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American Society for Testing and Maals

Synthetic Paraffinic kerosene from vegetable oils, here called HRJ
BiomassTo-Liquids

Civil Aviation Alternative Fuels Initiative

Committee on Climate Change

Greenhouse gas emissions in carbon dioxide equivalentadiegsix Kyoto
greenhouse gas groups)

Afuel that meets all the requirements of the current jet fuel specification and do
not require any modification to equipment or infrastructure

Defined here as woody crops grasses gmn for energy uses

European Union Emissions Trading Scheme

FischefTropsch synthesis, a step in a process from biomass, coal or gas to fue
Greenhouse gas

Hydrotreated Renewable Jetan aviation biofuel derived from vegetable oils
Hydrotreated Vegetable Gila road transport biofuetierived from vegetable oils
International Air Transport Association

International Civil Aviation Organization

Indirect Land Use Change

Biomass material containg lignin and cellulose e.g. wood, straw, grasses
Land Use Change

Million hectares

Original Equipment Manufacturer

Oilseed rape

Sustainable Aviation Fuel Users group

Synthetic Hydrocarbonsgroup of new routes from biomags fuels

Synthetic Paraffinic Keroseencludes fuels from FT and HRJ processes
Tankto-Wake- emissions from burning fuel in aircraft

Unlimited Skieg highest of the Consave aviation fuel demand scenarios
Welkto-Tankg emissiors from fuel production

Welktto Wakeg emissions from fuel production and use in aircraft
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Executive Summary

The Committee on Climate Change (CCC) is an independent body which provides advice to Government

on defining and setting carbon budgets, and @A RS NJ Of AYIF S OKIy3aS AaadzsSaod
published in December 2008, recommended that the Committee report annually on UK trends in
international aviation emissions, their climate impact, developments in abatement efforts and policy

levers. Mae specifically, in January 2009 the Committee was asked by the Secretaries of State for
Transport and Energy and Climate Change to report on how a new target to get aviation emissions in

2050 below 2005 levels could be met. To address this question, ahenitee has commissioned a

series of studies modelling projected UK demand for aviation and the associated emissions, with a
project on the potential for modal shift from air to rail, and this project on the potential for biofuels to

reduce emissions frodK aviation, feeding into the overall assessment

This project assessed the potential for biofuels in aviation globally, in terms of the potential uptake, and
associated greenhouse gas (GHG) emissions savings, concluding that:

Biofuels could supply leveen 35 and 100% of global jet fuel demand in 20%@th potential for high
greenhouse gas savings, provided that the risk of land use change from the production of feedstocks
is managed effectively

9 Biomass derived aviation fuels are a viable alternativeonventional jet fuel, with certification of
blends up to 50% in place or imminent, and potential for higher blends up to 100% biofuels in the
future.

1 By 2020 biofuels could represent up to 1.6% of the fuel mix, if biofuel production plants and new
crop types are successful, and are deployed quickly. Biofuels could then ramp up quickly from 2020
to supply between 35% and 100% of jet fuel demand in 2050, based on the high end of jet fuel
demand projections.

1 The variation between biofuels uptake scenaris a result of changing assumptionstba oil and
carbon price, the speed and success of developnanhew feedstock typesnd new biofuels
processesand environmental and social sustainability considerations.

1 In all of the scenarios, the average Gldmissions saving from the mix of biofuels used would be
around 6570% at the early stages of deployment, increasing to over 90% in 2050provided that land
use change impacts can be avoided.

The following sections explain what is driving interest in @tsfun aviation, how their use might be
limited, and how these results were derived.

' The CCC are intending to use these scenarios tonnfleeir analysis of the 2050 target, but scenarios and
FdadzYLIJiA2ya | NB &ddzo2S0G G2 OKIy3aSed 1a adzOK (KSasS aoSy
work. Please see the final CCC report in December for the final analysis, results anchesctations
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There are strong drivers for use of alternatives to conventional jet fuel

Conventional jet fuel, commonly referred to as kerosene, is a blend of hydrocarbons probyced
refining of crude oilHistorically, the main drivers for considering alternative fuels have been related to
availability and security of supply, leading to development and use of blends containindecivald
fuels in civil aviation in South Africand in military applications by the US Air Force. The current interest
in alternatives, however, is driven by several other factors:

 Jet fuel priceg this represents darge LINE L2 NI A2y 2F FANI AYySaQ 2LISNI 0.
significantly. This dresdevelopment of aircraft and engine technology, and also provides a strong
incentive for airlines to consider alternative sources of fuel, which they hope might bring greater
flexibility and improved price stability.

1 Greenhouse gas emissiorgsthere is increasing concern in the aviation industry that aircraft
operations will be required to pay for their carbon emissions, for example through the European
Union Emissions Trading Scheme (EU ETS) from 2012. The International Air Transport Association
(IATA SadAYFdiSa GKIFIG GKA&A gAff NBadAZ G Ay e€odp O0Af
to a 5% increase in fuel expenses. By 2020, IATA estimates that this could increase to 19%.

Fuelpriceconcerns have led to interest in a range of atiive fuels, including those derived from coal,

gas, and oil shales, which have higher greenhouse gas emissions than conventional jet fuel, unless their

production is coupled with carbon capture and storage. Development of biofuels is driven both by the

potential for fuel cost reduction and greenhouse gas savings.

Jet fuel specifications are being modified to include biofuel blends

There are several constraints that limit the alternative fuel choices that the industry is cdngidee

very large invesnent in the existing fleet and jet fuel distribution system, and the typical lifetime of
aircraft. These factorscoupled with stringent certification requirements for fuels, mean that airlines are
y2i O2yaARSNAY3I | yay ®dz8BntJorkpérslatmderived fefifuel A WBRINE LJ
fuel is defined as a fuel that meets all the requirements of the current jet fuel specification and does not
require any modification to equipment or infrastructure.

Jet fuel specifications are defined in es of the required performance of the fuel, including
characteristics such as the energy content, freeze point, and thermal stablligyexisting specifications
include some coalerived alternative fuels, but no biofuels as yet. However, there has been
considerable activity in standards development over the last two years, leading to much faster progress
than previously expected, witiomebiofuel blends included in US specificagdhis year, andseveral

more expected to be includeaver the next few gars.

Several routes to biofuels for aviation are likely to be commercialised in the near to mid term

¢KS UGSNY WoA2Fdz2StQ OFly SyO2YLJ} aa |Fye fRdddaioR 2 NJ 3|
of biofuels involves conversion of a biomass feedkt which can be a crop, residue,-firypduct or
waste, through a conversion process to form one or more products. The most common types of biofuel



Biofuelsin aviation
E4tech Augusi2009

used in road transport today are not suitable for use as aviation fuels. In this study we consider only
threS YIFAYy G8LISa 2F O0ARF&SNBLIKDODEYOZFdzE RTa R FRHR EldzS

1 Biomassto-liquids (BTL)

0 This involves gasification of biomass feedstocks, followed by F$ctyesch (FT) synthesis and
upgrading steps, to produce jet fuel, diesel or gasolesimilar process is used to produce jet
fuels fromcoal

0 Many different feedstocks can be used, from woody energy crops and grasses to municipal solid
wastes

0 The fuel produced is very similar to jet fuel, and identical to the fuel produced usindterads
of up to 50% BTwere includedn US standards August 2009

0 The technologies that make up the BTL route are proven, but the whole process is at the
demonstration stage, with plans for commercial scale plants from 2012/13. Plants are expected
to need to be large in order to be viable, with high capital costs, and cost reduction is needed.

1 Hydrotreated renewable jet (HRJ)

0 Vegetable and algal oils can be converted to an aviation fuel through a process including
treatment with hydrogen.

o Conventionalregetable oils such as palm and soy can be used, but new oil crops are being
considered, such as jatropha and camelina, and oil extracted from photosynthetic algae could
also be used. Further research, development and demonstration of new crops and aldae w
needed to achieve the potentials currently being suggested.

0 This type of fuel was used successfully in the recent tests by several altleréfcation of
blends containing up to 50¥4RJ is expected by the end oflR0

o The technology is very silai to that currently used for producing hydrotreated vegetable oll
biodiesel for road transport. Production of jet in these plants is expected from 2010, and in
dedicated plants from 2011.

f W{eyiKSGiAO KEeRNROINDB2YaQ

0 There are a number of proposed routesrft biomass feedstocks to jet fuels based on novel
biological or chemical processes, which we have considered together in this category.

