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Glossaryof Terms and Abbreviations

. AGE 8571 Aviation-grade ethanat 85 percent

. Air taxiT on-demand operations undeAR Part 135

. AKI T Anti-knock Index; the octane rating found at automotive gasoline pumps that
takes the average of tROON and MON ratings

. AOPA Aircraft Owners and Pilots Associatioa 7Gyearold association with
approximately 4%,000 members and a group that lobbies for general aviation interests
(Dancy, 2010)

. AP1T American Petroleum Institute; trade associatioveting all players in the oil

and natural gas sectors with corporate members numberind\do0t(AP] 2010).

. A&P mechanid a mechanic that works on aircraft and has passédritame and

Powerplant certificatg exam under FAR Part 65

. Aromaticsi a class of hydrocarbons that identifies its carbon and hydrogen
arrangement; monoaromatics exist in aviation gasoline like benzene (Hemighaus,
Boval, Bacha, Barnes, Franklin, Gibbs, Morris, et2006,p. 8586).

. ASTM International American Society for Teémg and Material$nternational; sets

the standards for petroleum and oil specifications
. Avgasi aviation gasolingaircraft fuel formainly pistonpoweredsparkignition
reciprocatingengines that abide by ASTM D910 standaadd Defence Standard-91

90 from the United Kingdom Ministry of Defence

10.BA i Business Aviationgeneral aviation flights used for business purposes (National

Business Aviation Association, 2010).

11.BDC i Bottom Dead Center; the furthermost position the piston travels when it is at

thebottom of its stroke
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12.Binaryfueli a fuel that uses two main hydrocarbon components.
13.BTUTiBriti sh Ther mal Unit; a measure of a f
translated into the amouat work it can perform in foepounds (De Remet996,p.
49). Otherwise defined as Athe quantity o
Ib of water 1 °F.. equivalent to 778 ftbs of mechanical work.(De Remer, 1996, p.
49).
14.Carburetoii a device used in low performance aircraft to meter the comemtiat of
fuel intothe enteringair wherethe fuelandair are mixedandthentravelto the engine
via the intake manifold to be combus{gtemighaus, et al., 2006, p.;A®mbardo,
1999,p. 79. It uses a venturi system to create a vacuum within the iegdoio draw
the fuel out of the carburetor bottrough a jet in the venturi throat where the fuel
vaporizesand mieswith the air(Hemighaus, et al., 2006, p.;A18mbardo, 1999, p.
79). The throttle controls the airflow entering the carburetathethrottle valveand
the mixture control lever manages the fuel flow within the limits of the set maximum
rich and lean settings for tiparticular carburetor (Lombard®999,p. 79.

15.Carburetor icing this occurs when ice forms in the venturi of the ceatar or

around the throttle valve causing engine roughoegsen making the engine quit if

the problem is not remedied. There are three types of carburetor icing and they depend
on ambient air temperatures, humidity, and various physics propgrtbasloss of

heat from vaporization and low pressure in the throat of the vébBwiiRemer, 1996,

p. 102102). Thoroughly understanding the causes of this phenomenon and learning
how to gply carburetor hegiroperlyshouldeliminate oreduce this problem.

16.Cetane numbéran i mportant quality measure of di

tendency to igniteo (C. Gonzalez, persona

2010).
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17.Compressiongnitioni aninternal combustioengine which does not use a gpplug

to ignite the fuelair mixture in the combustion chamber but uses the heat produced

from compression to start ignitioDiesel engines work off this principle.

18.Compressiomatioi it he r ati o between the vol ume

i n

BDC to the volume of the cylinder when the pistoni§& C. 6 ( Hemi ghaus,

2006, p. 68 The higher the compression ratio, the higher horsepower it should be
able to produce (De RemdQ96,p. 44).As compression ratio increases, cylinder
head tempeatures get hotter, and higher octane fuel becomes necessary for proper

operations (De Remet996,p. 50).

19.CRCi Coordinating Research Council an Ai ndustry coll aborat.i

(Coordinating Research Counc2008)that for the purposes of thisscussion
organized tw@anels designatdd find unleaded avgas alternatives that met octane
requirementstartingin the 1990s

20.Def Stan 91907 The United Kingdom Ministry of Defence standard for aviation

gasoline equivalent to ASTM D910.

21.Detonationi an abnormal combustiarondition in whichinstantaneous burning of the
remaining unburned fuelndair mixture in the combustion chamber ignites causing
damage to the engine from excessive pressure and {btessghaus, et al2006,p.
46- 47; U.S. Deprtment of Transportation Federal Aviation Administration Flight
Standards Servic&980,p. 22)

22.Displacemeni it he t ot al swept vol ume 02006a.l |
68). The swept volume is the region from TDC to BDC for a pistorciliader

(Hemighaus, et al., 2006, p. 68)

cyl i
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23.Distillation profile i the range of temperatures at which vaeoushydrocarbons i@

fuel blend boi$ or distills(Hemighaus, etal., 2008 s ed fAf or the i dent.i
puri ficat i on Distflatiom,nddh mpound. 0 (
24.Duty cyclei a term used to describe what an engine was desigmked More
specifically, i1t is fAthe engineds typical
and so on.o0o (Mac McClellan, 2009).
25.EAA i Experimental Aircraft Associatig associatiorthat isover 50 years old and
hasaround 160,00@nembers who aréedicatedaviation enthusiasts especially for
homebuilt and sports aircraft and whose leaders lobby fof@fkosh 3652010)
26.EIA T Energy Information Agency; a 3gearold independent statistics and analysis
agency attached to the U.S. Department of Energy to pranidi@sednformation on
energy to Congress and the puliibdout EIA n.d.).
27.Elastomerid a polymer that has elastic, rubbige characteristicslastomeri¢
2010).
28.EPAT Environmental Protection Agency.S. agency granted power under the Clean
Air Act of 1970 to protect human health and the environnidist¢ry, 2008 Our
mission n.d.).
29.ETBET Ethyl Tetiary Butyl Ether;an oxygenate that boosts octd@e& A, n.d.)

30.Ethylene dibromidé scavenging age to rid engines of lead builg creating a

chemicédcalled lead bromide which dsiaircraft engines as exhaust, is toxic, and
moreoverthas been banned since 1987 by Montreal Pro{dtalone, 200%.
31.Experimetal i a class of aircraft that fall undEAR Part 21 certification mainly for
amateuwbuilt aircraft, exhibitions, racing, or test flights.
32.FAA i Federal Aviation Administratigrregulating agency for aviation attached to the

U.S. Department of Transpotitn.
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33.FADECT Full Authority Digital Engine Contrglan electronic (EEC: electronic
engine controller or ECU: engine control unitjit that controlsircraft engine
performance by adjustirgparkignition timing in each cylindercontrollingfuel-air
mixture, cylinder head temperatures, exhaust gas temperatures, manifold pressure,
power, and startingiimed atmaximizng efficiency for a given power setting
(FADEC, 2010 Smith, 2007.

34.FEART Federal Aviation Regulationsules dictated by the FAA for aviat
operations.

35.FAST Future Avgas Strategy and Transition PlaiisAMA group that should help
industry implement unleaded avgas solutions (Rumizen, 2G@@prised of GAMA,
EAA, AOPA, NATA, and API with the participation of the EPA and FAA
(anonymous, psonal communication [telephone call], February 26, 2010).

36.FBO1T Fixed Base Operator; service providers on airports often covering fuel, hangar
space, maintenance, flight instruction, and charter operations.

37.EQET Friends of the Earth; environmentalist gpathat appealet the EPA to
reconsider national ambient air quality standards for lead in.2006

38.Fuel boiloffia condi t i o nvapeipressuee remchésatendsphsric pressure
at agiventemperaturand it boils(Hemighaus, et al2006,p. 49) Aviation gasoline
is made up of different components, so when-bffibccurs, the lightest components
evaporate firstvhich results in &hange irfuel compositionfHemighaus, et al., 2006,
p. 49) Boil-off will occur as an airplane goes up in altituaberethe atmospheric
pressure decreasesd although pressure differentials between the pressure in the fuel
tank and the atmosphere equalize relative
temperature takes longer to decrease relative to the analméemperature

(Hemighaus, et al., 2006, p. 49nhe temperature decrease with the rise in altitude and
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the cooling achieved from evaporation help cool down the fuel and allow it toaeach
new equilibriumreducingfuel boil-off (Hemighaus, et al., 2006. 49)

39.Fuel injectioni a system that delivers vaporized fuel fual injectorsdirectly into the
intake ports to be mixed with the @ist prior to or at the moment of enterimgo the
combustion chamber. Advantageous over carburetors for mordustehstribution
and no carburetor icinHemighaus, et al., 2006, p. 78)owever, there tends to be a
greater risk for vapor lock in these systdiidemighaus, et al., 2006, p. 70)

40.G 1 Stands for GAMI in its G100UL fuel.

41.GAT General Aviationall flights not designated as military or scheduled airline
(National Business Aviation Association, 2010).

42.GAMA i General Avidion Manufacturers Associatipan association that represents
the interests of Aover 60 of -wingpgeneralor | d o6 s
aviation airplanes, enginesvionics and ¢ o MpootrGAMA rsd). b (
disseminates information on GA statistics and educates the public about the benefits of
GA.

43.GAMI 1 General Aviation Maodifications, Inc.; a company that has a pressensitive
sparkignition managemergystem in the process of certification. They also recently
unveiled their owrnuniquel100 octane unleaded fuel blend called G100UL.

44 .Heptand a reference fuetompared against isooctatiat has zero percent octane

(Hemighaus, et al., 2006, p. 46)

45.High performanceirplanei a plane which has an engine with more than 200
horsepowe(Title 14 Aeronautics and spac€010)

46.Horsepowei a measure of power to show how much work a machine can perform
a given amount dime. One horsepower is equivalent to 33,00t per minute (De

Remer,1996,p. 7).
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47.Hydrocarbond d ef i ned b e sAviationnFuels TexhnicabRedesw Hor gani ¢
compounds composed entir el(Memgliausceaal.,b on and
2006, p 85) There are four main classes identified by the number and arrangement of
carbon and hydrogen atoms they contain: 0
ar o ma tHemighaus) et al., 2006, p. 8Parrafins and aromatics are elements
found in the highst percentage in aviation gasolifiéemighaus, et al., 2006, p. 85)

48.1A 1 Inspection Authority; @ualified A&P mechanic thatan carry out specific
aircraft inspections

49.1A0OPA T International Aircraft Owners and Pilots Associationi t 1 s fAa nonpr

federation of 66 autonomous, nongovernmental, national general aviation
or gani zlaternatomakAjrabaft OQwners and Pilots Associatj@910) that has
been in activity for 35 years and represents more than 470,000 constituent members
(International Arcraft Owners and Pilots AssociatipA010).

50.1sooctané a reference fuetompared against normal heptdhat has 100 percent
octane(Hemighaus, et al., 2006, p. 46)

51.Lead bromidé toxin that exits aircraft engines when ethylene dibromide, a
scavenginggent, combines with tetethyl lead so as not to leave lead deposits in the
engine. Banned by 1987 Montreal Protocol (Malone, 2006).

52.Leanmixture ratingi octane rating tests of a fuel in a high@akfuel ratio similar to

cruise flight(De Remer1996,p. 90;Hemighaus, et al., 2006, p. 46)

53.LL i low lead; referring to 100 low lead aviation gasoline which is colored blue and
contains about two grams of lead per gallors called low lead because it has half as
much lead per gallon as 100 octane fbat,compared to automotive gasoline when it
was leaded, it contains twice as muBh Yisser, personal communication [telephone

interview], Februaryl9, 2010).
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54LSAiLi ght Sport Aircraft; a finewd cl ass of
weighmore than 1320 pounds on takeoff (or 1430 pounds if the aircraft is used on
water), go faster than 120 knots, have a stall speed no greater than 45 knots, seats two
people, singleengine reciprocating, nepressurized, and fixed gear unless the aircraft
is used for water (Smith & Buchanan, 2008).

55.Magnetoi self-contained ignition system that is independent from the electrical
system of the airplane (De Rem&896,p. 221). There are two on pistpowered
reciprocating engines today and each are connectenket spark plugachper
cylinder.

56.Mixture 1 an aircraft engine control that allows the pilot to manually set theafuel
mixture going to the engine

57.Mogasi p i | jargosfdr automotive gasoline used in aircraftd follows ASTM
D4814.

