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This report presents the results of the research performed in accordance with tender
ENER/C2/2012/42@ &1 A3IK . A2FdzSt . fSYyRa Ay ! @Al A2y
analyse the properties of bio kerosene blends with vari@asnples of conventional
kerosene, with a focus on blends with high percentages of bio kerosene.

1.1 Economic Background

The issue of using high biofuel content blends in aviation might seem to be of merely
academic relevance given that the share of bio kenesef the overall aviation kerosene
market is not expected to be more than a few per cent in the next ten years. However, for
the practical introduction of bio kerosene it will be relevant to know about high biofuel
blends even at an early stage in orderminimize blending and logistical costs.

The reason here is that for every bio kerosene blend three analyses have to be performed
before it may be used in commercial aviation:

1 An ASTM D1655 analysis of the conventional kerosene before blending
1 An ASTMD7566 analysis of the neat bio kerosene before blending

1 An analysis of the blend, which is described in ASTM D7566, but in practice is an
analysis of the ASTM D1655 parameters, plus some additional ones.

It takes about 20 man hours to perform a full ASTW68b analysis, and requires use of
specialized and expensive equipment. The cost of such an analysis is therefore thousands of
Euros. In the case of the first two analyses this cost is independent of the blend ratio, and
will typically be performed for lge batches of thousands of tons, so the cost per ton is only

a few Euros, which is a normal cost element of selling and shipping kerosene. In the case of
the analysis after blending, however, the cost impact per ton of biofuel is crucially
dependent on theblend ratio. If blend ratios of only a few per cent are used, the cost for the
analysis will be incurred for selling only a few tons of bio kerosene, leading to very high costs
per ton. At high blend ratios, on the other hand, these costs will not bessarei In addition,

use of low blend ratios imply that large volumes of conventional kerosene have to be
transported to the blending point, making logistics complex and expensive, as well as
potentially creating environmentally undesirable extra transpodfs the conventional
kerosene.

For a producer or blender of biofuels it will therefore be important to know how much bio
kerosene can possibly be blended, and how blend percentages can be maximized, even
while the bio kerosene market is at an early stalgewvill also be relevant for governments

and communities involved in the planning of logistics and blending capacities.

1.2 Technical Background and Fuels Used

The specification relevant for bio kerosene in Europe is DefStedil 9vhich however for
alternative fuels mirrors the US ASTM approval process. Thus, for practical purposes, the
specifications of interest for this study are ASTM D1655 and ASTM D7566. Of these, ASTM
D1655 covers kerosene in general, whereas ASTM D7566 specifically covers alternistive fue



1 - Introduction and overview 9

and its blending with conventional kerosene. According to these specifications, the
maximum amount of biesynthetic kerosene that can be mixed with conventional kerosene
is currently restricted by two factors:

1 The requirement that the content of bisyrthetic kerosene does not exceed the
maximum percentage permitted by ASTM D7566.

1 The requirement that the blend has to meet the same parameters as conventional
ASTM D1655 kerosene, plus some additional ones

The first requirement is an arbitrary one, basexety on caution. It is the explicit intention

of ASTM to eventually relax this restriction. The second requirement however is based on
technical considerationg every specification parameter of ASTM D1655 is there for a
reason, and this reason will nobgaway with the introduction of biofuels. Even when the
formal maximum limit for synthetic kerosene will be removed by ASTM, the maximum bio
kerosene content possible will be limited by the ability of the bio kerosene blend to meet
the ASTM D1655 parameter

However, as ASTM D1655 specifies minimum or/and maximum values for fuel parameters
rather than defined values, conventional kerosene properties cover a rather broad range.
The maximum possible blend ratio for bio kerosene therefore does not only depenie

bio kerosene, but also on the conventional kerosene. This is because conventional kerosene
that is comfortably within specification limits can be used to compensate unfavourable
properties of neat bio kerosene, and still produce arspec blend.

Fa this study, therefore, a total of five different conventional kerosene samples, covering a
broad range of properties, were used for blending with bio kerosene. The range and
distribution of properties observable for conventional kerosene, and detailsthef
conventional kerosene used in this study are described in ch&#ed anne)9.1.

For the biofuels to be analysed in this study, the original intention had been to primarily use
three different samples of HEFA bio kerosene, and in addition investigate only a limited
number of other kinds of bio kerosene blends, as it wasumed that only HEFA would be
available in sufficient volume to permit an extensive blending programme. However, as the
project progressed it became evident that development of alternative fuels was progressing
faster than originally assumed, and sanmgpfer most of the relevant production processes
were actually available. At the same time evidence showed that different HEFA samples
would be very similar to each other, such that analysing three different samples would
merely produce three sets of basiyathe same results. It was therefore agreed with DG
Energy to modify the scope of the study such that only one HEFA sample was used, and
instead samples of bio kerosene from a variety of pathways were included. A description of
the bio kerosene used irhis study, including their production pathways, is given in chapter
3and annex.2

As one of the tasks of the study also was to give an overview of biofuels in aviation, chapter
3 in addition gives a technical description of the puotion pathways and the certification
status for all bio kerosene production pathways either already certified or undergoing ASTM
certification, including these pathways for which no samples could be obtained for inclusion
in the analytical part of the stly.

The latest information on production pathways reflected in theerim report published in
February 2015 wathat provided at the San Diego ASTM meeting in early December 2014.
For the final report, new information was added where appropriate, but no systematic
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update was undertakerExcept for FTand HEFAerosene the description of the production
pathways is based on the information provided by the manufacturer, either fdification
purposes or in personal communication, as no other sources were available.