0 These routes would use the same feedstocks as BTL, or sugar and starch crops.

0 These are being developed by companigmgpally in the US, and several of them are at the
stage of pilot scale testing, plus testing against jet specificafl@emonstration of these routes
may be as early as 2013, but we modeled commercial availability from 2020

Other routes are possibléncluding those based on upgrading of pyrolysis oils, and routes from algal
biomass. However, the three types above were those considered in more detail in this analysis in terms
of greenhouse gas savings, economics, sustainability, and potential spepthké, leading to scenarios

of overall biofuels penetration, with a combination of biofuel types.
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Greenhouse gas savingm biofuels can be high, but depend on how the feedstocks are produced

Considering the greenhouse gas (GHG) impacts of fuelsoking at the whole production chain for
each fuel type, is often known in aviation as welwake analysis. This can be split into weltank and
tank-to-wake portions. Considering the wadl-tank GHG emissions for biofuels involves assessing the
inputs to feedstock production, feedstock transport, the conversion process, fuel transport, and co
products. For petroleum derived jet, it involves extraction and refining of crude oil. In thetdankke

part, the CQemissiongrom fossil jet are include, but those from biofuels are not, as the {®oduced

when biofuels are burnt is not from a fossil source, being absorbed when the plants are grown. Note
that the nonCQ tank-to-wake emissions from both jet and biofuels have not been considered, and are
likely to be the same for each fuel.

The GHG savings from biofuel chains depend heavily on the type of feedstock used, and how it is
produced, as shown in the summary of results below. Those chains based on using energy crops (woody
crops and grasses),gielues and wastes, low input oil crops, or algae, have significantly lower emissions
than those based on conventional oil crops, that have much higher inputs to their production.

Table IGreenhouse gas emissions of biofuels for aviation

Route Feedstock Emissions, £Qe/MJ fuel Savings C vs jet
Fossil jet (baseline) - 87.5
BTL Energy crops 7.3 92%
Forestry residues 4.8 95%
Conventional oil crops 40-70 (averages) 20%54%
(rapeseed, palm , soy etc
Jatropha 30 66%
HRJ Camelina 135 85%
Tallow 10 89%
-21 (best case) 124% (best case)
Algae (Open ponds) 1.5 (realistic case) 98% (realistic case)
Synthetic hydrocarbons Not specified 70-90%

The figures above do not includiérect land use changampacts: they assume that the risk of hiGHG
impacts from direct conversion of high carbon stock land to land for feedstock for aviation biofuels is
f2g3s +ta | NBadzZ G 2F FANIAYSaQ O2N1LRNIGS &a20A1f NB
in development. They also do not Inde indirect land use chang@npacts. This may occur if crops for
biofuels aregrown on agriculturaland, displacing other crops. This may cause supplies of those crops to
decrease, stimulating production elsewhere. If this new production involves ciimyemew land to
agriculture, there can be large GHG and other sustainability impacts, particularly if the land previously
had high carbon stocks, such as forest. The risk of indirect land use change is greatest for conventional
crops, as they are grown aagricultural land, lower for energy crops and new oil crops, which can be
grown on lower quality marginal land, and negligible for algae production, which does not require
productive land.
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Establishing the causes of indirect land use change, and the itndgnof the impact that can be
attributed to production of bioenergy feedstocks, is difficult and is the subject of considerable current
global research. In particular, there is no agreement on a quantitative factor that can be included in GHG
calculatiors for individual biofuels. Indirect land use change is more difficult to control through biofuels
standards and policy than direct land use change, as it is several steps removed from the feedstock
production. However, the GHG and other impacts of inditact use change could be large, enough to
negate the benefits of biofuels use. As a result, we have considered indirect land use change risks
throughout the report, in particular when defining scenarios for biofuels uptake.

Each of the biofuels routes Isgprojected costs that can be competitive with jet fuel, particularly if the
cost of carbon emissions are considered, but in most cases only if feedstock costs are low

We compared the projected costs of the three biofuels types with the projected cogts fofel under
four jet fuel price scenarios ($7160/bbl in 2050), and four carbon price scenarios (£300/tCQ in
2050).

9 BTLcosts depend heavily on the feedstock used, with early deployment likely to rely on low cost
residues and waste. Technologwileing is needed to bring BTL costs down significantly in the first
15 years of deployment. With a central oil price and mid range feedstock cost, BTL would not break
even with jet fuel until the 2030s, but factoring in the cost of carbon brings this toattie early
2020s

1 HRJcost usingconventional oil cropswere modelled in two ways, as future price projections for
vegetable oils are highly uncertain. If the recent potential link between crude oil and vegetable oil
prices continues, HRJ from these detocks would not break even with fosdiérived jet in most
scenarios. If we assume that vegetable oil prices instead drop to the low end of the range seen over
the past five years, albeit a level considered unlikely to be seen in the near term, HiJoneak
even with jet in the near term, even without a carbon price

9 HRJ costs using new oil crops and algaaild be competitive with jet, assuming that they will be
introduced commercially only when feedstock costs drop to the low end of the vegetainémnge.

1 Synthetic hydrocarbonsre projected to have very low costs, but little information is available on
the assumptions behind the projections. Assuming that they can achieve the costs suggested, they
would be competitive with jet as soon as they werommercially introduced.

Sustainability of biofuel routes should be assessed and certified. The potential for sustainable
feedstock supply is high for some routes

Feedstocks for biofuels can have environmental and social sustainability impaatsjrigatffects on
biodiversity, soil quality, water quality, land rights and workers rights. Aviation industry interviewees
emphasised the importance of sustainability, and several have made commitment to sustainable fuel
use. Nevertheless, continued devptoent of sustainability standards, and assessment of new
feedstocks and impacts will be needed to ensure feedstock production is sustainable.

10
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Table II: Summary of feedstock sustainability
Feedstock Factors affecting sustainability and potential leelhood
of impact
1 High yields, low agricultural inputs, can have sustainability benefits .
E ) . ) . Mid-|
nergy crops 1 Could avoid land use impacts if grown on land not needed for food production. a-iow
Residues and 1 Large resource, even when limited to sustdilgaextraction levels
. - Low
wastes 1 Can have impacts if diverted from another use
Conventional 1 Direct land use change e.g. deforestation has GHG and biodiversity impacts High
oil crops 1 Grown on agricultural land and so risk indirect land use chamgee short term
New oil crops i Coq!d grow on poorer quality land than conyentlonal crops, potentially with lo Mid-low
fertiliser inputs, though concerns remain over yields on this land
Algae 1 Can be grown on neproductive land, with high yields Low
g 1 Potential impacts fromm GMOs and nonative species in open ponds

Estimates of the potential feedstock resource from some crops are high, even when sustainability

constraints are taken in to account:

9 BTL and synthetic hydrocarbons could be produced from energy cropduessand wastes, for
which the combined potential is high. This considers the potential for energy crops that could be
grown without competition with food, limited by the rate at which crops can be planted. The
potential for agricultural and forestry resids and wastes considers the proportion that can be
collected and extracted sustainably.

1 New oil crops such as jatropha and camelina are being considered as feedstocks for HRJ as they are
considered to have the potential to grow on low quality land. Whhegre is poor information on
land suitability for camelina, analysis has shown that areas of land suitable for jatropha production
are large.

However, for any of these crops, it will be important to ensure that they are grown on the lower quality
land dentified, rather than being grown on better quality, higher yielding, land, leading to the risk of
indirect land use change. It is also important to ensure that social and environmental impacts of growing
crops on any type of land are avoided.

The potenial for sustainable use of conventional crops may be limited. Despite the potential for yield
increases for some crop types, there is a risk that use of vegetable oils for biofuels would lead to price
increases, and increased production of the marginatmip ¢ currently palm oil; with risks of indirect

land use change, such as deforestation.

HRJ from algal oil could have a very large potential, as production of algae is not limited by land
availability. Algaean be grown on entirely neproductive lam, with the potential for very high yields.

Considering all of these factors together with estimates of the speed of deployment of each
technology gives range of uptake scenarios

Uptake scenarios were developed for each combination of oil price afmbrgrice scenario, and then
varied depending on the assumptions made on the use of conventional vegetable oils, and the speed

11
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and success of technology development in new oil crops, algae, and synthetic hydrocarbons. In all
scenarios, uptake was limitday the speed with which new conversion plants could be built, and new
crops and algae plants established. Uptake is given as a percentage of the highest global aviation fuel
demand scenario used in thHECC 4tiAssessment report (Consave ULS).

The full sebf 18 scenarios was then narrowed down to five summary scenarios:

1

The summary scenarios cover the set of combinations of oil and carbon price: High for high oil price
scenarios, Central for the central oil price scenario with a carbon price, Low foetitr@looil price
scenario without a carbon price and the low oil price scenarios with a carbon price, and Very Low for
the low oil price scenario with no carbon price.

Eachsummaryscenario includes a BTL component and an HRJ component, and some aisynthet
hydrocarbon (SH) component

None of the summary scenarios included use of conventional oil crops for HRJ, as a result of
potential sustainability impacts, and the likelihood that prices will remain above the level needed to
make production competitivavith conventional jet fuel.

In all scenarios, the speed of BTL development is determined by the oil and carbon price.

In High and Central (High) scenarios, new oil crops are introduced from 2012, and algae from 2017
and synthetic hydrocarbons from 2020/e assumed that only half of new oil crop production is
available for plants producing HRJ, with the rest being used for plants only producing road transport
fuels or for other uses.