58.MON i Motor Octane Numbera laboratory test with a high load configuration to
determine the amount of octane in a fuel and its value is always less than RON
(Barber, R., Carabell, K., Freel, J., Fuenidflick, P., Gibbs, L., Gooch, H., et al.,
1996,p. 5)

59.MTBE i Methyl Tertiary Butyl Ether; a cheap oxygenate that boosts octane that has
been banned in some U.S. states dwelistory ofgroundwater contaminatio{Fuel
ethers n.d.) It is not classified as a human carcinogen by the EPA or in the EU
althoughitisot he EPAGs cont afuehahersndrCQuernview d at e | |
2008. The Blue Ribbon Panel designated by the EPA to shelyenefits of
oxygenates and provide recommendations on their use, decided MTBE should be

phased out as an oxygenate in the.th000(Blue Ribbon Panel, 1999).
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60.NAAQS i National Ambient Air Quality Standards; standards for air quality
mandated by the ERA

61.Napthenesone of the cl asses of hydrocarbons t
(Hemighaus, et. al2006,p. 85) of agas, but are major components for jet fuel
(Hemighaus, et. al., 2006, p. 85)

62.NATA T National Air Transportation Associatipprovides national certifying safety
seminars for aircraft fuel servicing and more

63.NBAA i National Business Aviation Associaticemn association that serves the needs
of the business aviation community in the U.S.

64.NEI T National Emissions Inventory; collects air quality data for the EPA

65.NFPAT National Fire Protection Association; U.S. organization that sets standards for
aircraft fuel servicing

66.Nozzlei a tube through which fluids or gases flow. In the case of a carburetor, the
venturi is a nozzle that is convergahien divergentand has a throat-inetween the
two ends

67.0ctane’ determined to be the most important parametaniaviation fuel for safe
and reliable operations as it provides &«mcking characteristig€iurczak, 2008 It
is the measure of the volume percentage of two reference fuels called normal heptane
and isooctanéHemighaus, et. al., 2006, p. 46)

68.0OEM 1 Original Equipment Manufacturer; term used when speaking of any part of a
plane {or example the engine, propeller,tbeairframg that was originally designed,
manufactured, and then approved for use by regulatory agencies.

69.0lefinsT one of the classex hydrocarbons not usually found in either avgas or jet
fuel (Hemighaus, et. al., 2006, p. 8kgss desirable in avgas or jet fuel as they cause

gumming of the fuellemighaus, et. al2006, p. 6&.
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70.1007 One hundred octane leaded aviation gasolink abbut four grams of lead per
gallon of fuel and is green in color. No longer in great circulation as it has virtually
been replaced bystiower leaded counterpart: 100
71.100LL T One hundred octane low lead aviation gasoline that has around two grams of
lead per gallon of fuel and is blue in color.
72.Paraffinsi one of the classes of hydrocarbons draa major component in both
avgas and jet fuel, isooctane being an example of this type of constiieenighaus,
et. al., 2006, p. 85)
73.Part 135 FAR rggulations coveringnd e mand oper ati ons such as
and aereme d i c al 0200Q8p.A2K) Aervices

74.Performance Numbérthe measure of octane in a fuel when it is above 100. It is a

mix of isooctane and tetraethyl lead (Hemighaus, e2@06,p. 46).

75.Pipelinei the most economical method of transporting a finished petroleum product
(Trench,2001,p. 2-3). This cannot be used for avgas as the lead content could
contaminate other products that pass through the pipeline afterwards.

76.PMA T Pats Manufacturer Approvaguthorization from the FAA for a company to
manufacture parts.

77.Poweri a measure of how much work can be performed over a period of time: it is the
Arate of doi ngl99m.r7Xlti®exdgrebsed irRfepounds per
minute (horsepower) or in watts (joules per secdbg)Remer1996,p. 7-8). The
conversion is the foll owil9®@p.7)il hp = 746

78.Preignitioni an abnormal combustion condition in which hot spots in the cylinder
head cause ignitioprior to proper timing and results in major damage to the engine to

the point of complete loss of powgtemighaus, et al., 2006, p.;A0.S. Department
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of Transportation Federal Aviation Administration Flight Standards Seld&84,p.
22).

79.Reduction gedoxi mechanical method which uses sets of gears to reduce the

rotations per minute engine output to a range acceptable for progBietsrelli,
2009d)

80.Refineri a branded oil company or broker that usually extends other services
including additionalnsurance coverage, credit card loyalty card systems, and
marketing supporfThey are not necessarily integrated with refineries, althagugh
2002,78 percent of refiners in the U.S. waKleit, 2003,p. 13).

81.Refineryi the production facility where ade oil is processed into a finished product.
Not necessarily vertically integrated with the companies that sell their product
although 78 percent were in the U.S. in 20Qit, 2003, p. 13)

82.Reid Vapor Pressu®VP)i a measure of fuelolatility expressed in pounds per

square inch (psi). Aviation gasoline specifications require its RVP to be from 5.5to 7

psi maximum (T. Petersen, personal communication [telephone call], February 19,
2010). I n comparison, automotsiffle gasoline
Petersen, personal communication [telephone call], February 19, Z0&®igher the

RVP, the more volatile it is as it evaporates more readily and can thus be rgored

quickly.

83.Richrmixture ratingi octane rating tests of a fuel in a highltt@air ratio similar to a

takeoff modgDe Remer1996,p. 90 Hemighaus, et al., 2006, p.)46
84.RONT Research Octane Numberlaboratory test with a low load configuration to

determine the amount of octane in a f{gdrber, et al.1996,p. 5)
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85.Servieceilingiint he al titude at which the airplan

than 100 f e &.S. Dppartmennaf firanspertation Rederal Aviation
Administration Flight Standards Servid®80,p. 309).

86.SF1 Abbreviation for Swit Fuels inthe name of theit00SFoctane unleaded fuel.

87.Sparkignition T an internal combustioengine that uses (a) spark plug(s) to ignite the
fuel-air mixture in the combustion chamber.

88.STCi1 Supplemental Type Certificate; an official documesited a Type Céificate
from the FAA authorizing an aircraft tee modified from its original design
(Supplemental type certificat2008)

89. Stoichiometrid a balanced chemical mixture in which all the air and all the fuel are
used up (De Remet996,p. 8586; Hemighauset al.,2006,p. 41). For small aircraft
engines it is fna ratio of fifteen pounds
1996,p. 85).

90.TAME i Tertiary-amylmethylether; an ethelbbased oxygenate that boosts adsiel
octane Q & A, n.d.).

91.TDCi TopDead Center; the uppermost position the piston travels in the cylinder

92.Terminali a key distribution point in the supply chain of a finished petroleum product
(Trench,2001,p. 15) It may be connected to the refinery or it may be at the end of a
pipelineat the point of service or on a fuel farm where products may be blended and
then shipped via truck, barge, or rail ¢arench, 2001, p. 15Ferminals may or may
not be owned and controlled by integrated refirgtsit, 2003 Trench, 2001, p. )5

93.Tetraethyl lead toxic yet cheap and effectivactane boosting fuel additive found in

aviation gasoline

94.ThrottleT an aircraft engine control that sets the power level. It either controls the

volume of air entering the cylinder heads if the aircraft is-figjelctedor it controls
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the airentering the carburetor where it mixes with the fuel and then travééls to
cylinder heads$o be combusted

95.Turbineengines engi nes that produce fApowed7, by t he

p. 12.

96.Turbachargei the actof using the exhaust gases on a normally air aspirated piston
engine to drive a compressor that adds more air to the intake manifold so that an
engine can create more power without increasing the size (or the weight) of its
powerplant (Knuteson, 1999).
97.Turbojetian engine that wuses a fAcomplOEFPsor , cC(
14 to produce power by means (Gigi97tpacti on

14).

98.Turbonormalizei the same idea behidrbo chargingnly with the intention of
maintaining the power output of the engine at sea level pressure rather than boosting
the power of the engine as witlrbo chargingKnuteson, 1999).
99.Turbopropia At ur bine engiOtglop1) a propell ero

100. Type certificatd authorization fom the FAA after validating tests that a part,

engine, airframe, etc., have approved safe and reliable operating characteristics and
performance criteria.

101. UADG 1 Unleaded Avgas Development Grouame of the panel on the CRC
of NA60 member gordanizations hEudidgiADRPAe EAA, ICessna, and
t he FPdafutdre2008).

102. UL 7 unleaded

103. Valvei on a reciprocating engine, there aseially onlytwo per cylinder head.

One serves for induction and opens during the intake stroke of-atfole pston

poweredreciprocatingengine. The other is the exhaust valve that allows combusted
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gases to exit the combustion chamber (a.k.a. cylinder head) during the exhaust stroke.
Due to exposure to the high temperatures from the exhaust gases, the exhaust valv
made from and treated with sturdier, higher temperaesistant materials than the

intake valves (De Remet996,p. 3J).

104. Valve Seai best described by Dr. De Remer in his béaicraft Systems for
Pilots(1996):Ah The v al ve s e &btfhardenedmetaliwhichyprotectther i n g
relatively soft metal of the cylinder head from the hammering action of the valves and
from the exhaust gases. o (p. 29).

105. Valve Seat RecessigiSR)1 an occurrence in which the valve travels beyond

its seat into the dynder head usually because the valve and valve seat are either not
lubricated enough to avoid deteriorating each other, the metal alloys the valve and seat
are made of are too soft, and/or due to normal wear and tear for the life of the valve
andseatt Alhough todayds engines use harder va
1950s modelsEngine overhayl1994, it is still recommended by OEMSs to break
newly overhauled engines using leaded avgas to properly lubricate the valves and
seats and avoid VSHgine overhaul1996; S. Johnson, A&P and IA mechanic at
Wisconsin Aviation, personal communication [telephone call], February 2).2010

106. Vapor Locki evaporation of fuel in the fuel lines because they are too hot
causing a disruption in fuel flow and resodf in possible fuel starvation that stops the
engine.Occurrence that is especially dangerous while in flight.

107. Venturii a nozzle that is convergent and then divergent. Its shape is what
creates a low pressure area at the throat that speeds up thétthewloids going
through it. A venturi system is found in carburetors to draw out fuel and vaporize it in
the throat of the venturi so that fuel and air can mixtaedbe combusted in the

engine.
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Executive Summary

Backgound

Inthe 190 6 s 2 Gafterinflich experimenting with various fuel formulaticas,
special metal additive wastroducedhat provided artknock resistancthat wouldenable
larger and more technologically advanced engioehibit betteperformance(Kovarik,
1994/1999. Engine andy extensioraircraft manufacturers during these early ssagéoth
motorizedautomotive andviation historyrealized that power and speed were limitaat
t h ey exdctty nonprehend whiKovarik, 1994/1999)It wasalsonot knownwhat
caused the damaging knockingise the engines madadwas thusmistakenlyattributed to
electric motorstartes or to heat absorptiodifficulties in engines withioo high of
compression ratiodkovarik, 1994/199% A petrolresearchenamed Charles F. Kettering and
his assistant Thomas Midgleagnd lateMi d gl ey ds col | eddghoette h o mas
years of research on various fuel formulations and additives to both address the pinging noises
heard in engineand to find a wa to elongate the petroleuonude oilreserves (Kovak,
1994/1999) Shortly afterits discovery, étraethyl leado e ¢ adnk€ e tiit enagicani 6 s
knockof(Kodar i k, wbBdprbVvidéts angRknock rhasgimecessarjor
enginedo be desiged both more efficientlio burnthe fuel more fully in the combustion
chambers and to generate mbogsepowe(Kovarik, 1994/1999)Leadwas addedo lower
guality petroleum in low percentage volunzsl this in combination with more effective
combustim in the engines was recognized as an effective method for stretching the usage of
refined crude oil products teelpaddress oil shortage issu@ovarik, 1994/1999)Without
goingtoo muchinto detail about its advantages over other fuel additvesduce knock
tetraethyl leaddid nothavea high freezing point, did not gum while in storage, did not lower
the overall energy content or BTUnd very little of it was needed to provide the bendfits

was designed to deliv€Kovarik, 1994/1999)Tetraethyl lead did attack parts of the engine
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if too much was left behind after combustion, thus the need to use a scau@igas

bromidewhich achieved market dominantemeet this purpose (Kovarik, 1994/1999).

Overall tetraethyl leadbecamehe low pecentage additive of choide help alleviate

demand®n oil reserves and to prevent knock even thdwegdith concernever its

manipulation hadlreadyo e en br ought t o fromhite onpeftKbvarik,c 6 s at t er

1994/1999).

