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Introduction

Abbreviations

Abbr.
ASTM

Explanation
American Society for Testing and
Materials

ATJ

Alcohol-to-Jet

CCC

Committee on Climate Change

CCS

Carbon Capture and Storage

CH4
CO2

Abbr.

Explanation

The Greenhouse gases,
Regulated Emissions, and
GREET
Energy use in Transportation
Model
GWP

RED

RFNBO

Explanation
Renewable Energy Directive
Renewable Fuel of NonBiological Origin
Renewable Transport Fuel
Certificate
Renewable Transport Fuel
Obligation

Hydrogen

RTFC

HEFA

Hydroprocessed Esters and
Fatty Acids

RTFO

Methane

HFC

Hydrogen Fuel Cell Vehicles

SIP

Carbon Dioxide

HFS

Hydroprocessed Fermented
Sugars

SMR

Steam Methane Reforming

CO2eq

Carbon Dioxide equivalent

HTL

Hydrothermal Liquefaction

SPK

Synthetic paraffinic kerosene

DfT

Department for Transport

HVO

Hydrotreated Vegetable Oil

SPK/A

Synthetic paraffinic kerosene
with aromatics

FAME

Fatty Acid Methyl Esters

JEC

Joint Research Centre, EUCAR
and CONCAWE

STJ

Sugars-to-Jet

FFA

Free Fatty Acid

LCA

Life-Cycle Assessment

UCO

Used Cooking Oil

FT

Fischer-Tropsch

LCF

Low Carbon Fuels

GHG

Greenhouse Gas

N2O

Nitrous Oxide
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Introduction

This report provides a summary of the main findings on future
hydrogen demand and biofuel uptake in the aviation sector
• This is the final report for the study “Quantifying future hydrogen demand for upgrading biofuels”.
• The report has been submitted by Ricardo Energy & Environment, the consultants appointed to conduct this
study.
• The UK’s Department for Transport (DfT) commissioned this study to investigate the role and implications of
future hydrogen demand to produce biofuels for the UK aviation sector:
– Initially, a Life Cycle Assessment (LCA) is undertaken to derive the potential greenhouse gas emission (GHG)
savings from aviation biofuels compared to the conventional jet fuel.
– The analysis considers different sources of hydrogen (fossil vs renewable) as inputs to the production
process of biofuels to understand the extent to which biofuels with differing hydrogen requirements can
contribute to the decarbonisation of the aviation sector.

– It involves the modelling of decarbonisation scenarios (2017-2030) to assess whether the future hydrogen
requirements for biofuel production will be significant and to what extent this demand will be for renewable
hydrogen to achieve the targeted GHG savings.
– Finally, the economics of biofuel production are assessed to gauge the likelihood that biofuels (and in
particular development fuels) will actually be produced and the implications of these on hydrogen demand
and availability for other fuel types.
• The findings from this project will contribute to enhance DfT’s understanding of future hydrogen demand for
aviation biofuel production in view of supporting the development of future climate change and energy policy.
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Context and objectives of the work

Only a number of biofuels are certified and can be used in the
aviation sector
• Aviation fuel is regulated according to very stringent specifications (e.g. as defined by ASTM International (ASTM
D1655) and by the UK Ministry of Defence (Def Stan 91-9147)).
• The same specifications must also be met by biofuels for aviation which need to be ready to “drop-in”, that is,
be functionally equivalent to fossil fuel and fully compatible with existing infrastructure.

• In addition, aviation biofuels must also be certified to ASTM D7566 which refers to aviation turbine fuel containing
“synthesized hydrocarbons”.
• Currently ASTM has certified five production pathways for “drop-in” biofuel:
– Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK)
– FT-SPK with aromatics (FT-SPK/A)

– Hydroprocessed Esters and Fatty Acids (HEFA-SPK)
– Hydroprocessed Fermented Sugars to Synthetic Isoparaffins (HFS-SIP) or Sugars-to-Jet (STJ)
– Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK)
• Other conversion pathways are also in the process of being certified (e.g. Hydrothermal Liquefaction (HTL), and
Pyrolysis), but they have not been certified yet.
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Context and objectives of the work

Drop-in biofuels represent an important opportunity to reduce life
cycle GHG emissions in the aviation sector but are not widely used
• These biofuels can reduce life cycle GHG emissions by an estimated 20%-90% compared to jet fuel, depending
on the feedstock source and conversion technology (E4tech, 2014), (ANL, 2012).
• However, the use of biofuels in aviation is low, although the number of biofuel test and commercial flights has
been increasing
–

Penetration was only 0.05% in 2009 according to the 2016 European Aviation Environmental Report

–

The CCC’s “likely” scenario suggests 2% biofuels penetration in the aviation sector by 2030.

•

The low uptake of biofuels in the aviation sector is in part due to their high price compared to that of conventional
jet fuel. With low profit margins, airlines are not able to justify paying a premium for fuel.

•

Also important is the fact that the production of aviation biofuels competes with road transport biofuels which are
easier to produce (due to less stringent specifications).

•

Furthermore, the widespread uptake of biofuels will also depend on the availability of hydrogen in the
future.
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Context and objectives of the work

Hydrogen has a key role in the production of biofuels

• Hydrogen is a key element in the production of biofuels, required to upgrade oxygen-rich carbohydrate, lignin or
lipid feedstocks to hydrogen-rich hydrocarbons that are functionally equivalent to fossil-derived jet fuel.
– The amount of hydrogen required depends on the effective hydrogen to carbon ratio, Heff/C, in the feedstock,
making some feedstocks easier to upgrade than others (e.g. segregated oils or fats).
• The source of hydrogen (fossil or renewable) is also important as it affects the potential life cycle GHG
savings from aviation biofuels.
– Hydrogen is traditionally produced through steam methane reforming (SMR), but production could become
renewable in future.
– de Jong et al. (2017) found that, for almost all conversion technologies, hydrogen consumption contributes
significantly to overall WtWa (Well-to-Wake) GHG emissions, and that the use of alternative hydrogen
production routes can lower WtWa GHG emissions by as much as 34%-71% (depending on the conversion
technology).
• It will therefore be important to understand whether renewable hydrogen rather than fossil hydrogen will be
needed to achieve the level of carbon savings required for biofuels.
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Context and objectives of the work

Additional policy support can be vital to foster the use of biofuels in
aviation
• The recent changes to the Renewable Transport Fuel Obligation (RTFO) oblige UK suppliers (producing at least
450,000 litres a year or more) to meet a target of a 12.4% mix of biofuel by 2032.
• In addition, it sets a new sub-target within the obligation to encourage investment in “development fuels”:
– Development fuels consist of renewable fuels made from sustainable wastes or residues (excluding
segregated oils and fats) or a non-biological renewable fuel (RFNBO) and that is of a specified fuel type.
– It includes bio-substitute natural gas, renewable hydrogen, renewable aviation fuels and other fuels that can
be blended above 25% and still meet relevant standards.
– The target increases from 0.1% in 2019 to 2.8% in 2032.
• To meet these obligations, suppliers are rewarded with one Renewable Transport Fuel Certificate (RTFC) per
litre or kilogram supplied. All development fuels are awarded double development fuel RTFCs (i.e. two per litre or
kilogram of development fuel supplied)
– Hydrogen is eligible for 4.58 RTFCs per kg but suppliers can receive 9.16 RTFCs per kg if the hydrogen is
produced from certain wastes and residues or is a RFNBO (i.e. if it is a development fuel).
• Overall, as development fuels do not cover those biofuels produced from segregated oils or fats (which are
easier to upgrade and for which the conversion technology is commercially more advanced), it is not clear how
the incentives provided will shape future demand for hydrogen used for upgrading biofuels and whether they
create a conflict between this use of hydrogen and its use as a primary fuel type.
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Context and objectives of the work

The study aims to deliver five objectives to enhance DfT’s
understanding of future hydrogen demand
Objectives of
the study

© Ricardo plc 2019

⚫

Objective 1
– A life cycle assessment of aviation/drop-in biofuels with consideration of both fossil and
renewable hydrogen use

⚫

Objective 2
– A projection of aviation sector hydrogen demand for decarbonisation at varying
percentages (2%, 5%, 10%, 25%, 50%, 100%)

⚫

Objective 3
– A projection of hydrogen demand (as a % of total fuel weight) per kg of the most used
aviation fuels, with a breakdown of feedstock incorporated

⚫

Objective 4
– An assessment of the likelihood of each identified development fuel being produced
with this hydrogen supplementation method, and the knock-on effect of each of these on
hydrogen demand and availability for other fuel types.

⚫

Objective 5
– A teach-in presentation the Low Carbon Fuels team where this information will be
presented and followed with a Q&A to ensure LCF team members are well briefed and
understanding of the work performed and results achieved
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The study focusses on the most relevant biofuel production
pathways/feedstocks and hydrogen production methods
Scope of the analysis

Biofuel production
pathways and
feedstocks

Hydrogen requirements
for upgrading and
sources

© Ricardo plc 2019

⚫

The analysis focusses on the most relevant technology pathways and feedstocks
for the production of aviation biofuels.

⚫

The choice is based on whether the technology has been ASTM-approved,
whether the biofuel would qualify as a development fuel under RTFO and whether
hydrogen (external source) is required.

⚫

In turn, the choice of production pathway determines the quantity of hydrogen
needed to upgrade aviation biofuels.

⚫

Hydrogen can be obtained from a range of production methods. The analysis
considers both fossil and renewable sources of hydrogen.

