6. Sensitivity of biofuel production cost to CO 2 sequestration credit under the CCS option.

IMPROVEMENT IN BIOFUEL PRODUCTION WITH BECCU
Table 15 shows total and aviation biofuel production under the base and CCU options. The relative
increase in aviation biofuel production is substantial in all pathways except for 2b (Tallow HDO),
ranging from 39 to 86%. Thereby, CCU can simultaneously enable both significantly enhanced
production of aviation biofuels and improved carbon utilization. Naturally, and similar to results
for the CCS option, the pathways with the largest relative CO2 availability also see the largest production increases, e.g., 1b and 3c. It should be highlighted that the electricity demand for the larger
processes will be substantial under the CCU option. As an example, the electricity demand of the
1b process will surpass 300 MW to increase the liquid fuel production capacity from 245 to 528
MW. Such a development will require an extensive scale-up of renewable electricity production
such as wind power, as well as a build out of the electricity grid infrastructure.
Table 15. Increase in biofuel production under the CCU option.
All Biofuel Products [MW LHV]

Aviation Biofuel Products [MW LHV]

Base

CCU

Base

CCU

1a (BL-FT)

40.5

94.2

25.5

44.5

1b (Bark-FT)

254

528

160

261

2a (FR-HP)

67.5

112

20.5

37.1

2b (Tallow-HDO)

967

980

734

739

3a (Wheat-ATJ)

143

252

101

141

3b (SD-ATJ)

60.9

116.1

32.1

52.5

3c (FR-IBJ)

45.6

120.0

32.1

59.6

Pathway
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3

NON-TECHNICAL CONSIDERATIONS, FEEDSTOCK
POTENTIALS & TECHNOLOGY READINESS

This chapter covers the following project objective:
4) Assess on a general basis the contributory potential of the studied pathways to the transport
sector transition concerning feedstock potential, technology readiness and non-technical
barriers.

METHODS
Assessment of Technology Maturity & Feedstock Potential
The assessments of technology maturity and feedstock potentials carried out within the sister project ‘carbon, climate & cost efficiency (k3)’ were updated and complemented with aviation-specific considerations, e.g. the technology readiness of alcohol-to-jet technologies [31]. The approach
used in the sister project is reproduced below in short for convenience.
Technology maturity was scored on the TRL scale with definitions from the European Commission
[80] and the US Department of Energy as guidelines [81]. The evaluation of technology maturity
built upon work conducted in previous studies [33,37]. The availability of biomass assortments in
Sweden as feedstock for biofuel production was examined through a survey of recent literature.
The scope was limited to latest estimates of the technical potential of residual biomass fractions.

Non-technical Barriers
A full and separate evaluation of non-technical barriers to the development and deployment of aviation biofuel pathways was not performed in this project. Instead, the results of the workshop on
non-technical barriers affecting biofuels with BECCS and BECCU in the ‘carbon, climate & cost
efficiency (k3)’ project were analyzed to identify key insights with applicability to the aviation sector.
The workshop was based on the technological innovation system (TIS) framework. The essential
feature of the TIS framework is its definition and delineation of different structural components
that can inhibit or facilitate innovation. A description of the workshop taken [31] is reproduced below. See the reference for more information on the methodological details of the TIS framework.
The following structural components were discussed in the workshop:
•
•
•
•

Technology (artefacts, codified knowledge)
Actors (universities, businesses, individuals, other organizations)
Networks (political networks, social networks, learning networks)
Institutions (norms and values, standards, laws and regulations, routines)

Participants in the workshop included representatives from the fuel industry (refineries, biofuel
producers and forest companies), academic researchers within biofuel development and energy systems analysis, and governmental policymaking units (the Swedish Energy Agency). The aim of the
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workshop was to supplement the technical focus of the techno-economic and environmental assessment with an assessment of non-technical barriers and drivers that Swedish BECCS and BECCU
actors themselves identified as key to technical development and deployment. The participants
were introduced to the TIS framework at the beginning of the workshop after which they were divided into small working groups. The discussions in the groups were summarized at the end of the
workshop and were examined to identify the most important structural components.