In the 1940s, turbine techlogy startedrapidly surpassing its piston counterpavtth
the birth ofthemodernjet engire (Otis, 1997. These enginesould useaviation gasoline
(avgas)butonl y i n thergeaseyodl aar fianeadjeténfnes s , 199
reactmore properly with kerosene or jet fuelithout gasolingOtis, 1997, p. 261 As jet
powered aircraft took precedence on the market, particularly in military operations, demand
for leaded avgas declined dramaticallyhere once there were very precise fualdgs from
73 octane to 145, in approximately ay&ar period, roughlthreemain grades of avgas
remained 80/87, 91/98and100/130 (Hemighaus, et a2Q06,p. 4344). The quantity of lead
in each fuel varied with very little on the bottom of the sealaround 0.5 grams per galltm
more than four grams per gallon on the top @e Remer1996,p. 90. By 1964, leaded
avgas fuel gradésontinung disappeancecaugd concern among pistaarcraftowners and
operators, in particular tHel-yearold interest group callethe Experimental Aircraft
Association (EAA) Who we are2010;About us2010Q. EAA began developing a test
program to allow for lower octane rated aircraft engines to be able to corgthareethanol
or premium grade unleaded autotive gasolinealled mogashe latterfor which they
succeeded in receiving authorization itsrusefrom the Federal Aviation Administration
(FAA) in a Cessna 150 with a Continenta2@0 engine in 1982ia a Supplemental Type
Certificate (STC) EAA avation fuels 2010) Petersen Aviation, a private agricultaieplane

spraying entity, followed suit creating 188ferentmogasSTCsin just tenyears from the
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winter of 1982 to 1993 (T. Petersen, personal communication [telephone call], February 19,

2010).

In the1970s 100/130 octane fuel came under scrutiny since it had a high lead content
at around four gims of lead per gallonfour times more lead than th&tund in leaded
automotive gasolinéHjelmberg, 2004anonymous, personal communicatiagidphone call],
February 25, 200)0Leadin automotive gasolindamaged the catalytic convertergich
wereused to reduce exhaust emissions in motor vehicles and thus smog, resulting in its
progressive phase out fraime 1970410 its final ban on Januafy 1996 Petition requesting
2007. The United States Environmental Protection Agency (EPA) allowed fooadf
vehicles and engines, marine csafind airplanes to continue using leaded fuels in disregard
of the Clean Air Act of 1990 until further t&sg would allow for them to find an unleaded
solutionthat would not affect safety and have an overbearing negative impact on the economy
(Ciurczak, 2006Petition for rulemaking2006. The aviation community respondamthis
Act by creatingwo committessin an organization tasked with research and development for
all types of fuels and gasolines for various sectors, the Coordinated Research Council (CRC),
called the Unleaded Avgas Development Group (UARG) theAviation Engine Octane
Rating Panetompgisedof 60 different members from 40 organizatio&yrczak, 2006;
Coordinating Research Council, 2008ust prior to these panélsreation avgas 80/87 octane
f u ealvailability began to be commmised resulting in its discontinuance the early to
mid-1980s(U.S. Department of Transportation Federal Aviation Administration, Y1984
Statebs |l egislature required empty, abandone
removed and disposed of to comply with environmental and health regulatianeast
abate risks that could affect th€emonymous, personal communication [telephone call],
February 25, 2010)'he 80/87 fuel tanks were removed, as were any atireededanks

that had been used for various grades of leaded avgas, and the gangoal market began
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seeing just ontank andgrade for sale at Fixed Base Operators (FBALO0 low lead (LL)

as was intende@ccording to Hemighaus, et a2006,p. 44)

This bluedyed fuel contaishalf the lead its greedyed near equivalent atcund two
grams of lead per galloAs 100LL in all intents and purposes except for lead content
complied with the American Society for Testing and Materials (ASTM) specification D910
for aviation fuels, the FAA granted an across the board approval fmgities and airframes
to use this fuel isteadof the 100/130gradeall their type certification hadriginally been
testedon (multiple anonymous contributors, personal communication [telephone calls],
February 22 to March 1, 20L(Bome large radial ancery high performance engines had
previouslycarried out the necessary testing and certification to Watdd from 115/145
grade to the 100/130 grade, so that operations on the lower leaded 100 octane fuel did not
negatively impact them consideralohudch more than when they had startesing100/130
(anonymous, personal communication [telephone call], February 26). Zb0arcraft and
engines that could not support the additional reduction in obawstbecame displaced,
meaning they found other nkats that allowed for the use of more heavily leaded fuels (C.

Gonzalez, personal communication [telephone call], March 4, 2010).

Current Situation

Fast forward to the present and the Frien
either carry out fcther ambient air quality testing to determine whether the remaining sources
of leaded emissions were hazardous enough to discomtimaduceheir operations because
of their impact on human health and safety, or to simply accept that any sourcerefddad
to beeliminated based on pribealth impacstudies and to end their operati¢Retition for
rulemaking 200§. The EPA has acted on this petition and has lbeerdinaing with the

general aviation industry to try and find an alternagixgpelant However,having completed
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more tharfif teen years of research, the CRC concluded that after laboratory testing more than
200 different blends of unleaded aviation gasolifepf which wereperformed in full-scale
enginetess, that there is no cledrop-in 100 octane unleaded fuel that would allow for safe
and reliable operations the same way leaded 100 octane fuetidoest further polluting the
environment with even more lethal additifesonymous, personal communication

[telephone call], Feloiary 23, 2010Coordinating Research Council, 200®espite these
findings, in October of 2008he EPA announced a reductiortlie National Ambient Air

Quality Standards (NAAQS) for lead from 1.5 milligrams per cubic meter to 0.15 milligrams
per cubic neter to be enforced in full by January 1, 20E&dt sheet200§. On December

30, 2009, the EPA announced a further reduction in lead emissions monitoring from potential
sources to a half a ton per year from the previous one ton per year in a notmgosegr
rulemaking Environmental Protection AgencRRevisions to Lead Ambient Air Monitoring
Requirements Proposed Ryl@®09. The general aviation community has not opposed this
ruling and therefore has not submitted any remarks during the comment @een though

an addiional 50 airports will have to be monitored from the original fthat fell into the one

ton per year emissions criteria (anonymous, personal communication [telephone call],
February 26, 2010Keeping things in perspective5 airports are onlyaboutone percent of

the general aviatiopavedpublic airports in use in the United Sta{general Aviation
Manufacturers Association, 200®nce the air quality testing completed, the EPA will

decide whether the sourceishercause ocontribue to the norattainment NAAQS for lead

and whether operational practices will have to be imposed at these giiyworésonymous

contributors personal communication [telephone glalFebruary 2% 26, 2010Q.

Industry continues to try to findther solutions and substitute formulas, yet
standardization, certification, and convincing companies to produce and distribute alternate

fuels will be the greatest and most expensive hiccoughs the community will be forced to
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address in the next few yealsis clear that the general aviation sector cannot continue to
exist in its current form producing engines and aircraft certified for a fuel that industry leaders
accept will soon disappear, atibreforemustact in a manner which will set the foundets

for a sustainabl&A future.

ASTM Standards

Developing and introducing new types of fuels is not a quick process as it requires
much studytesting and ultimately approval from the ASTM boardhis 112-yearold
organizatiorhas several standard segt committees including the Petroleum Products and
Lubricants section that would cover aviation gasolieout ASTM2010). Itis a consensds
driven member society madeupaohy st akehol der s fAAboutASTVMG mat er
2010) likeoil companes, additive producers, original equipment manufacturers (OEM), STC
providers, an@nyother concerned participaritdemighaus, et al2006,p. 54) They derive
aviation fuel grade specificatiossich as th©910.ASTM standards araternationaly
acceped as is their U.K. equivalent for aviation fuetdled the United Kingdom Defence
Standardsvhereaviation fuel grades fall under Def Stan $H&mighaus, et al., 2006, p.)54
The D910 speci fi cat paformasde prepertiess wdl dspeengting he f ue
certain additives omakingotheritemsmandatorylike it is the case witketraethyl lead
content(Hemighaus, et al., 2006, p. 5he D910 does not require that an aviation fuel have
a minimum amount of lead, but it does cap its maxmnoantent depending on the grade
(Hemighaus, et al., 2006, p. 5H)a fuel formula is proposed to the board and it does not
follow D910 to the letter, its members then decide which types and how long certain tests
must be performed in order to ensaogsistentperformance characteristiasvp anonymous
contributors, personal communication [telephone calls], February 24 & 26). ZbieXesting
required to accumulate the necessary data in order for the board to either approve a fuel to the

D910 standarder to create a new selepends entirely upon the degree to which the proposed
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fuel deviates from the existing standarti how much additional data the ASTM members
demandnt h e pr o p ongeeprogertiegahodsnous, personal communication
[teleplone call], February 26, 2010. Hjelmberg CEO Hjelmco Oil, Inc.personal
communication [telephone call & email], JanuaB/& February24, 201Q. Pooling responses
from the various phone interviews conducted on this subject, the ASTM specificatiossproce
could take anywhere fromonetosixyedre pendi ng on the fuel 0s
consensus the board arrives at for the testing proce@nuitsple anonymousorrespondents

personal communication [telephone interviews], JanuaiyMarch 1, 201D

FAA Certification

The FAA does not certify fuel grades; it allows the ASTM board to carry out this
function @nonymous, personal communicatitelephone call], February 22010.

Although some have alluded to the fact that the FAA could take ogkcdutification as it is

apparently allowed to do so under iits agency

[telephone call], February 25, 201@)probably does not due to lack of manpower to carry
out theseadditional functios and because theSYM board system is an accepted and proven
process for regulating fuel composition and performance specificafiertee FAA is
positioned to approve the operational performdimegtations of a part or machine
manufactured by an OEM or company designatadker a Parts Manufacturer Agreement

(PMA), any modification tdhe operating and performance measures documented during a

productdés type certification require additio

Administrator (two anonymous and separate d¢ouators, personal communication [telephone
calls], February 2& 26, 2010). his is how the FAA indirectly controls fueértification as

a new or modified formula from that which is already endorsed by the ASTM andrdther
thanthatunder whichthe aiginal product was type certificatedpuld require further testing

to verify whether the operational performance characteristics have ch@nvgethonymous
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and separate contributors, personal communicgtedephone calls], February 2426,
2010).Changes to performance limitations may include higher fuel flow rates, reduced range
and endurancgdonger takeoff distances especially under high altitudes and hot temperatures,
reduced durability of a pathanges to exhaust gas temperature and cylin@er he

temperature normalperatingrangesegtc. (anonymous, personal communication [telephone
call], February 26, 2010T.he type of testing required to determine changes to operational
performance limitations could go from a standard-t60r endurancandclimbing flight

tess with a complete breakdown of the engine or fuel system, to full lifecycle testing of a
products proposed durabilitpuch as 2,000 hours for an engine to reach its time before
overhaul (TBO)two anonymous and separate contributorssg@al communication

[telephone calls], FebruarylZ 26, 2010) Each test must be done for each engine and
aircraft model and its funding iIis entirely p
the testingandnot to carry it out themselves (amanous, personal communication [telephone
call], February 2, 2010). This is done after a proposed fuel has been approved by the ASTM
board and a specification sheet has been derived fdratefore, the potential for any change
from the status quo coufbtentially cost the industgnd its userbillions of dollars

(anonymous, personal communication [telephone call],Uzer24 2010)

Production and Distribution

Aside fromderiving appropriate fuel standards and certifying all parts whose
operatingperformance limitations depend on it, production and distribution are key
components in the general aviatipicture Eachelementdepends upon the othand so long
as there is demand for a refinerds product s,
(anonymous, oil refiner salesperson, personal communication [telephone call], February
2010) Members of the GA community recognize that avgasfacta fAbout i que f uel

(multiple anonymous correspondents, personal communication [telephone interviews],
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January 29 March 1, 20100ther fuels 2009, and itriskscarrying an even more expensive
specializedriceif volumescontinue inits current decent Avgas production equated to
approximately235million gallons in 2008and hese numbers should dediwith 2009 data
showing 219 million gallons as published on
(EIA) website (anonymous, personal communication [telephone call], February 25, 2010

Supply and dispositigr2009. Aviation gasoline production drconsumption hae been
dropping since t he e arRetyoledmONagatorasual&)B.own i n t

Product Supplied of Aviation Gasolitegble in Figure 1Retroleum navigatqr2009.

Figure 1 fiPetroleum Navigator: Annual U.S. Product Suppbédviation Gasoline

Annual U 5. Product Supplied of Aviation Gasoline
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NoteeFrom the U.S. Energy | nf oRemoedm Navigatée:d mi ni st r
Annual U.S. Product Supplied of Aviation Gasqglid@09.Available on the public domain.

Permission not requested.