⚫

The choice of hydrogen production methods included in the analysis is based on
the maturity and commercialisation potential of the different technologies.
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Scope of the analysis

A number of biofuels are appropriate to be used in the aviation
sector
Choice of production pathways (1/3)
• Although they can be produced from similar feedstocks, aviation biofuels require more stringent upgrading than
other transport (e.g. road) biofuels due to higher fuel quality standards mandated in the aviation sector.
• A number of different biofuels are relevant for the aviation sector and are characterised by different production
processes.
Conversion process

Description

Gasification and
Fischer–Tropsch (FT)

This process converts lignocellulosic biomass to fuel through a combination of gasification and synthesis.
Biomass is gasified to produce syngas, a mixture of hydrogen and carbon monoxide. After removal of
impurities from the gas, the syngas is converted into liquid hydrocarbons using a catalyst. The final stage is
cracking and isomerisation to ‘tailor’ the molecule chains into fuels with the desired properties.

Hydroprocessed
esters and fatty acids
(HEFA)

This process converts oleochemical feedstocks such as oil and fats into fuel by using hydrogen to
deoxygenate oxygen-rich vegetable oils.

Alcohol-to-Jet (ATJ)

This process converts alcohols to hydrocarbons through dehydration, oligomerization and hydroprocessing.

Sugars-to-Jet (STJ)

There are two different processes to convert sugar intermediate feedstocks into jet fuel: biological
conversion route and catalytic conversion route. More details provided in the following slide.

Hydrothermal
liquefaction (HTL)

This process converts wet (lignocellulosic) biomass into a bio-crude (with a low oxygen content) via thermalcatalytic conversion which is subsequently upgraded through hydroprocessing to produce jet fuel.

Pyrolysis

This process converts dry (lignocellulosic) biomass to a bio-crude (with a high oxygen content) via thermalcatalytic conversion which is subsequently upgraded through hydroprocessing to produce jet fuel.

© Ricardo plc 2019
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Scope of the analysis

The STJ conversion process can be characterised by two routes:
biological and catalytic conversion routes
Choice of production pathways (2/3)
STJ conversion
process

Description

Biological

The biomass feedstock is first processed to remove acetate and other non-fermentable components, and
then treated with dilute sulfuric acid catalyst to liberate the hemicellulose sugars and break down the
biomass for enzymatic hydrolysis. Ammonia is added to raise the pH of the slurry for enzymatic hydrolysis.
The hydrolyzed slurry is then filtered to remove the insoluble lignin, which is combusted to produce process
heat and electricity. A small fraction of the soluble sugar stream is sent directly to the bioreactors to initiate
conversion and a larger fraction is sent to evaporators to concentrate the sugar components. The
concentrated sugar slurry is cooled and inoculated with the generic bioconversion microorganism under
aerobic reactor conditions. Once conversion is completed, most of the cellulose and xylose are converted to
free fatty acids (FFAs). The FFA product is then hydrotreated to produce hydrocarbon fuels. For ASTMcertified jet fuel production, the diesel range paraffinic product needs to be hydroprocessed to saturate
double-bonds to produce a jet fuel blendstock.

Catalytic

Biomass feedstock is processed by pre-treatment and enzymatic hydrolysis steps similar to those of the
biological conversion route. The glucose and other sugars from the hydrolysate, however, are then filtered
to remove insoluble solids, concentrated by evaporation, and purified by microfiltration and ion exchange
prior to catalytic upgrading, which consists of four stages: hydrogenation, aqueous-phase reforming,
condensation and oligomerization, and hydrotreating. In each stage, hydrogen is required to the reactors,
which operate at varying process conditions and have varying catalyst composition. The goal of these
successive catalytic steps is to remove oxygen from carbohydrates and other carbon components and then
oligomerize them to primarily diesel-range hydrocarbons.
Information adapted from Han et al. (2017)

© Ricardo plc 2019

Client Confidential - DfT

ED12390

FR – Issue 2

31 May 2019

16

Scope of the analysis

Four conversion technologies are assessed in detail in this study
Choice of production pathways (3/3)
• As noted earlier, aviation fuels are regulated by the ASTM and only a limited number of feedstocks and pathways
have been certified for aviation biofuels, whilst others are still in the certification process.
• Some are out of scope of this analysis as they are not classified as development fuels under the recently-revised
RTFO. Although the HEFA pathway is not generally considered to be a development fuel under the RTFO, it is
the most advanced commercially and therefore forms an important benchmark. We consider this pathway for the
relevant feedstocks (e.g. non-UCO* waste oil) that would allow the fuel to be classified as a development fuel.
• In addition, not all biofuels require hydrogen in their production process. For example, both FT pathways do not
require external sources of hydrogen and therefore are not included.
• Three of the relevant biofuels for the aviation sector have been selected for a detailed analysis. In addition, in the
case of the STJ route, we have looked into both the biological and catalytic conversion routes – although the
catalytic route has not been certified by ASTM, it is nevertheless included in the analysis for comparison
purposes as it is an important alternative to the STJ – Biological route.
Biofuels

ASTM Approved

RTFO Development fuel

Hydrogen required

Included in the analysis

FT

Yes

Yes

No

No

FT with aromatics

Yes

Yes

No

No

HEFA

Yes

Yes – if waste oil

Yes

Yes

STJ

Yes – if biological route

Yes – if lignocellulosic

Yes

Yes (biological and
catalytic)

ATJ

Yes

Yes – if lignocellulosic

Yes

Yes

HTL

No

No

Pyrolysis

No

No

*Used Cooking Oil (UCO)
© Ricardo plc 2019
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Scope of the analysis

And three types of feedstock are considered

Choice of feedstock
• Linked to these technology pathways, there are three main feedstock types to be considered: vegetable oils and
fats, lignocellulosic (woody) biomass, and starch and sugar.
• This study focusses on waste feedstocks and lignocellulosic residues rather than food crops or vegetable oils
and fats.
• We have included the following feedstock/pathway combinations in the analysis:
– For HEFA: waste oil that is not UCO
– For ATJ: lignocellulosic feedstocks such as straw and food waste
– For STJ: lignocellulosic feedstocks (straw)

Biofuels

Waste oils

Lignocellulosic (Straw)

Food waste

ATJ

Yes

Yes

STJ - Biological

Yes

STJ - Catalytic

Yes

HEFA

© Ricardo plc 2019
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Scope of the analysis

Both fossil and renewable hydrogen production routes are
considered in the analysis
Choice of hydrogen production routes
• We have focussed the analysis on four production routes which are the most commercially and/or technologically
advanced:
– Fossil hydrogen produced via steam reforming of natural gas, with/without Carbon Capture and Storage
(CCS)
– Renewable hydrogen from gasification of biomass
– Renewable hydrogen from water electrolysis using both the UK’s average grid mix and renewable electricity.
– Renewable hydrogen from steam reforming of bio-methane.

© Ricardo plc 2019
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Hydrogen requirements and carbon intensity

We have investigated the hydrogen requirements for upgrading
biofuels and the carbon intensity of different production methods
Objectives and overview of methodology
• The quantity of hydrogen needed to upgrade aviation biofuels and their associated emission factors are important
elements in the analysis to:
– Understand the significance of hydrogen needs for aviation biofuel production

– Understand to what extent decarbonisation of the aviation sector can be achieved depending on whether
renewable or fossil sources of hydrogen are used
– In addition, this information is also essential to undertake the LCA of these biofuels.
• To this end, we have reviewed existing literature to identify the hydrogen required per kg of the selected biofuels,
considering the choice of feedstock.

• We have made assumptions or estimated the CO2eq emissions of hydrogen produced from:
– Steam reforming of natural gas, obtained directly from the RTFO carbon calculator
– Steam reforming of natural gas with CCS, based on the JEC’s WtW study
– Electrolysis (average grid mix), based on the JEC’s WtW study (assumes hydrogen electrolysis efficiency is
65%) and the Treasury Green Book (for UK’s emissions of electricity grid mix)
– Electrolysis (renewable energy), assumed to be zero as RED methodology does not include infrastructurerelated emissions
– Steam reforming of bio-methane, assuming a natural gas reformer but using bio-methane instead of natural
gas (all relevant values from JEC’s WtW study except emissions from food waste which come from RTFO
carbon tool).
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Hydrogen requirements and carbon intensity

Findings from literature reveal similar hydrogen requirements for
each feedstock within a production route
Hydrogen requirements for each feedstock/production route
Increased blend level /
10% blend level; Sugar
cane

UCO/ Jatropha/
Camelina

Source
de Jong et al. 2017

HEFA

STJ

ATJ

0.15

0.52 / 0.12

0.08

0.12 / 0.53

0.08 / 0.08

Han et al. 2017
0.10 / 0.08 / 0.10 / 0.09 /
0.11

Han et al. 2013

Corn / corn stover

Biological / Catalytic with
external H2; Corn stover

0.15

Seber et al. 2014

Corn / corn stover

Soybean / Palm /
Rapeseed / Jatropha /
Camelina

All values in MJ H2 / MJ Fuel

Tallow and yellow
grease

MJ H2 / MJ Fuel
Values to use in the analysis
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Hydrogen requirements and carbon intensity

Emissions from production of hydrogen vary widely depending on
the pathway, ranging between 0 and 121 gCO2eq/MJ
Estimation of CO2eq emissions from hydrogen production routes
• The results show that:
– Steam reforming of natural gas is one of the most carbon-intensive sources of hydrogen
– However, production of hydrogen via electrolysis results in even greater carbon intensity when based on the
UK's current average electricity grid mix
– Production via electrolysis using renewable energy on the other hand offers the most significant potential for
decarbonisation, followed by gasification of biomass

Routes

Current (gCO2eq/MJ)

2030 (gCO2eq/MJ)

87.9

87.9

30.0

30.0

121.0

47.0

Steam reforming of natural
gas
Steam reforming of natural
gas with CCS
Electrolysis
(average grid mix)
Electrolysis
(renewable energy)

0

0

Gasification of biomass

4.6

4.6

Steam reforming of biomethane

22.0

22.0

© Ricardo plc 2019
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LCA of aviation biofuels

We have assessed the potential GHG emission savings from
aviation biofuels based on a LCA methodology
Objectives
• Life Cycle Assessment (LCA) is a technique for quantifying the environmental and human health impacts of a
product over its life cycle
• In our study, we will only be assessing the impacts in terms of CO2eq emissions (CO2 equivalent, on the basis of
GHG’s Global Warming Potential)
– Global Warming Potential (GWP) describes GHG emissions that increase the absorption of heat from solar
radiation in the atmosphere and therefore increase the average global temperature.
• This analysis will help to understand the potential GHG emission savings from the use of aviation drop-in biofuels
that require hydrogen for upgrading.