In the Central (Low), Low and Very Low scenarios, commercial introdae¢t@w crops and algae is
delayed by five years, and the development of synthetic hydrocarbons is not successful for jet fuels.

100%

——High / /

90%
—— Central (High) / / ’
/
80% 1 _ _central (Low) / / ,
/

70% —— Low 4

/
Very low / / )/
60% |

Proportion of jet demand
Iy ul
Q S
X X

30%

20%

10%

0% - ‘ \ \ \ \ \
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Figurel: Uptake of biofuels to 2050 under the five summary scenarios

12
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The analysis shows that:

T

Theuptake is lower in the ear to mid term than some industry projectionsvhich suggest that-5
10% of jet could be biofuels in 202815 and 10% by 2020. The uptake is limited by the build rate of
BTL plants and by the availability of new oil crop feedstocks. Even if conventibnedps were
used, achieving these levels by 2020 would require a very fast ramp up of HRJ plamnts.
comparison, current total biofuels production for road transport is equivalent to 13% of 2020 jet
demand.

In the longer term, fast rampp leads tobiofuels supplying 35 to 100% of 2050 demarithis is a
result of new feedstock and technology availability, and the shape of plant growth cUivese
levelsare comparable to some long term industry projections. The lower levels of uptake are seen
where BTland new oil crop development is slow, and synthetic hydrocarbons are not successful.
GHG savings from the biofuels ussthart at around 6570% and increase to over 9Q%s the fuel

mix shifts from new oil crop HRJ towards algae, BTL and in some casesticyrydrocarbons. This
relies on crops being grown with low GHG impacts, including avoiding land use change.

The feedstock resources required to supply this level of production are projected to be achievable,
even considering sustainability constraintand competition with food and other uses of biomass.
Many of the routes also produce gwoducts such as animal feed, heat and powend so do not
supply aviation alone.

0 The highest use of energy crop and residue feedstocks is in the High scenariosubyagéng
100% of the 2050 jet demand using the fuel mix projected would require 200Mha of land for
energy crops (equivalent to 12% of the projected energy crop resource) or 8% of the total
projected energy crop and residue resource. For comparison, gisgjedemands for these
feedstocks for heat, power and road transport biofuels in other studies are around 3% of the
energy crop and residue resource, partly as a result of other options available to these sectors

0 The highest use of new oil crops is in ®entral (High) scenario, where 19 Mha jatropha, 20
Mha camelina and@ Mha algae plantsvould be required. The areas for jatropha and camelina
can be compared with the current areas for other oil crops, of 14 Mha for [@fha for
rapeseed, an®0 Mha for soybeansalthough they could be grown on lower quality land. The
area for algae is much smaller, as a result of greater algal yields.

Biomass and biofuels aralso likely to be usedto some extentin heat, power,chemicals and
materials, and in other transport modes Meeting demand in other sectors may result in
competition for low cost feedstocks, in particular whilst energy crops and algae plants are more
widely developed. While there may be competition in the longer term, dhalysis in this report
shows that thereare likely to be suf@ient resources to accommodatese of biomass for aviation
biofuels, as well as use in other sectors.

This levelof biofuels deployment, and the associatagteenhouse gas sangs, will rely on feedstock
availability, technology development and valuing avoided carbon emissions

Achieving greenhouse gas emissions reduction in aviation through sustainable biofuels use to the extent
seen in the summary scenarios will rely on several key factors:

13
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Availability of low cost sustainable feedstockg, the sustainable energy crop and new oil crop
potentials shown rely on ramping up planting rates, and ensuring that they are grown on land that is
not converted from land with high carbon stocks, and is not needed for food primeudiVhilst

studies have shown that this type of land is available, this does not mean that new crops will
necessarily be grown on this land. In addition to this, new crops and algae require further research
and devéopment to improve their yields, anceduce costswith wider availability of the results of

this activity to allow the industry and policymakers to assess their potential and their impacts.
Technology development and deploymemtrapid deployment of conversion technologies close to
commercialzation, such as HRJ and BTL will be required to achieve the levels of biofuels uptake seen
in these scenarios and projected by the industry. In addition to this, if the potential of these
technologies is limited as a result of slower cost reduction thageeted, low oil prices, or lack of
FSSRaG2014a F2NJ Il wwx ySg 2SN 0240 waeyikKSGAO
needed if high potentials are to be achieved.

Valuing avoided carbon emissiorsin several of the scenarios, biofuels only brealen with jet

fuel when the cost of carbon is considered, particularly when oil prices are low.

Recognising differences between biofuetsThe EU ETS considers that biofuels have 100% GHG
savings compared with fossil jet, without taking into account éneissions in biofuels production,

most of which are not themselves covered by the EU ETS. Not recognising the differences in GHG
performance between biofuels used in aviation in policy could lead to much lower savings than
those given above. Industry memiseinterviewed understood the differences in GHG savings and
sustainability between biofuels routes, and several have pledged only to use sustainable routes with
high GHG savings. However, this alone is unlikely to stop unsustainable fuels and thoseverith |
GHG savings from entering the supply chain.
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1 Introduction to the project

The Committee on Climate Change (CCC) is an independent body which provides advice to Government

on defining and setting carbon budgets, and on wider climate change issues. TheQ& FANEG NI
publishedin December 2008, concluded that international aviation should not be explicitly incinded

GKS !'YQa OFNb2y o0dzZRISGX o6dzi &K2dzZ R ,dgventheyovindgRS R Ay
contribution of international giation to global greenhouse gas emissions. This is heeded to ensure that

GHG reduction in international aviation is achieved, as without this contribution to savings, other
sectors will be required to make savings of more than 80% below 1990 levelsty 205

Thereport recommended that the Committee report annually on UK trends in international aviation
emissions, their climate impact, developments in abatement efforts and policy levers. More specifically,

in January2009, Geoff Hoon asked the Committee B L2 NIi 2y K2g | Wy Sg G NEH
SYxaairzya AY wnpn 0St2¢ wnnp tS@StaqQ O02dAR 6S YSi
Transport Infrastructure. In order to address this question, the Commigscommissioned projects
coveringprojected UK demand for aviation and the associated emissions, the potential for modal shift

from air to rail, and this project on the potential for biofuels to reduce-t¢jele emissions from UK

aviatiorf. The results from the latter two projects feeddk into the first project.

This project aims to assess the potential for biofuels in aviation globally, in terms of their technical
suitability, cost, sustainable potential and likely uptake. This will show whether or not biofuels could
make a substantlacontribution to GHG savings in difd globahviation, and whether this is likely given
other potential uses of biomass feedstocks, oil and carbon pratestainability constraints, technology
development,and aviation demand. The report is broken dowito seven chaptersgovering the
guestions belowplus annexes:

2. Introduction to alternative fuels in aviation¢ what has driven interest in alternative fuels in
aviation? What is driving current interest in biofuels?

3. Fuel requirement and certification ¢ what are the requirements of a jet fuel? How are new fuels
certified? What testing has been done?

4. Technical suitability of biofuels for aviatiorg; which biofuels could be used? How are they
produced? When will they be commercially available?

5. Greenhousaas savingg how are greenhouse gas savings from biofuels in aviation assessed? What
are the savings from different biofuel chains?

6. Economic case how do biofuels costs compamgith fossitderived jet? How does this change with a
carbon price? How likelis it that biofuels will be used in aviation, given other potential uses of
biofuels and their feedstocks?

7. Sustainable potentiak what are the sustainability benefits and impacts of each biofuels chain? How
does the potential sustainable feedstock resmel compare with aviation demand? What are the
competing demands for the feedstock?

CCC aviation reportgtp://www.theccc.org.uk/reports/aviationreport
15



Biofuelsin aviation
E4tech Augusi2009

8. Uptake scenariog; considering the time to commercialisation, costs, and sustainability constraints
on biofuels, how fast could their use in aviation develop? How isaffésted by changing scenarios
of oil price, carbon price, feedstock prices, and technology success?

We would like to thank the following organisations and individuals interviewed during the course of this
project. Note that all results and views statate our own, and have not bearviewed orendorsed by
these groups.

ATAG

IATA

CAAFI

Virgin Atlantic

British Airways

Rolls Royce

Pratt and Whitney

Boeing

UOP

Shell

Rentech

James Hileman, MIT

David Lee, Manchester Metropolitan Universityd Omega
Chris Wison, University of Sheffield and Omega
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2 Introduction to alternative fuels in aviation

2.1 The history of alternative fuels in aviation

Conventional jet fuel, commonly referred to as kerosene, is a complex blend of straight chain, cyclic and
aromatic hydrocarbns made up of molecules with typically 8 to 16 carbon atoms per molecule. It is
produced through the refining of petroleum crude from both the direct distillation of crude (straight
run) as well as from the hydraracking of heavier crude fractions suchdistillation bottoms. Both the
straightrun and hydrecracked fuel streams usually need to be upgraded through hyréating and
processed to remove acidic compounds (sweeteriing)

O9ELISNASYOS 46AGK aFfdSNYyFGADS TEdabld and in pagficulardnbde (i A 2 v
derived from the Fischefropsch (FT) process. The drivers behind the testing of alternative fuels have
been largely political in civil aviation applications and to achieve enhanced performance and increased
energy securityn military applications.