1.3 Blend Analyses

The results of the blend analyses are presented in chaptand annex9.3. The topic of
interest here was the relationship between parameters of the blend and the blend ratio. For
some parameters this relationship is lineanch that e.g. blending neat bio kerosene with a
parameter value of 80 and neat conventional kerosene with a parameter value of 70, using a
blend ration of 50%/50%, results in a blend with a parameter value of 75. Such relationships,
which in particular wee typically observed for volume or mass related parameters (like
density or sulphur content), are straightforward and pose no particular challenges regarding
blends. However, for other parameters the relationship is4finear and more complext is

with respectto these parameters thatve consider this study tdwe of particular use for
practical blenders and users of bio kerosene. For two parameters, lubricity and freezing
point, we even found cases where the parameter value of the blend actually wewinde

the range defined by the parameters of the two original fuels.

One major factor currently limiting maximum biofuel blend ratios is aromatics content. This
iIs because ASTM D7566 requires minimum aromatics content for the blend of 8%, but
several of thebio kerosene production pathways yield a fuel with virtually zero aromatics
content. For these fuels, all aromatics must come from the conventional kerosene. However,
aromatics content of conventional kerosene is limited by ASTM D1655 to a maximum value
of 25%, so any blend with more than 68% of bio kerosene must have an aromatics content of
below 8%, and hence be e$pec! Moreover, as is shown in chapt@y the typical aromatics
content of conventional kerosene is well below the maximum figure, hence the practical
limit for blend ratios is well below 68%.

There is potentially a simple waground this obstacleby adding aromatics. It is to be
assumed that this nate will be pursued in the future, and indeed one of the fuels currently

up for ASTM approval consists almost solely of aromatics and is explicitly designed as such a
blend component (see sectiod.9). However, the addition of aromatics to the fuel will in

itself alter the properties of the blend; hence it was considered relevant for future blending
applications to assess what these effects are likely to be. Acaglydifor each of the three

bio kerosens concerned (Fkerosene, HEFA, ATJ) two highel blends were produced,

and then aromatics were added to increase their content to the minimum value required by
ASTM D 7566. The results of this research are destiibchapte5 and annex.4.

It had originally also been planned to analyse the effects of blending in STADIS 450, which is
an antistatic additive that all kerosene transported in Europe must contain. However, initial
research found the influence of this component on fuel properties to be virtually nil, hence
this approach was dropped.

'To be precisethere are two alternéive ways of measuring aromatics conte STM D1319 and ASTM D6379.
If the first is used, minimum aromatics content of the blend is 8% and maximum aromatics content is 25%.
If the second is used, the respective figures are 8.4% &r&d2
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1.4 Materials Compatibility Tests

In addition to analysing the properties of the various bio kerosene blends, the study also
investigated tle influence of the different synthetic fuels on the elastomers of which the
seals in fuels systems typically are composed. This analysis of materials compatibility was
conducted on seals from NitrilButadiene Rubber, Fluorosilicone Rubber and Fluorocarbon
Rubber. For these tests no blends were used; instead, the elastomer material was exposed
to the neat bio kerosene, as well as for reference to the various conventional fuels used in
this study.

The effect of fuel on seal tightness is generally attributethe aromatics content. To verify
the effect of aromatics on elastomers, and to investigate the role of different kinds of bio
kerosene, aromatics were systematically added to the aromditézs bio kerosene, and the
tests repeated.

In a final step, theelastomer materials were first exposed to the conventional fuel with the
highest aromatics content, and subsequently exposed to the neat arordfatiesbio
kerosene, simulating a situation where an aircraft has been operated on conventional
kerosene and ithen exposed to bio kerosene.

The results of the materials compatibility tests are described in ch&aed annex.5.

1.5 Aircraft Engine Emissions Tests

In addition to the safty aspects of bio kerosene, which aggtensively investigated during

the ASTM approval process, another technical aspect of bio kerosene is thesia@mis
behaviour. Consideration of emissions is not part of the ASTM fuel certification process, and
indeed it would be very difficult for ASTM to include emissions in a fuel specification, since
emissions are primarily dependent on the engine the fuel ignbd in. Emission
measurements therefore are not a required part of the ASTM process, and little emissions
data is typically presented in the research reports submitted to ASTM. All the same, some
fuels will burn cleaner in a given engine than othersisltherefore of interest to see
whether biofuels will lead to an improvement of the emissions of a given engine. For that
reason, emissions tests were included in the program of this study.

The initial planning for the emissions tests was based on the sm®e@mptions as the lab
tests, i.e. that only HEFA would be available in relevant quantities. The original intention
therefore was to perform one set of emissions tests for each of the three HEFA biofuels
which initially were planned to be included. Howeyvas with the lab tests, this plan was
changed when it became evident that tests of several HEFA batches would produce very
little variation in results, and on the other hand availability of fuel from other production
pathways progressed better than assedy whereas HEFA availability was worse than
expected. It was therefore agreed with DG Energy to conduct the emissions teststiath

kinds of bio kerosene, and a first set of tests was conducted in November 2013, using
farnesane. Howeverit was only inearly 2016 that sufficient volumes of a second bio
kerosene could be paured, with test rig and teséngine availability only permitting the
actual tests to be conducted in November 20T8e results of th emssionstests are
presented in chapter.
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1.6 Conclusions

The conclusions of this study are presented in chapteBection8.1 explores the results of

the study by fuel properties, discussing which properties are expected to be critical for
future blend ratios of bio kerosendut also discussing properties which are not likely to be
critical for blending but where the relationship between the blend ratio and the property
was considered worth pointing out. The latter are not relevant for blending bio kerosene,
but are potentidly of interest for others. Sectio8.2 explores the same results by fuel type,
discussing which role the individual kinds of bio kerosene are likely to plagune tolending
activities.