The latesdecline is attribted tothedifficult economic context the U.S. is recovering from
and the high fuel prices, that according to Dave Hirschi@anior Editor of AOPA Pilot
magazinein an interview he hosted during the Aircraft Operators and Pilots Association

(AOPA) Summitin November 200%1as had the most negative impact on: GA
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€ a couple summers ago whire oil prices spiked and avgas prices were five to six
dol |l ars a gallon to seven dollars a gallo
essentially. It had a ane immediate and harmful effect on GA flying they

regul atory eecehbmenge t her eds

~

As avgasby definitionis aboutiquefues i nce 1t has fAa special i z
that is unigue to a particul ar emearketsentthé and t
same regional distribution syst@mOther fuels 2009)its production volume would probably
need to decrease even more beforprtsesreached comparable levels with othergsn
class.For example, car racirfgels thatrequiresimilar octandevelsasthat which is found in
avgas have much highgricesto the consumestarting asevendollars a gallon to 27 dollars
a gallondepending on the ble{t¥. Miller, Head of racing fuelsat Sunoco, personal
communication [telephone inteew], January, 2010).&2 racing fueds production volumes
arest i | | much | ower t han aVapsapergeagMt Millerr Headn d 1 0t
of racing fuelsat Sunoco, personal communication [telephone interview], January, 2010)
compared to avgad35million gallons2008 figuregSupply and dispositigr2009. Keeping
an avgas replacementdés price poidemandasd | ow as
thushigherproductionand consumptiomolumesto helpposition it away fromcomparative

specialized fuepricesin its classification

Other factors must be taken into consideration besides volume when pricing the fuel:
price of tetraethyl lead; price of other additives such as toluene, butane, isopentane, ethylene
dibromide, dye, and argther additive allowed by the D910 specification that a refinery may
want to include (Hemighaus, et al., p. , 2006); size of the refinery and thus the number of
crude oil runs done in a year to extract the comparatively small percentage of light alkylates
needed for avgas which also compete for automotive gasoline production (Hemighaus, et al.,

p. 6667, 2006; L. Hjelmberg, CEO Hjelmco Oil, personal communication [email], February
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19, 2010); method and frequency of distribution; the cost of complementaigeseprovided

by the refiner or broker to the retailer; taxes; and any other extra costs not included in this
non-exhaustive listMuch of this information is proprietary amlagus quite difficultfor an

outsider to put a price tag ewithout being privyto thedetailsconcerninghese elements

Current day avgas prices vary from out of the refinery at about $2.00 a gallon to a wholesale
price of $4.00 per gallon for a shipment of 1,000 gallons for a consamanymous

personal communication [telephoredlEFebruary 8, 2010G. Braly, Cefounder General

Aviation Modifications, Inc.personal communication [email], February 24, 20¥folesale
prices depend on the quantity and frequency of delivphiesthe related transportation costs
stateand fedeal taxes the latter value which is aroud@.4 cents o the gallon Fuel tax

refunds 2003.

Todayds aviation gasoline cannot benef it
infrastructure as the lead may contaminate other products that would pasghtafter it
besides becoming contaminated itsgth particulateswater, or lower quality gasoline
blends whose interface could mix into the aviation gasoline (Trend, 200%)pne of the
reasons why this fuel is slightly more expensive than jetagas.Transportation methods
can be categorized by price with truck being the most expensive followed by rail and barge
(Trench,2001,p. 2-3). Another reason is that holding tanks and transportation containers
must be dedicated specifically to the uséeafled avgas, again due to contamination risks.
One might hypothesize that blending of the toxic elements for avgas could be done at
terminals so that the fuel could utilize the pipeline structure. This method, however, is not
very practical for refinerssait multiplies the amount of risk associated with lead handling
including additional opportunities for spillgvhat drivesn.d.). An additional cost lies in the
cleaning and purging each refinery must accomplish after each run of leaded avgas production

in order to ensure no cresentamination with any other petroleum produktsw much all
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of these costs amount to is not easily vabke butone source estimated leaded avgas

transportation to equal three dollars a mile (E80)6,p. 1) If an unlealed100 octanduel
formulaisapprovecand it doesndt contain any other t ox
fuels in the production and transportation supply glgme of theostsrelated to théssues

just listedmay bealleviatedin the future.

Impact on General Aviation

What is clear from this exercise is that industry members are in disagreement as to the
best solution to pursue in order to cover the largest proportion of the existing GA fleet with a
new fuel formula without the leambntentwhich would simultaneouslgnsue a sustainable
futurethatmanufacturersould design foandfuel production oil companies wouklthree to
secure Some conclude that a tvioel system is the best solution since at least 70 percent of
the fleet would be covered with either a lowenctaneunleadedaviation gasolineersion or
mogas, leaving the minority to continue consuming leaded avgas at lower volumes, perhaps
appeasing the EPA. Others believe the economics areamettthbe able to support a two
fuel system as avgas consumption and production volumes are so low today compared to 20
years ago that refiners and refineries wit want to praluce even less avgas unless they
were able to increase their margins correspondjmilys today there is normallynly one
tank available for an aviation gasoliaeFBOs The best solution would be to find a high
octandeadfreedrop-in substitute but in fact technically it is still not proven to exist
althoughcertain new fuel formulations are in testing phaseaytoBven if the new fuel
formulations prove to work appropriately, there is still the ASTM certification and FAA type
certification loop holes to jump through which will both take years to implement and
potentially millions to billions of dollars of tesirand certificating. This is because any new
fuel formula not already exactly like the current ASTM D910 ledjicaly havedissimilar

properties from this specification which widlad to differingoperations characteristiesid
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performance data that seone will haveao accumulate anpay for beforedelivering it tothe
FAA for approval Infrastructure for production and distribution must not be ignored either,
for if a new fuel formulation uses bio inputs, processing is notahme ss with crude oil dn

thesetup costs linked tanew production facilitiesvill need to be financed.

To address these issues and assist the industry in metveagbn the best approach
for all players ishie FutureAvgas Strategy and TransitioRAST) committee headed by
GAMA representing its manufacturers, with memifersom t he oper ator soé si
producers, and the EPA and FAA (anonymous, personal communication [telephone call],
February 26, 2010}t is quite clear that not everyone agrees on the next best stegrdobut
hopefully through GAMAGOs | eader s tutupfund i ncl

will be sustainable fomore tharthe next80 years.

The second section of part two of this pageumeratea number of alternatives the
GA industry cold pursue to solve the avgas conundrdn§WOT analysis is carried out for
each using as much detail as possanidcompiling both industry insights collected through
informal telephone interviews of the most respected members in the general aviation
comnunity who have played an active role in equipping the industry with solutions and
information readily available in popular general aviation madidon regulatory agency
websitesFrom this more exhaustive list is derivedhmrtlist of possible venuesdustry
could pursue in order tmove forwardon the avgas dilemma. The recommendations section
further points to only a few tpcal, safe, reliable, and cestfective sustainable avgas 100LL

alternatives.

Option 17 1000ctaneUn | e a Brepdn Fa e That UsesCurrent Production and

Distribution Infrastructure
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As there is no real drejm 100 octane unleaded fuel that exists today, this optioh
the discussion that ensus<urrently only hypotheticallhe advantages to having a
seamlessly implementddO0 octane unleaded fuel using current production and distribution
infrastructure are numerous: it would keep the refiners and refineries happy as they would
continue to sell a niche market product at the same valumee consumer woul d
the pasdown effects of paying for any infrastructure-gptcoststhe consumer wuld not
have to pay for any engine modifications or hardware installations incurring acquisition costs
for theseso they ould keep their flying hoursip painlesslyandthe indwstry would finally
obtain a good corporate citizgnpimage for getting rid of the lead and being concerned
about public healthThe downside to the story could be the follogyiii the fuel formulation
di ffers greatly fr om tabahargcéss colldbe aponsuning ASTM
and expensive; the FAA certification procgecouldbeequally lengthy andostly
depending on operations performance datiéthe datacouldlikewise prove to be
satisfactoryand a blanket approvabuld then béssued. The costs accumulated in the
specification and certification process would most likely be passed down to the consumer
distributed amonghe price of engines, airframes, and the fuel itdé#fintenance projections
running on this fuel could be alterdwbpefully for the better, but it could go the other way too
affecting inspection times and TBO5s for production, no one knows what the price of the
components would be and whether teuld require expensive processes to make theon
how much of thhse costs would go through to the consuriRer example,n the case of
G100UL, George Braly in a video interview with Paul Bertorelli on Avwehtsthat the
components in his fuel formulation are wiiown by the industry, can be produced in
refineriesout t hey dondt c¢ u20i0e)hastly,\as theduel soomulétiBre r t or e |
and their componentsr this categoryareunknown, no onean attest tgust how long the

shelf life of these fuels would be. If they happen to be shorter than 100Ich Valsits about a
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year (Visser, 2005), those costs would too be transmitted to prodegpense and

ultimately to the consumer at the pump.

Option 21 1000ctaneUn | e a DBrepdn Fa e IThat CreatesNew ProductionFacilities

and aNewDistribution Supply Chain

As in option one, this fuel does not exist anel fibllowing pros and cons list is an
exercise in conjectur@he types of fuel formulagr additivesghat would fall into this
category would be of the biderivative sort as producing fuel comporsefniom renewable
feed stocks requires an entirely different production process and facHiip set
accommodate its creationhis could result in the possible loss of the current refiners support
network FBOs enjoy todajl.he cost of implementing all meinfrastructure, minus many of
the FBOowned tanks, refueling trucks, and punafreadyon the airfield, would certainly
show up at the pump pricBroduction costs related tioeprice ofthef uel 6 s s omponent
would ultimately find its way on the custome 6 aslit ivduld with any fuel, only bio
processes have been rumored to be more expgmsibably due tahe fact its pricing is
based orsmaller facilitieswith lower production runghat would need to be ramped up in
order to enjoy economies of se&b reduce their priceAs in the previous example, the shelf
life of this product would need to be taken into consideratioceit would find itself
includedon the list ofcosts. Durability of engine parts on this fuel would neeuokto
confirmed inclding indications of any maintenance adjustments operators would need to
make totheir operations projectionsurthermore choosing renewable feed stocks that would
have the least impact on food displacenstraiuld alsde taken into consideratioBacking
up a little, these types of fuels would still need to go through the ASTM specification and
FAA approval process and given the fact the fuel formulation is very nearly sure to have

gualities not defined in the D910, it could be a long pricayl
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Therewould be an upside, of course. If this fuel were a dnogolution, no engine
modi fications should be required for operato
any extra hardwanastalledto manage ignition timingr fuel flowsto prevent deination. As
with hypothetical option one, getting the lead out positions GA users and industry under a
positive corporate citizen limelight. Moreover, using a renewable energy source that is both
more environmentally friendly and assists in meeting ensegurity and independence goals

are two very positive points.

Option 3i Certification ofan Ultra Low LeadContent in 10QL Plus ETBERetaining

Current Production andDistribution Infrastructure

Option three includes the use of the existing standard bt without all of the lead,
whichis legal so long as it meets octane requiremidatithe baseline fuel could not do
without some sort of additive. To reach octane lewlge keeping a portioof the leadso as
to retainsome of the positive combumt propertiedeadprovides, ETBE will be proposed as
an oxygenate replacemehtowever, like its counterparts described in options one and two,
there is no existing aviation fuel specification that allows for the use of ETBE as an octane
boostey nor isthere a separate ETBE specificatiSo, option three would also need to jump
through the procedural hoops the same as the two options previously deJdribdact
brings a lot of criticism from industry members who feel investing in the testing $or thi
formula only diverts attention and money away from toergn, fully unleaded solutions.
Therefore, approach three couilimatelybe thought of as being more expensive for industry
overall Likewise, industry members would have to be convinced that Eii#& not have a
lower energy content that could affect various performance characteristics when using this
additive.Still, themotivationbehind such a method has solid reasoning too: it is a
conservative, stepy-step and safetycentricapproach thatllows for industry to gain

experience with lower lead fuel blends without removing any previous infrastructure in case
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the new blends donoét work (C. Gonzal ez, per s
2010).Furthermoreif the ultra low lead fudlormulation does work, it could set the grounds
for completely removing the led@€. Gonzalez, personal communication [telephone call],

March 4, 2010)

One might argue that the single lead providing facility will shut its doors if even more
lead is takemff the marketWhen put to the question, Innospec, formerly Octel/Actel, asserts
that even if the United States were to cut its lead use in half, it would still continue producing
and distributingt to them(personal communication [telephone callfarch 1, 2010). This is
not to say that they do not think that they will one day discontinue their lead production; they
know it is going to happefanonymous, personal communication [telephone call], March 1,
2010) However, so long as there is a market f@irt product, they will continue its

manufacturdanonymous, personal communication [telephone call], March 1, 2010)

The ETBE additive is derived from bmmponents which would require
infrastructure investment for production and distribution, andraise concerns about
possible food displacement from its cultanech like in option twoShelf life, maintenance
changes and botto#ime costs related to them must be considered as well; then again
could hypothesize that they would be less dissmfiitan current day levels as a partial
guantity of lead would remain in the fugarding off microbial growth and gumming
(Hemighaus, et al., 2006Finally, and probably the most difficult potential obstacles this fuel
might find areovercoming the negate public perceptiagiconcerning oxygenates in the ether
family as the MTBE ground contaminatisnandals are not so far baokJ.S. history (Blue
Ribbon Panel, 1999As these problems took place primarily in California, and as California
happens to béne state with the largest GA fleet (General Aviation Manufacturers

Association, 2009, [84), they could be the biggest opponents to buy usiagthis fuel.
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Option 4i Production andDistribution of 94ULCausingEnginesThat Require 1000ctane
to Either Be Tested orThis Fuel andBe De-rated,or Requiring Themto Use aHardware
Solution toKeep fromDetonating,or Forcing Them toBecomeObsoletéOffering an

OverhaulOption

Option four would put in place a lower octane unleaded fuel that essentiallLis 10
but without the lead. It would probably find the quickest implementation if it creates market
demandas it conforms to D910 except for the lead, and it would retain existing production
and distribution infrastructur&@he last reason would keep theimefs and refineries content,
and likely preserve marketing support and other benefits for their retéite’ sSSTM
specification for 94UL is expected to come out in the summer of 20E094UL fuel would
not be able to cater to the entire GA fleet, bebuld potentially meet the demands of
roughly90 percent of the engines on the market tqiifigegades, 20%0nultiple anonymous
contributors, personal communication [telephonesgalebruary 8 to March 1, 2010n
addition, this strategy has alreagiginedmuchindustry support and engine manufacturers
seem to be testing current engines for octane ratings, as well as designing future models that
will be able to run on this fueRemoving the lead revisits the corporate citizenship advantage

as it make the fuel more environmentally acceptable.