The most extensive experience with synthetic fuels in aviation is with the FT synthetic fuels developed

by Sasol in South Africa. Since 1950 Sasol (South African Synthetic Oil) worked to develop and produce
liquid fuels from coa{and more recently also from natural gas). South Africa, which has abundant coal
reserves but very limited petroleum resources, was concerned about the need to import significant
guantities of petroleum products. This became increasingly true as the $dritdan apartheid policies

f SR (G2 GKS AazflaAazy 2F GKS O2dzy (i NEB T-sBtheticJetzNR LIS | y
fuel blend (50% petroleum derived, 50% ecdatived FT jet fuel) was approved for use with aircraft in

1999 after a 7 yearettification process { | 42t Qa pm: &aeyiKSGAO o0AdRSYR KI :
Tambo International Airport in Johannesburg since then, so there have been over ten years of
experience with this blend. Starting in 1999 Sasol pursued the certificatianfulfy synthetic jet fuel

and a specification for such a fuel was added to the British Def Stad $t fuel standard in 2008 and

is expected to be included in the equivalent ASTM standard in°26f@@vever, to date, there have been

no flights with 1006 synthetic fuél

The US Air Force (USAF) has initiated an extensive program to certify the entire USAF fleet to operate on
a 50/50 blend of petroleum derived and FT synthetieBJHhe primary objective is to improve the
energy security of the USAF bydueing reliance on petroleum imports. The program, which started in

Chevron, Aviation Fuels Technical Review, 2006, [Accessed May 6, 2009],
http://www.chevronglobalaviation.com/docs/aviation_tech_review.pdf

4 Flightglobal, Coa Jet fiel of the future?, Feb. 2008, [Accessed 11 May, 2009],
http://iwww.flightglobal.com/articles/2008/02/25/221766/coajet-fuel-of-the-future.html

Aviation TodaySasol 100% Synthetic Fuel Wins Fiflsime Approval for Use Internationally in Commercial
Aviation, April 2008[Accessed 11 May, 200%iitp://www.aviationtoday.com/pressreleases/Sasbd0-
percentSynthetieFuetWinsFirst TimeApprovalfor-Uselnternationallyin-CommercialAviation_20968.html

6 FlightglobalRAF ditches attempts to fly 100% #yetic fuel on TriStaiMarch 2009, [Accessed 11 May, 2009],
http://www.flightglobal.com/articles/2009/03/11/323656/rafditchesattempts-to-fly-100-syntheticfuel-on-
tristar.html
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2006 with tests on the B2 bombef, has so far certified three 8, G17,BM0 2 F (G KS | { ! CQa
30 types of aircraft and started testing on a further six aircraft type22(F=16, B2, KG135, G5, T-38Y.

The USAF plans to certify its entire fleet to use the synthetic blend by 2011, and to havesyrsiuetic

fuel blend (<50%, blend not specified) replace half the jet fuel that it consumes in domestic operations
by 2016. Once the aircraft are certified, the USAF can operate them with 50/50 blends of petroleum
derived and FT synthetic jet fuel regardless of the feedstock used to produce the FT synthetic fuel (e.g.,
coal, natural gg, biomass, shale oil). The broad range of possible feedstocks greatly enhances the value
of using FT synthetic fuels since this only increases the number of potential resources on which the USAF
could draw. However, the Energy Independence and Security(A8A) of 2007 prohibits the US
Government from procuring an alternative fuel for any transpetated purposes that is more carbon
intensive than the equivalent conventional fuel produced from petrol&ufst current technology levels

this effectively ules out the use of FT fuels from coal, natural gas or shale oil since these all have higher
life-cycle greenhouse gas emissions than equivalent conventional petredenived fuels’. It is

possible that with carbon capture and storage, and combining bésnfieedstocks with coalthat some

of these routes will become allowed under the terms of EISA.

2.2 Current drivers and constraints for alternative fuels in commercial aviation

The cost of fuel has been a major driver in the development of aircraft and engataology
throughout the history of jet powered flight. Historically, fuel has represented about5P@ of an

airlines operating costHjgurel). The recent increase in crude oil prices caused fuel to increase to about
30% ofaif AYyS 2LISNI GAy3 Ozadsx || t£S@St 6KAOK |ANIAYySa
crude has dropped again relative to the peak reached in 2008, however, the large fluctuations in the
cost of fuel have provided a strong incentive for airlinesdnsider alternative sources of fuel. The hope

for the airlines is that a broader range of sources would give them greater flexibility in meeting their
needs and improved price stability. Biofuels are clearly a possible alternative, but other, less

FlightGlobalFuel Renewal: The US Air Force tests synthetic fuel ef2aaB part of foreig fuel reliance

reduction drive, Oct. 2006, [Accessed 11 May, 2009],
http://iwww.flightglobal.com/articles/2006/10/04/209576/fuelenewalthe-us-air-force-testssyntheticfuel-
on-a-b-52-aspart-of-foreignfuel-reliance.htmi

8 DefenseNewsSynthetic Future, March 2009, [Accessed 11 May, 2009],
http://www.defensenews.com/story.php?i=3969089&c=FEA&S=TEC

Energy Independence and Security Act of 2007, Sec. 526: Procurement and Acquisition of Alternative Fuels,
Jan. 2007, [Accessed 17 Jun@)?),
http://frwebgate.access.gpo.gov/cdiin/getdoc.cgi?dbname=110_cong_bills&docid=f:h6enr.txt.pdf

10 Wong, H.M., Lifeycle assessment of greenhouse gas emissions from alternative jet fuels, MS Thesis, MIT,
Sept. 2008.

Sigma: Energy Security, From caradl biomass to synthetic fuel, David Gray et al, Noblis, Dec. 2007, [Accessed
28 July 2009ttp://www.noblis.org/MissionAreas/ees/Services/Documents/SigmaCoalBiomass.pdf
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envionmentally beneficial sources such as ewaliquid (CTL), ga®-liquid (GTL), shale oils and tar
sands are being considered as Well
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Figure 1: Historical values of fuel related operating cost for US airlines compared to tlost of a barrel of
crude™™.

In addition to the direct cost of fuel, there is increasing concern in the aviation industry that aircraft
operations will be required to pay for their carbon emissioftse Kyoto Protocol instrued Annex 1
countries {ndustrialisednations) to pursue emissions redumtis or limitations through the International

Civil Aviation Organization (ICAQO). There is wide expectation that aviation emissions will be included in
any agreement that comes out of the upcomitgN Framework Gwention on Clima Change
(UNFCCGQieeting in Copenhagen in December 20B®re immediately, the European Commission has
issued a directivao include aviation activities of aircraft operators that operate flights arriving or
departing from the Hropean Union (EU)in the EUEmissions Trading SchemeT effective from

2 Qatar Fuel, Gaw-Liquids Jet Fuel Development, Feb. 2009, [Accessed 12 M8}, 200

http://iwww.icao.int/ WAAF2009/Presentations/8_Alsobai.pdf

Air Transport Association, Quarterly Cost Index, U.S. Passenger Airlines, 2009, [Accessed 12 May 2009],
http://www.airlines.org/economics/finance/Cost+Index.htm

Energy Information Adminisition, World Crude Oil Prices, 2009, [Accessed 12 May 2009],
http://tonto.eia.doe.gov/dnav/pet/pet_pri_wco_k_w.htm
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January 2012. The International Air Transport Association (IATA) estimateshlesdEU ETS will result in

ceodp OAffA2Y O6bndndoy0d AY | RRAIGA 2 yidrease @ 2udl éxdense® NJ | A N
(shown inTable 1). By 2020, IATA estimates that this could increase to 19% if airlines have to buy all of

their EUETS allowances and the allowance cost incréagesing interviews, airline representatis

indicated that they expected compliance with the EU ETS to increase their fuel expenses by about 10%.