• We focus on how the quantity and source of hydrogen impact on life cycle emissions of biofuels used in the
aviation sector.

© Ricardo plc 2019
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LCA of aviation biofuels

The LCA follows RTFO/RED methodology

Overview of methodological approach
• We have followed methodology set out in the Renewable Energy Directive (RED) and RTFO to carry out the
LCA
– Functional unit: expressed as gCO2eq/MJ of fuel delivered

– System boundaries: from feedstock production to point of delivery of the fuel to airport. Excludes
infrastructure and capital burdens.
– Co-product allocation: energy content (except excess electricity generation – displacement)
– Impacts: GHG emissions (CO2, CH4 and N2O) expressed in units of CO2eq
– No land use change impacts included

• We have used existing LCAs (which complied with the key methodological aspects) to obtain the relevant data.
• The geographical focus of the analysis is the UK.
• The timeframe for the analysis runs from today to 2030.
– This is an important factor as it affects (emissions from) the electricity grid mix.
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LCA of aviation biofuels

The LCA of four biofuel production pathways was conducted based
on existing methodologies and models
LCA methodology (1/2)
HEFA
•

•

Methodology based on BioGrace’s process for:
–

FAME (from waste oil) to model upstream transport
and refining of waste oil, and

–

HVO for the transport of oil, hydrogenation and
downstream transport

ATJ
•

Feedstock requirements (MJ input/ MJ Jet) is assumed to
be 1.17 as in De Jong (2017)
•

Methodology based on:

–

RED II (default values for cultivation, production and
transport) for conversion of wheat straw to ethanol

–

RTFO for emissions associated with production of
ethanol from food waste

–

GREET 2018’s Ethanol-to-Jet Distributed pathway for
conversion of ethanol to jet

–

BioGrace for upstream and downstream transport

Feedstock requirements (MJ input/ MJ Jet) is assumed to
be 1.11 as in GREET 2018

STJ - Catalytic

STJ - Biological
•

Methodology based on:

•

Methodology based on:

–

RED II (default) for cultivation of wheat straw

–

RED II (default) for cultivation of wheat straw

–

GREET 2018’s Sugars-to-Jet Biological pathway for
conversion of wheat straw to jet but based on
European emission factors

–

GREET 2018’s Sugars-to-Jet Catalytic (external H2)
pathway for conversion of straw to jet but based on
European emission factors

–

BioGrace for upstream and downstream transport

–

BioGrace for upstream and downstream transport

•

Feedstock requirements (MJ input/ MJ Jet) is assumed to
be 3.89 as in GREET 2018

•

Feedstock requirements (MJ input/ MJ Jet) is assumed to
be 2.05 as in GREET 2018

•

Allocation: co-products - energy; excess electricity displacement

•

Allocation: co-products - energy; excess electricity displacement
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LCA of aviation biofuels

Transport stage assumptions were identical for all pathways, and
emission factors were obtained from European sources
LCA methodology (2/2)
Transport stages assumptions
• Upstream and downstream transport assumptions are the same for all biofuel pathways
Distances (km)

HEFA

ATJ

STJ-BIO

STJ-CAT

Yes

Yes

Yes

Yes

Yes

Yes

Upstream transport

50

Yes

Upstream transport (Transport of
refined oil)

200

Yes

Downstream transport

150

Yes

Emission factors
• Emission factors used reflect the UK/European reality
• They were primarily sourced from BioGrace
• When not available, emission factors were also obtained from:
– UK’s GHG Conversion Factors 2018
– Solid biomass calculator
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LCA of aviation biofuels

Conventional fossil jet fuel emits 83.8 gCO2eq/MJ and is used to
determine potential GHG emission savings from biofuels
Fossil fuel comparator
• The results from the LCA are compared to the life cycle GHG emissions from the fossil fuel comparator (i.e.
kerosene) to determine the potential for GHG emission savings from the different pathways/feedstocks and using
hydrogen from different production routes (fossil and renewable)

• The analysis uses the RTFO value (83.8 gCO2eq /MJ) as the fossil fuel comparator.
• This is similar to other aviation-specific values used in the literature.

Geography

Aviation fuel

Global

88.6

De Jong, 2017

US

87.5

UK GHG conversion factors

UK

86.7

Speth et al., 2016

Diesel

91.1

O’Connell et al., 2019

Europe

RED/RTFO

Europe

83.8

RED recast

Europe

94

88.3

All values in g CO2eq /MJ

© Ricardo plc 2019

Client Confidential - DfT

ED12390

FR – Issue 2

31 May 2019

29

LCA of aviation biofuels

Overall, all biofuel pathway achieve CO2eq emission savings
compared to the fossil fuel alternative (13%-99%)
Estimated CO2eq emissions per MJ of aviation biofuels
• Use of hydrogen produced from electrolysis (current average grid mix) results in highest CO2eq emissions for
each biofuel pathway
• STJ-CAT pathway produces the highest emissions of all pathways when the hydrogen is generated using
electrolysis (based on the current grid mix)
• HEFA pathway achieves the most significant CO2eq emission savings amongst all pathways

Higher GHG emissions of biofuel
pathways relying on hydrogen from
electrolysis (avg grid mix) linked to
higher carbon intensity of this hydrogen
production route

Differences in the relative emissions of
STJ-CAT pathway are linked to its high
hydrogen requirement – when hydrogen
is produced from low carbon sources,
emissions from STJ-CAT drop below
emissions from other pathways

S - Straw
FW – Food Waste
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LCA of aviation biofuels

HEFA biofuel generates 1-19 CO2eq/MJ depending on the source of
hydrogen
Estimated CO2eq emissions per MJ of aviation biofuels
• It achieves savings of 77%-99% compared to the fossil fuel alternative

Hydrogen can be an important source of
emissions for this biofuel

Very low emissions from HEFA biofuel
using hydrogen from electrolysis
(renewable energy) are the result of no
emissions from hydrogen and credits for
production of electricity during the
conversion process
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LCA of aviation biofuels

ATJ biofuel generates 19-26 CO2eq/MJ if produced from straw-based
ethanol and 24-32 CO2eq/MJ if from food waste-based ethanol
Estimated CO2eq emissions per MJ of aviation biofuels
• It achieves savings of 69%-78% (Straw) and 62%-71% (Food waste) compared to the fossil fuel alternative
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LCA of aviation biofuels

STJ biofuel generates 20-35 CO2eq/MJ if produced via biological
route and 9-73 CO2eq/MJ if via catalytic route
Estimated CO2eq emissions per MJ of aviation biofuels
• It achieves savings of 58%-76% (BIO) and 13%-89% (CAT) compared to the fossil fuel alternative

Hydrogen plays a significant
role in the GHG performance
of this biofuel
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Future hydrogen demand from aviation sector

We have modelled future demand for biofuels and the hydrogen
required to produce them
Objectives and overview of methodological approach
• This analysis looks into the potential uptake of biofuel in the aviation sector at different rates by 2030
– An initial set of levels were proposed to be modelled (2%, 5%, 10%, 25%, 50%, 100%) but these were
subsequently revised to (2%, 5%, 10%, 25%, 30%, 50%)

• For each pathway, we have estimated hydrogen required to produce those biofuels following the approach
illustrated below
• Overall, the analysis contributes to the understanding of the extent to which biofuels can contribute to the
decarbonisation of the aviation sector and what the implications are for the demand for hydrogen to this end

Estimate the total fuel
demand, based on forecast of
CO2 emissions in UK aviation
sector

Derive biofuel required under
each uptake pathway

Determine total hydrogen
demand

• The analysis has been limited to the year 2030, in line with the RTFO.
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Future hydrogen demand from aviation sector

We estimated fuel demand in future years for the UK aviation sector
using UK CO2 Aviation Forecasts
Step 1: Estimate the total fuel demand, based on forecast of CO2 emissions in UK aviation sector
• We have identified the CO2 emissions for the UK aviation sector to determine the energy demand that will need
to be met in future years.
– Source is DfT’s 2017 UK aviation demand and CO2 forecasts

– We have used the projections from the low, central and high fuel demand scenarios which include the northwest runway at Heathrow.
• The UK aviation sector is defined in this study similarly to definition in DfT’s UK aviation demand and CO2
forecasts:
– This covers UK and foreign residents travelling to, from or within the UK and those passengers passing
through the UK and transferring at a UK or major competing overseas hubs.
• We have calculated the total fuel demand, based on CO2 emissions, under the following assumptions:
– CO2 Emission Index is 3.15 MtCO2/Mt Fuel (DfT).
– Also accounted for the energy demand fulfilled by biofuel - the DfT aviation forecast modelling assumed 1%
biofuel penetration by 2030

Estimate the total fuel
demand, based on forecast of
CO2 emissions in UK aviation
sector
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Future hydrogen demand from aviation sector

The target uptake pathway defines the total biofuel demand for the
aviation sector
Step 2: Estimate biofuel required under each uptake pathway
• For each of the biofuel pathways, we have identified the quantity of biofuel required to meet the total future
energy demand under the following assumptions:
– Drop-in biofuel must be compatible with existing infrastructure, therefore we can assume that drop-in biofuel
has similar properties to jet fuel – i.e. biofuel energy density is the same as jet fuel energy density (43.93
MJ/kg; UK Government GHG Conversion Factors 2018).
– No variation in quantity of biofuel amongst the different technology/feedstock combinations since they all have
similar fuel properties
– Uptake of biofuels will increase exponentially up to 2030, as steep uptake rates are expected.