The disadvantages to this line of attack are that a portion of the GA tie&t have
to find other alternative® manageperatingn a lower octane environmelike with the
purchase o$parkignition managment system$ADEC, derating the engine via an STGr
purchasing a new engine certified for the new fuel and airfralinef, which can add up
quickly. This raises concerns about the longevity of engines and parts, increased maintenance
inspectionsard ultimately safety as there is not yet enough data to draw these types of
conclusions. The shelf life of this avgas that no longer contains its preserving lead additive

could impact the price of the fuel as well. Las#ly,it was judiciously remarked bjr.
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Gonzalez, respected industry expert on the aviation gasoline matter, in a telephone interview,
that removing the lead infrastructure would eliminate all opportunities for reverting back to

this structure should an unleaded environment prove ineffemtivasafe (March 4, 2010).

Option 51 A Two-Fuel SystemUsing Any Combination ofUnleadedFuels and 100LL

This solution would require major investment in FBO infrastructure, which at
approximately $100,000 per averagjeed 12,000 gallon tar(kwo anonynous Fuel Tank
Inc. & Garsite employees, personal communication [telephone calls], February, raaké}
it difficult to get a ready return on investmeparticularly for small structures. Depending on
the grade of unleaded fuel used, related STCs akbtdAA approvals for these fuels would
need to be achievedihe unleaded fuels could have the potential of being cheapiezyas
maybe could utilize lowecost transportation methods, a.k.a. pipelifié® reverse to this
coin is that pipelinesould exmse aviation fuels to less stringent quality controls and fuel
blending at the interfaceould take place (Trench, 2001), whigtight raise concernamong
industry memberabout liability. The advantage to this type of system would be that if the
infrastricture were put in place, 30 percent of the current leaded fuel consumption could be
proportionally reduced with the positive impact that could bring on the environOwest.
begs the question as to whether the refiners and refineries would appreciaés@ocating
drop in 100LL demand, further diminishing production with a fuel that represents only 0.2
percent of the total automotive supfBupply and dispositigr2009;U.S. product supplied
2010a) As most of the industry stakeholders aver, the ecormofaica twefuel system are
justnot therg(C. Gonzalez, personal communication [telephone call], March 4; 2010
Hjelmberg, CEO Hjelmco Oil, personal communication [telephone call], January 29, 2010
multiple anonymous contributors, personal commurocafielephone calls], February 1 to

March 10, 201Q)
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Option 61 The Jé&-A ConsumingRetrofit Solution: Scrap theAvgasEngine,Find aLight Jet
A CapablePiston orTurbine One, andAsk the OEMSs tdypeCertificatelt Into aParticular

Aircraft Model

Thelast optionselectedrom the list of 13 described in greater detail in section 2.2 of
this paperis one focused on using engines that can consume an entirely different fuel that
does not suffer from the threat of extinction (Bertorelli, 213 prodeed in much larger
guantitiesthan avgas at around 16 percent of total motor gasoline suplpiye(U.S.
product supplied2009a;U.S. product supplied009b) requires no fuel specification
standardization constrairggce ithashadonefor years ard will soon be produced using bio
and synthetic componentsaking general aviation useastomaticgood corporate citizens
concerned about public health safety and energy security and indepelénaet 6 s mor e |
that the piston versions tend to get longarges thanks to lower fuel butlespite the fact the
fuel is a bit heavier than 100LBnd routine maintenance is lower than with its avgas

consuming piston equivalents (Bertorelli, 2010c).

Looking at the pistomriven diesel technology, it has dssadvantag s : i t 6 s t ypi
heavier than itsparkignition equals due to more durable metallurgy to support the high
pressures experienced within the combustion charahdit needs tough reduction
gearboxes and robust puldampening equipment to bringwn the high engine RPMs to
normal propellepperatingspeeds and protect the metal propellers (Bertorelli, 20A0s1),
as efficiency in the combustion chamber for pistioiven diesels is reliant on the ignition
guality of its fuelcalledits cetane nuimer, and as cetane numbers are not controlled in jet fuel
specifications, thisould lead to potentiafficacyand safety issues for the use of these
engines (C. Gonzalez, personal communication [telephone call], March 4, 20dfihe
technology is faly light and competes well against either piston categories. Turbines produce

a lot of horsepower at between 300 to S@ffor this class, so there needs to be the right
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aircraft model to puthemin. Which leads to the last two points: diesel piston eegand
small turbines need to be designed into more airframes throughdd baéginal type
certificatesto help increase their demamedising production volumes that would help to

reduce their inhibitive acquisition costs.

Recommendations

The generahviation industry ist the brink of a new era of innovation. Like when the
Wright brothers initiated powered flight in 1903 and the rapid ascension of technological
advancements and design innovations that that event produced all over théhereddter
(TED Talks, 2006)todaythere areealopportunities fothe general aviatiomarketto
exploit existing knowledge discovered over years of engineering and testing to build the way
towards a sustainable GA fututeis no longer a questioof whether laded aviation gasoline
is hazardous for the environmdahonymous, personal communication [telephone call],
March 1, 2010)lt is an industrywide recognizedactthatthe aviation gasolinthat is
pumpedinto thetanks in its current form will be discontiedin a not so distant futur.
Gonzalez, personal communication [telephone call], March 4,;20Hjelmberg, personal
communication [telephone call], January 29, 2G0Qltiple anonymous contributors, personal
communication [telephone call$jebrwary 81 March1, 201Q T. Petersen, personal
communication [telephone call], February 19, 2010; B. Visser, personal communication
[telephone call], February 19, 201@8s many stakeholders involved in the research,
development, and testing for finding amleaded aviation gasoline agree thahe of the
options | isted abematieesttze mextoedtapiioh sheuld bebchiokeh entil 6
time, experience, and moreowsign features allow the industry to transfer progressively to
a sustainablgpossibly unleadedvgas solutionMuch has been learned through the CRC
testing achieved under teviation Engine Octane Ratirand UDAG banners atthie A A6 s

William J. Hughes Technical Center, as well as at Cessna and other independent
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organizations,iat now is the time to apply this knowledge to realize practical and realistic

progress while focusing efforts on retaining the one stakeholder the entire industry is reliant

upon: the astomer.Industry must act in the piletdhe commercial operat@rsnds oci et y 0 s

best interest This analysis points to accomplishing any of the fost options with a more
practicableless costlyand safetycentric methodor the immediate future achieved through
option three, while option six may beassibilitygiven airframe and engine manufacturers
cooperate on this approach and jet fuel standards incorporate cetane specifisiiiongh

one could argue that general aviation pigbomvered reciprocating engines have reached the
end of their product lifecycleon the contrary,iee must remain positive and confident that
industry will cloose the mostosteffectiveand safessolution that willincorporate both the
legacy fleet and new releasedting GA into the new unleaded fuel efa quote bottihe

largest pilots associatigtAROPA, and a popular aerobatics return performer at EAA
Airventure Airshow, Seaand®d.| dua kielmeytt Ol g it gdas

flying. o

un [
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Hot Topics in General AviatiarSustainable Aviation Gasoline Alternatives

Introduction

The general aviation industry is on the verge of a major revolution. \Ad@ston
powered reciprocating aircraft have been using a leaded fusldia tharB0 years
(Hemighaus, et al2006,p.43),and wher eby t hes e beandewlopadtd s o
take advantage of hi s f u e |l 6 samountofeddifolnd in aviaten gadolimesin its
current formwill soonbe discontinuedC. Gonzalez, personal communication [telephone
call], March 4, 2010L. Hjelmberg, personal commuiition [telephone call], January 29,
2010; multiple anonymous contributors, personal communication [telephone calls], February
81 March 1, 2010; T. Petersen, personal communication [telephone call], February 19, 2010;
B. Visser, personal communication gphone call], February 19, 201@t may not seem to
be a very difficult problem to resolve as the automotive indiistsalready removed lead in

gasoline; however, aircraft engines have a longer useful life than automblaiteslaysthe

en

rootof theproblemfA ai r pl anes donét run out o (K. Kenvi |

School of Aerospace Sciences University of North Dakota in Grand Forks, personal

communication [telephone call], February 9, 2010)ar@id ay 6 s GA fl eet has

of 39 years (General Aviation Manufacturers AssociatR@09,p. 36). Although this aspect
in itself should be considered green, socigtyo longerwilling to tolerate possible

contributions to known public health concerns in the form of leaded exhaust@mis

The followingcompositionidentifies various current and possible alternatives to
leaded avgas in order to ascertain which options wouldsbéghegeneral aviatiopistorn
powered legacy fleet in terms of safety, reliabilagdeconomic viabity to bring the

industryinto amoreenvironmentallyfriendly andthereforesustainable agéirst definitions
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and statistics related to general aviatiom the benefits this industry provides to society are
discussedPart two povidesasummaryon regilatory actions taken to rithe environmenof

lead Next, explanations on the importance of octane lewdlg aviation fuel needs lead
including an overview of the types of traditional grades of aviation gasoline are gh&en
number of aircraft affded by the removal of lead in avgagp@trayedncluding figures
concerning fudoesanptomndannual flghtdhdurs. The second part of Part
two carries out a SWOT analysis of a numbgpossible alternatives to 100 that are

currently available or in developmental stages on the GA market. Finally, the Executive
Summary presents a short list of substitutes that appear to best cover the entire GA piston
fleet followed by recommendations to produce the most logical, the safest, thelnbs,

and the most economically viable attative to aviation gasoline 10D.

Part 1:TypesandUtility of GeneralAviation

1.1  Types of General Aviation

Generabviationis the parof civil aviation meaning nomilitary, that is not
scheduled aicarrier service (General Aviation Manufacturers Associag009,p. ii). It can
be used in the furtherance of business via busjeessith a paid crew oby a business
persorflying the aircraftherself General aviation covers atemand types of saces under
theF A A tegulations called FARBart 135. These rulesferto operations that are en
demand for fAair -medii@eaenerafaatidn Manufactarers aer o
Assocgation, 2009,p. 29)flights. Other categories include sightseeingtinction,and
recreationGeneral Aviation Manufacturers Association, 2009, p. @® activities can be
referred to in three simple categories as presented in a 2006stdye r al Avi at i ono
Contribution to the U.S. Econorby Mergéslobal for the Generaviation Manufacturers

Association (GAMA) andhe National Association of State Aviation Officials (NASAO):
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personal vkich is forrecreationalise;business whicks an owneipilot that does not pay a
professional crew; and corporate, utility, and othkicv useone or morgoaid professional
pilots (Allen, Blond, & Gellman2006,p. 10).A breakdown of the types of aircraft and their
uses including the number of flight hours they perfoderived by this same stuthased on

2004 datacan be seen inigure 2

Figure 2 fiDistribution of Flight Hours by GA Aircraft Category in 2005

Distribution of Flight Hours by GA Aircraft Category in 2005

Corporate, Utility,
Personal Business and Other Flight Hours
Pistons 17.8 million
Turboprops 3.9 million
Jets 2.5million
Rotorcraft 2.3 million
Experimental 1.3 million

\_ Y,

Source: MergeGlobal estimate based on FAA General Aviation and Air Taxi Activity (GAATA) Survey, 2004

Note FromGener al Avi ati onds Conby'W. B Allen,D.h. t o t he
Blond, and A. J. Gellman from Mer@dobal, 2006, p. 10. Copyright 2006 General Aviation

Manufacturers Association. Available on the public domain. Permission not requested.

