Aviation Alternate Fuels Roadmap

Level 1 / Scenario 1

Category

Market Drivers
Environmental,
Political,
Resources

Anticipated
Fuel Price

Availability (%
Demand Filled)

Alternative
Fuel Products
(Volume
Anticipated /
Required)

* Fuels produced from seeds and other organic sources such as Soybean Methyl Ester

2005

2007

2030

2050
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Aviation Alternate Fuels Roadmap

Level 2 / Scenario 1 - Long Term

Category

Alternative
Fuel Products

Economics
& Business

Certification

Environmental

R&D

2005 2007 2010 2015 | 2020 2030 2050
us  Bio-jet China |Bjo-butanol Industrial Start of Future
SASOL Jet Boeing/Virgin Qatar GTL Coal fuel Coal |for ground Solar Hydrogen Energy
Fuel Qatar GTL Test Productipn  CTi apprgved GTL |use Energy Economy Source
/
Shell Bintulu Syntroleum Nigeria GTL US CT| US CTL Cellulose Resufgence in Ocean Bio-fue
GTL Jet Fuel in Bf52 Production Biomass ethanol fof Nuclear Power Factories
Initial Airline MOU Co-fired ground us¢
with Rentecgli:ii DOE Step Gainin Ten alternative jet 50% USAF Syn fuel use
CTL Economics USDA regional 02 Sequestration  fuel productiop |
Scully Financigl  study proposals Efficiency projects in plade Carbon Neutral Growth Target
\Vi submitted VV \/ \/ \/ \/
A\ A W " /\ A
200M Gals F/T Prod 600K gal HRJ  ACRP 0Z- Two alternative jet ACRP 02-07 0% USAF Domestic CTL Future Aircraft for
procurement 18 Siting fuel production  Handbook work Sourcing (2025) Advanced Fuel
ASTM Spec by DoD Stydy N?rojects in place starts
SASOL FSJF ASTM Spec  ASTM Spec CR{ xx%
AszngZigsB?g:; HRIxx%  Generic FT Q'S) ;',ﬂ Carbon Neutral Growth Target
A A |PRIxx% ASTM App’d o
ASTM Spec for MIL-HNDBK-510 USAF App’l FRJ xx% ASTM App’d Advanced Aviation
SASOL SSJF Impacts Generic FT Fuel Fuel Spec
. Bio-fuel assessment OPPrational Coal to New bio-fuel Carbon Neutral Growth Target
B-52 emissions _f_:‘s'tssm" assessment /Ii(:|a:1idg impacts Adv bio fel emissions
Scoping .
Tar Sands study Jetfuel | F-TFuel Carbon :-3°er"“|'55 o
Online BRTF/ Benefits gspecrevis Sequester io-fuel certifie
dmissions assessment pecrev au E}gh tetnfe'glvfdeoxylgenated
GE/cruise ships burn 1st bio-jet G . t P U coal Bio-jet Bio-jet io-jet fuel from algae
: : . Lab tested €neric mat. derived  tacts d I
biofuel in turbines Compat list pgs [tgstsdone fue g Carbon Neutral Growth Target
approve

B-5$I svhn-fuel Biofjel / Boeing/Airline| F.T and Svnf’cheltit(::| biollo
ight test T J Flights s jet fuels develo
; P/ swell lubrlalty " | biojet blend ]

issues solved

BY
pbed

Advanced
aviation
fuel dev

12/22/2009




Level 3 Certification and Qualification

2007 2008 2009 2010 2011 2012 2013

Plam%;ing & Coordination

DARPA s
Bio-JP8 ASTM  ASTM ASTM  ASTM
Meeting Warsaw Tanpa Norfolk  Anaheim ASTM  ASTM ASTM  ASTM ASTM ASTM  ASTMASTN
\ 4 \ 4 : . \V4 V; V V/
A A A A A A A A A A A A A A
CAAFI ASTM  cpAfl CRC& CAAFI CAAFICRC& CAAF CRC& CAAF CRC& CAAF| CRC& CAAFI
Annua SynFuel Rg&D  CAAFI  Annual R&D CAAFI  Annua CAAFI Annual CAAFI Annua] CAAFI Annual
Mtg TF CQ Mtg CcQ Mtg CcQ Mtg CQ Mtg CQ Mg
Guidance & Procedures
M BK.510 ASTM D4054  ASTM D4054
; Balloted ; Approved v
A A A A A A
SAE CAAFI |FAA Adv Circ IATA Rpt FAA Adv Circ FAA Adv Circ FAA Adv
Paper |Initial Draft %n IIt FAA Review Public Cmnt | ClrcOI
uels ssue