One particularly critical property is aromatics content. It is critical not only because several
bio kerosene production pathways result in fuel that is virtually aromdtms, but also
because the role of aromatics is a tawed one, with aromatics being currently necessary

to preserve the tightness of fuel systems but on the other hand being undesirable from a
fuel burn and emissions point of view. This specific role of aromatics is discussed in section
8.3
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The primary task of the HBBA Study is to analyse how various samples of conventional
kerosene, covering the range of kerosene properties, blend with diffdsenkerosene. The

first task of the HBBA Study therefore was to establish the relevant range of properties of
conventional kerosene, and to identify sources for supply of suitable samples.

2.1 Published Data on Conventional Fuel Properties

For all Jet AL kercsene produced worldwide, data on its key properties is in principle readily
available, as these parameters must be determined at point of manufacture, and a
certificate stating their numerical values issued for every batch (Refinery Certificate of
Quality,RCQ), with a new analysis and certificate (Certificate of Analysis, CoA) necessary if
different batches of fuel are commingled and rebatcléthe respective certificates are the
basis for aviation fuel quality assurance, and are handed over whenever there is a change of
custody. It is therefore easy to identify the properties for any individual batch of aviation
kerosene.

However, these certifiates are usually only used for quality control along the supply chain.
They are typically faxed or distributed as paper, and are not available in an electronically
readable form. Once a batch of kerosene has been passed on, or consumed, the respective
cettificate is filed as documentary proof of conformity with specifications, but other than
that the property information is typically not recorded or aggregated. Moreover, where
individual users do aggregate some information (e.g. a refinery aggregatingreaysing
information on all its individual batches), this aggregated information is typically not
published or otherwise made available externally. Thus, although information on the
properties of individual batches is readily available, there are verysfawces available for
aggregate information on the spectrum of properties.

2.1.1 Petroleum Quality Information System (PQIS)

There is currently only one regularly published source giving data on the actual distribution
of aviation kerosene properties. This soeris the Petroleum Quality Information System
(PQIS) Report, which is published annually by the US Defense Logistics Agency (DLA).

DLA is the only organization known to systematically collect and publish analysis results for
the fuel purchased by it. Theata sources for each individual fuel batake the usual lab
certificates of fuel properties which must accompany every fuel batch sold. However, DLA
centrally collects the information contained in the certificates and evaluates it for
distribution of fuel properties. The results are published annually in the PQIS report.

The PQIS report contains information on a variety of fuels purchased by the DLA, the most
important ones being JP8;# (a marine diesel), JP5 (a hitgshpoint kerosene for use on
aircraft carriers) and Jet-A2 Of these, JP8 and JetlAare of interest for the HBBA Study,
JP8 being a US military specification that essentially is identical to the civil-Uet A

EIJIG Standard 183Quality assurance requirementorthe manufacture, storage and distribution of
aviation fuels to airports, *ledition October 2013p.16/17
$2013 PQIS Report, p. 10, Tabi2 2
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specification’ Statistics in the PQIS Report give data on minimum, maximmean and
weighted mean for all properties covered in the report, both for the total of all purchases,
and differentiated by region. Even more useful, the PQIS Report contains histograms on the
distribution of the individual properties (only for the totaf all purchases). For users wishing

to make a more detailed analysis, DLA offers to provide the raw data, with refinery
identification removed, on a disk.

It needs to be emphasized that the PQIS Report is a report on the fuel purchased by the US
governmant, and is not intended as a representative survey of kerosene properties in the US
or worldwide. The bulk of DLA purchases take place in the US, where the kerosene used by
civil aviation is Jet A, which has a higher freezing gbant JP8-40°C vs:47°C for &t A-1).

If the PQIS Report is used as a proxy for US kerosene properties generally, allowance for
sampling bias must be made, as not every refinery producing aviation kerosene also
produces JP8. For example, of all JP8 batches for which datduidemhén the 2013 PQIS
Report, only 7 originated from US East Coast refineries, but more than 50 times as much
(361) from US Midwest refineriésll the same, 2013 DLA purchases of JP8 and Jeteke

some four million tons, consisting of 1,287 batcheghich by sheer volume make the PQIS
Report a very valuable data base.

From a European point of view, the biggest weakness of the PQIS report is that by its nature
it focusses on the US. Of the batches covered in the report, only 97 (891Jané 8 JP8)
originated from Europe. Moreover, sampling bias must be suspected for these, as DLA
purchases are likely to favour those refineries with access to the NATO pipeline network.

2.1.2 UK Survey Data

A European source for aviation kerosene property distributioii§t ! Y { dzZNIBS@& G ¢ K S
2F | GAlLGA2Y CdzSt ! @FLAflofS Ay (GKS ! yAGSR YAy
for new batches of aviation kerosene (aviation turbine fuel, AVTUR) either produced in, or
imported into, the UK. This report was fitspublished by QinetiQ Fuels & Lubricants Centre

in 1974, and has been annually published until reporting year 2008ike the PQIS, this

report is not limited to government purchases, but aims at national coverage. For all
specification properties, datare given for minimum, maximum and weighted mean. Also,
histograms showing the distribution of the properties are presented for all properties. Given

the large number of batches covered (1.686 batches for 20@#8is is a valuable source.
However,publication ofthe Surveywas discontinued after the reporting ye2008 thus our

work had to be based on data for 2008. A recent decision has been made by the CRC and the
Energy Institute to again publish it regularly starting with the reporting year 2014inaite

interim a Survey giving data for the years 2009 to 2013 has been pubfiShézivever,

publication of this Survey was too late for inclusion of the data in this report.