According toGAMA, there are more than 320,000 GA aircraft flying over 35 million
hours per year around the world today (General Aviation Manufacturers Asso@a0&np.
29).In the U.S., more than 228,000 of these GA aircraft are based in the country and fly
around 26 million hours a yefBeneral Aviation Manufacturers Association, 2009, p. 29)

Two thirds of these operations are done for busi(@egaeral Aviation Maufacturers
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Association, 2009, p. 29Regardless of the types of operations beicgpmplishd by the

GA sector, they are in one way or another contributing to economic growth wherever they go.

1.2  Utility of General Aviation

GA positively impacts congmies, local communities, and nations in a variety of ways
andin the U.Shas been tabulated as providing more than $150 billion in direct, indirect, and
induced economic benefi(&eneral Aviation Manufacturers Association, 2009, pTine
GA sector emloyees over one million people in the U.S. in higslklled and higkpaying
jobs(Allen, et al.,2006,p. 2 GA: A vital tool in our economw.d). A number of studies
have been carried out in recent ydiksMe r g e GlIGemealrad Avi aibntmnd s
the U.S. Econom2006) N E X A A d \Busmeass Aviation: An Enterprise Value
Perspectivd2009)or Har r i s THe ReakWoddotf Business Aviation: A Survey of
Companies Using General Aviation Aircré2009)with the goal of measuringpé wayin
which GAutilizationimpacts society. There are also several websfiessored by aviation
associations such & Plane, No GaimndGA Serves Ameridhat have beereleased or
updatedn order tobetterinform the public on the variety of &s and servicegeneral
aviationprovides.Eventhe Cessnaircraft Company has taken it updself to release a
dedicated websitlor promoting the use of general aviation aircraft orCigssna Rissite.

GA assists irconnectingsolated communitiet® the rest of the world, it provides
indispensable emergency medical flighttgxtends assistance in humanitarian flights

helps businesses get their jobs done quickly and efficiently.

For example, from an airport standpoint alone, the U.S. has2@®@0 publie and
privateuse airports (General Aviationaiufacturers Association, 2008, p) 46 which only
around 4,000 are paved and regularly utilized by both GA and scheduled #®Heresal

Aviation Manufacturers Associatio8009,p. ii). However, an even smallgrercentage of

Co
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these arexploitedby the airlines: 381 for scheduled large carriers plus 91 more airports for
regional airline service for a total of 4@2ports providingaccess tairline serviceqFederal
Aviation Administration, P10).GA aircraft are able to interconnect communities ten times
more tharcommercial airlinesin fact, Krane & Orkis (2009) found that 80 percent of
business flights using turbine aircraft were made to secondary airports that had little to no
airline sevice (p. 6).GA websites report that there are only 70 major hubs that are serviced
by the airlinesand total airports servicing U.S. cities is declinjBgisiness aviatiar2010)

No Plane, No Gaimecourts that 100 American cities have experienced aatgmtuin airline
services while 30 communities have had their airline service eliminaeldst year

(Business aviatiar201Q. In comparison, European airports amount to just under 2,100 for
airports that had at least one instrument departure in t1e20@6 according to
EUROCONTROL, the European air traffic management organizatharsh, 2007)Other
sources give different statistics about the number of airports in the E.U. An independent study
used a much smaller figure at 429 airports that hashat R,000 passengers annually in a
2005 comparative study among 13 different EU nations (Williams, 2005). The Central
Intelligence Agency (n.d.) reports 2,677 airports either paved or unpaved airports for those
same thirteen European states, but someeohirports maydused or unused (see Appendix

A).

Businesses that wuse their own20@9prle) aft t
than those that do n@Allen, et al., 2009, p. 14)n theBusiness Aviation: An Enterprise
Value Perspectivegport covering 423 S&P 500 companies owning 1,400 aircraft, Allen, et
al,, (2009)f o u n dcompardess thdt use business aviation out perform their peers in almost
every financi al category, including rdvenue

These companiesdsoprove to build up intangible benefits for their enterprisepdsjtively

i mpacting customer and employee satisfaction
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compl i ance. @009,pA27). Adlen, et ak 2009) measurdéa$e values using
respected magaziriedeBto f t h e aB(Allent & al.|2009,p.27nd found a
correlation between the number of S&P 500 companies found on these lists and the
percentage using business aircraft (p. B4$.interesting to notéhat thetypes of business
passengers thes@craft carry consist of a majority afanagers and technical or sales
personnemuchmore thartop management &0 percenand20 percentespectively

compared t@2 percenfor the latterfKrane & Orkis, 200, p.5)as shown ifrable 1

Table 1 fiPassenger Profile by Title

Table 1.1
Passenger Profile by Title

No answer,
6%

Others, 1% Top
Management,

22%

Technical/
Sales/Service,
17%

Other
Managers,
50%

Base: Passengers (n=289)
Q1015: What is your title?

Note FromThe Real World of Business Aviation: A Survey of Companies Using General
Aviation Aircraft by D. Krane & K. Orkis, 2009, Harris Interactive, Inc., for the National
Business Aiation Association and the General Aviation Manufacturers Association.

Available on the public domain. Permission not requested.

Although it is more likely that businesses in the S&P 500 use turbine powered aircraft, they

may also be using pistgeoweredrotorcraft that consume aviation gasoline 100 LL and as
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such are equally affected by the upcoming changes in fuel formulation or hardware solution

necessary to implement a discontinuation of leaded avgas.

Part 2: Sustainabilitgnd Alternativeso leaced Avgas

Removing the Leadackground

In the United States on January 1, 1996, the banning of lead in gasolineréadon
vehicles came into full effect (7545, 2008). Regulatory control ofilead pollution in the
United States staetl in1955 withthe Air Pollution Control Act followed by the Clean Air
Act of 1963, the Air Quality Act 01967, andfinally thevariousClean Air Acs of 197Q
1977,and 199QEthanotblended 2008 History, 2008).Amendments continue to be made to
theselawstocarrywt t he Environmental Pr ec$tablshedion Agen
1971 to implement the many facets of the Clean Air A¢iss{ory, 2008).Since then, the
EPA has been actively working to rid the air of six major pollutants: particulate matter,
Agr@dulnevel ozone, carbon monoxi de Cleanind f ur oXx
up, 2008)and has had some success in its purgéseexample,ie transportation sector has
experienced a reduction in lead emissions of 96 percent between the ydais 2085

(Petition requesting2007).

The EPA is currently targeting General Aviation to reduce lead in the atmosphere as it
has been found to contribute fA29 percent of
t he | ar gest Petitiorrregaeesting2Q08).Qther souraes h@ve claimed that GA
adds upwards di5 percent othe ambiengairleadi n v e n (Assesymend and Standards
Division, 2008, p. 89; Atwood, 2009. Lead has not yet been completely banned from all of
its uses suchs with airplanes, marine crafts,-offad vehicles, construction equipment, and
other stationary platform#\ggas 2009;Petition for rulemaking2006). However, the trend is

moving towards its elimination. TforeonB&Ab6s mo



Hot Topicsin GA 50

vehicles and engines were changed in October 2008, and stipulate a reduction from the
previously accepted lead levels of 1.5 micrograms/m?3 to 0.15 micrograms/m?3 to be enforced
in full by 2017 Eact sheet2008). The environmentalist grougatiplayed a key role in
achieving tits revisionin lead acceptance levels is the Friends of the Earth (FOE). In their
letter to the EPA in 2006 to appeal for it to adjust its lead standards, they targeted GA
estimating that it makes up 88 percent of leadssions from total mobile sourcascording

to 2002 dataPRetition for rulemaking2006). The National Emissis Inventory (NEI)

estimated 491ons d leademissions came from the useledded avgam 2002(Petition
requesting 2007). The Department &nergy reported that 281 million gallonsleadded
avgaswere supplied domestically forahbsame yea(Petition requesting2007).

Unfortunately the 2002 NEI figures were underestimalée. EPAhad torevise these

numbes in theirLead Emissions from tHése of Leaded Aviation Gasoline in the United
States Technical Support Documan2008 because they hesteivedmore precise data on
how much lead remains within aircraft engines (the EPA had used a historical value of 25
perent lead retention sinceatwasthe value for automotive gasoline but only 5 percent lead
residue is left inside airphe pistordriven engines), thus+evaluatingthe total quantity of
leaded emissions emitted by GA to be 623 tons in 2882gssment and Standards Division

2008 p. 3.

The above figures on lead emissions due to avgas use are not encouraging considering
studies have shown that the toxins from the combustion process of fuels incorporating lead
cause damage to brain development in babies resulting in a denmexhsddiction in 1Q in
children @Avgas 2009;Fact sheet2008). Lead effects on adults have also been found to
cause an increase in blood pressure, cardiovascular disease, and kidney malfeaction (
sheet 2008).1t is evident the GA community must quigkind a solution to replace leaded

aviation gasoline to fully comply with the upcoming 201gulaion.



Hot Topicsin GA 51

Industry has not ignored the leaded awdjEmmmaand has spent many years
searching for alternatives | n t twe sulicBn@rittées were assenuie address this
problem under the control of the Coordinating Research Council (CRC);@roiin
organization thadlirects major research projettsnging together industry players who are
concerrdwithiit he i nteraction bethnwe eamdt rpaern g md retuant ipc
(Coordinating Research Coun@08,p. 2). They are th€RC Aviation Engine Octane
RatingPaneland theCRC Unleaded Aviation Gasoline Development P& B@ebrdinating
Research Council, 2008, p. 2hey were tasked specificalyith facilitating the research,
devel opment, and testing of fAa high octane u
compatible, cost effective replacement for t
(Coordinating Research Council, 2008, p.T3)e fira committedooked at finding the best
way to consistently and realistically test aircraft engines for minimum octane requirements
since the general aviation fleet had never had such a standamdform topreviously
(Coordinating Reearch Counci008,p. 3 & 7). It derived two testing specifications called
ASTM D 6424 for normally air aspirated engines and ASTM 6812 for turbocharged ones
(Coordinating Research Coun@h08,p. 7). The Aviation Engine Octane Rating Panel also
found that for the legady | e engingssthat require high octane, that even avgas 100 LL did
not have enough octane and that an unleaded equivalent needed to be greater than 100 MON
for both normally air aspirated and turbocharged engines (Coordinating Research Council,
2008,p. 7). The second committee concentrated on testing various fuel formulations against a
minimum octane criteria: 99.6 MON which is the minimum found in avgas 100 LL
(Coordinating Research Council, 2008, p.13)roughout this research, the palagloratory
tested more than0B different unleadetblends and did further fulicale testing on 75
unleadeduel formulationgCoordinating Research Cound@08,p. 3-6). What they found

was that even if unleaded blends had equivalent octane ratings as theictadedoarts,
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they did not perform the same way in full engine tdstsonstratin@ differenceof three

MON (Coordinating Research Cound@D08,p. 6). The committeeacknowledgd that there

are more than 200,000 engines tt@isume avgas around the lddnalf of which arethe

most fbwn andactualy need the high octane fuel (Coordinating Research Co@@€B,p.

7). Unfortunately, &#er more than ten years t#sting they didnot find an unleaded
Atransparent r epl acement(Cdordimating Researth0OCoundil, AV GA S

2008,p. 9).