05/09



Level 3 Certification and Qualification

DRAFT

2007 2008 2009 2010 2011 2012 2013
FRL 6 Full Scale Technical Evaluation
- Catalytic Renewable
| FRL 6.1 FFP Testing L \let_( _RQ)A
A L e == — o= A -
HRJ Fermented Pyroll:}/tlc Renewable
Renewable Jet (FRJ) Jet (PRJ)
FRLs 6.2 & 6.3 Turbine Hot Section & Component/Rig Testing CRJ A
e ERI_A . _PRIA
FRL 6.4 Engine/APU Testing CRJ 5
PRJ A

50/50 FT in JP8
v MIL Spec

ASTM D7566 App

'd
Av Fuel Subcom

=,

HI%J Research ,
] Generic FT Blend USAF

Rpt
By A v Fleet Cerification

HRJ 50%

Sasol|FSJF Generic Saésol FSJF ASTM D7566‘E App'd
’ 50/50 FT AS ’ Blend Appd
UK AFC App'l ReseaFrecr} ASETM App'l By D.02 ComE > DO FT Fuel AASp'FI;I\(/Ij

FRL 7 Fuel Class Listed in Specification

Generic 100%

FRJ Research
VRpt

A\

A
HRJ 100%
Approved

05/09



Level 3 Research and Development (1 of 6)
Feedstock

2009 2011 2012 2013
Camelina Qilseed
assegsme t inventory  Qj| Seed Plants

Optimized Jatrjoph.a Optimized  Large scale “regional
castor harvesting  .ogior plot  solution” farms
prototype Masdar developed
study ' 9K gal of Ha;:)h?/;e P
ghlicognia oil Halophytes ‘
N

Euphorbia Halophyté Euphorbia Optimized Modified Large scale GMO 8M tons
analysis assessme?t prototype Halophytes Halophyte Halophyte farms Halophyte s?licornia
Salicornia * Seashore plots prototype developed test plot oil (2019)
analysis mallow analysis plots
NRDC Study DOE Algae Roa}dmap Cost of algae study Algae
—— ————— ¢
Cyanobacteria Dewater : Algae Light & GMO  Results ~ USDA New algae Cyanobacteria le/ge scale algae Cyanobacteria
study _StUdV sfrain  demo co, Cyano- from algae Techs ready Scaled demo pfants plant developed
oil sfudy  plants |oye| bacteria DARPA funding GMO developed
extraction . vy metal  study Study  project report algae
removal stud i
y Cellulosic GMO plants for sugar
A
'S g —————% R
ORNL Billion BCIWG Cellulose to biojet Cellulosic Ethanol  Cellulose to biojet Large scale Cellulose/ sugar/ /
Ton study report flight demo becomes cost demo plant cellulose farms ~ algae prototype
(via synthetic biology) competitive (via pyrolysis) demo
Revise EISA to include biomass credit
Other
A A
* - ; )| 7y ‘ $: ‘ ]
1 Vv M
CAAFI DOE’s USDA USDA Terra Preta DOE’s USDA advanced
biofeedstock g feedstock feedstock test plot for CBTL & biofuel summary
roadmap study roadmap rankings&  CBTL algae 10/22/2009 5
done R&D plan demos

*LCAs of biofuels are included in the Environmental team’s roadmap done ‘ = Done Q = In work ‘ = Not Funded



Level 3 Research and Development (2 of 6)
Planning, Protocol, and Performance

Category 2008 2009 2010 2011 2012 2013 2014 2015 2016
TOTTTdSS
Summit
CAAFI AlphaBird .Nat- (10.20) AFRL Active, USDA USDA
Biofeeddtock chk-fo B|of9els DoE|Algae CAAFI Biomass Campr've Feedstock IAdvanced
Roadma Meeting  Action  Roadmap Work- Feas. Intggrated Rankings &  CAAFI CAAFI Biofuel
10.1 (10.3) Plan Meet'g shop Study Rdadmap R&DPlan Workshop Workshop
(10.3) y Summary
(105)  (1p.6) (1010) (10.11)_ (1013)  (10.15) _(10.16) (10.18) (10.19)