TECHNOLOGY READINESS ASSESSMENT
An annotated summary of the technology readiness of the aviation biofuel pathways is given in
Table 16. The only pathway that is fully commercial is 2b (Tallow-HDO), which is an example of
the hydrotreated ester and fatty acids (HEFA) track. The gasification-based Fischer-Tropsch
Synthetic Paraffinic Kerosene (FT-SPK and FT-SPK/A) routes and the fermentation-based alcoholto-jet synthetic paraffinin kerosene (ATJ-SPK) routes have both been certified for blending to a
maximum blend ratio of 50% by the American Society for Testing of Materials [82]. Both routes
are being pursued by commercial actors [83]and further details on specific technologies and
pathways can be found below. Although not specifically assessed in this work, it is deemed that
that the TRL of CCS and CCU in combination with aviation biofuel production is substantially
lower than for the corresponding base process.
Table 16. Technology readiness levels of aviation biofuel pathways.
Pathway

TRL
Reference Comment
Level

3a
(WheatATJ)

7

[84,85]

The wheat-to-ethanol step is fully commercial [84]. The most advanced technologies in
the ethanol-to-jet route have a TRL of 7 [85]. The route has been certified but is not
yet commercial [85]. Facilities being developed by Gevo and Lanzatech are expected to
be commissioned in 2022-23 [83]. The TRL of the full wheat grain-based ethanol-to-aviation biofuel pathway is adjudged to be 7.

3b (SDATJ)

7

[85,86]

Lignocellulosic ethanol has been widely applied in pilot and demo facilities and has a
TRL of 7 [84]. The most advanced technologies in the ethanol-to-jet route have a TRL of
7. The route has been certified but is not yet commercial [85]. Facilities being developed by Gevo and Lanzatech are expected to be commissioned in 2022-23 [83]. The
TRL of the full lignocellulosic ethanol-to-aviation biofuel pathway is adjudged to be 7.

3c (FRIBJ)

6-7

[87]

The lignocellulosic iso-butanol technology originally developed by Gevo for fermentable sugar, which was licensed and further developed by Praj has been demonstrated in
Maharashtra, India [87]. The iso-butanol to jet route has been certified and is considered to be less complex than the ethanol-to-jet route [83]. The TRL of the full lignocellulosic iso-butanol-to-aviation biofuel route is adjudged to be 6-7.

2a (FRHP)

5

[37].

The latest development status of the IH2 demonstration unit is difficult to ascertain
from public literature and the TRL level may have advanced to 6.

2b (Tal9
low-HDO)

[83]

The tallow-DHO pathway is an example of the hydrotreated ester and fatty acids
(HEFA) track that is fully commercial with a TRL of 9.

1a (BL-FT) 7

[33,85]

The TRL of entrained-flow black liquor gasification is 7 [33]. The TRL of FT aviation biofuels is 7-8 [85]. The TRL of the full entrained-flow black liquor gasification-to-aviation
biofuels pathway is assessed to be 7.

1b (BarkFT)

[88]

The TRL of the bark gasification technology is 8 [88]. The TRL of FT aviation biofuels is
7-8 [85]. The TRL of the full dual-fluidized bed gasification-to-FT aviation biofuels pathway is assessed to be 7.

7
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FEEDSTOCK POTENTIAL ASSESSMENT
An annotated list of the Swedish potentials of feedstocks of relevance to aviation biofuel pathways
is provided in Table 17. The estimates are taken from [31]. The pathway based on meat industry
by-products (Tallow-HDO) is part of the HEFA track and is already commercial but has limited
feedstock potential for further growth. Similar to the case of road biofuels, the pathways with the
largest feedstock potentials are not currently in commercial operation.
Table 17. Estimates of Swedish aviation feedstock potentials.
Feedstock

Range
(TWh/y)

Reference

Comment

Bark

12.5

[89]

Estimate does not include current use.