42013 PQIS Report, B9 and 101There are srall differencese.g. in maximum permissible sulfur mercaptane
content, but these are minor.

®2013 PQIS report, p. 40 / 41

® Calculated from 2013 PQIS report, pad8sand 105

"The Quality of Aviation Fuel Available in the United Kingdom, Anounay2008, p 7

®Ibid., p.6

 Ibid.

The Quality of Aviation Fuel Available in the United Kingdom, Annual surveys 2009 to 2013
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2.1.3 World Fuel Sampling Program

A data source frequently cited in connection wiipproval of new kerosene production
pathways is the World Fuel Sampling Program report, published in June 2006 as CRC Report
No. 647. This is the report on a worldwide fuel sampling and testing program conducted
jointly by Boeing, Goodrich, General ElextrChevronTexaco and the United States Air
Force' In this program, properties were not established on the basis of existing fuel
certificates. Rather, a total 57 samples was gathered worldwide, and analysed in'tetail.
This analysis was not limited to thepecification properties, but went far beyond, and
therefore is valuable for a deeper understanding of fuel properties. However, the study
deliberately went for a diversity of samplés and thus is not indicative of actual
distributions. Moreover, the sapie size of 57 fuels is small, and only 12 of these were-Jet A
1 samples from Europe.

2.2 Lufthansa Study on German Kerosene Properties

Given the limited information on kerosene property distributions in general, and the almost
complete absence of such datarf@ermany, Lufthansa in 202D13 conducted its own
study on German kerosene properties. The reason for this study was to identify conventional
kerosene suitable for blending with HEFA kerosene at high blend ratios, for the purpose of
emissions measuremesias part of the burnFAIR research projéct.

The data for the study was collected by approaching the intoplane fuelling companies at the
main German airports, asking them to provide fuel certificates for one year of fuel supplies
into the airport fuel sysm. This data was then manually evaluated by Lufthansa. For
Frankfurt, certificates for deliveries from Novemlier2010 to OctobeB1,2011 were used,

as analysis was started in November 2011 at that airport. For all other airports data for the
calendar gar 2011 were used.

Unlike the PQIS and the UK Survey data this analysis was not based on data at point of
production or at point of import, but on data at point of consumption, i.e. at the airport.
Accordingly not all certificates analysed were RCQsaiiticolar, CoAs dominated at airports

with pipeline access, due to commingling and rebatching.

Data was gathered for Berlifegel, BerlifSchonefeld, Bremen, Disseldorf, Dresden,
Frankfurt, Hamburg, Hannover, Kéln, Leipzig, Minchen, Minster/Osnabruakbétgrand
Stuttgart airports. Fuel companies were not yet required to check and archive supply
certificates in 2011, as EI/JIG 1530 was not yet in force. However, almost all of them already
complied with the requirement, thus Lufthansa was able to get datalmost all deliveries.

The sole exception was Stuttgart airport, where no data were available for one fuel source
accounting for some 30 % of 2011 Stuttgart fuel deliveries. For Beztiel production
certificate data from Schwedt refinery was useather than intoplane company data, as
virtually all supply to BerliTegel was from Schwedt anyway, and using intoplane company
data would have involved analysing documents for thousands of truck deliveries.

1 CRC report No. 647, p.6

2 |bid., p. 86-99

Y bid., p.7

“For more detail orthe background, see chapter 3.4 of Deutsche LuftlaafA&: Abschlussbericht zu dem
Vorhaben Projekt burnFAIR, Arbeitspakete 1.1 bis 1.4, Frankfurt am Main, June 2014
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Analysis of the certificates was by manually exitig data on sulphur content, aromatics
content, smoke point, density, freezing point, viscosity at minus 20°C and specific energy in
MJ/kg into an Excel spreadsheet. As a rule, for every certificate a new data set was
generated; however, several suppliEsone and the same airport from the same kerosene
batch (and hence with an identical RCQ or CoA) were only counted once. For supplies of
different airports from the same production batch, two data sets were generated for airport
specific analysis; howewghese double entries were removed for the overall analysis. In
total, some 2.400 data sets were entered, of which some 400 were double entries.

Density, freezing point, viscosity at minus 20°C and specific energy in MJ/kg were selected
because they wereassumed to be relevant for blending purposes. Sulphur content,
aromatics content and smoke point were selected for analysis due to their importance for
emissions, as emissions measurement was the original focus of the Lufthansa analysis, with
aromatics baig relevant for both blending and emissions.

At a later stage of the study distillation curve data (initial boiling point, 10% recovery, 50%
recovery, 90% recovery, and end point) were also evaluated. For reasons of simplicity,
separate data sets not linkdeto the other data were created for the distillation curve
information. For the distillation curve data, no removal of double entries was performed.

Due to the labour intensiveness of the manual data entry process the analysis was only
finished in Januar2013. Key results were published in the June 2014 final burnFAIR
report.”®

2.3 Distribution of Kerosene Properties

Note: In this section, figures are given as stated in the study quoted. As different studies
have different rounding conventions, and sometintaemselves reflect different rounding
on individual certificates, the number of significant digits in this section is variable.

2.3.1 Density

According to the 2013 PQIS Report, the minimum observed density for JP8 in 2013 was
783.4kg/m?3, and the maximum was 83 kg/m3° This closely agrees with the Lufthansa
results for Germany, where the minimum density was 786.9 kg/m3, and the maximum was
834.2kg/m3. The distribution is also simildigurel).