VW V vV V. .VW V AV \V

R&D Planning
Activities
A / A A A R&D IA A
SustainableAlt. caap)  R&D TAFCO BiofuePOE Algae  USDA| o R&D AlphaBirg
Fupl Roadmapworkshop WOrk- | Cert.  Roadmap Feedstogk ;4 1) Workshop Program
(DRAFT) (10.2) (10.4) ShoP |Roadmap (10-9)  Roadmap (10.17) Complete
(10.7) (Draft) (10.12) Cert. Process (10.21)
(10.8) Dev. 510-3 (1.7)
. . Cert. Process Dev. v t Av Gas Spec _—
Certification — ws N
Protocol
Development A
AF combystion A T T
) See Also CAAFI Certification Roadma
Cert. Process rules andjtools"  Effort to Codify AF “Rule & Tools” f .
Dev. 510-2 pgm begins (1.1) Contaminant Released (1.4)
(1.5) levels for .
DXXXX (1.2) AFRL Biomass
Swift Turbine Fuel Feas. Study (7.4)
Testing (7.2) v
Performance
Studies A
Rentech NG F{T Syntroleum R-8
evaluation beg. HRJ evaluation
(7.1) completed (7.3)
Completed A Funded Plans
A (Public/Private) A Unfunded Needs 10/22/2009

Result Target Vision



Level 3 Research and Development (3 of 6)
Fuel Property Testing

Category 2008 2009 2010 2011 2012 2013 2014 2015 2016
Swift Turbine|  Chemical Kinetics y
Research Fuel Mechanism Fuel Thgrmal Stability
Report 50% Formulation Development for Studies for new
HRJ (5.8) Studies (5.10) Combustion of F-T alternative fuels
Fuels (5.12) (5.18)
Fuel Property -
Testi See Also CAAFI Certification Roadmap
e A A A A A
Shell in situ . . Fuel Thermal FRJ CRJ PRJ
Swift Turbine Fuel Thermal o !
Shale kero Fukl Materials Stability Stab!llty Stu_dles for (5.32) (5.33) (5-34)
evaluation (5.1) cdmpatibility  Studies for 3 F- avalla:)slelil)ofuels
(5.7) T(5.9) :
Eval. of Eval. of
) HRJ Mat Ground sls. Mat.
Basic Fuel Spec. Fit-for-Purpose  HR) Fuel Extended Compat. Fire omp’hts Compat.  syrvivability/ |Infra- Eval. of Fuel
Prop. (5.2) Prop. Prop. (5.6) Award Prop. Cand.1 Protect Cand.2  vuylnerability structure | Tox.Cand.2
o (5.4) (5.25)\ (5.11) (5.13)  (5.15) (5.14) (5.17) (5.19) (5.20) (5.23)
. |
\A \VARY/ Y4 vV W vV NV |V
Fuel Property . . B .
o ili Rrom AFRL/AFCO Combinefd Roadmap - BioJet Certification - Being Updated
esting (Military)
AA AA A A A A A A
Gov't Fuel Gov't Fuel FFP Repor{ HRIDelivery  HRI HRI FFP ReportEval- ofFuel  HRJ SE&V
Buy 1(5.3) Buy 2 (5.5) HRJ 50/50| #1 & #2 (5.26, Delivery #3 Delivery #200% Synth!o% Capd- 1 (5.22)
(5.30) 5.27) (5.28) (5.29) (s31) (521
Completed A Funded Plans ‘
A (Public/Private) Unfunded Needs 10/22/2009

Result Target Vision



Level 3 Research and Development (4 of 6)
Component and Engine Testing

Category 2008 2009 2010 2011 2012 2013 2014 2015 2016
. . Testing of Testing of Testingof F- | Evaluation of
Biojuel ~ Biofuel  F-Tand IndiapaF- r1.°q4  Tand Bio Biofuels
CombRig APU&  Biofuels 16 Study pis fuels fuels Using NASA FRJ CRJ PRI
Test|(2.8) EngTest Conceptl (2.11) Concept2 Concept 3 DC-8 (2.29) Component Comppnent Componen
(2.9) (2.10) (2.20) (2.24) Rig (2.36 Rig (2.37)  Rig(2.38)