The use of biofuels could help airlines minimize this additional expense as all bidenassl fuels will

be counted as zero i.e. emitting no £0

Teble 1: Estimated global commercial aviation revenues and fuel expenes

Year Revenue Fuel expenses
USS$ (billion) US$ (billion)

2008 528 165

2009 448 106

Industry players cite a range of motives for their interest in alternafivels. For instance, the Air
Transport Action Group (ATAG), an industry coalition that represents more than 70 players in all areas of
the global aviation industry, states:

a Xconcerns about sing fuel costs, energy supply, enespcurity and aviation erssions have called
for a fresh look at the use of alternative fuéld

Similarly, Boeing recognizes both the environmental and economic motives behind its interest in
biofuels:

GadzadlrAylroftS o0A2FdzSta NBLINBaSyd | onygréehbdse2ghadlJ2 NI dzy
Syraarzyaod ! yR FdzSt A& 2yS 2F (K& I NBSadG O2ada ¥
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European Commission, Aviation and Climate Change, [Accessed 12 May 2009],
http://ec.europa.eu/environment/climat/aviation_en.htm

IATA 2008 Report on Alternative Fuels http://www.iata.org/NR/rdonlyres/03FE7/BAQA4E778C92
5A05AF75C614/0/IATA2008ReportonAlternativeFuels.pdf

Directive 2008/101/EC of the European Parliament and of the Council of 19 November 2008 amending
Directive 2@3/87/EC so as to include aviation activities in the scheme for greenhouse gas emission allowance
trading within the CommunityNov. 2008, [Accessed 17 June, 2009]

http://eur -lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32008L0101:EN:NOT

'8 |ATA Finarial Forecast, June 2009, [Accessed 17 June, 2009],
http://www.iata.org/NR/rdonlyres/DASACB3876F4DB1A2AC5BCEF74CB2C/0/Industry _Outlook Jun09.pdf
Air Transport Action Group, Fuel consumption & alternative fuels, [Accessed 29 Apr. 2009],

http://www.at ag.org/content/showissue.asp?pageid=1084&levell=3&level2=472&level3=1084

% Boeing, Biofuel Resource Center, 2008, [Accessed 29 Apr. 2009],
http://www.newairplane.com/environment/sustainablebiofuels/
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The Commercial Aviation Alternative Fuels Initiative (CAAFI), an industry association with a United States
focus, also highlights the issues of fueltcesergy security, environmental impact and sustainabffity.

While there are several pressures that are pushing the aviation industry to consider alternative fuels,
there are also constraints that limit the range of choices that the industry is willingrtsider. The most
significant constraint is the very large investment in the existing fleet. The Air Transport Action Group
(ATAG) estimates that globally, airlines currently have a fleet of nearly 23,000 &irdtaft reference,

the list price of a Baag 737, the jet airliner with the largest production, is $8D million, while larger
aircraft suchas the Boeing 787 cost aroud50-200 milliorf>. These numbers suggest that the existing
fleet represents a past investment of hundreds of billions or etrdlions of dollars (without even
considering the investment in related infrastructure such as the jet fuel distribution system).
Furthermore, aircraft have a typical life of 25 to 30 years, meaning that a significant fraction of the
current fleet will e operational to 2020 or even 2030 and beyond. This long life cycle and high cost,
coupled with stringent certification requirements for fuels, mean that airlines are not willing to consider
Fye FdzSt GKFA&y®Ra NEFRI I &S YSRNERUFdemNed eiaNafBA/ drapin LIS ( NP f
replacement fuel is defined as an alternative fuel that meets all the requirements of the current jet fuel
specification and does not require any equipment modification.

*1 Commercial Aviation Alternative Fuels Initiative, 20Accessed 29 Apr. 2009],

http://www.caafi.org/about/caafi.html
22

Air Transport Action Group, Facts and Figures: Aviation in General, 2009, [Accessed 12 May 2009],
http://www.enviro.aero/aviationenvironmentfactsfigures.aspx

Boeing, Commercial Airplan: Jet Prices, 2008, [Accessed 12 May 2009],
http://www.boeing.com/commercial/prices/

23

*  sustainable Aviation Fuel Users Group, Commitment to Sustainable Options, 2008, [Accessed 12 May 2009],

http://www.boeing.com/commercial/environment/pdf/sustainable véation_fuel_users_group.pdf
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3 Fuel requirements and certification

3.1 Jet fuel requiements

The property requirements for jet fuel developed somewhat organically with the development of the jet
SyairyS FyR GKS RS@St2LISyid 2F OFGlrftedAad ONIOlAy3
FYR onQad® CNRY A fijed fuek HddbBen yha refinifigkoSpetdldudzddids. A8 with most
outputs of the refining process, jet fuel is a mixture of a large numlaer many as a thousand or

moret of different hydrocarbons. Indeed, modern analytical techniques are still not powentulgh

to fully identify all the individual species that make up the mixturdBecause of this, jet fuel
specifications and requirements are largely defined in terms of required performance rather than, say, a
target composition (although limits on amownbf certain classes of compounds such as aromatics are

part of the specification). Several of the key performance characteristics most relevant to the
introduction of biofuels, are listed and described below.

Energy content

The primary function of the fueon an aircraft is to act as a store of chemical energy that can be
converted into the work required to fly the aircraft. Since the volume available to store fuel on the
aircraft and the mass of fuel that the aircraft can carry are both constrained,ibegg content of the

fuel will have a significant impact on the aircraft performance. Specifically, for commercial aircraft, this
means that the maximum range of the aircraft is set, in part, by the energy content of the fuel. The
energy content of differet hydrocarbon species is different and so, as the exact composition of a given
batch of jet fuel is variable, so is the actual energy content. The standards define a minimum net heat of
combustion, which is the gravimetric energy density (or energy pimuass) of the fuel usually defined

in MJ/kg. However, the volumetric energy density (or energy per unit volume) is also important, since,
for a full load of fuel in a fixed volume tank, the higher the volumetric energy density of the fuel, the
greater the total energy that the aircraft can carry.

Freeze point

Modern aircraft operate for extensive periods of time at high altitudes where aip@atures can be as

low as-50°C or lower. The main fuel tanks in modern commercial jets are in the wings, thishgn
flights, the fuel in the tanks will cool to very low temperatures. It is clearly important that the fuel
remain pumpable even at these low temperatures. The fuel standards therefore define a maximum
allowable freezing point. Since jet fuel is a blesfdmany different hydrocarbon species it does not
freeze solid at a single temperature the way water does, for instance. Rather, the hydrocarbons with the
highest freezing temperatures will solidify first, creating small waxy crystals suspended in thi@irgm
liquid. As the temperature continues to drop, more and more of the species will begin to solidify and the
fuel will change first to a slushy mixture and eventually to an almost solid wax block.

% Chevron, Aviation Fuels Technical Review, 2006, [Accessed May 6, 2009],

http://www.chevronglobalaviation.com/docs/aviation_tech_review.pdf
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Thermal stability

On the way to being burned in the aiaft engine, the fuel is used for a variety of other functions. One

of these is to cool the engine lubrication oil and other engine components. At elevated temperatures,
some of the more reactive species in the fuel can begin to undergo chemical reabidmran result in

the formation of gums and insoluble coke particulates in a process typically referred to as coking. These
gums and particulates can deposit on fuel system components such as filters and reduce or disrupt the
fuel flow. In addition, theyan also clog fuel injection nozzles or small cooling holes in the combustor or
in the turbine resulting in the need for increased maintenance. The chemistry of the coking reactions is
extremely complex, involving interactions between many componentsteag® chemicals, and so the
thermal stability of the fuel cannot be predicted. Thus the standards define a performance test where
fuel is flowed through a heated tube at a specified flow rate and tube temperature for a fixed amount of
time and any depositare evaluated.

Viscosity

Inside the engine, the liquid fuel is injected at high pressure through nozzles that break the fuel up into a
fine spray of droplets. The viscosity of the fuel impacts both the spray pattern coming out of the fuel
nozzle as well athe size of the resulting droplets. An increase in the droplet size can result in
incomplete combustion of the fuel and can also make the engine harder to relight at altitude (should
that prove necessary). A change in the spray pattern can also ressubioptimal combustion of the

fuel as well as creating uneven temperature distributions that can damage the combustor or the turbine
downstream. The fuel standards include a maximum allowable fuel viscosity to avoid these problems.

Combustion characterists

Certain classes of hydrocarbons typically present in petroldenived jet fuel, such as aromatic
compounds, are more likely to form small carbonaceous particles during combustion. These particles
can have several detrimental effects on engine perfance. Firstly, the particles become incandescent

in the combustor and emit additional infrared radiation that can increase the wall temperatures in the
combustor, potentially damaging the combustor. Secondly, the particles can be deposited on engine
internal surfaces, potentially disrupting the air flow or clogging cooling holes or other features. Thirdly,
the particles can erode downstream engine components. And finally, some of the particles can be
emitted as visible smoke from the engine. In additiore ffresence of sulphur in the fuel can result in

the emission of fine particulates with detrimental air quality effects due to the formation of sulphur
oxides. The fuel standards define maximum allowable concentrations of aromatic compounds and
sulphur to ninimize these problenf§

% Aromatic hydrocarbons are compounds such as benzene that include one or morefraagbon atoms that

are joined by alternating single and double covalent bonds.