The density range in the UK Survey was narrower, with a minimum density of 786.7 and a
maximum density of 824.2 kg/ni®. Density distribution (not shown here) is slightly
different, with only 38.3% of all batches having a densit§asf kg/m3 or les$®

The World Fuel Sampling program deliberately went for a diversity of samples; hence one
could have expected that the density range for the fuels covered in this report would be
particularly large. This is true in that the study inclddsme materials that were not jet
fuels at all (neaCTL. Stoddard solvent), for which densities were indeed very low. However,

'® See Deutsche Lufthansa AG June 2014, chapter 3.5
©2013 PQIS Report, p.39
Y The Quality of Aviation Fuel Available in the United Kingdomualn®irvey 2008, p16
18 |a:
Ibid, p.29



2 - Conventional Kerosene 17

if only Jet Al and JF8 fuels are considered, the range is smaller than that found in the other
studies, with a minimum densitof 788.7 kg/m? for a kerosene sample from China, and a
maximum of 820.6 kg/m3 for a sample from Canada.
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Figurel: Distribution of density in kg/m3 in 2013 PQIS Report and in Lufthansa study

The density range given in the P@8port for Jet AL purchases is fairly narrow, ranging
from a minimum of 784.7 kg/m3 to a maximum 809.4 kgfih¥This narrow range is however
not surprising, as it is based on data from only 107 batthesd small samples are not a
good estimator of extrema values.

2.3.2 Freezing Point

The lowest freezing point for JP8 in 2013 w88°C, whereas the highest was at the
specification limit o£47°C?? The corresponding figures in the Lufthansa study wa@0°C

and -47°C. However, it should be noted that for fuelsthwa very low freezing point
laboratories often are not equipped to measure the exact freezing point, but merely give the
freezing point as beingi f 2 6 SNJ ¢KEYy RXEFSNBYAS ovghBucISY ! &
therefore reflect the cuoff limits of the respetive fuel labs rather than differences
between the fuels themselves. Freezing point distributidiigre 2) differs significantly
between the PQIS report and the Lufthansa study. The mode is the same in both cases, at >
55°C tog 50°C, but in Germany most of the other observations have a freezing point below
the mode, whereas in the US most of them have aZimeg point above the mode. This can

Y CRC report No. 647, p.86
292013 PQIS Report, p.101
12013 PQIS Report, p.100
22013 PQIS Report, p.39
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probably be explained by the fact that the US refinery system is primarily geared towards
producing Jet A, which has a higher freezing point than-det A
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Figure2: Distribution of freezing pot in °C in 2013 PQIS Report and in Lufthansa
study

The density range in the UK Survey was again smaller, with a lowest freezing p6h66€
and a highest freezing point e45°C?® The latter value is actually e$pec, as a maximum
value of-47°C isequired, but all the same this value was found on one certifiate.

Freezing point range in the World Fuel Sampling report, counting only-Jetrndl JP8 fuels
is from-71°C for a Canadian JetlAo an (offspec) value 0f46.2°C measured for several
samples both from the US and from Can&d&he range is again smaller than that found in
the far larger PQIS and Lufthansa study samples.

The freezing point range given in the PQIS Report for-lepérchases is similar to that of
the World Fuel Samplingport, ranging from a lowest value 6f2°C to a highest value of
48°C® Again, small sample size is likely to be the main factor for the narrower range.

2.3.3 Viscosity at-20°C

The lowest viscosity a20°C for JP8 in 2013 was 2.8 cSt, and the highest wa8 ¢’ The
corresponding values in the Lufthansa study were 1.140 cSt and 5.324 cSt. Viscosity
distribution (Figure3) is markedly different in the PQIS report amg tLufthansa study, with
German fuels significantly less viscous.

% The Quality of Aviation Fuel Available in the United Kingdom, Annunay52008, p16
** Ibid, p.10

?® CRC report No. 647, p.86

62013 PQIS Report, p.101

12013 PQIS Report, p.39
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Figure3: Distribution of viscosity aR0°C in ¢St in 2013 PQIS Report and in Lufthansa
study

Again, the range in the UK Survey was smaller, with a minimum wél@er19 ¢St and a
maximum value of 5.65 c&tDistribution of viscosity a20°C (not shown) is intermediate
between the PQIS and the Lufthansa study data.

The corresponding range in the World Fuel Sampling report, again counting onhlL JatdA
JP8 fels is from 2.8 cSt for an Australian Jet £ 6.0 cSt for an US JP3he range is again
somewhat smaller than that found in the far larger PQIS and Lufthansa study samples.

The viscosity range given in the PQIS Report for -lepérchases is fairlgarrow, ranging
from a lowest value of 2.758 cSt to a highest value of 4.318'@8fain, small sample size is
likely to be the main reason for the narrowness of the range.

2.3.4 Specific Energy (Net Heat of Combustion)

The lowest specific energy for JP8 in 2048s 42.8 MJ/kg, which is the minimum
requirement, and the highest was 45.090 MJ#&Jhe corresponding values in the Lufthansa
study were 42.85 MJ/kg and 43.505 MJ/kg. In spite of the far higher maximum value for US
fuels, however, property distributionF{gure4) is similar. Almost all US fuel shows energy
densities below 43.6 MJ/Kkg, raising the possibility that the 45.090 MJ/kg value is the result of
an erroneous dia entry.