Estimate the total fuel
demand, based on forecast of
CO2 emissions in UK aviation
sector
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Future hydrogen demand from aviation sector

We derive the total hydrogen requirements based on biofuel demand
for the aviation sector
Step 2: Estimate biofuel required under each uptake pathway (cont’d)
• Initially, the levels (2%, 5%, 10%, 25%, 50%, 100%) were suggested to represent displacement of conventional
fuels by biofuels in the sector
– For example, the 10% pathway by 2030 would result in 10% of total fuel demand by 2030 provided by biofuel.
• However, aviation biofuels have blend limitations imposed by ASTM certification, as follows:

Approved Blend Limit

HEFA

ATJ

STJ-BIO

STJ-CAT

50%

30%

10%

0%*

*STJ-CAT has not been certified by ASTM and therefore blend limit is set to zero.

• This means that due to the blending limitations of biofuels (i.e. a maximum of 50% blend of biofuel to kerosene is
currently approved for aviation fuels) the maximum pathway achievable under current limitations is 50%.
• The levels were thus subsequently revised to be: (2%, 5%, 10%, 25%, 30%, 50%)

Step 3: Determine total hydrogen demand
• From the total biofuel demand, we have calculated the quantity of hydrogen required based on the hydrogen
requirements of the different biofuel types considered.

Estimate the total fuel
demand, based on forecast of
CO2 emissions in UK aviation
sector
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Future hydrogen demand from aviation sector

Biofuel produced via STJ-CAT would lead to higher hydrogen
demand to 2030 for 2% pathway due to high hydrogen requirement
Total Hydrogen Demand (thousand tonnes) – 2% biofuel uptake pathway, central fuel demand scenario
Results for 2% pathway show between 6.2 and 53.6 thousand
tonnes of hydrogen required in 2030

Approved
Blend Limit

HEFA

ATJ

STJ-BIO

STJ-CAT

50%

30%

10%

10%*

*Although STJ-CAT has not been certified by ASTM, blend
limit is set to 10% to allow comparison with the STJ-BIO route
Significant overall hydrogen demand for STJ-CAT
route due to very high hydrogen requirement for the
production of this biofuel – i.e. requiring almost 4 times
the amount of hydrogen as HEFA
Thousand tonnes of hydrogen required in 2030

HEFA

ATJ

STJ-BIO

STJ-CAT

5%

38

15

31

134

10%

76

31

62

268

25%

190

77

50%

381

For other pathways, the picture
is similar but at a higher
hydrogen demand level
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Hydrogen demand from other sectors

We have explored whether demand for hydrogen for aviation
biofuels is significant compared to other sectors
Objectives and overview of methodological approach
• A number of sectors also rely on hydrogen or are expected to increase their demand for hydrogen in the near
future (e.g. road transport sector)
• This analysis sheds light on the extent to which the demand for hydrogen from the aviation sector is significant
compared to future overall demand for hydrogen and derives implications for the overall hydrogen market
• To this end, we reviewed existing studies to gather estimates of projected demand for hydrogen from other
sectors and compared the values in the literature to the demand for hydrogen for upgrading aviation biofuels
under the different biofuel uptake pathways
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Hydrogen demand from other sectors

All economic sectors in the UK are anticipated to require up to 600
thousand tonnes of hydrogen by 2030
Total hydrogen demand in the UK for all sectors
• The CCC’s Hydrogen in a low-carbon economy report (CCC, 2018) estimates that all sectors in the UK will
require between 375 and 600 thousand tonnes of hydrogen by 2030.
• The DNV GL report (DNV GL, 2018) estimates that 486 thousand tonnes of hydrogen could be required in the
UK by 2030.
• The largest sectors potentially requiring hydrogen are transport (for hydrogen fuel cell vehicles) and the heating
of buildings (replacing gas heating with hydrogen).

DNV GL report has the majority of
hydrogen demand for
heating buildings (78%) by 2030.
This is based on 3% gas
heating via hydrogen.

Results are very dependent on
pathways and assumptions, for
example the total hydrogen fuel
cell vehicle fleet
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Hydrogen demand from other sectors

Road transport could require up to 576 thousand tonnes of
hydrogen per year by 2030
Total hydrogen demand for the transport sector by 2030
Source

Hydrogen Demand (thousand tonnes by 2030)

Assumed number of hydrogen vehicles (2030)

CertifHy (2015)

152

1.27 million

UK

LowCVP (2015)

194

1.40 million

UK

UK H2 Mobility (2013)

254

1.60 million

UK

300-800

2-5 million

Global

21

6-7 thousand

DNV GL (2018)
National grid (2018)

Country

UK

• Hydrogen demand for road transport depends on key assumptions, such as penetration of hydrogen fuel cell
vehicles.
– A higher level of penetration will require more hydrogen, and affect the total hydrogen demand in this sector.
• As such, different estimates for hydrogen demand from the road transport sector are found in the literature:
– The national grid future scenarios has a maximum of 7000 HFCV by 2030, which only requires 21 thousand
tonnes of hydrogen (National grid, 2018).
– On the other hand, DNV GL (2018) assumed between 2 and 5 million HFCV by 2030 worldwide, requiring
300 to 800 thousand tonnes of hydrogen. This gives around 150 thousand tonnes of hydrogen required per 1
million HFCVs, which is consistent with other sources.
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Hydrogen demand from other sectors

A 3% pathway for hydrogen in heating will demand 380 thousand
tonnes of hydrogen per year
Hydrogen required for heating
• Hydrogen can replace natural gas heating within buildings, which is a large potential use of hydrogen.
• DNV GL (2018) state that by 2030 3% of gas demand for heating buildings in the UK could be replaced by
hydrogen. This results in total hydrogen demand of 380 thousand tonnes per year.

• Energy research partnership (2016) gives a full UK heat demand of 424 TWh H2 per year, assuming that all
heating is switched to hydrogen. This gives 12,720 thousand tonnes of hydrogen a year.
– The pathway of 100% switching to hydrogen heating is not expected to happen by 2030, however using the
same assumption of 3% penetration by 2030 also gives around 380 thousand tonnes per year.

Hydrogen required for other sectors
• The production of steel through direct reduced iron (DRI) also requires hydrogen as a reducing agent.
– DNV GL (2018) estimates this will demand 100 thousand tonnes of hydrogen globally by 2030. According to
the UK steel industry: statistics and policy (2018), the UK market share of steel production is only around
0.5% of the total global market. Therefore the UK can expect to required 0.5 thousand tonnes of hydrogen for
the steel making process by 2030.
• Element Energy & JACOBS (2018) state that if hydrogen was the only alternative fuel for industry in the UK, then
with the technologies available in 2030 the hydrogen demand would be 1437 thousand tonnes. This represents
39% of the total industrial energy requirement.
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Hydrogen demand from other sectors

A 2% uptake of biofuels in the aviation sector by 2030 would
represent 2-14% of total UK hydrogen demand
2% pathway compared to overall UK hydrogen demand
• From our analysis, a 2% pathway in the aviation sector based on 100% HEFA biofuel leads to 15 thousand
tonnes of hydrogen required in 2030. This is significantly less than some of the estimates for the demand from
other sectors.
• In terms of overall hydrogen demand, the range from the sources is between 375 and 600 thousand tonnes by
2030. Given a 2% pathway with all of the biofuel being HEFA, then this represents between 2.5-4% of the total
hydrogen demand in 2030 compared to all sectors.
– If the biofuel type used was entirely STJ-CAT, which requires 53.6 thousand tonnes of hydrogen for a 2%
pathway, then aviation would represent 9-14% of the total UK hydrogen demand.
• Given the amount of hydrogen projected in the literature for other sectors, the uptake of biofuels would have to
steeply increase to above 10% by 2030 to represent a significant proportion of total hydrogen.

ATJ has the lowest hydrogen
demand compared to other fuel
types.
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Hydrogen demand from other sectors

Hydrogen demand for aviation is significant only if there is a steep
uptake of biofuels by 2030
Comparison with road transport hydrogen demand
• From the literature, three sources give a hydrogen demand for road transport vehicles to be between 152 and
254 thousand tonnes of hydrogen by 2030. This is mostly due to hydrogen fuel cell vehicles which are predicted
to be between 1.27 and 1.6 million by 2030 from the sources.

• For comparison, a 25% pathway for HEFA would demand 190 thousand tonnes of hydrogen. For aviation to
demand a similar level of hydrogen as road transport by 2030, a 25% uptake in biofuels would be needed.
Therefore with the more likely 2% or 5% biofuel uptake pathways, we can assume that the hydrogen demand will
not be significant compared to road transport.