Black liquor

24-54

[90]

The upper limit denotes the entire Swedish BL throughput under
an annual production increase of 1.3% between 2018 and 2030
in the reference study, while the lower limit denotes BL from
mills with recovery boilers built before 1995. It is assumed that
these indicative estimates of technical potential remain broadly
applicable.

Forest residues
(branches & tops)

32

[89]

Current use is not included. Ecological restrictions on removal of
branches & tops are taken into account.

Sawdust

10.2

[89]

Estimate does not include current use, currently insignificant.

Meat industry byproducts
(“waste animal fats”)

0.55

[91]

Estimated by taking the average value of the technical potentials
of waste animal fats in 2020 (0.54 TWh/y) and 2050 (0.56
TWh/y).

Wheat Grain

n.a.

n.a.

Ethanol from wheat grain is currently produced commercially by
Läntmannen Agroethanol AB [92]. The feedstock potential of
wheat grain was not assessed since it is not expected to play a
major role in the production of aviation biofuels in Sweden.

NON-TECHNICAL BARRIERS
Several of the identified barriers and drivers applicable to road biofuel pathways are also applicable
to aviation biofuel pathways. Presented below and in Figure 7 and Figure 8 is a selection taken
from the results of a TIS-led workshop in [31] that is considered to be as applicable to aviation biofuels as it is road biofuels.
“Several participants focused on policy issues and time horizons for investments. It was clear from
the discussion that industrial actors were frustrated with what they identified as the impermanence
of policy support mechanisms. There was a strong demand for the development of policies with a
long-term time horizon to aid decision-making. Participants also felt that further technology development was needed to mitigate technology risks. Specific technological barriers that were highlighted included, e.g. limitations to the transport and storage of H2, the emerging nature of CCU
technologies, and limitation to electrification and grid capacity. It was felt that although Swedish
industries, particularly the forest sector, has a tradition of co-operating across the supply chain,
allocating value between actors remains a challenge.
Overall, particularly for the industry participants, the biggest drivers were in the technology and
actor components, while the biggest barriers were institutional in nature. Some participants also
identified lack of local networks as a hindrance to collaboration.”
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Figure 7. Non-technical drivers that can assist BECCS and BECCU development as identified by
Swedish actors in the technology innovation system workshop carried out as a part of a sister project
[31].

Figure 8. Non-technical barriers to BECCS and BECCU development as identified by Swedish actors
in the technology innovation system workshop carried out as a part of a sister project [31].

FDOS 38:2022

42

CLIMATE-POSITIVE AND CARBON EFFICIENT BIO-JET FUELS, ARE THEY POSSIBLE?

4

OVERALL RESULTS & CONCLUSIONS

This chapter provides a summary of the project results and the principle conclusions. The overarching aim of the ‘climate-positive and carbon efficient bio-jet fuels’ project was to compile a knowledge base on carbon and climate-efficient aviation biofuels that can help decision-makers identify
long-term priorities for the transition to sustainable aviation with particular focus on R&D and
commercial deployment. A specific aim was to compare the suitability of the pathways examined
for CCS or CCU from a carbon efficiency, climate, and cost perspective.

SUMMARY OF OVERALL RESULTS
Using process-level carbon and energy balance models built with data obtained mainly from open
literature, we prepared estimates of carbon efficiencies, GHG footprints, biofuel product costs and
other performance indicators to examine the potential of BECCS and BECCU options in 7 different
pathways for the production of aviation biofuels with a particular focus on mitigation the effects of
the so-call high altitude effects.
For each pathway, a base option without CO2 capture was compared with a CCS option in which
one or more streams of CO2 were captured and sequestered permanently, and with a CCU option in
which the CO2 captured was upgraded to aviation and other biofuel products. The overall results
are summarized in Table 18.
The Swedish feedstock potentials of a majority of the pathways are moderate-to-good and whilst
they are still classified as emerging, most are at a relatively advanced stage of technology readiness. Biofuel LCOPs are 90-158 EUR/MWh under the base option, 120-213 EUR/MWh under the
CCS option and 120-184 EUR/MWh under the CCU option.
A potential CO2 sequestration credit of 100 EUR/tCO2 can reduce the CCS biofuel LCOPs to 89168 EUR/MWh. Both BECCS and BECCU have a marked impact on carbon efficiencies, which
increase from 25-66% under the base option to 67-97% under the CCS option and 67-84% under
the CCU option. In contrast, it is only the CCS option that can deliver aviation biofuels with net
negative climate impact.