8 The Quality of Aviation Fuel Available in the United Kingdom, Annnay52008, p16
?|pid., p.31

% CRC report No. 647, p.90

12013 PQIS Report, p.101

22013 PQIS Report, 38
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Figured: Distribution of specific energy in MJ/kg in 2013 PQIS Report and in
Lufthansa study

Again, the range in the UK Survey was smaller, with a minimum value of 43.00 MJ/kg and a
maximum value of 43.49 MJ/RJDistiibution of specific energy (not shown) is similar to the
PQIS and the Lufthansa study data, though the distribution in the UK Survey is somewhat
skewed to the leff*

In the World Fuel Sampling report specific energy is given in btu/lb. Again countingebnly
A-1 and JP8 fuels, the range is from 18,434 btu/lb for an US JP8 to 18,596 btu/lb for a
Chinese Jet-A.*® Converted into MJ/kg, this corresponds to a range of 42.85 MJ/kg to 43.22
MJ/kg. This range is again smaller than that found in the far larges BQY Lufthansa study
samples.

The property range given in the PQIS Report for JetpArchases is again fairly narrow,
ranging from 43.092 MJ/kg to 43.500 MJAgAgain, small sample size is likely to be the
main reason for the narrowness of the range.

2.3.5 Qulphur Content

The lowest sulphur content for JP8 in 2013 was 0 ppm, and the highest was 3,000 ppm,
which is the permitted maximun¥. The corresponding values in the Lufthansa study were 1
ppm and 2,676 ppm. The property distributiortsgure5) are rather different, with hardly

any German kerosene having sulphur content above 1,500 ppm.

*The Quality of Aviation Fuel Available in the United Kingdom, Annnay52008, p16
* Ibid., p.31

% CRC report No. 647, p.91

%2013 PQIS Report, p.101

72013 PQIS Report, p.39
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Figure5: Distribution of sulphur content in ppm in 20B8IS Report and in Lufthansa
study

The range in the UK Survey this time was as large as that in the PQIS report, ranging from the
lowest possible value, 0 ppm, to the permitted maximum of 3,000 ppBistribution of
sulphur content is similar to that ine PQIS report’

The corresponding range in the World Fuel Sampling report, again counting onhl JatdA
JP8 fuels is from 7 ppm for an Australian Jdt gfroduced from shale oil to 2,453 ppm for a
Canadian Jet-A*° The range is yet again somewhat steathan that found in the far larger
PQIS and Lufthansa study samples.

The property range given in the PQIS Report for J&tpArchases is this times almost as
broad as for JP8, ranging from 5 ppm to 3,000 gpm.

2.3.6 Aromatics Content

The lowest aromatics coent for JP8 in 2013 was 8.2%, and the highest was 2% 3¥e
corresponding figures in the Lufthansa study were 5.9% and 25.5%; however it must be
pointed out that in the Lufthansa study in some certificates aromatics content was
determined according to 3TM D 1319, while others used ASTM D 6379. While both
methods give similar results, they are not identical, ASTM D 6379 results being somewhat
higher. The highest observed figures were ones measured by ASTM D 6379.

* The Quality of Aviation Fuel Available in the United Kingdom, Arnady 2008, p16
¥ Ipid., p21

“°CRC report No. 647, p.89

12013 PQIS Report, p.101

22013 PQIS Report, p.39
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The property distributionsKigure6) are essentially similar. The predominance of the modal

gt dzSa apmc (G2 mMyé |YyR apmy G2 Hné Ay DSNN¥I)
certificates evaluatedni Germany were CoAs originating in the pipeline or tank system. As

such certificates reflect rebatching, and hence combinations of different batches, this
creates an averaging tendency, and hence a stronger concentration at modal values.

In view of the carent requirement of a minimum aromatics content of 8% for bio kerosene
blends it is of interest that to note that 15 of the German batches had an aromatics content
of below 8%, conventional kerosene not being required to meet the 8% minimum. These
were al produced by one refinery over a course of two months, and were delivered directly
from the refinery to two airports, where this refinery was in one case the only and in the
other case the major supplier. No adverse issues relating to the low aromatitantavere
observed at these airports over the course of the two months delivery of low aromatics fuel.

45%

40% oPQIS a

35% BGermany |

30%

25%

20%

15%

10%

5% .
0% ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

O 8 >8 >10 >]12 >14 >16 >18 >20 >22 >24
to 10 to 12 to 14 to 16 to 18 to 20 to 22 to 24

Figure6: Distribution of aromatics content in vol% in 2013 PQIS Report and in
Lufthansa study

Again, the range in the UK 18ay was smaller, with a minimum aromatics content of 10.3%
and a maximum of 24.894 Distribution of aromatics content (not shown) is similar to the
Lufthansa study dat&':

In the World Fuel Sampling report figures are given both for aromatics contentdaegdnp

ASTM D 1319 and according to ASTM D 6379. On the basis of ASTM D 1319, and again
counting only Jet A and JP8 fuels, the range in the World Fuel Sampling report is from
11.8% for a Peruvian JetlAto 21.8% for a Canadian JetLA’ The correspondig range on

the basis of 8TM D 6379 is from 13.00% to 2%, with the same fuels again representing

“The Quality of Aviation Fuel Available in the United Kingdom, Anonatys2008, p16
“bid., p.20
> CRC report No. 647, p.89
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the extreme values. In either case, the range is yet again somewhat smaller than that found
in the far larger PQIS and Lufthansa study samples.

The propety range given in the PQIS Report for Jett purchases is fairly narrow, ranging
from 15.0% to 24.4%. Again, small sample size is likely to be the main reason for the
narrowness of the range.

2.3.7 Smoke Point

The lowest smoke point for JP8 in 2013 was 19 amd, the highest was 30 mfiwhere the
higher number indicates the cleaner burning fuel. The corresponding figures in the Lufthansa
study were 18 mm and 30 mm. The property distributioRg@re7) are similar, with a slight
tendency for German kerosene to have a higher smoke point.