Comparison with domestics heating hydrogen demand
• A 3% switch to hydrogen used in heating requires 380 thousand tonnes of hydrogen per year, a pathway given in
DNV GL (2018) by 2030. For aviation hydrogen demand to match this, a 50% uptake of HEFA by 2030 would be
required.
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Cost analysis

We have investigated the economics of producing future aviation
fuels to derive implications for hydrogen demand and market
Objectives and overview of methodological approach
• The actual uptake of biofuels in the aviation sector will depend on a range of factors such as the economics of
their production but also policy support.
• To determine the likelihood that aviation biofuels are used more widely, we have looked at the costs of producing
the different biofuel types to understand their competitive position relatively to the conventional fossil fuel used in
aviation (kerosene)
• We complement the cost analysis with an assessment of the wider context and other factors that also determine
the uptake of biofuels, and focus in particular on the role of RTFO in supporting the use of these biofuels

• The analysis contributes to an understanding of the likely demand for biofuels and hydrogen from the aviation
sector and the implications for the hydrogen market

Draw conclusions on:

Role of RTFO

Wider context and other factors
Policy context
Impacts of RTFCs on uptake
Cost analysis
Maturity of novel
of biofuels
technologies
Range of costs for different
biofuel conversion pathways
Economic and technical
and feedstocks
challenges
Industry’s willingness to pay Cost breakdown
Implications of different
Competition with other
sources of hydrogen
sectors
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Cost analysis

We compare range of biofuel costs against price of conventional
fossil fuel to conclude on fuels likely to be competitive commercially
Cost analysis
• We reviewed the existing literature and gathered data on production costs of the biofuels under consideration for
this study
– We have also included Fischer-Tropsch (FT) based biofuels since this is one of the most developed
technologies
– Values in the literature were converted to a common unit, £ per litre, based on:
•

Average exchange rate (US Dollars and Euros to Pound Sterling) 2009-2016 (represents time period of
literature reviewed)

•

Energy density of aviation fuel to convert to litres

• We compare range of results against price of conventional fossil fuel to conclude on fuels likely to be competitive
commercially
– The price information is obtained from US Gulf Coast Kerosene-Type Jet Fuel Spot Price – an average of the
price between 2009 and 2018 is used.
• The cost breakdown is also assessed to draw conclusions on relative importance of costs of feedstock,
hydrogen, equipment, etc

• We isolate contribution of hydrogen to overall costs to derive implications for costs of producing biofuels using
the different sources of hydrogen
– We reviewed relevant literature to extract estimates of production costs of hydrogen for each production route
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Cost analysis

Production costs for all biofuels considered are higher than for
kerosene
Production cost of aviation biofuels (£/litre)
HEFA achieves lower minimum
selling price of all biofuel types
due to higher conversion yields
and lower capital costs. It is also
the biofuel type that achieves
highest GHG savings

• Literature shows widespread range of results
• Cost estimates of aviation biofuel production have a high level of uncertainty:
– As aviation biofuels are not currently produced on a commercial scale, cost estimates are based on modelling
exercises or pilot/lab scale applications

– Many factors can have a strong influence on the cost: scale of facility, details of production route, nature and
cost of feedstock, yields and prices for co-products - this leads to large variations
– Cost estimates generally reflect costs for an nth of a kind plant, and assume that technology is mature and
commercially deployed. This can lead to an underestimation of costs and overestimation of plant
performance. Most routes are still at a pilot or demonstration stage, and first of a kind plant has not been built.
Production costs at the first of a kind plant are likely to be higher than those shown above.
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Cost analysis

Wide range of estimates is linked to differences in key assumptions
Production costs of HEFA (£/litre)

Production costs of FT (£/litre)

• Geography: estimates are obtained from both US and EU studies – e.g., Seber et al. (2014) provides USbased estimates whilst De Jong et al. (2015) focus on the EU reality; differences in labour costs, taxes, etc
can help explain some of the differences
• Plant size: costs are calculated for different plant sizes – e.g., for FT, Zhu et al. (2011) assumes 2200 tonnes
of input is processed per day, whilst De Jong et al. (2015) assumes 2000 t/day (if forestry residue) and 2178
t/day (if wheat straw)
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Cost analysis

Fewer sources of data are available for more novel technologies
Production costs of ATJ (£/litre)
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Cost analysis

Cost breakdown analysis reveals where cost reductions could be
achieved to make biofuels more attractive
Analysis of cost breakdown (1/3)
• Feedstock cost can represent an important share of the overall cost for HEFA
HEFA – Feedstock

Soybean

Tallow

UCO

65%-76%

Seber et al. (2014)

70%

De Jong et al. (2015)
Pearlson et al. (2013)

Up to 70%

• FT and ATJ are more capital intensive (De Jong et al., 2015) – major source of costs is :
– Gasification unit for FT;
– Pre-treatment, hydrolysis and fermentation units for ATJ;
– Sugar extraction units for STJ.
CAPEX

HEFA

Seber et al. (2014) 7-15%
Agusdinata et al.
(2011)
De Jong et al.
8%
(2015)
Atsonios et al.
(2015)

© Ricardo plc 2019

Client Confidential - DfT

FT

ATJ

STJ

21-31%

19-25%

17%-23%

19%

30%

50-75%

ED12390

FR – Issue 2

31 May 2019

53

Cost analysis

Cost of feedstock appears to be inversely related to technical efforts
for conversion
Analysis of cost breakdown (2/3)
• HEFA entails lower costs as only few chemical transformations are required (De Jong et. al, 2015)
• Higher costs of ATJ and STJ are due to high capital costs (i.e. pre-treatment technologies - fermentation and
sugar extraction) and lower conversion yields (De Jong et. al, 2015)

• Cost of feedstock appears to be inversely correlated to technical efforts for conversion (ICCT, 2017)
– Vegetable oils and fats require lowest processing since molecules of triglycerides and fatty acids are more
similar to final hydrocarbons
– Sugar and starch require fermentation to intermediate products
– Lignocellulosic feedstocks require additional steps when used in fermentation process (i.e. hydrolysed to
simpler sugars)
– Waste and residues require highest processing
Waste & residues
• Municipal solid waste
• Flue gases

Lignocellulose

Sugar & starch

• Miscanthus
• Short Rotation Coppice
• Agricultural, forestry
residues

•
•
•
•

Vegetable oil & fat
•
•
•
•

Sugarcane
Beet
Corn
Wheat

Used cooking oil
Tallow
Soybean
Palm

Increasing feedstock costs
Increasing technical efforts
Adapted from Cortez et al. (2016) and ICCT (2017)
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Cost analysis

Hydrogen costs appear to represent a small share of overall biofuel
costs but it is not clear what sources are considered in the literature
Analysis of cost breakdown (3/3)

FR – Forest Residue; WS – Wheat Straw
Adapted from De Jong et al. (2015)

• There is no specific data on contribution of hydrogen cost to overall biofuel cost in literature

• Hydrogen costs are generally included within the category of variable operating costs or in case of De Jong et al
(above) in utilities and other raw materials
• Example above is based on data from De Jong et al. (2015) - it shows relatively low contribution of utilities and
raw materials (including hydrogen and excluding feedstock) for overall cost of biofuels
• Similarly, Seber et al. (2014) found that variable operating costs (including hydrogen) represent 12-15% of overall
HEFA costs
• Results suggest hydrogen cost has relatively low impact on overall cost and thereby uptake of biofuels
• Range of hydrogen costs (from different production methods) could affect overall biofuel cost albeit only to a
limited extent
– However, it is not clear what hydrogen production route and cost were assumed in the studies.
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Cost analysis

From the literature (UK studies), there is a wide range of hydrogen
costs from the different production methods
Range and average cost of hydrogen production (£ / kg H2)
Electrolysis has the highest average
price from the literature – very dependent
on the price of electricity
SMR is the lowest cost option;
addition of carbon capture and
storage to reduce CO2 emissions
increases the cost slightly

Note: data in the chart typically only include production costs and may exclude
other costs associated with delivery of hydrogen to point of use (e.g. purification,
storage and transport)
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Cost analysis

Steam methane reforming from natural gas is the most common
hydrogen production method, and the lowest cost
Production cost per kg of hydrogen (£/ kg H2)
Source
Year
Country
SMR of natural gas
SMR + CCS
Electrolysis
Biomass gasification
Biomass gasification+ CCS
Steam reforming biogas*

Policy Exchange
(2018)
2018
UK
1.20
1.63
2.43
1.33
1.73

2018
UK

The Royal Society
(2018)
2018
UK

1.30-1.52
2.43-2.85

1.37
2.73

3.07-3.59

1.40

CCC (2018)

H2FC (2017)

Wood (2018)

NCST (2017)

2017
UK
1.80
1.95
3.90
3.80
4.30

2018
UK
1.32
1.76

2018
US

2.52*

*Currently no UK source available for steam reforming of biogas, estimate made from US study converted to £ sterling
Note: data typically only include production costs and may exclude other costs associated with delivery of hydrogen to point of use (e.g.
purification, storage and transport)

• The literature shows a range of costs for hydrogen production.
• Steam methane reforming (SMR) is currently the most common hydrogen production method. It is also currently
the lowest cost option however it has one of the highest GHG emissions.
• Hydrogen produced via electrolysis has the potential to have low GHG emissions due to the decreasing carbon
intensity of the grid and the potential for production using renewable generated electrolysis. However, currently
electrolysis methods are very expensive compared to SMR methods.
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Other factors that determine uptake of biofuels

We complement cost analysis with wider assessment of other
factors that determine demand for biofuels
Other factors that determine the uptake of biofuels
• We complement the cost analysis with:
– Assessment of level of commercialisation of different biofuel production technologies and challenges as to
establish maturity of technology and derive implications for future commercialisation

– Analysis of wider context and factors that determine uptake of biofuels/development fuels, namely:
•

Aviation industry’s willingness to pay for biofuels

•

Implications of competition between aviation biofuels and other products (including road biofuels)
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Other factors that determine uptake of biofuels