CONCLUSIONS
There is a distinction between the CCS and CCU option in terms of cost of GHG reduction. Both
the CCS and CCU options lead to increased carbon efficiency for all pathways (except the already
carbon-efficient 2b, Tallow-HDO). However, it is not possible to produce aviation biofuels under
the CCU concept examined with net climate impacts below 85 gCO2eq./MJ. Due to the additional
warming effect of combusting fuels at high altitudes, aviation biofuels produced at biorefineries in which CO2 is captured and upgraded to additional biofuels in a CCU concept cannot
completely mitigate the climate impact of aviation. It can be noted that all considered process
options do lower the process-related GHG emissions that are covered by RED requirements by
more than 65% compared to fossil aviation fuel, hence meeting RED sustainability criteria.
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An overview of the main results of the work are presented in Table 18. The results for the CCS option are clearly better compared to the CCU option. Four of the seven pathways can reach positive climate impact (net cooling), also when including the high-altitude effect. This can be
achieved at GHG reduction costs that are relatively low in absolute terms and often also lower than
the base option.
The assessment shows that pathways with large streams of CO2 both in relation to biofuel production and in absolute terms reach the lower LCOPs and larger negative GHG emissions for the CCS
option, resulting in lower costs of GHG reduction. Especially the gasification pathways with FTsynthesis and the forest residue hydropyrolysis pathway show low costs of GHG reduction for the
CCS option. Also the wheat fermentation pathway shows a relatively low GHG reduction cost with
CCS but it does not show a positive climate impact.
It should be highlighted that although the economic incentives for combining aviation biofuel production with CCU are small, this type of solution might still be demanded in the future. Production
of aviation biofuels is dependent on availability of biomass feedstock, a limited resource, which
might also see increased demand from other sectors, e.g. production of base chemicals or road biofuels. A limitation of feedstock might therefor necessitate implementation of CCU to ensure maximal utilization of the carbon available in the feedstock. In such a case, the climate impact contribution of the high-altitude effect will need to be compensated for with other means (e.g. direct air
capture of CO2) to reach climate neutrality for the aviation sector.
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Table 18. Overall assessment of jet biofuels under the base, CCS & CCU options.

BarkFT (1b)

12.5

7

30

129

79

91

103

148

-40

76

159

92

FR-HP
(2a)

32

5

47

90

73

97

105

133

-12

84

140

90

TallowHDO
0.55
(2b)

9

66

119

86

67

119

120

85

67

120

86

WheatATJ
n.a.
(3a)

7

41

90

88

91

89

120

37

79

143

89

SD-ATJ
(3b)

10.2

7

32

158

78

80

168

206

4

68

184

92

FR-IBJ
(3c)

32

7

25

131

71

91

145

213

-112

75

182

86

eClimate

dBiofuel

CCU
Option

c

eClimate

Cost
[EUR/MWh]
CCS
Option

dBiofuel

c

Biofuels]

eClimate

dBiofuel

Base
Option

c

aSwedish

Impact
[gCO2eq./MJ Biofuels]

92

Cost
[EUR(MWh]

143

Carbon
[% Feed-to-Biofuels]

72

Impact
[gCO2eq./MJ Biofuels]

-57

w/o CO2 credit

148

CO2 credit 100
EUR/t

94

Carbon
[% Feed-to-Biofuel+Storage]

87

Impact [gCO2eq./MJ

81

Cost
[EUR(MWh]

94

Carbon
[% Feed-to-Biofuels]

27

[1-9]

7

bTRL

24-54

Feedstock Potential
[TWh]