Again, the range in the UK Survey was smaller, with a minimum smoke point of 19.5 mm and
a maximum smok point of 27 mnt? Distribution of smoke point (not shown) is similar to
the PQIS report and Lufthansa study data, but with a stronger concentration at the thean.

Smoke point was not among the parameters analysed in the World Fuel Sampling Program,
hence o such data are included in the repott.

The property range given in the PQIS Report for JefpArchases is similar to that in the UK
Survey, ranging from 19 mm to 27 mim.

%©2013 PQIS Rert, p.101

472013 PQIS Report, p.39

“The Quality of Aviation Fuel Available in the United Kingdom, Anonatys2008, p16
“1bid., p.33

** CRC report No. 647, p.6

*12013 PQIS Report, p.101
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Figure7: Distribution of smoke point in mm in 20B®)IS Report and in Lufthansa
study

2.4 Kerosene Samples Selected for HBBA Study

The purpose of the HBBA Study was to assess the properties of blends of synthetic fuels and
conventional fuels for a wide range of different kerosene. At the same timegfmons of

cost and efficiency, the number of samples of conventional kerosene had to be limited, as
for each of these samples numerous blends with bio kerosene were analysed. The task
therefore was to identify refineries whose products, taken togetheruldorepresent the

bulk of property variation with a limited number of samples.

Of the studies discussed in secti@l, only the World Fuel Sampling report idergsi
refineries and that only by city. Moreover, the World Fuel Sampling report was written in
2006, and it was very unlikely that the production program of the participating refineries still
would have been the same in early 2013, when selection of fuelthioHBBA Study was
begun.

However, one of us [AZ] had been the person conducting the Lufthansa study; hence access
to the refinery information for that study was not a problem. In addition, the Lufthansa
study was still recent, and the refineries wertuated in Germany, facilitating sourcing and
logistics. Accordingly, six refineries were identified on the basis of the Lufthansa study
information, and approached for samples. The &febm five of these refineries were used

in the study to represent thepectrum of existing fuel properties. These fuels were given the
internal numbers 085, 112, 114, 117 and 123. The sixth fuel, number 100, had average
properties, and only was used as part of the analysis of farnesane blends, with a view to
using fuel fronthis refinery for the emissions tests described in seciion
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The complete properties of the conventional kerosene samples are given in &rin@able

1 (below) compares, for the properties discussed in secBd@the minimum and maximum
values for the five samples analysed, with the corresponding minima and maxima of the
World Fuel Sampling report. As can be seen, for most parameters the five samplgsedna

in the HBBA Study cover a similar property range as the 39 JP8 and datla in the World

Fuel Sampling report, which themselves had been deliberately selected to cover a wide
range of properties. The five samples of the HBBA Study also covendhre different
production processes, with one sample being Met@ated, two samples consisting solely

of lightly hydroprocessed components, one sample containing primarily lightly hydropro
cessed components combined with both severely hydroprocessecdhandhydroprocessed
components, and one example containing primarily severely hydroprocessed components.

World Fuel Sampling HBBA Study sample
Program
Minimum Maximum | Minimum Maximum
Density [kg/m?] 788.7 820.6 789.0 818.6
Freezing Point [°C] -71 -46.2 -89.4 -49
Viscosity at20°C [mm?/s] 2.8 6.0 3.008 4.357
Specific Energy [MJ/kg] 42.85 43.22 43.073 43.391
Sulphur Content [ppm] 7 2,453 10 or less 1,000
Aromatics [vol%] 11.8 21.8 13.7 21.6

Tablel: World Fuel Samplingrogram and HBBA Study sample minima and maxima

The main areas where World Fuel Sampling report property extremes were not covered by
the HBBA Study fuels are sulphur content and viscosit2GfC. In the case of sulphur, the
Lufthansa study found no RF®@mM a German refinery for kerosene with sulphur content
above 1,100 ppm. All certificates showing higher sulphur content were CoAs, and probably
included fuel from imported batches. Identification of the producing refineries was not
possible on the basisf the available documentation.

However, sulphur content of the conventional kerosene is not likely to be a limiting factor
for blending bio kerosene. If the sulphur content of the conventional kerosene is very high,
blending with bio kerosene will merelseduce this content to the levels more usually
observed. If on the other hand the sulphur content is very low, blending with bio kerosene
will reduce this content even further,ub one observation from the Lufthans#usly is that
several German airports aralready now exclusively supplied with kerosene with very low
sulphur content, without this having any known adverse effects whatsoever. Not including
conventional kerosene with very high sulphur content is therefore not likely to have a
material effect m results.

In the case of viscosity a0°C, the HBBA Study samples clearly do not cover the whole
range of observable parameter variation. Also, unlike sulphur content, viscosity is potentially
a limiting factor for blending, since some bio kerosene pa@r viscosity as a neat fuel. This

is even truer now that issue ASTM D75tce 2014equires the blend not only to meet the
ASTM D1655 minimum of 8 cSt-a80°C, but also to additionally have a maximum 12 cSt
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at -40°C>? However, as botHFigure3 and the World Fuel Sampling repdtishow, high
viscosity at20°C is basically a US phenomenon, probably as a result of typically producing
Jet A rather than Jet-A. In theUS, therefore, viscosity can be expected to be a major
constraint. Indeed, several of the US fuels analysed in the World Fuel Sampling Program,
plus one Canadian, already had viscosity above 12 cSt0&C even as neat fuels, which
would have completelyuled out their use for blending bio kerosene. No values above 12 cSt
at 0°C were found in the World Fuel Sampling Program for any location outside North
America>*

With regard to blending in North America, the results of the HBBA Study must therefore be
considered not to completely cover the constraints resulting from viscosity. This, however,
was accepted for the HBBA Study as its focus is on Europe. Judgiigubg4, typical
European viscosity ranges are well covered by the fuels analysed in the HBBA Study.