2" Chevron, Aviation Fuels Technical Review, 2006, [Accessed May 6, 2009],

http://www.chevronglobalaviation.com/docs/aviation_tech_review.pdf
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Lubricity

Another of the functions served by the fuel is to provide lubrication to various moving parts in the fuel
system and engine controls. These include the fuel pumps, as well as fuel controls and hydraulic engine
controls. here are two separate mechanisms that help the fuel provide lubrication. The first is
hydrodynamic lubrication whereby a thin layer of fuel separates two mechanical surfaces. The higher
the fuel viscosity, the greater the hydrodynamic lubrication will Biee second mechanism is boundary
lubrication which occurs in regions of very high pressure or where clearances are too tight to allow a
hydrodynamic fuel layer to exist. Boundary lubrication occurs when fuel molecules adhere to the metal
surfaces and forma protective layer. The ability of a fuel to be a good boundary lubricant is attributed to
the presence of trace amounts of sulphur, oxygen and nitrogen containing compounds as well as
aromatics. Unfortunately, the lubricity of a given batch of fuel canbetpredicted based on bulk
chemical properties such as the average sulphur or aromatic content and again, the standards define a
performance based requirement that the fuel must m&et

Material compatibility

During distribution and use, jet fuels come into contact with a wide variety of metals, coatings and
elastomers. Some of the compounds present in petroleum derived fuels such as organic acids and
mercaptans can cause corrosion of metal parts. To mitigaésd problems the specifications include
limits on the total acidity of the fuel as well as the maximum allowable concentrations of mercaptans.
An overall corrosivity test is also specified.

The presence of certain aromatic compounds in the fuel can déwselastomers present in the aircraft
fuel systems to swell. There is concern in the industry that alternative fuels that do not have these
aromatic compounds could result in fuel system leaks if the seals do not swell a&€much

Safety properties

ThetwoY2&dd AYLERNIFY(d FdzSt LINPLISNILIASE (GKFdG NBEFGS
conductivity. The flash point is the lowest temperature at which fuel vapours above a flammable liquid
will ignite if an ignition source is applied.

Pumpingof fuel through handling equipment can generate static electric charge in the fuel. The
conductivity of jet fuel is extremely low meaning that this static charge dissipates slowly and can
potentially build up. If a high enough static charge builds upartresult in a spark which in turn could
initiate an explosion if the mixture of air and fuel vapour above the fuel is in the flammable range.

The standards include requirements for minimum flash point and electrical conductivity to minimize the
risks of &plosions in fuel handling systems and aircfa#l tanks.

% Chevron, Alternative Jet Fi$el2006, [Accessed May 7, 2009],
http://www.chevronglobalaviation.com/docs/5719_Aviation_Addendum._webpdf.pdf
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Summary

Table2 gives a summary of the discussion above. It should be emphasized that both the discussion
above and, in particular, the table below cover only a subséh@fcharacteristics that are listed in the
current specifications.

Table2: Summary of jet fuel requirements

Requirement Reason Specification

Energy content Affects aircraft range Minimum energy density by mass

Freeze point Impads upon ability to pump fuel at low Maximum allowable freeze point
temperature temperature

Coke and gum deposits can clog or foul fue| Maximum allowable deposits in

Thermal stability system and nozzles standardized heating test

Viscosity impadt ability of fuel nozzles to

Viscosit . . . Maximum allowable viscosit
y spray fuel and of engine to relight at altitude y
Combustion Creation of particulates in combustor and in| Maximum allowable sulphur and
characteristics exhaust aromatics content
- Impacts upo ability of fuel to lubricate fuel | Maximum allowable amount of wear in
Lubricity . .
system and engine controls standardized test
. . . Maximum acidity, maximum mercapta
Material Fuel comes in to contact with large range of . y . . P
. concentration, minimum aromatics
compatibility metals, polymers and elastomers .
concentration (new)
. . . . Minimum fuel electrical conductivit
Safety To avoid explosions in fuel handling and tar Y

and minimum allowable flash point.

3.2 Certification

Certification of aviation turbine fuel in Europe and the U§oigerned by two standards: ASTM 1655 of
the American Society for Testing and Mateffadsd Def Stan 991 of the UK Ministry of Defente The
two standards are largely equivalent except for a few minor areas where Def St@fh Blmore
stringent (e.g.maximum allowable freezing pointi47°C in Def Stan 91 and-40°C in ASTM 1655).

Certification of new fuels is a collaborative consensus process between the sponsor of the new fuel, the
original equipment manufacturers (OENISh this case primarily thaircraft engine manufacturers and

2 American Society for Testing and Materials, ASTM 08B Standard Specification for Aviation Turbine Fuels,

2008, [Accessed May 7, 2008t p://www.astm.org/Standards/D1655.htm
UK Ministry of Defence, Defence Standarddd1 Turbine Fuel, Aviation Kerosine Type, &t April 2008,
[Accessed May 7, 2009ttp://www.dstan.mod.uk/data/91/091/00000600.pdf
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airframerg and the standard issuing body such as the AHiyure2 shows an overview of the ASTM
approval process for new fuels or additived he three main parts of the process are:

1 Test progam: With guidance from the OEMSs, the sponsor of the new fuel or additive conducts a
test program and prepares a research report that is submitted to the OEMs.

1 OEM Internal ReviewThe OEMs review the research report and can either request additional
testing or information or, approve the fuel. If they approve the fuel, OEMs forward the research
report and an OEM review report to ASTM for balloting.

1 Specification changerhe relevant committee of ASTM reviews the research report and OEM review
reports and pts the proposed specification changes to ballot by all its members. Any negative votes
are reviewed for merit and additional testing or information may be requested. The process is
repeated until all issues have been addressed at which point the commim®oves the
specification changes.

The process typically goes through several iterations. Once the specification changes are approved,
ASTM publishes the revised specification and the OEMs issue updated service bulletins or engine
manuals that indicatelteir approval of the new fuel.

Test Program OEM Internal Review Specification Change
Start
A l
Specification OEM fgf;fﬁ;l ASTM
Fail | Properties lntemal Data As — Review
Review Required
& Ballot
Fail Fit For Reject or
PP‘-U'POSC Additional
Toperties . D
Reject ata
(FFP) ] As Required
¥
) ASTM
Fail | Component = Specification
or Rig
Test -
§ OEM
L Specification
) Report to OEM Report and/or
Fail Engine Pass > Engine Service Bulletin
Test Manufacturer \/

Figure2: Overview of the ASTM fuel and additive approval process

3 ASTM Standard Practice fQualifcation and Approval of New Aviation Turbine Fuels Enel Additives,

D4054, in presdittp://lwww.astm.org/Standards/D4054.htm
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The existing specifications do already include some alternative fuels. Annex D of Def-Siala@d out

the requirements for fuelscontaining synthetic compounds and includes approval of two specific
alternative fuels produced by Sasol: Sasol Sgynithetic BlendsX#§0% Sasoliso-paraffinic synthetic
kerosene, with no synthetic aromatic compounds) and Sasol Fully Synthetic Jet F2Edo(&romatic
content).

ASTM D1655 includes specific approval for Sasol-Sentinetic Blends but does not yet include
approval for the Sasol Fully Synthetic Jet Fuel.

In December of 2008, the ASTM International Aviation Fuels Subcommittee approveddivnfpl

change proposals:

9 Acceptance of generic sersynthetic aviation fuels from the FT process (i.e. not just from Sasol
plants, and from any feedstock)

1 Acceptance of Sasol Fully Synthetic Jet.Fuel

1 A new specificationpfeviouslyreferred to as DXXXK the industry and since August 2009 called
D7569 that constructs a framework for the use of multiple alternative fuBi8566 enables use of
FT fuelsnow, with hydrotreated renewable fuels and other alternatives be included in future
annexesas datafrom technical evaluations is obtained.

These change proposals were approved by the ASTM International Aviation Fuels subcommittee at their
meeting on 24 June 2008and D7566 wadormally adopted in August 2089 In their press release the

Civil AviationAlternative Fuels Initiative (CAARIs0 indicated that the research report needed to
support the approval of hydrotreated renewable jet (HRJ) is expected by the end of 2009 which should
lead to incorporation of HRJ fuel blends into the new specificdtiothe end of 2016

3.3 Testing

The aviation industry has been conducting a series of tests with a range of different biofuels in order to
collect the data required for the research report needed to supportifieation of alternative fuels
(Table3). The main players in these tests have been the large airframe manufacturers (Boeing, Airbus),
aircraft engine manufacturers (GE Aviation, RBlgce, Pratt & Whitney and their respectivani
ventures CFM and IAE) and the petroleum, petrochemical and gas process technology supplier, UOP.
The public face of this testing is the flight tests that have been conducted over the last few months
(Table 3), however, priorto the flight tests, a broad range of laboratory and ground testing on
components and full engines was conducted.

The five flight tests conducted to date have all been of blends of fossil fuel with up to 50% of an
alternative fuel. Four of the tests haveed fuel derived from a range of biomass feedstocks, while one
has used a Fisch@ropsch (FT) fuel derived from natural gas. While this last fuel from-todiagid

(GTL) process is not a biofuel, the functional similarity of the derived fuel meansldteatrom this

% CAAFILandmark synthetic jet fuel spdication passes critical hurdle, June 2009, [Accessed 26 July, 2009],

http://www.caafi.org/files/altfuelstandardrls6-09.pdf
¥ DNBSY !''ANI hytAyS w{eylikSGAO 280 Td5t of SyRa NBOSA @S
O S NIi A Thitp@wwivigehaironline.com/news.php?viewStory=565
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flight test is being used to support certification of other alternative fuels made from biomass feedstocks
by the FT process.