BL-FT
(1a)

a

< 10 TWh, 10 – 20 TWh, > 20 TWh. Potentials rounded to two significant figures for classification assignment.
TRL 4 – 5, TRL 6 – 7, TRL 8 – 9.
c < 33%, 33 – 66%, >66%. Efficiencies rounded to two significant figures for classification assignment.
d> 150 EUR/MWh, 100 – 150 EUR/MWh, < 100 EUR/MWh. Represents the levelized cost of biofuel production.
e> 103 g CO eq./MJ, 103 – 0 g CO eq./MJ, < 0 g CO eq./MJ. Represents the sum of the average value of the footprints
2
2
2
of all individual biofuel products and the high-altitude effect. Classification based on a 65% reduction relative to a
fossil reference of 92.5 g CO2eq./MJ. The high-altitude effect contribution of 70.9 gCO2eq./MJ was assumed to be the
same for all fossil fuels and biofuels.
b

Pathways with low CO2 generation are less suited for cost efficient production of aviation biofuels
if the processes are combined with CCS, which is particularly noticeable for the 2b (Tallow-HDO)
pathway. With substantial high-altitude effects, large streams of CO2 for storage becomes necessary for attaining climate-neutral aviation biofuels. Thereby the pathways most suitable to
produce aviation biofuels correlate well with the pathways with a high potential for increased production. There is a large potential to utilize forest residual streams and sawdust for production of aviation biofuels and when combined with CCS it is these pathways that are best
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suited for producing climate neutral aviation biofuels. Although it should be highlighted, that in
terms of LCOP the base option (no CCS or CCU) has the best investment case, unless a market
and/or policy support scheme for CO2 credits for (BE)CCS is realized.
The results presented in this work can be compared to a previous study by the authors in which 14
pathways for road biofuels with BECCS and BECCU were studied with a methodology similar to
what has been applied in this project [43]. The outcomes for CCU options based on catalytic
methanation and catalytic methanol synthesis with methanol-to-gasoline were more positive, than
the FT process used for aviation biofuel production in this work. The difference between CCS and
CCU was showed to be more a question of whether an investor in biorefineries would prefer prioritizing negative emissions or increased biofuel production. Here the CCU option is less favorable
compared with the CCS option from a cost and carbon perspective, as a consequence of the relatively lower carbon efficiencies and higher investment costs of the RWGS and FT synthesis technologies. As a consequence, the cost of GHG emission reduction is high for all pathways with
CCU. This effect is also emphasized by the fact that CO2-to-jet technologies based on FT synthesis are relatively carbon-inefficient compared to some of the CO2-to-road biofuel alternatives.
An analysis of policy development and legal aspects of the value chains studied is not included in
the project. The development of the Renewable Energy Directive feedstock classification (Annex
IX) will have importance since it determines whether the fuel products can be classified as “advanced” or not. Conditions and incentives for the biofuels produced by the “CCU option” can be
affected by whether they are classified as biofuels or electrofuels (RFNBO, renewable fuels of nonbiological origin). The EC proposal for a jet fuel blending mandate, ReFuelEU Aviation, includes
both requirements that biofuels for aviation in the EU are "advanced" (i.e. raw materials in Annex
IXa) and a separate quota for e-fuels. This means that further investigation of these aspects is
highly justified.
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APPENDIX A
SIMPLIFED SCHEMATIC OVERVIEWS OF BASE PROCESS CONFIGURATIONS
Fermentation Pathways

Figure 9. A simplified schematic overview of the base process configurations for the fermentation pathways. See Appendix C for further details.
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Hydrotreatment Pathways

Figure 10. A simplified schematic overview of the base process configurations for the hydrotreatment
pathways. See Appendix C for further details.
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Gasification Pathways

Figure 11. A simplified schematic overview of the base process configurations for the hydrotreatment
pathways. See Appendix C for further details.

FDOS 38:2022

56

CLIMATE-POSITIVE AND CARBON EFFICIENT BIO-JET FUELS, ARE THEY POSSIBLE?