Somesolutionsmayexist and others asdill in testing phaseshich could contribute
to resolving the avgas problelmwever not all of thalternative are able to cover the entire
GA fleet and in some casd is still unclear whetheéhe newest propositiongill one daybe
able todo soeither. Besides raising thguestionas towhich fuel or fuels will replace the
leaded avgasnultiple other factors must be taken into consideration inclugdavgmuch
they will cost, by whom and how will they be distributed, what infrastructure needs to be
adapted tancorporatehe new fuelswhat regulatory issues must be considered while using
the alternativesand what, if any, engine and fuel system modificationkiding
supplemental type certificatenust be madand obtainedh order to use the alternative fuels.
Finally, what type of incentives are available in order to encowgitiger existing or newil
companies to produce and distribute unleaded awvb#ds convincingretailers tanvest in

updating equipment need bdn order to make iaccessibléo users

Thenextsectionwill identify and describe the gradefsfuel that haveraditionally
been used in general aviatimeluding an explanatiorof why lead is still used in ithe
importance obctane how it affects engine performanandan estimation as toow many
aircraftuse leaded aviation gasolimeluding the number of hours they fly annualote
that he focus is on the U.S. market abas the largest pistedriven GA fleet in the world

and statistics are easily accessed and updated every lgearcurrent unleaded fuels that are
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on the market or possible future alternatives that could constitute asdumts (fuels that

requirelit | e to no engine modifications to be abl
of aviation gasoline will be specified including a look towards the future with increasing

popul arity of Jet A certified Bnmigantbeorr et r of i
synthetic replacement, and an overview ofamgtcoming electric hybrids and solar planes.
Alternatehardwaresolutionsthat could be used in combinatiafth existing unleaded fuels

shall be looked at as weA SWOT analysiss thencariied out for eaclalternativeto

detemine the most logical antipossible,costeffective approaasindustry should pursue

order to ensure a seamla@sgplementatiorof solutions to leaded aviation gasoline fiaston

powered sparkignition reciprocaing aircraft

2.1 Traditional Gradesf FuelUsed in General AviatigrOctane, Leadand Number of

Aircraft using Avgas

2.1.1 Traditionalgrades offuelused in General AviatiolPowered flight has been
possible fomore tharone hundred years and in theginning engines used the same fuel as
car motordHemighaus, et al., 20063everal types of aviatiespecific fuel grades have been
developed ovetimet o accommodate more power f ul and bet
(Hemighaus, et al., 20D@ircraftenginesThere are two main types of fuel usedivilian
aircraft: aviation gasolineeferred toasavgasandkerosenebaseduel called JefA or Jet A
1. The latter is most significantlysedin turbojet, turbofanandturboprop enginesndfor a
minority number of pistofpowered engine®vgas has several grades and isdbeventional
type of fuel used ipistonpowered sparkignition reciprocating engined.he following types
of aviation gasoline are traditional grades: avgas 80/87 octane whigbdsed and contains
low levels of lead at approximately 0.5 grams per gallon although no leaplisece avgas
100/130 octane with a minimum 100 MON and RON ratings which is green in color and has a

high lead content at four grams of lead/gallon; avig¥sLow Lead (LL) has similar MON
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and RON octane ratings to 100/130 fuel buttams half the lead at around t@gams per
gallon, isneede for highercompression engines like thdseindin newer aircraft such as
CirrusDamSrRDARS) or Cergalisd0®ang is blue in color; gas 115/145
octane fuel which isised in WWII and the Korean conflict aircraft with high performance
engines, is purple in colgand can only be obtained on special ordemgas: Grades2009
Common aviation2009. These traditional grades are preseritectusing their leanand
rich-mixture antiknock rating®ther intermediary grades did exist prior to 1950 as described
i n Ch eAviationrFdels Technical Revidwy Hemighaus, et al., (2006) including avgas
73, 9/98, and 108/135 (p. 44)odaythe assortment avgaschoicedisted aboveareno
longerofferedas since the early 1940s advances iningrtechnologytook over(Hemighaus,
et al., 200 drastically reducing the demand for avgas variantsreplacingt with aviation
turbine fuelslet Aand Jet Al. Now 10Q.L is the most widelyavailable avgas fuend

referenceo the antiknock rating has been simplified to include only thenaature one

Lean and richmixture antiknock ratings, MON and RON ane ratings, AKI rating,
and performance number are terms used to
abnormal combustion that would createnacking or pingingsound in the cylindedue to a
phenomenon called detonati@iiemighaus, et gl2006,p. 46; U.S. Department of
Transportation Federal Aviation Administration Flight Standards SedA&€,p. 22)

Normal fuel burn occurs whemmixture of fuel and abhat wasdrawn into the cylinder head
during the imakestrokeand then compresd during the compression stroke is ignited by the
spark plugstypically around 20 degrees before the piston reaches top dead centefleDC)
four-strokesparkignition reciprocating enginas shown in Figur8 (To see a schematic and

description of a&ylinder, see AppendiB).

Figure 3 fiFour Strokes of aPiston in aPiston-PoweredReciprocatingen g i n e 0
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FUEL BURNED
MIXTURE ¥ , GASES
IN A out

A INTAKE B COMPRESSION C POWER D EXHAUST

Note FromPi | ot 6 s Handbook of(p.A7 bydrSaDepaitneeat bf Kn o wl e
Transportation Federal Aviation Administration Flight Stand&elwice, 1997Newcastle,

WA: reprinted by Aviation Supplies & Academid2ermission not requested.

The fuel and air do not igniteomogeneouslynmediatelywithin the cylinder head
but in fact begin what is called a flame fratérting fromeachsparkplug and spreading
across the combustion chambereach the middle of the chamber when the piston arrives at
TDC (Hemighaus, et al2006,p. 46. The subsequent expansion of the burning fuel and air
drives the piston down in what is called the powerk&rDe Remer, 1996, p. 4INot all of
the fuetair mixture is completely burned in thewer strokeébefore it is pushed owff the
cylinder during the exhaust stroke in normal operatiDesonation occurs whethis
unburned fuehir mixtureleft over fomthe normal flame frontgnitesspontaneously
exerting excessive pressure and heat forces on the pistowhigahdorces it down having an
ef fect A e gharp blaviweghrasledgedhamarefl).S. Department of
Transportation Federal Aviation Adnistration Flight Standards Service, 1980, p.&2)

shown in Figure 4

Figured fiNoombhast o€ Ver sus Explosive Combustiono
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Note FromPi | ot 6 s Handbook of(p.Al8)rbyd.a Departmentof Kno wl e
Transportation Federal Aviation Admstration Flight Standards Service, 198(&wcastle,

WA: reprinted by Aviation Supplies & Academid2ermission not requested.

Conditions such as very high temperatures and pressure within the cylinder would be a prime
environmento give riseto detonatia (Hemighaus, et al2006,p. 46; U.S. Department of

Transportation Federal Aviation Administration Flight Standards Serd@89,p. 22).

Preignitioncan occuwh en fi6hot spotsdo (U. S. Departm
Aviation Administration Fligh Standards Servic&980,p. 22) within the cylinder cause
ignition prior to normal timingU.S. Department of Transportation Federal Aviation
Administration Flight Standards Service, 1980, p. ZRe hot spots might be on exhaust
valves, fromcarbondeps i t s, or from t he sapdarekisuglihugds pa
consequence afetonationU.S. Department of Transportation Federal Aviation
Administration Flight Standards Service, 1980, p. ¥2hether the engine experiences
detonation or preignibin, theexcessive pressure and heegty produces not good for the
engineas structural limitation®r the cylinder, piston, and other engine padasbe met The

result senough damage to caustsas of powelf corrective action is not taken expedtly
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(U.S. Department of Transportation Federal Aviation Administration Flight Standards

Service, 1980, p. 22)

Although this type of occurrence is not wholly uncommon in automobile engines, it is
of greater threat to an aircraft engine because iffisut to detect the knocking isuch a
noisysetting(Hemighaus, et al., 2006, p. 46; U.S. Department of Transportation Federal
Aviation Administration Flight Standards Service, 1980, p. RBventing conditios
conducive to this type of environmeastkey to safety namely via the usage of appropriately
rated antiknock aviatiogradegasolineThis is where lead takes its lead: it is an effective and
relatively inexpensive additive that improves antiknock characteristics (Hemighaus, et al.,

2006,p. 46)

2.1.2 OctaneAviation grade fuels have stringent specifications in order to provide the
necessary power to engiresdenable them to operate smoothly while being exposed to
harshatmospheric conditiong.he American Society for Testing and Materid#dSTM)

International establishes teeandardgor fuel for aviation use namely ASTM D910.
Properties such as energy content, -Aknock re
corrosivity, and c| e2806,lp.idpaecdhe maifpchlarsasfprh aus, et
guality performance of an aviation gasoline. After energy content, knock resistance is an

A e s s e(Hamiglalspet al., 2006, p. 46)e r f or mance criteria to en
oper at (Henmghasig, et al., 2006, p. 48his claracteristic is identified via its octane

and performance numb@femighaus, et al., 2006, p. 46)

Octaneis detectedriat he measur ement of Athe volume p
(Hemighaus, et al., 2006, p. 46)a blend of fuel withwo pure referenctiels called normal
heptane antsooctangHemighaus, et al., 2006, p. 46)ormal heptane has zero octane while

isooctane has 100 octane. When octane is above one hundred, the term used is performance
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number andhigher antiknock resistancgreached viadditives like tetraethyl lead being
mixed in the fue(Hemighaus, et al., 2006, p. 46ctane and performance numbers above
one hundred octanprovide an engine with the opportunitygmduce more power while
avoiding knocking and increasing perforrsar(De Remer1996,p. 90; Lombardo1999,p.

130).

There areseverakypes of laboratory tests thewaluatethe level of octane in the fuel
two of which ardhe ASTM motor octane number (MON) and the ASTM research octane
number (RON) In comparison, atomobile gasoline displays the average of the RON and
MON called the antiknock index number (AKBdrber, et al., 1996, p; Betonation, AKI
and octane numbefl996. Aviation gradewill refer to theMON number ast most
resembles a fué leanmixture rating(Barber, et al., 1996, p; Betonation, AKI and octane
number 1996. The learmixture rating measures the level of octane in a highoduel ratio
situation which would resembtzuise flight conditios (De Remer1996,p. 90; Hemighaus,
et d., 2006,p. 46) The richmixture rating measures tlaenount ofoctane using a high fuel
to-air ratio that resembles a takeoff configuratipe Remer, 1996, p. 90; Hemighaus, et al.,
2006, p. 46)For examplefuelsgraded 80/87 octardisplaynumberghat refer to tleselast
two testgespectivelyDe Remer, 1996, p. 90; Hemighaus, et al., 2006, p.T4g)ay,
however the richmixtureratingis no longer mentioneand fuels are referred tsing the

leanmixture rating tandicatethe octane conteiiDe Remer,1996,p. 90)

2.1.3 LeadLead or tetraethyl lead (TEL9 an octandoosting additive founah
aviation gasolindike avgad 00LL with 2.12 grams pegallonfor pistonpoweredspark
ignition aircraft Petition requesting2007). It can also bedod in other grades of avgsisch
asavgas 100 at around 4 grapergallon, but this fuel is not as accessible as 100LL in the

U.S. {. Hennig, Vice President of Operations GAMA, personal communicatiorail,

January 25, 201 @etition requesting2007 . Leados iwadlaumcbhethd928 ar eer
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when itstartedbeing added to gasoline as an &«mick agent that raised the octane of
gasoline more cheaply than via petroleum chemical reactions during the refining process
(Barber, et al.1996,p. 30). t was banned in automobiles in the United States progressively
from 1979 onwards to its final prohibition in 199645, 2008)Lead additives continue to be
utilized in aviation as there &t to be found a safe, cesffective,less pollutant alternatev

to obtain proper octane levelsad helps to boost performance in pispmwered aircraft
particulaly in high-compressiomir-cooled engines, to prevent detonation andigmeion,

and to prevent Petiidn veguesting20d7) whi@ woalld resulbimadosy
of compression and engine pow&o(mmon aviation2009;Petition requesting2007; Ruley,

2004 Sparrow, 2008).

Valve seat recessidivSR) occurswhen the valve aniis opposingseatstop
providing the seal they are required taka during the foustroke cycle in a pistepowered
reciprocating enginéSee Appendix for an example schematic of valve, rocker arm, and
tappet plus valve part description).rBage is incurretb the seat allowing the valve to recede
past the seat andto the cylinder head towards the rocker arm or ta(fgarrow, 2008as

shown in Figure 5

Figure5 A An 1l lustration of Exhaust Val ve

Rece:
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Figure 1 An illustration of exhaust valve recession into the cylinder head

MEASURE OF
VALVE RECESSION
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VALVE SEAT
WEAR
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NoteFrom fAiThe | ead ban, | ead repl aaemagret Op dtyr c
P. L. Barlow, 1999Industrial Lubrication and Tribology, %8). Copyright Emerald Group

Publishing Figure on pblic domain via Google searcheiission not requested.

Keeping things simplegnevalve opens for the air and fuel mixture to enke cylinder in the

intake stroke, both are closed during the compression and power stroke, and the second valve
opens so that the combusted gases can evacuate during the exhaust stroke (U.S. Department
of Transportation Federal Aviation Administratioligiht Standards Service, 1980, p. 18). In
actuality, timing is such that both valves are open at the same time for efficiency purposes at
the end of the exhaust stroke and at the beginning of the intake stroke (De F&g,

31).When VSR happens, tlexhaustwalveis unable to carry out part @6 function which is

to allow for pressure to build during the compression stroke and to create a contained
environment for combustion during the power stroke. The result is a loss in compression and
power.VSR will eventuallyhappen due to regular wear and tear during the life of a valve and
seat, but it may occur prematurely if the valves are not properly lubricataullid their
erosionparticularly if the valves are made of a soft metal alloy (Sparr@9@8) Lead

providesthis lubricity to keepthese partérom creating friction andrearing away a¢ach
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other(S. JohnsonA&P and IA at Wisconsin Aviationpersonal communication [telephone

call], February 2, 2010)

Lead is not good for all aircraft eimgs. In fact, a large numbeo not fancy it at all as
too much will cause spark plug fouling (lead deposits on the spark plug that keeps it from
performing its job) in a relatively short period of time if lead scavengers are not added to the
fuel. Some fanes even have to use specialized spark plugs in order to utilize leadetbavgas
operate normallyOne example oduchplanesis theCessna 152According to Steve Johnson,
experienced\irframeandPowerplan{A&P) mechanicand inspectoat Wisconsin Avation
in Madison, Wisconsimalthough the Cessna 152 continues to function normally prior to its
routine inspection, as much as three gramead buildup must be removed from all eight
spark pluggpersonal communication [telephone call], February 202®&thylene dibromide
is the scavenging agent thaiadded to the fuel armbmbines with the lead to create lead
bromideto pass out of the engine as an exhaust gas (De R&&8,p. 90).This is a toxic
emission that is not good for the environment human healtland has been rated by the
EPA as a potential carcinogéd.S. Environmental Protection Agency, 2009oreover, the
Montreal Protocol of 1987 has banned this scavenger due to its effect on the ozone layer

(Malone, 20086).