¢KS FEtAIKEG (Sada NIydISR FTNRBY mMop (2 o KPEANEI RJzNI G
manoeuvresuch as:

1 Rapid throttle excursions (acceleration, deceleratjon)

1 Engine shutdown and relight (in flight)

1 Gravity or suction feed (one of the fuel pumps turned off, test of lubricity/viscosity)

9 Simulated touch and go (simulated aborted landing done &udk),

Gb2V2 NXYIt€&€ YIy2SdwNBa NS AyOf dzRSR & LI NI 2F | ff
operate under a much wider range of operating conditions than are normally encountered during a
routine commercial flight.

To date, the comanies involved in the flight tests have only made a limited amount of information
about the test flights available publicly. Principally this consists of announcing the success of the flight
test and issuing general statements from the test pilots sudh@$ollowing from the JAL test flight:

GOPSNEGUKAYT ¢Syl avyz2ziKfteod ¢KSNBE gla y2 RAFFSNBYyO
G§KS 0A2FdzSt o0f SYyRZ IyR (GKS 20K%NJ GKNBS Sy3aaysSa Oz
And these comments from the Air Neealand test flight:

AdWe undertook a range of tests on the ground andlight with the jatropha biofuel performing well
through both the fuel system and engine, just as laboratory tests indicated it widld

Boeing information on the Air New Zealand, aapAir Lines and Continental Airlinesst flights®,
indicates thatfuel consumption when usingiofuels was reduced b%.07%(by mas} as a result o
1.08% increased energy density, relative to the specification v&loge that in interviews, industry
fuels experts have pointed out that the energy density of the biofuel, while higher than the
specification, is well within the range of actual energy densities that aircraft see due to the natural
variability of petroleum products.

Four additional planneélight tests have been announced by JetBlue, British Airways, Qatar Airways and
Interjet respectively. British Airways has indicated that it had difficulty sourcing the 60,000 litres of
biofuel that it required to conduct the tetsince biofuels producsrcould not supply them with the

required volumes of fuel. Qatar Airways has announced that it expects to fly a biofuel test flight from

% Boeing, Biofuel Press Release,. 2009, [Accessed 28 Apr. 2009]
http://www.newairplane.com/assets/environment/downloads/Jan_30_Biofuel_Press_Release.pdf

% Air New Zealand, WorHirst Biofuel Test Flight, Dec. 2008. [Accessed 28 Apr. 2009]
http://www.airnewzealand.co.nz/aboutus/biofudiest/default.htm

% BoeingEvaluation of Bis SNA GSR {8y (G KSGAO -SPAKNJACEdSsEA2D July 8300, 4 Sy Sa 6. A 2
http://www.boeing.com/commercial/environment/pdf/PAS_biofuel Exec_Sunynadf

¥ Aimée TurnerBA's search for biofuel candidates continuEghtglobal.com, [Accessed 29 Apr. 2009],

http://www.flightglobal.com/articles/2009/04/06/324794/basearchfor-biofuelcandidatescontinues.html
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London Gatwick to Doha in October 280%\irbus and JetBlue have confirmed that their planned test
flight will take plae in 2016, and Interjet has announced that it expects to fly an Airbus A320 using a
biofuel blend derived from halophytes in 2010.

¥ Flightglobal, Qatar Airways to havituel trial in OctoberJune 2009[Accessed 27 July 2009],

http://www.flightglobal.com/articles/2009/06/10/327668/qataairwaysto-havebiofuektrial-in-october.html

% GreenAirOnlineAirbus confirms that its first biofuel commercial aircraft test fliglit not take place until

2010 Feb. 2009, [Accessed 27 July 2068p://www.greenaironline.com/news.php?viewStory=376
Flightglobal, Mexico's Interjet plans alternative fuels trial in early 2Mdch 2009]Accessed 27 July 2009],
http://www.flightg lobal.com/articles/2009/03/19/324119/mexicesmiterjet-plansalternative-fuelstrial-in-
early.html
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Table3: Summary of civil aviation test flights to date
Date Airline Fuel supplier Blend Airframe Engine No (.)f F"ght.

manufacturer manufacturer engines duration
24 Feb. o . UOP, Imperium 20% coconut and .
2008 Virgin Atlantic Renewables babasstmethyl ester Boeing 747400 GE CF80C2 lof4 3 hours
1 Feb. . Shell International . RollsRoyce Trent

0,
200824 Qatar Airways Petroleim, Qatar Fuel 40% GTL Airbus A380 900 lof4 3 hours
30 Dec. Air New : : RollsRoyce RB211
0,
200845 Zealand UOP, Terasol 50% jatropha Boeing 747400 524G lof4 2 hours
, . o s 0

7 Jané Cpptlnental UOP, Terasol, Sapphire | 47.5% atropha, 2.5% Boeing 737800 CEM567B 10f2 2 hours
2009" Airlines Energy algae
30 Jan. - . . 42% camelina, 7.5% . Pratt & Whitney
2009447 Japan Air Lines| UOP, Sustainable Oils jatropha, 0.5% algae Boeing 747300 IT9D lof4 1.5 hours
Oct 2009° | Qatar Airways
2010 Jet Blue UoP Airbus A32e€200 IAE v2500
2010"° Interjet Halophyte derived Airbus A320 CFM56
TBA British Airways
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Qatar Airways, Alternative Fuels, Feb. 2J@&cessed 28 Apr. 20DBttp://www.qatarairways.com/global/en/csfuel.html

Virgin AtlanticBiofuel flight demonstriion, Feb. 2008. [Accessed 28 Apr. 200@p://www.virgin-atlantic.com/en/gb/allaboutus/environment/biofuel.jsp

** Fonta, Philippe, Gas to Liquid (GT)viable precursor to biofuels, Airbu§AO Workshop oAviation and Alternative FuelSgb. 2009. [Accessed 28 Apr.
2009 http://www.icao.int/WAAF2009/Presentations/1F-onta.pdf

44

Air New Zealand Public AffaiBipfuel test flight completed, Dec. 2008. [Accessed 28 Apr.R009

http://www.newairplane.com/assets/environment/downloads/30.12.080Biel_test flight_completed.pdf

45
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47

http://www.icao.int/WAAF2009/Presetations/15_Abe.pdf

Air New Zealandiorld-First Biofuel Test FlighDec 2008. [Accessed 28 Apr. 2Q08tp://www.airnewzealand.co.nz/aboutus/biofudkst/default.htm
Continental Airlines, Jan. 2009, [Accesg8dApril 2009, https://www.continental.com/web/erUS/content/company/globalcitizenship/environment.aspx
Abe, YasunoriAL Biofuel Flight Demonstration, JARIAO Workshop on Aviation and Alternative Fuedh 2009,[Accessed 28 Apr. 20D9
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3.4 Qutlook for future development and testing

As discussed above, Sasol ssyrithetic blends of FT fuels derived from coal are already certified. The
Sasol fully synthetic fuel is already included in the Def Sta@l194pecification and is expected to be
added to ASTM D1655 by the end of 2009. Jet fuel blends with up to 50% biofuel from an FT process
were certified in August 200&nd 50% blends of hydrotreated vegetable oil biofuels are expected to be
certified by the end of 201, with several interviewees héng confidence in meeting this timescale.

More novel fuels will likely require more extensive testing. Indeed the recently updated ASTM approval
protocol for jet fuels states:

G¢KS h9aa aKz2dzZ R 0SS O2yadzZ G§SR I yR pligable. Applichhiitg A R S
will be based on chemical composition of the new fuel or additsmnilarity to approved fueland
additives, and engine manufacturer experiendeeparture from engine manufacturer experience
requires more rigorous testirgj® [Emptasis added]

Indeed, industry experts have indicated that one of the reasons that certification of 50% FT biofuel is
likely to happen this yearwithin 3 years of beginning the approval process that these fuels
benefitted from the experience gained in theyear process of approving the Sasol seymthetic FT
blend.

To facilitate a common understanding and discussion of the maturity of different fuel types the Civil
Aviation Alternative Fuels Initiative (CAAFI) has proposed the use of a Fuel Readiak@sRIgvsystem
(Figure3) that is modelled on the Technology Readiness Level system originally developed by NASA and
used widely in the United States at both NASA and the Department of Defense. The proposed system
seems to provid a good framework for assessing the maturity of fuel production and testing. However,

it is important to note that all of the biofuels routes have a number of potential feedstocks, some of
which are not yet commercially available, and are at varying stafjdevelopment.