APPENDIX B
CARBON BALANCES UNDER BASE, CCS & CCU OPTIONS
Table 19. Carbon balances for 1a (BL-FT) and 1b (Bark-FT).
1a (BL-FT)

1b (Bark-FT)

Base

CCS

CCU

Base

CCS

CCU

Feedstock(s)

9.74

9.74

9.74

51.2

51.2

51.2

Other biomass feed(s)

0

0

0

1.37

1.37

1.37

Biofuel product(s)

2.61

2.61

7.04

15.4

15.4

38.7

Tradeable by-product(s)

0.890

0.890

0.890

0

0

0

Atmosphere (concentrated)

5.30

0

0

10.8

0

0

Atmosphere (dilute)

0.705

0.106

1.57

26.5

6.15

13.9

Underground CO2 Storage

0

5.90

0

0

31.1

0

aCarbon

0.230

0.230

0.230

0

0

0

Input(s) [t/h]

Output(s) [t/h]

a

Loss

Denotes the discrepancy in balance closure.

Table 20. Carbon balances for 2a (FR-HP) and 2b (Tallow-HDO).
2a (FR-HP)

2b (Tallow-HDO)

Base

CCS

CCU

Base

CCS

CCU

Feedstock(s)

10.28

10.28

10.28

93.0

93.0

93.0

Other biomass feed(s)

0.543

0.543

0.543

10.3

10.3

10.3

Biofuel product(s)

4.85

4.85

8.66

61.1

61.1

62.2

Tradeable by-product(s)

0

0

0

30.2

30.2

30.2

Atmosphere (concentrated)

0

0

0

0

0

0

Atmosphere (dilute)

5.964

0.895

2.157

11.9

10.5

10.9

Underground CO2 Storage

0

5.07

0

0

1.41

0

Carbon Loss

0

0

0

0

0

0

Input(s) [t/h]

Output(s) [t/h]
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CLIMATE-POSITIVE AND CARBON EFFICIENT BIO-JET FUELS, ARE THEY POSSIBLE?

Table 21. Carbon balances for DrFrHt (top) and DrLiHd
3a (Wheat-ATJ)

3b (SD-ATJ)

3c (FR-IBJ)

Base

CCS

CCU

Base

CCS

CCU

Base

CCS

CCU

Feedstock(s)

24.4

24.4

24.4

12.8

12.8

12.8

12.7

12.7

12.7

Other biomass feed(s)

8.06

8.06

8.06

0.200

0.200

0.200

0

0

0

Biofuel product(s)

10.0

10.0

19.2

4.02

4.02

8.71

3.19

3.19

9.51

Tradeable by-product(s)

8.72

8.72

8.72

1.87

1.87

1.87

0

0

0

Atmosphere (concentrated)

5.46

0

0

2.05

0

0

2.49

0

0

Atmosphere (dilute)

8.24

1.41

4.47

4.99

0.806

2.36

7.01

1.09

3.19

Underground CO2 Storage

0

12.3

0

0

6.23

0

8.41

0

aCarbon

0

0

0

0.013

0.013

0

0

0

Input(s) [t/h]

Output(s) [t/h]

a

Loss

0.013

Denotes the carbon in methane leaked during the anaerobic digestion and biogas upgrading steps.
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APPENDIX C: CARBON & ENERGY BALANCES BASED ON 1 KG C AND 1 MW LHV FEEDSTOCK
ENERGY INPUT
Figure 12. 1a (BL-FT) – base option (top), CCS option (middle) & CCU option (bottom)
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Figure 13. 1b (Bark-FT)– base option (top), CCS option (middle) & CCU option (bottom).
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Figure 14. 2a (FR-HP)– base option (top), CCS option (middle) & CCU option (bottom).
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Figure 15. 2b (Tallow-HDO)– base option (top), CCS option (middle) & CCU option (bottom)
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Figure 16. 3a (Wheat-ATJ) – base option (top), CCS option (middle) & CCU option (bottom).
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Figure 17. 3b (SD-ATJ) – base option (top), CCS option (middle) & CCU option (bottom).
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Figure 18. 3c (FR-IBJ) – base option (top), CCS option (middle) & CCU option (bottom).
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