Besides costs, uptake of biofuels by 2030 also depends on
commercialisation potential of biofuel technology pathways
Commercialisation potential of the aviation biofuel technologies
• Commercialisation potential of new technologies can be assessed using TRL and FRL
– NASA’s Technology Readiness Level (TRL) framework indicates progress of technology to commercialisation
– In addition, the Commercial Aviation Alternative Fuels Initiative (CAAFI)’s Fuel Readiness Level (FRL) was
developed based on TRL but tailored to specificities of fuel production
– These are complementary assessments - the FRL provides an insightful perspective from the aviation
industry using the fuel and the TRL is more relevant for the production process
– The TRLs can be matched to FRLs – see definitions in the following slide

• Information on the current TRL of each technology but also the associated technical and economic challenges
can be used to determine potential for commercialisation of the different technologies for production of aviation
biofuels
– The following analysis is based on E4tech and Ricardo Energy & Environment (2017), and Bosch et al.
(2017)
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Other factors that determine uptake of biofuels

TRL/FRL assess relative maturity of technology based on scale from
1 (basic research/principles) to 9 (full commercialisation)
TRL Definitions

FRL Definitions

1

Basic
research

Principles postulated & observed, no
experimental proof available

Basic principles

Feedstock & process basic principles identified

2

Technology
formulation

Concept and application have been
formulated

Technology
concept formulated

Feedstock & complete process identified

3

Applied
research

First laboratory tests completed; proof
of concept

Proof of concept

• Lab-scale fuel sample produced from realistic feedstock
• Energy balance analysis conducted for initial environmental
assessment
• Basic fuel properties validated

4

Small scale
prototype

Built in a laboratory environment

Preliminary
technical
evaluation

• System performance and integration studies
• Specification properties evaluated

5

Large scale
prototype

Tested in intended environment

Process validation

Scaling from laboratory to pilot plant

6

Prototype
system

Tested in intended environment close
to expected performance

Full-scale
technical
evaluation

ASTM certification tests conducted: fit-for-purpose properties
evaluated, turbine hot section testing, components and testing

7

Demonstratio
n system

Operating in operational environment
at pre-commercial scale

Certification / fuel
approval

Fuel listed in international standards

8

First-of-akind
commercial
system

Manufacturing issues solved

Commercialisation

• Business model validated for production
• Airline purchase agreements secured
• Plant-specific independent greenhouse gas assessment
conducted in line with
internationally-accepted methodology

9

Full
commercial
application

Technology available for consumers

Production
capability
established

• Full-scale plant operational
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Other factors that determine uptake of biofuels

HEFA is the most commercially advanced technology for the
production of aviation biofuels
TRL analysis (1/2)
TRL
HEFA

8

Produced at several plants – using
vegetable oils, tallow and used cooking oil,
e.g.: Neste Oil in Finland, Singapore,
Rotterdam; Dynamic Fuels in the US
Use in aviation is not widespread

ATJ

5

Conversion of ethanol to jet fuel is at
demonstration stage, e.g. Virgin Atlantic
working with LanzaTech to produce ethanol
from waste carbon monoxide gases, and
with Swedish Biofuels to convert ethanol to
jet fuel
But intermediate step - ethanol to ethylene
– is TRL 9. Established technology to
catalytically convert alcohols to higher
hydrocarbon fractions, e.g. Mobil’s
Methanol-to-Gasoline process

Challenges

Commercialisation potential

Availability of feedstocks with
low GHG emissions i.e. waste
oils and tallow. High demand
for these already for
production of FAME and HVO
for road sector.

High – but in competition with
HVO

Technology barriers: improve
process to achieve greater
throughput and minimise risk
of runaway reactions

Medium – at pilot stage but
could be achieved quickly

Also economic challenges:
use same feedstocks as more
developed routes (i.e. ethanol
produced from same sugars)
– market value of ethanol is
similar to fuel product

Current RTFO incentives
sufficient

Commercialisation most likely
where there are a number of
ethanol or butanol plants
which could provide feedstock.
Previous interest in the UK –
but requires strong economic
driver

First commercial plants (not using LC)
planned in the US; Pilot and lab scale
activities in the US and Sweden
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Other factors that determine uptake of biofuels

STJ pathway is the less mature technology of all those under
consideration for this study
TRL analysis (1/2)
TRL
STJ BIO

5

Tests by Global Bioenergies and
Amyris

Challenges

Commercialisation potential

Technology barriers: minimise inhibitors in
pre-treatment and manage variability of
hydrolysates linked to lignocellulosic
feedstocks

Low – limited activity, very few
UK organisations involved

Also economic challenges – as for ATJ
STJ CAT

4-5

Trials by Virent (now Tesoro) –
working with Johnson Matthey
and Shell

Low – limited activity, very few
UK organisations involved

Technology barriers: associated to
catalyst (e.g. low selectivity to
hydrocarbons)
Also economic challenges – as for ATJ
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Other factors that determine uptake of biofuels

Other factors and wider context also influence willingness to pay for
biofuels in the aviation sector
Context of aviation industry
• Aviation industry’s willingness to pay for biofuels is limited due to relatively high price sensitivity and lack of fuel
taxes
– Fuel costs represent over 1/3 of the operating costs of air carriers (O’Connell et al., 2019) (ICCT, 2017)
– It is difficult for air carriers to pass higher costs associated with biofuels to consumers due to the competitive
nature of the aviation industry
– In addition, unlike in other sectors, aviation fuel is not taxed, so it is not possible to reward the use of lower
carbon biofuel through differential fuel taxing or exemption from fuel tax for low carbon fuels
• Although there is no fuel tax in the aviation sector, there is/will be an implicit (carbon tax) via the EU’s Emission
Trading System (ETS) and ICAO’s Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA)
– The EU ETS applies to all flights (domestic and international) within and between EU Member States.
Operators are required to surrender allowances (EUAs) for emissions on flights. Whether the UK will continue
to participate in the future is unclear.
– CORSIA applies to international flights between participating ICAO member states from 2021 onwards.
Operators are required to purchase offsets to cover the growth in emissions over 2020 levels. The eligibility
criteria (and hence price) for offsets are yet to be confirmed.
• Previous analyses (e.g. Ricardo, 2016) have indicated that neither scheme has a significant impact on demand.
• Both schemes also allow zero-rating of sustainable biofuels, though the exact criteria under CORSIA have not
been announced
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Other factors that determine uptake of biofuels

Challenges associated with uptake of biofuels include competition
with other markets and feedstock availability
Challenges
• Aviation biofuels can be in direct competition with road biofuels and other markets (chemicals)
– Road and aviation biofuels use the same feedstocks so particularly for lower cost feedstocks (wastes and
residues) there may be substantial competition for the same (limited) feedstocks

•

This may particularly be the case for waste oils, which are already widely used for FAME and HVO
production (E4tech, 2014), and this could restrict scaling up of HEFA (de Jong et al., 2017b)

•

In the case of waste feedstock, availability and proximity to processing facilities is also an important
determinant (Bosch et al., 2017)

– HEFA uses the same kind of production facility as HVO so there may also be competition for the production
capacity
– In the case of ATJ and STJ, these conversion pathways have an intermediate product (ethanol, butanol and
farnesene) which commands a higher value in the chemicals market than as a precursor for jet fuel (de Jong
et al., 2017b).
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Other factors that determine uptake of biofuels

Aviation biofuels are also in strong competition with road biofuels
which are generally a more attractive alternative
Competition with the road transport sector
• Road and aviation biofuels compete for the same (limited) feedstocks and even production capacity
– For example, HVO (road biofuel) and HEFA can be produced in the same facility – both biofuels are outputs
of the same process whose shares can be adjusted depending on production objectives
– However existing capacity tends to produce mainly HVO and only a small share of aviation - it is estimated
that 10% of current output could be aviation fuel and it is technically feasible to produce as much as 60% of
total output (E4tech, 2014)
• This is linked to lower incentives to maximise aviation biofuel production
– Currently, capacity and economic margins to produce road biofuel are greater than for aviation fuel (E4tech,
2014)
– There are less demanding requirements to upgrade fuel used in road sector which result in lower production
costs for road biofuels (O’Connell et al., 2019)
– For example, Seber et al. (2014) found that maximising jet fuel output increases costs by 7-8%
• Both road diesel and aviation kerosene command a similar market price however road biofuel tends to be less
costly to produce than aviation biofuel which makes biofuel in the road transport sector a more attractive
alternative
• Green diesel / hydrotreated renewable diesel (the diesel fraction of the HEFA process) could be used as aviation
fuel (blended with kerosene up to 10%) (E4tech, 2014) – this is in the process of certification and would simplify
production process and thus lead to increased production capacity. Nevertheless, it would remain in competition
with its use in the road sector
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Role of RTFO

Policy can help support the uptake of biofuels

Overview of policy context in the UK
• Under the RTFO, UK fuel suppliers (producing at least 450,000 litres a year) must ensure that a certain
percentage of the fuel they supply (for road and off-road uses) is sustainable biofuels. The percentage rises from
7.25% in 2018 to 12.4% in 2032.
• There is also a sub-target within the obligation to encourage investment in ‘development fuels’ – the sub-target is
0.1% of fossil fuel supply in 2019 and 3.2% of fossil fuel supply in 2032
– Development fuels must be made from wastes or residues (excluding segregated oils and fats) or be a nonbiological renewable fuel (RFNBO) AND be of a specified fuel type: renewable aviation fuel, renewable
hydrogen, substitute natural gas made via gasification or pyrolysis, and fuels that can be blended above 25%
and still meet relevant standards for petrol and diesel.