2 ASTM D7566, issue 14a, table 1, part 2
*3 CRC report No. 64,90
** |bid.
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3.A2 YSNRASYS tNRPRdAzOUA2Y tF OGK

3.1 FischefTropschKerosene

3.1.1 PathwayDescription

The Fischeffropsch (FT) process is the first approved production pathway for synthetic
kerosene.

The pathway consists of four main steps. In the first step, the feedstock is converted into
syngas (a mixture of CO and)HThis syngas then entethe Fischeflropsch step proper,
where it is converted into long chain alkanes / paraffinic waxes or oféfimgich in the
subsequent step are hydrocracked and isomerized. In the final step, the raw product is
distilled and separated into individualgutucts, of which kerosene is orie.

If the feedstock is natural gas, the syngas is produced via steam reforming (reaction with
water) or via partial oxidation of the feedstock (reaction with oxygénjollowed by
conditioning®. If the feedstock is a solié.g. coal or woodchips), syngas production involves
partial oxidation and steam gasificatitShagain followed by conditioning. In addition, if the
feedstock is a biomass, pteeatment of the feedstock will typically be necessdfjgure8
shows the schematics of the production of Fisefiespsch fuel from wood.

Possible feedstocks for the FT process are manifold. {ssi@e production facilities exist for

the conversbn of coal to liquid fuels (Sasol in South Africa) and for the conversion of natural
gas (Shell in Qataf§.At both of these facilities, FT blendstock for jet kerosene is routinely
produced. Conversion of bio material to fuel has been demonstrated at slie, but not
beyond. An attempt by the German company Choren to build a demo scale plant for the FT
conversion of woodchips was abandoned when Choren went banRtptere are currently

no FT facilities producing kerosene blendstocks from bio mateviaikiwide.

A novel approach to feedstocks was planned by British Airways and Solena, involving a
facility for the conversion of urban waste into fu¥lTo handle the extreme heterogeneity of
this feedstock the planned facilityas supposed t@roduce thesyngas at temperatures up
to 5,000 °C in an LQdeprived environmert, followed bya FT conversion as described

*° Low temperature FT using a cobalt catalyst prodymesiffinic waxes, high temperature FT using iron
catalyst produces olefins.
*® For details see chapter 7.3 of Deutsche Lufthansa AG: Abschlussbericht zu dem Vorhaben Projekt burnFAIR,
Arbeitspakete 1.1 bis 1.4, Frankfurt am Main, June 2014
" Weissermel, K., Arpe H., Industrielle Organische Chemie, funfte Auflage, Wilgid, Weinheim 1998, 16
onw.
Bal 2 Y R A (ohtBe\gds yhdams removal of particulatesljustment of the relationship étween H and CO
and removal of water and G(Osee Deutsche Lufthansa June 2014, p. 149
*Weissermel/Arpe, ibid.
% Zennaro, Roberto: Fischd@ropsch Process Economics, p.155; in: Peter M. Maitlis and Arno de Klerk (eds.):
Greener Fischefropsch Processes for Fuels and Feedstocks, Weinheim 2013
2 AU ALISRAL Sy NE htépl/de2ikiFdia.okgyviRitoteNIndustrieFesearched 16.9.2014
26 DNBSY{1& LNREB2SOG LINBLINBA (2 fIyR Ay CKdANNRBO]ET . NX
By 2t Syl DNRdzLIE LyOY 6. A29Vi@ANBeé SLHIDGTF2NYVAY | FA&aAZ2Y F2
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above® This project has been terminat&tue to the October 2015 bankruptcy of Soléha
but a similar approach is now planned by Fulcrumwith various airline¥.

Figure8: Schematics of the production of Fiscfieopsch fuel from wod8

3.1.2 Approval Status

The approval process for FT kerosene was started by Sasol in 1999. In this year Sasol was
granted approvaby DEFSTAN 9B1/Issue 3o blend synthetic, isgoaraffinic kerosene with

a Meroxtreated jet fuel from petroleum to make sersynthetic Jet Al aviation kerosene.

This approval was for a maximum blend ratio of 50% and was specific to Sasol and to one
product steam produced by one refinery. This was extended to additional refining streams
from the same refinery under DEF STAN@AIssue 4%°

A generic approval for FT kerosene as a blendstock with a maximum blend ratio of 50% was
given by ASTM in 2009. For tlpgarpose, a new specification ASTM D7566 was created,
which is a specification for blends with synthetic kerosene. This specification is referred to in
the jet fuel specification, ASTM D1655, to the effect that these blends are jet fuel; hence a
blend meethg ASTM D7566 is an ASTM D1655 jet fuel. Although the approval was largely
based on Sasol research using coal as a feedstock, the generic approval covers product from
FT processes in general, regardless of feedstock.

“aDNBSY{1& LINR2SOl Xézx 2L OAlGo

® Meghan Sapp: British Airways drops Solena project after failure to raise funds to build plant, 27.11.2015

% Center for Biological Diversity: United Nations Urged to wirhdraw Misleading Biofuels Report, 7.4.2016

®7 Jim Lanetnited Airlines invests $30M in Fulcrum BioEnergy; inks $1.5B+ in aviation biofuels coitracts
Biofuels Digest 30.6.2015

®® Souce: Deutsche Lufthansa June 20p4147 translation into English by DBFZ

¥ C.A. Moses, G. WilsoRiet RoedsEvaluation of Sasol synthetic kerosene for suitability as jet fuel; San
Antonio / Sasolburg, December 2003, p. 7







































































































































































































































































































































































































