\VA \V4 vV V w

See Also CAAFI Certification Roadmap

A A A AA

Component &
Engine Testing

Swift Fuel [ HRJ Cand. Cand. Fuel 2 FRJ Eng/APU CRJ PRI
Eng Testing Eval. of 2F- qyf Fuel 1 A/B \/B Eng. Test (2.39) Eng/APU Eng/APU
(2.11and  TFuels FuelEng Eng. Test (2.28) .40, (2.41)

2.12) Using NASA Testing (2.23)

- 2.16
DC-8(2.45) ) Alt Av Gas pump

1 test (2.42)
Biofuel HRJ Sf’gla:ﬂ PAW
F-15 E-T Engine Small 100% F-T/ All USAF Sys HR] Cand. 2 Canada Bio
Fuel Eng F-22 F-T HRJ Compn’t2.35)  F404 Epgine 100% F-T APU Tests Blend
Test (2.2) Eng Test Tests (2.7) Canada pepyg Ethanol Certification(  (2.26) (2.33)
(2.4) Yw (2.17) <2-34\ 2.25) '
~

VV V_V V]

From AFRL/AFCO Combined Roadmap - BioJet Certification - Being Updated

AA A A

Component &

\A 4 \4
Engine Testi
(I\r}l%llil’:aery()es e A A

F-T Fuel FheET e HR) HRJCand.1 Comngld.
GSE/ESOH/ Eg Test £ Cbmngld, APUTest  (FT/Bio)
Infrastructure ng Test ; (2.22) A/B APU
2.6) (F1/Bio) A/B
Certification (2.18) (2.27)
Eng. (2.19) :
(2.3)
Completed A Funded Plans A
A (Public/Private) Unfunded Needs 10/22/2009

Result Target Vision



Level 3 Research and Development (5 of 6)
Flight Testing

20122013 2014 2015 2016

Category 2008 2009 2010 2011
747 Flight
Airbus ANZ 50% . Qatar GTL  Airbus 50%
380 GTL HRJ Jathropa’37 Flight  comm syt Fuel
. 0,
flight (4.4) (4.15)  CALS0% iioht (4.36) Flight Test
HRJ (4.16) L4'37)

V__V

Flight Testing

7 Flight JAL 50%
AltAvGas  prjcamelina

747 Flight
4.39
VAA 20% ( (4.17)
FAME (4.3)
F-15 F-T Fuel
Flight (4.6)
B-1F-T C-17F-T |KC-135F-T| T1-38F-T A-10F- B-2F-T T-6/F- HH-60 F18  EvaloF
Fuel Fuel Cert. i _ ) val. Eval. Of Bio & FT-Bio
Flight  Fligh . fuel TN e bt T Biofuel pathfinger Pathfinder A/C igh Al
ight ight |Complete|  Flight (4.18) Flight Flight Flight Flight  A/C Candi1 athfinder _ng Alt.
(4.5) (4.7) (4.13) (4.12) (4.21) (4.22) (4.19) (4.38) (4.29)' Cand. 2 (4.31) | Flights (#.33)

\4 VW |V VYV \Y4 \Y

Flight Testing From AFRL/AFCO Combined Roadmap - BioJet Certificatioh — Being Updated

(Military) AA A AA | A A A

F-35F-T Bio & FT-Bio Big & FT-Bio

/N .
2t b e CV-22 RQ-4 Fligh :
';SelliithI FEezle |Fith C-band C-130F- T Elight (4.35) Flight Fighter Fighter FSE
T Fuel Flight (4.24) Flights (4.32 434
(4.8)  Test(4.9) PR (434
Completed A Funded Plans A
A (Public/Private) Unfunded Needs 10/22/2009

Result Target Vision



Level 3 Research and Development (6 of 6)
Production Studies and R&D

Category 2008 2009 2010 2011 2012 2013 2014 2015 2016
Study — Req. DARPA Algal DARPA Algal
DARPA Algal UPM BTLBiomass & Biofuel Phase Biofuel|Phase
Biofuel Kick- NRDC Plant Firald. Quantities | Complete Masdar Il Complete
Off (9.1) Algae TECN'S(9.7) (9.4) (9:2) Halophyte (9.8)