8 CAAFI, Landmark synthetic jet fuel specification passes critical hdudie 2009[Accessed 26 July, 2009],
http://www.caafi.org/files/altfuelstandardrls6-09.pdf

ASTM Standard Practice for Qualification and Approval of New évigtirbine Fuels and Fuel Additives,
D4054, in pressittp://www.astm.org/Standards/D4054.htm
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FRL Description CAAFI Toll Gate FRL | Description CAAFI Toll Gate Fuel Qty | MRL USAF TRL
1 Basic Prnciples | Feedstock and process basic principles 1
Observed and | identified
Reported
2 Technology Feedstock and complete process concept 2
Concept identified
Formulated
3 Proof of Concept | Small Fuel Sample Available from Lab 500ml | 3 | 1. Basic Fuel Properties Observed
Basic Fuel Properties Validated and Reported
(Thermal Stability/Freezing Point)
41 Preliminary System Perf. & Integration Studies
42 Technical Entry Criteria/Specification Properties 10gal | 4 | 2. Fuel Specification Properties
Evaluation Evaluated (MSDS/D1655/MIL 83133)
5.1 | Process Validation | Laboratory Production Development 6.1 | Full-Scale | Fit-For-Purpose Prop’s Evaluated 80gal | 5 | 3.Fitfor Purpose
5.2 Subscale Production Demonstrated 6.2 | Techmecal | Turbme Hot Section 4K gal | 6 |4 Extended Lab Fuel Property Test
53 Scalability of Production Demonstrated 6.3 | Evaluation | Component/Rig/Emissions Testing | 20K gal | 7 | 5. Component Rig Testing
54 Pilot Plant Capability Enabled 64 Engine/APU Testing 225K gal | 8 | 6. Small Engine Testing
/. Pathfinder
7 Fuel Fuel Class/Type Listed in Int’l Fuel 8. Validation/Certification
Approval | Standards 9. Field Service Evaluations
8 | Commercialization | Business Model Validated for Production
Validated Go-Ahead
Alrline/Military Purchase Agreements
9 Production Full Scale Plant Operational 9-10
Capability
Established
L egend: R&D Certification/Qualification  Business & Economics

Figure3: Fuel readiness levels proposed by CAAFI. The table shows the various stages in the maturation of a new
fuel technology from identification of a new alternative fuel (FRL1) to full scale production (FRL®dicates
what development stage and product
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4 Technical suitability of biofuels for aviation

In this section we provide a techniadsessment of biofuels likely to be suitable for aviation now or in
the future. For each biofuetoute, we

1 Introducethe fuel chaing; what feedstocks are used, and how they are converted to an aviation fuel
1 Describe challenges for use in aviation, including:

o Technical challenges. This is primarily challenges for aircraft enggues as energy density,
low temperatue operability, thermal stability, flash point, lubricity, materials compatibility,
viscosity, density, need for added components to meet fuel specifications. We also consider here
whether there are other technical challenges for use in aviatifurel distribution and storage at
airports, supply chain challenges.

o Certification statusind outlook

o Potential breakthroughs in meeting these technical challenges, and the likelihood of these being
achieved

1 Likely time scale for development and commercialisatioeluding whether the same, or a similar
technologies will be used in other sectors, such as in biofuels for road transport

4.1 Introduction to biofuels

¢tKS GSNY WoA2FdzStQ OFly SyO2YLJl aa |yeé fRdddgioR 2 NJ 3l
of biofuels involves conversion of a biomass feedstock, which can be a crop, agricultural or forestry
residue, or other byproduct or waste, through a conversion process, which can be biological, thermal,
chemical, or a combination of these, to form one avna products.

The most common biofuels types in use in road transport today are not suitable for use as aviation fuels:
bioethanol, biodiesel from transesterification of vegetable oils and {®AMEY, and biogas from

anaerobic digestion. Here we conshlz 2 yf @ 0 A 2 FdzS{ &A yUOK NI LG 2 dX SRy So/ %1 a WRIs
summarised irFigure4 below.

QX
w
pufi

¥ A2RASASt oFLride OAR YSiKet SaiSNI2NIC!a90 41 & dz
so is not considered to have potential fefdespread use.
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Feedstock Conversionprocess Fuelcomponents

Currentoil crops (soy,
rape, corn) and waste

oils and fats

Future oil crops
(jatropha, camelina,

babassu, coconut etc)

Oil from microalgae

Woody energy crops,
forestry residues,
agricultural residues

Biodegradable MSW,
sewage sludge, wet
wastes, macro-algae,
microalgal residue

/

Hydrotreating

Gasification and FT

Pyrolysis and upgrading

Conversion to sugars if
needed, then biological
and chemical routes to:

Hydrotreated renewable
— jet (Jet range paraffinic
hydrocarbons)

~ BTL

(Jetrange cyclic
hydrocarbons)

— Synthetic hydrocarbons

Sugar and starch crops

Figure4: Overview of biofuels routes considered
4.2 Biomassto-liquids (BTL)

Introduction

Biomass to liquidgBTL) involves gasification of biomass feedstocks, followed by FiBamch
synthesis of the gas produced, to form a range of products. Jet fuel, diesel and gasoline replacements
can all be produced through variations of this process. Jet fuel prodogékiis route is often referred

to as synthetic paraffinic kerosene (SBK¥ometimes FEPK

Many different biomass feedstocks can gasified from woodyenergy cropgo municipal solid wastes.
Problems can arise with some feedstocks, such as ammiaulesidues, and so use of these may be
limited with some gasifier types. Mostrrent projects focus on woqdlthough other feedstocks have
been tested Some projects use pretreatment steps before gasification, which densify the biomass
feedstock.This could be of interesias BTL plants may need to be large in order to be economically
viable, requiring large volumes of feedstock, which may need to be transported from further away.
Densification could improve the economics and GHG impacts of feedssmdport

After gasification, the gas compositionaidjustedthrough a series of reactionand various gas cleaning
steps are used to remove tars and impuritid$he syngas is thetonverted into liquid hydrocarbons
such as gasoline, diesel and jesing FischefTropsch synthesisThe yield of each fraction can be
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modified either by changing process parameters or by adding additional steps such as selective
hydrocrackingand fractionation

Use in aviation

Figure5 below compars representative compositions for typical petrolewdarived jet fuel (Jet A)

and a synthetic jet fuel derived from the FT process (although using natural gas as the feedstock).
Although the feedstock for the FT fuel is different, the resulting compasisostill representative of

what would be obtained from an FT fuel flyesized from gasified biomass.

As can be seen in the figure, the synthetic fuel has a similar distribution of normal apdrédtins to

the petroleumderived jet fuel, although theange of carbon numbers present in the FT fuel is slightly
narrower. Thebiggestdifference between the two fuels, however, is the absence of napthenes and
aromatics from the synthetic fuel. The performance characteristics of jet fuel, however, rely on a
balance between theproperties of the compounds in the various classes of hydrocarbon as no single
class of hydrocarbon has entirely favourable characteristiable4 below gives a high level summary of
the impactof each hydrocarbon class on some overall fuel performance characteristics.

This table suggests that a synthetic fuel consisting solelgtraightchain paraffins would have a
significantlyworse low temperature performance than a petroleum derived fgkle to the absence of
napthenesand isoparaffins Thus the upgrading process for producing jet fuel from FT proposed by
UOP, for instance, includes an isomerisation process step to ensure that the low temperature
performance requirement is satisfiedn addition, the absence of aromatics will likely reduce the
volumetric energy content of the fuel. Another issue caused by the absence of aromatics is that the seals
in the fuel system have been designed accounting for the presence of aromatics which loaussalt
elastomers to swell. These issues combined mean that the SPK produced by the FT process will need to
be blended with petroleum derived jet fuel to ensure that all the jet fuel performance specifications are
met. Indeed, the alternative fuel that imost likely to receive near term certification is a 50% blend of
synthetic FT jet fuel with 50% petroleuderived jet fuel. At blending levels above 5i0% SPK,
compounds such as napthenes and aromatics derived from another prowgseeed to be added.
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Figure 5. Composition of synthetic GTL jet fuel (left) and typical Jetl Auel (right) by carbon number and
hydrocarbon class, with structures of each hydrocarbon ckiks

Table4: Impact of hydrocarbon lass on jet fuel properties2

Hydrocarbon class

Jet fuel property n-paraffin iso-paraffin napthene aromatic
Energydensity

Gravimetric + + 0 b

Volumetric b b 0 +
Combustion quality + + + -
Freeze point bbb 0/+ + nkb
+: favourable effect, 0:nedkl £ 2 NJ YAYAYFf SFFSOGZ bY yS3IlGA

Timescale for development and commercialisation

Many of the individual technologies used in the production of FT liquidsarenercially available, such
asfeedstockproduction/collection pre-treatmenttechnolodes and FT processddiomass gasification is
usedfor heat and power productioralthoughgenerallyat smaller scales than envisaged for BTL plants.

51 Bogers, Alternative Fuels for Aviatigmndustry Options and Challenges, Shell AviatiGAO Workshop on

Aviation and Alternative Fuelseh 2009,[Accessed 28 Apr. 20DP9
http://www.icao.int/WAAF2009/Presentations/11_Bogepslf

Chevron, Aviation Fuels Technical Review, 2006, [Accessed May 6, 2009],
http://www.chevronglobalaviation.com/docs/aviation_tech_review.pdf
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