• To demonstrate they have met these obligations, suppliers may redeem Renewable Transport Fuel Certificates
(RTFC), or pay a fixed sum (£0.30) for each litre of fuel for which they wish to ‘buy-out’ their obligation.
– One RTFC may be claimed for each litre of fuel provided; certificates for gaseous fuels are awarded on a per
kg basis and take account of the gaseous fuels energy density relative to liquid fuels
– RTFCs can also be traded between suppliers, and RTFC prices in 2017-18 were estimated to range from
£0.12 per RTFC to £0.22 per RTFC, with a mean value of £0.18 per RTFC i.e. significantly below the buy-out
price (RTFO annual report, 2017-18)
• Development fuels are awarded development RTFCs, and suppliers must be able to redeem sufficient
development RTFCs to meet their sub-target or pay the development fuel buy-out price of £0.80 per litre
– Development fuels are awarded double development RTFCs
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Role of RTFO

We compare the costs of biofuel to the price of kerosene to derive
conclusions on the likely impacts of RTFCs
Impacts of RTFCs for competitiveness of aviation biofuels (1/3)
• Fuel suppliers have to meet their development RTFC target and will seek to do so at the lowest cost possible, by
purchasing those development fuels with the lowest costs that they can find a market for.
• As such, we can assume they would not purchase a development fuel that costs more than the buyout price
above the cost of its fossil fuel equivalent as it would be cheaper to pay the buyout price.
• We can therefore compare the prices of aviation biofuel (development fuel) and kerosene to estimate the
differential:
– The costs of biofuels were obtained from the literature and are at the production plant gate
– On the other hand, the price of kerosene includes some margin and distribution costs but this is assumed to
be minimal. We use the 2009-2018 average of US Gulf Coast Kerosene-Type Jet Fuel Spot Price ($2.18 per
gallon or £0.37 per litre).
– The analysis is undertaken for the current period given the uncertainty of future costs/prices of biofuels and
kerosene
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Role of RTFO

The RTFC buyout price provides an indication of the maximum price
differential between kerosene and the aviation fuel
Impacts of RTFCs for competitiveness of aviation biofuels (2/3)
• Based on the differential:
– If below the buyout price, fuel suppliers are better off purchasing the development fuel to meet their target
– If above the buyout price, suppliers would just pay the buyout price as this would be the lowest cost option.

• We also note that in practice, as with RTFCs, the value of development RTFCs on the market is likely to be lower
than the buyout price
– Since development RTFCs have yet to be traded, it is not clear what their market value will be – we have
assumed a range from £0.20 to £0.80 per RTFC, with £0.80 being the buyout price established by RTFO
– Also, since development fuels are eligible for double RTFCs, we have taken this into account by doubling the
price that would have to be paid (i.e. to represent the need to buy twice the amount of RTFCs)

Development RTFC (£)
Support with double RTFCs (£/l)
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Role of RTFO

Biofuel from HEFA becomes competitive under the current RTFO
incentives
Impacts of RTFCs for competitiveness of aviation biofuels (3/3)
• Assuming a kerosene price of £0.37 per litre and the low, average and high estimates of biofuel production costs
from the literature, the differential between the costs of biofuel production and kerosene price are presented
below
– We have highlighted in green the price differentials below the buyout price (£1.60 considering the double
credits)
• The final part of the table indicates the implied value of the development RTFC – i.e., the price of the certificate
that would be required to support the production of the biofuel
• It can be concluded that:
– If HEFA biofuel could be made from waste oil that is not UCO then it could be competitive under the current
RTFO incentives;
– If price levels of FT can be achieved then this biofuel could be competitive at relatively low RTFC price, but
market price of RTFC would need to be closer to the buyout price if costs were at the top of the range;
– If prices of ATJ were at the top end of the range then this biofuel would not be competitive even if
development RTFCs had a high price (£0.80);
– STJ is not a competitive option at any price in the range considered.
Fuel prices
HEFA
FT
ATJ
STJ
© Ricardo plc 2019

Biofuel costs from literature
Low
Avg
High
£/l
£/l
£/l
0.45
0.63
0.84
0.58
0.95
1.60
0.70
1.41
2.27
2.76
3.28
4.07
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Differential from kerosene Implied value of development
price
RTFC
Low
Avg
High
£ per
£ per
£ per
£/l
£/l
£/l
certificate certificate certificate
0.08
0.26
0.47
0.04
0.13
0.24
0.21
0.58
1.23
0.11
0.29
0.61
0.33
1.04
1.89
0.17
0.52
0.95
2.39
2.91
3.69
1.19
1.46
1.85
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Role of RTFO

A similar analysis was done for hydrogen

Impacts of RTFCs for competitiveness of hydrogen (1/2)
• Considering hydrogen as a fuel in its own right, the analysis assumes hydrogen is produced from renewable
sources and thus qualifies as a development fuel
• As before, the actual market price of the development RTFC is not known so we present a range of values up to
the buyout price of £0.80
– Certificates for hydrogen are awarded on a per kg basis: 4.58 RTFCs per kg or 9.16 RTFCs per kg in the
case of a development fuel
Development RTFC (£)
Support with double RTFCs (£/kg)
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Role of RTFO

Hydrogen is an attractive alternative for meeting development fuel
targets
Impacts of RTFCs for competitiveness of hydrogen (2/2)
• We compare the cost of renewable hydrogen produced via different methods against the cost of producing
hydrogen via SMR as this is the most common technology
• The results show that the price differentials are all below the buyout price (£7.30 considering the double credits)
and the lowest market price in the range provided (£1.80) which suggests hydrogen could be a competitive
option for meeting development fuel targets
– Provided there is a demand for hydrogen and that RTFC is only making up the difference between
conventional hydrogen and renewable hydrogen
• Even if RTFCs provide support for the whole cost of hydrogen (not just the differential between hydrogen from
SMR and other sources to promote the shift to lower carbon sources) it might still look competitive.

H2 production method
SMR
SMR + CCS
Electrolysis
Biomass
Biomass + CCS
Steam reforming biogas
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Differential compared to SMR
Costs of hydrogen from literature
Implied value of development RTFC
Low
Avg
High
Low
Avg
High
£ per
£ per
£ per
£/kg
£/kg
£/kg
£/kg
£/kg
£/kg
certificate certificate certificate
1.20
1.44
1.80
1.30
1.68
1.95
2.43
2.98
3.90
1.23
1.54
2.10
0.13
0.17
0.27
1.33
2.57
3.80
0.13
1.13
2.00
0.01
0.12
0.26
1.40
2.76
4.30
0.20
1.32
2.50
0.02
0.14
0.31
N/A
N/A
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Role of RTFO

It is possible that demand for certain aviation biofuels such as HEFA
could increase to 2030
• Although production of aviation biofuel seems to be more costly compared to conventional fossil fuel (kerosene):
– Price of kerosene might increase in the future linked to changes in oil prices (BEIS 2018 oil price assumptions
show an increase of approx. 15% between 2018 and 2030) but also due to ETS and CORSIA developments
– Cost of producing aviation biofuels might decrease due to technology developments, etc.

• In addition, RTFO incentives are sufficient to make biofuels competitive for certain biofuel conversion pathways
(HEFA and to some extent ATJ)
• As such, demand for certain aviation biofuels such as HEFA could increase up to 2030
– HEFA in particular as it achieves the lowest production costs, is the most commercially ready technology and
generates the lowest GHG emissions

• Demand for hydrogen could also increase by 2030
– RTFO incentives also make the production of renewable hydrogen competitive
– As such, hydrogen, as a fuel in its own right, is an attractive alternative for meeting development fuel targets
– It is not clear whether demand will be for production of biofuels or for use of hydrogen for other purposes–
there is a range of other sectors where demand for hydrogen is also expected to increase
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Emissions toolkit

Emissions toolkit was developed to assess implications of biofuel
and hydrogen demand for decarbonisation of the UK aviation sector
Use of the toolkit
• Ricardo have developed a toolkit which outputs the total emissions savings, total biofuel required and total
hydrogen required for a given scenario selected by the user.
– This is provided as an annex to this report.
• The toolkit allows the user to select a number of parameters:

– Fuel demand scenario: the user can select one of three scenarios, as defined in DfT aviation forecasts
which determines the total fuel demand by 2030.
– Uptake of biofuels: the user can also select a pathway, which defines the total amount of biofuel uptake by
2030. This is given as a value from the following set: {2%, 5%, 10%, 25%, 30% and 50%}.
– Biofuel type: the split of biofuel type must then be selected by the user but choice is subject to certain
constraints:
•

Each biofuel type has an associated blend limit, which is the blend of biofuel to kerosene that is currently
approved for aviation fuels. The toolkit will warn the user when a selected pathway is not achievable by
the selected biofuel shares and biofuel blend limits.