Study od Study

Production \ AR 4 vV _V - V

Studies

DOE CBTL Study (9.5 Alt Av Gas Prod A Alt. Biomass Processes
(9.9) BioQil Cellulosic Study F-T Reactor DARPA Algal
Pyrolys|s (9.6) Studies and Biofluel Ph

Bio Aromatic Blend Procesk DARPA Algal : N o
B Alt. Biomass Catalyst Il jomplete

DARPA Algal  Stock (8.18)  Demo(8.19)  Biofuel Phase | Processes Development 8.9

DOE CBTLR&D Biofupl Kick-Off Ngphtherfiemplete (8.6) . . (89)

Do é?l)ulosic Ethanol

Awards (8.10) (8.2) drgp-in HRI - (8.11-8.14)

i (8.16)
e *VVWW|V "V V

A A A

Production R&D

A Basic Eng Package for A

. Commercial HRJ Plant / Aromatics for Green Jet from Naphthenic drop-in HRJ
!\laphthenlc drop- (8.3) F-T Reactor Baseline ligno-cellulosic pyrolysis oil pilot —subscale (8.8)
in HRJ — PoC (8.1) Studies (8.5) with wood, corn stover (8|15) .
Commission and Start-

CRC Aviation fuels  miT/RaND UNER Biofuel
medting (6.4) Alt Jet Feas Assefsment  Construction of ' Aromatidfraction fdr Green Jet
LCA Confelrence \ (6.12 (8.11) Renewable Oil Refinery (6.7) from lighocellulosi¢ pyrolysis

(6.2) vRefinery (6.6) v oil gommercial (6.8) v

A T — See Also GAAFI Bysiness|Roadmap

o OMEGA-Aviati Completed Design for —— FRL Paper to ,
CRC Aviation Fuels (6-3;/'3 on - enewable dil ICAO (6.10) See Also CAAFI Environment Ropdmap
Meet’g (6.1) .

up af Renewable Oil

Other

Refinery (6.5)

Completed Funded Plans
A A (Public/Private) A Unfunded Needs 01/10/10

Result Target Vision




Level 3 Environment(1 of 2)

Category

Quantify LTO
emissions

Quantify Altitude
emissions

Quantify
infrastructure
impacts

A Planned
/5 Desired
2005 2007 2009 2011 2013 2015
NASA/ NASA- Comm. Comm. Comm.
S MED OO, g HITTS pger
. ] ue
Rig Test Rig Tests Test He e
' v \\-’I \;/ \;I
A A A P
C130 B-52 AF  FT
Test Test Engine Comm.
Flight Test2 Engine
FAA Altitude Test
Parametric - if warranted
Studies
v 4
Impact Injpact giﬁ_p\)act Impact
analyses analyses nalyses analyses
Fuel'2 Huel 3 Fuel' 4
Comm.
Equip test
A /I_\\ /I_\\ /I_\\ /I_\\
Characterize =~ Assessment Comm. Comm Comm.
military| GHE with of benefits of Equip test Equip test Equip test
FT fuels single fuel Fuel 2 Fuel'3 Fuel'#

Fuels 2, 3, 4 etc. could be CTL, GTL, BTL via FT, other bio, etc. as defined by what

fuel producers are likely to drive to

10/24/08




{ A
Level 3 Environment(2 of 2) Planned
7\ Desired
Category 2005 2007 2009 2011 2013 2015
If warranted
heavy metal Test Fugl 2 Test Fuel 3 Test Fuel 4
Impact
assessment . .
Toxicology impactg
A
AF
Tests
Heavy metal In-deoth In-depth In-depth In-depth
content n-aept assessment  assessment assessment
assessment assessment Fuel 2 Fuel 3 Fuel 4
Net environ. r ;
impacts
A A A A A
gggrcz)ahonal %r&er ¥S gfﬁdplng Operational Operational
plant data S ternationa - y plant data plant data
| data Air Canada H2|fuel cell
GSE
v
Compare GHG
P rdxn A Py 28 B -
FAA Operational Operational Operational Operational
Scopin Assessment Assessment Assessment
Stuo?y ) AESEE I Fuel 2 Fuel 3 Fuel 4
Fuels 2, 3, 4 etc. could be CTL, GTL, BTL via FT, other bio, etc. as defined by what 10/24/08

fuel producers are likely to drive to