•

The blend limits can be changed by the user, however a warning will be given when the selected blend
limit exceeds the certified blend limit

– Hydrogen source: finally the user selects the percentage of hydrogen used for upgrading of biofuels,
amongst a range of production methods
• Each biofuel type and hydrogen production method has a different emissions factor associated with it. Therefore
the user can output emissions savings depending on the selected fuel shares and hydrogen production method
shares.
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Scenario analysis

For the following results we have selected the central fuel demand
scenario, 2% biofuel uptake pathway and all biofuel being HEFA
Scenario development
• We have developed a number of scenarios to demonstrate the implications of different hydrogen production
routes on the total GHG emissions savings.
• The following slides present results from the toolkit, based on:

– The DfT ‘central (fuel) demand’ scenario (from DfT aviation forecasts).
– A 2% biofuel pathway uptake by 2030 since this is a more realistic target for 2030
– 100% HEFA share of biofuel, as HEFA is currently the biofuel type that is more commercially advanced.
– A mixture of different hydrogen production methods, to represent a ‘low cost’ scenario and a ‘low emission’
scenario by 2030.
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Scenario analysis

Low cost and low emission scenarios represent alternative options
for the use of hydrogen sources in aviation biofuels
Low cost and low emission scenarios
• A ‘low cost’ scenario has hydrogen produced from steam methane reforming (SMR) and SMR with carbon
capture and storage (CCS), as these are the lowest cost production routes, and most widely developed.
– The technology to produce hydrogen from electrolysis is in place, however it is currently expensive.
Therefore, we have assumed only a small amount of hydrogen produced by this method.
• A ‘low emission’ scenario has hydrogen produced from a mixture of low emission routes, such as electrolysis
from renewable energy sources and gasification of biomass. This represents a more ambitious scenario.
• At current technology readiness levels, the low emission scenario would have a significant cost due to the
mixture of electrolysis and gasification of biomass.
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Scenario analysis

Low cost scenario saves 0.89 MtCO2eq in 2030 for a 2% pathway and
HEFA biofuel
Low cost scenario results
• A ‘low cost’ scenario has 9 thousand tonnes of hydrogen produced via SMR, 5 thousand tonnes from SMR with
CCS and 1 thousand tonnes from electrolysis (average grid mix) in 2030
• This scenario saves 0.89 MtCO2eq and requires 348 megalitres of HEFA in 2030.
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Scenario analysis

Low emission scenario achieves a 0.95 MtCO2eq saving in 2030 for a
2% pathway and HEFA biofuel
Low emission scenario results
• A ‘low emission’ scenario has 2 thousand tonnes of hydrogen produced via SMR with CCS, 8 thousand tonnes
from electrolysis (avg. grid mix), 3 thousand tonnes from electrolysis (renewable energy) and 2 thousand tonnes
from both gasification of biomass and steam reforming of biomethane.

• This scenario saves 0.95 MtCO2eq and requires 348 megalitres of HEFA in 2030.

© Ricardo plc 2019

Client Confidential - DfT

ED12390

FR – Issue 2

31 May 2019

81

Scenario analysis

Using ATJ-S instead of HEFA results in lower emissions savings,
but requires much less hydrogen
Low emission scenario with ATJ biofuel
• ATJ fuels have the lowest hydrogen requirements of the biofuels presented in this study. Therefore based on the
hydrogen shares defined under the low emission scenario, changing the biofuel type from HEFA to ATJ-S results
in less MtCO2eq saved, but requires much less hydrogen.

• This scenario saves 0.77 MtCO2eq and requires 6.2 thousand tonnes of hydrogen in 2030.

© Ricardo plc 2019

Client Confidential - DfT

ED12390

FR – Issue 2

31 May 2019

82

Scenario analysis

A 5% pathway can save 2.2 MtCO2eq in 2030 using the low emission
scenario
5% pathway with a mix of fuel types
• A more ambitious scenario could see 5% of biofuel uptake in aviation by 2030 but also a mix of biofuel types
(60% HEFA, 20% ATJ-S and 20% STJ-BIO selected).
• Combining these new assumptions with the ‘low-emission’ scenario for hydrogen shares, savings of 2.2 MtCO2eq
could be achieved in 2030. This scenario requires 870 megalitres of biofuel and 32 thousand tonnes of hydrogen
in 2030.
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Conclusions and policy implications

Key takeaways

• The analysis focussed on HEFA (waste oils that are not UCO), ATJ (from wheat straw and food waste) and STJ
(from wheat straw) biofuels since they all require (external source of) hydrogen, have been certified by ASTM
and qualify as development fuels as defined by RTFO
• Sources of hydrogen considered include: steam reforming of natural gas (with and without CCS), gasification of
biomass, electrolysis (based on UK's average grid mix and renewable electricity), and steam reforming of biomethane
• There is significant uncertainty around many of the inputs to this study which is reflected in significant uncertainty
in the calculated outputs
Hydrogen requirements and carbon intensity
• Literature review shows that ATJ biofuel has the lowest hydrogen requirement amongst the biofuel types
considered (0.08 MJ H2/ MJ Fuel). Conversely, STJ – Catalytic biofuel requires the highest amount of hydrogen
(0.53 MJ H2/ MJ Fuel).
• Emissions from production of hydrogen vary widely depending on the production method, ranging between 0 and
121 gCO2eq/MJ
– Lowest carbon intensity is achieved by electrolysis based on renewable energy

– On the other hand, electrolysis based on the UK's average electricity grid mix shows the highest carbon
intensity currently
– Emissions from this hydrogen source are nevertheless expected to drop due to decarbonisation of UK
electricity
– By 2030, hydrogen produced from steam reforming of natural gas would be responsible for the highest
emissions - however including CCS can significantly reduce its carbon footprint
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Conclusions and policy implications

Key takeaways

LCA of aviation biofuels
• All biofuel types achieve CO2eq emission savings compared to the fossil fuel alternative, ranging between 13%
and 99%
– HEFA biofuel achieves the most significant CO2eq emission savings

– On the other hand, the biofuel type with the worst GHG performance depends on the source of hydrogen
•

The STJ-CAT pathway generates higher emissions, except when hydrogen is sourced from lower carbon
intensity sources - this is linked to the high hydrogen requirement for the production of this biofuel. For
those cases, the ATJ pathway (based on food waste) generates the highest emissions

• Use of hydrogen produced from electrolysis (current average grid mix) results in highest CO2eq emissions for
each biofuel pathway - linked to higher carbon intensity of this hydrogen production route
• Hydrogen can be an important source of emissions, especially for HEFA and STJ - Catalytic
Future hydrogen demand from aviation sector
• Biofuel produced via STJ-CAT will lead to higher hydrogen demand to 2030 for 2% pathway due to high
hydrogen requirement

• The picture is similar for other biofuel uptake pathways
Hydrogen demand from other sectors
• Hydrogen demand for aviation is significant only if there is a steep uptake of biofuels by 2030
– A 2% uptake of biofuels in the aviation sector by 2030 would represent 2-14% of total 2030 UK hydrogen
demand
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Conclusions and policy implications

Key takeaways

Cost analysis
• Production costs for all biofuels considered are higher than for kerosene
– HEFA achieves the lowest costs and CO2eq emissions of all biofuel types considered
• Hydrogen cost does not represent an important share of overall biofuel cost
• On the costs of hydrogen production:
– Of all considered hydrogen production methods, steam methane reforming from natural gas is the most
common hydrogen production method, and achieves the lowest cost
– Electrolysis (based on grid prices) has the highest average price from the literature
• It can be concluded that the use of less carbon intensive sources of hydrogen to produce aviation biofuels entails
higher costs – it could make biofuels even less competitive
– Hydrogen produced via electrolysis has the potential to have low GHG emissions due to the decreasing
carbon intensity of the grid and the potential for production using renewable generated electrolysis but has
very high costs compared to SMR .
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Conclusions and policy implications

Key takeaways

Other factors that determine uptake of biofuels
• Analysis of the commercialisation potential of the different biofuel types shows that HEFA is the most
commercially advanced technology for the production of aviation biofuels (TRL is 8). Other technologies are still
a long way away from full commercialisation
– This is also the technology that achieves the lowest costs and carbon intensity which makes it the most
attractive overall technology for production of biofuels
• Nevertheless, the aviation industry’s willingness to pay for biofuels is limited due to relatively high price sensitivity
and lack of fuel taxes. As such, airlines find it difficult to justify paying a premium for biofuels, including HEFA
which is still more costly to produce than kerosene.
• In addition, aviation biofuels can be in direct competition with road biofuels and other markets (chemicals) as
they rely on the same feedstocks and production capacity (i.e. road biofuels) or produce high value intermediate
products (i.e. ethanol, butanol, farnesene) which command higher prices in other markets. This limits the
incentives to produce aviation biofuels
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Conclusions and policy implications

Key takeaways

Role of RTFO
• Existing policy could play an important role in the uptake of aviation biofuels - the analysis of the impact of the
RTFCs demonstrated that:
– Biofuel from HEFA (made from waste oils that are not UCO) becomes competitive under the current RTFO
incentives
– Price of ATJ biofuel could also reach parity with kerosene provided the cost estimates are at the lower end of
the cost range
– STJ biofuel is not an attractive option even considering the RTFO incentives
• The analysis also revealed that hydrogen (as a fuel in its own right) is an attractive alternative for meeting
development fuel targets
– Although novel and lower carbon intensive sources are more costly than SMR, factoring in the RTFCs would
make these sources as competitive as the conventional source
– It's worth noting that, whereas the biofuels considered here for aviation are "drop-in" fuels and, therefore,
require no changes in infrastructure or vehicles (engines), a large-scale adoption of hydrogen as a transport
fuel would require significant changes in infrastructure and new vehicles.
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Conclusions and policy implications

Key takeaways

Implications for future demand for aviation biofuel and hydrogen
• Although the production costs of biofuels are higher than the current price of kerosene, the current RTFO
incentives could help close the gap
• However, our analysis did not look into the prices of other development fuels (beyond hydrogen) that might be
more attractive to produce/purchase than aviation biofuels in order to meet the target for development fuels –
there is no specific incentive for the fuels used in the aviation sector
• As such, it is not clear to what extent biofuel uptake in the aviation sector would increase by 2030
• Demand for hydrogen could also increase by 2030
– Given the current production costs, RTFO incentives are even better - renewable hydrogen becomes
competitive compared to the more conventional hydrogen produced from SMR
– Production of hydrogen could therefore be sufficient to meet development fuel targets
– It is not clear whether hydrogen produced would be used to upgrade aviation biofuels given that there is a
range of other applications whose hydrogen requirements are expected to grow up to 2030 (e.g. road
transport, buildings)
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