2.1.4 Estimated omber ofaircraft using avgasoday, consumption dataand total
hours flown annuallyAccording tothe 2009General Aviation Statistical Databook and
Industry Outlookpublication distributed by the General Aviation Manufacturers Association
(GAMA), there ae 228,663general aviation and Part 1a8Bcraft in the U.S. Arounds
percent othe total GA aircraft figure is made up mktonpoweredairplanesturboprops,
turbojets and rotorcraf{see AppendiD, TableD1) (General Aviation Manufacturers
Associdion, 2009,p. 30. The remainindl6 percent represents gliders, lighteanair,

experimental, and light sports aircraft (LSAhich have virtually no Part 135 participation
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andaremainly used for personaisewith only a verysmallnumber used for busess flying
andsomefor training (See Appendix DTableD1) (General Aviation Manufacturers
Association 2009,p. 30). Experimental and LSA categoriase not insignificant, however,
with over 23,000 aircraft in the former and more than 6,000 in the (8&e Appendix D,
Table D) (General Aviation Manufacturers Association, 2009, p. B6)h of these
categoriexonsumeavgasalthougha large majorityof Experimental aircraft utilizdet A fuel
while LSAs primarily usemotor gasolingSee Appendix DTable D6) (General Aviation
Manufacturers Associatiop2009,p. 3). The discussion that follows covessly the first
categoriesnentioned: pistoipowered airplanes, turboprops, turbojets, and rotorasafiie
types of engines used and #ied of fuel they consume iglearlydelineatedn FAA statistics
whereas in Experimental and LSA categories they are not. Finally, the first catéigatries
make upthe 84percentof the total GA and Part 135 aircraftthe U.S, operate amore than
24 million annualflight hours(See AppendiD, TableD3) (General Aviation Manufacturers

Association 2009,p. 32.

Breaking down the aircraft statistics within tf®@rementione®4 percent majority,
only 14 percentor 26 326 aircraftmake up the turbarop, turbojet airpanes and turbine
driven rotorcraftwhich generallyuse JefA fuel (See Appendix DTableD4) (General
Aviation Manufacturers AssociatipA009,p. 2; Hemighaus, et al., 20D6Ihe other86
percent or 16,51 1airplanesand rotorcrafarepistonpoweredwhich customarilyuse aviation
grade gasolinéor sparkignition reciprocatingengines for either high or low compression
although someiston aircrafimay have motor gasoline STCs or compresgioition engines
that use Jet A fuélSee Appendix DTable D) (General Aviation Manufacturers Association,

2009, p. 32)

To put thingdurtherinto perspectivavith regards to fuel consumptip82 percent of

fixed-wing piston aircraft use 100LL avgas 100 octane fuel compared to tyercent
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mogas andix percat Jet A fuel(See Appendix DTableD6) (General Aviation
Manufacturers Associatio2009,p. 36. However, Jet fueimogas and 100 octanstatistics
are not altogether reliable for this category of aircraft due to the relatively low sampling sizes
in the survey collection method witt8.9percent11.5percentand 11.4 percestandard
error margins respectively comparedt@ percenterror marginfor 100LL (See Appendix D,
Table D§ (General Aviation Manufacturers Association, 2009, p. BGjbopropsise very
little avgas 100LL and 100 octane combineat, only2.1 percentof its total fuel consumption
whereas the rest of this fleet uses Jet A (Bek Appendix DTable D§ (General Aviation
Manufacturers Association, 2009, p. 36)irbojets use Je&i fuel although the data collected
by the FAA indicate that amallpercentage does actually wsagas 100LLand 100 octanat
5.3 percentof its total fuel consumptio(See Appendix DTable D§ (General Aviation
Manufacturers Association, 2009, p. 3@gre again one must be wary of the accuracy of this
data as the standard margin for erarthese two categoies althoughacceptable for 100
at4.2 percent, the figures are a little less reliable for 100 octdriegercent{See Appendix
D, Table D (General Aviation Manufacturers Association, 2009, p. B&hould be noted,
however, thaturbojets do notypically consumeavgasas it would not be good for tine
engineqJ. Hennig, Vice President of Operations GAMA, personal communicatiomaj§,
January 25, 2090A high percentage of rotorcraft pistpowered engines consurbeth
avgas 100 grades at 94 percent of its total fuel consum@@emAppendix DT able D§
(General Aviation Manufacturers Association, 2009, p. Béjbinepowered rotecraft prefer
Jet A fuel, yetlie FAA reports rotorcraft with turbine enginemsumingdl.5 percent of its
total fuel consumption @00 grade agasalthoughthe margin error isather high agaiat

14.6 percen{See Appendix DTable D§ (General AviatiorManufacturers Association,
2009, p. 36)Finally, it must be noted that statistics concerning turboprops, turbojets, and

rotorcraft aregenerally ratheaccurate as the number of these aircraft operating in the U.S. is
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smaller than for pistopowered fixe-wing planes and thus sampling sizes are 100 percent for
these categories every year compared to only 10 percent for the latter category (Federal

Aviation Administration,2009,p. A-10).

Total hours flown by pistopowered aircraft have decreased sigaifitly according to
the mostecent 200%eneral Aviation and Part 135 Activity Survey which went from
between 1687 million hours flown in 2005 to 15 million hours (Federal Aviation
Administration, 2005; Federal Aviation Administration, 2008). Althotaghl number of
hours flown by pistospowered aircraft has fluctuated over the last decade, the general trend
has been declining with significant dips in 2001 and 2008 (Federal Aviation Administration,
2008). The former drop was due to the aftermath affeicEeptember 11, 2001, terrorist
attackson the U.S. where GAircraft flying under visual flight rules (VFR) were grounded
for approximately one month as the author of this thesis can confirm. The latter decline
reflects what Senior Editor of AOPA Pilotagazine Dave Hirschman in an AOPA live video
during the last AOPA Aviation Summit held in Tampa, Florida, in November 2009, claims
was due tduigh oil prices that were manifestedtia¢ avgas pumps which ultimatejyounded

a lotof the GA fleet.

Imposing a reduction imr complete elimination ahe amount of lead permissible in
aviation gasoline would negatively affegiproximately380 percent of the GA fleet, generally
the newer and highg@erformance aircrafiut also legacy oneshich are heavily usd by
commercial operatof@nonymous, personal communication [telephone ddHfch 1, 2010
AOPA working 2008. Theseaircraftthat areused for business or air taxi operatioeedthe
lead to boost octane and protect their engines from malfunagigh@PA working 2008).
Although the impact is on onBB0 percent of aircrafh the GA fleet, it transgites inb 70

percent of the current 100 consumption in the U.SAQOPA working 2008).
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It has been established that lead emissions will need tab®atcally reduced by
2017 as declared by EPA mandaté&smational ambient air quality standards for lead in
October 2008Kact sheet2009. Although not all industry members are convinced
compliance with NAAQS for 2017 lead emissions lewald the maitoring of potential
sources that it impliewill have a great impact on general aviatewen with the recent
reduction to the allowable tons per year emissions thre¢holdronmental Protection
Agency: Revisions to lead ambient air monitoring requéaets 2009) there is the risk that it
could. The aviation industry has been working on solutionsrfore environmentally friendly
avgas fuel options, a.k.a. without lead; d»er 5 years viandividual and industryesearch
efforts and regulatorguthaizations The following section will discuss a number of existing
and forthcomingpossiblesolutions to the leaded avgas conundrum, carry out a SWOT

analysis for each, and suggest viadnhel sustainablsolutions for the future.

2.2  Current and Possibl8ustainable Alternatives teeadedAvgas

Dave Hirschman, Senior Editor of AOHAlot magazine said it best in a video
recordedduring the AOPA Aviation Summit in 2009 when he described the leaded avgas
dilemmaasione of t h eproblens ih avigan eghtriowed ¢an unleaded avgas
replacement that will run across the entire pisgton g i n e Alterhagive fuels2009. A
number of alternatives tavgas already exist or are developmentabr testingstagesBelow
is adescriptionof the variousptions availabléoday and those that are on the agdnda
tomorrowto replace leagontainingavgas.A SWOT analysis is carritout for each option
with comments on feasibility for production, distribution, storage, accessilpditgntialcost
to corsumer regulatory requirements for both provider and user, necessary mechanical
modifications to aircraft and engines if any, @amyoperational considerations that must be

taken into accounthere the information is availabl&€he executive summary prokds
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concluding remarks as to the best strategic positions industry might take to resolve the avgas

challenge.

2.2.1 Mogas Autogas, or rgas as it is commonly referred to among pilots, is a
viable unleadedsolutionfor airplanes with engines certified favgas 80 octane fuak it has
provedfrom its performance recower the last 28 yea(8vVho we are2010).Research and
testingfor the use of mogdsegan in 1964 by the Experimental Aircraft Association (EAA)
and became available in 198&ho we are2010). The EAA developed a type certification
program to allow aircraft totilize mogas and later the FAA agreed to issue a supplemental
type certificatg STC)for its use starting with a Cessna 150 with a Continerta0Qengine
(Who we are2010).Around the same time, Petersen Aviation which was at first an
agriculture spraying businessNebraskaising planes calleGrumman G164 Ag-cats,
began their own testingr mogas STCas they had difficulties getting avgas distributed to
them for their busires(T. Petersen, personal communication [telephone interview], February
19, 2010) By the time they stoppeeésting and evelopment in 1993, they haeérivedover
150different STCHT. Petersen, personal communication [telephone interview], February 19,
20100A STC is authorization from the FAA to be
or i gi n a Bupmleesentaigypecer{ificated008)and isnecessary legal documentation
an operatomust possess @newants to make anyajor alterationso the aicraft thatcan
affect its flying characteristicdt is a system that ensures a certain level of safety for operators
as each STC undergoemnyhours of ground and flight testir{gt least 15pto get approval
for its issuancéPetersen, n.dWhy are tw, 1996) A number of airplanes and their engines
have been added to the STC listcgidi982 resulting in more thaf,000 STCs having been
issued to datthanks to both EAA and Petersen Aviatitime two major autogas STC
providers in the U.§Autofuel §Cs n.d; Berry, 2000ajntro, n.d.;M y airframe/enging

2010;Who we are2010.
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In order to use regular unleaded automogasolinein aircraft engineswo STCs are
required: one for thengine andotherfor the airframeTheycan bepurchased Here
receiving approval from the FARia aninspection with an Inspection Authority (1A) rated
A&P mechanidWhy are twp1996) An aircraft owner may also choose to carry outSh€
testing for mogas herseifhere she would have ttevelop the necessatata and preseritin
an acceptable mannter the FAA for approval (Armstrong, 1999)he owner would need to
follow the guidelines specified in Advisory Circular (AC) 23.158 whereadditiond AC
compliance is described order toact in accordance i FAA testing procedures and type
certificate applications (Armstrong, 1995)t i s very i mportant to get
filling it with mogas because there are cases in which the design of the aircraft with its engine
modele v e n i f fori8@ o&tane or owerial, may havea number ofssueghat could
impose some modifications order to ensure safe fligfif. Petersen, personal
communication [telephone interview], February 19, 2010; Ruley, 2004). A STC provides the
user with the assance that their particular aircraft and engine have undergone rigorous
testing to lave their models approved for thmdificationin questionRuley, 2004)An
aircraft may need adjustments to its fuel delivery systeavoid things like vapor lockhich
may entailreplacingfuel pumgs or changing the argbf fuel line fittings from 90 degreés
45 degreesor there might be aequirementor the aircraft to only be allowed tese premium
91 AKI fuel and notanylower (T. Petersen, personal communicatjitalephone interview],

February 19, 201®Ruley, 2004)

According to reports and articles about using unleaded automobile fuel in aircraft
engines, autogas hdemonstratetb be better for internal engine parts aundlfsystems
compared to 100LL (Berry2000b;Intro, n.d; Ruley, 2004. The aircraft with lower rated
octaneengineS T C6 d f dave fenergspaskplug fouling issudsn when running on

avgas 100LLland according to Petersen Aviation, their valves stick(les®, n.d.; S
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Johnson, pemal communication [telephone call], February 2, 2010; Ruley, 2G®A
asserts that engines running on mogas have b

o v e r h Bngihesowerhqyl1996).

To ensurdhe aircraft is getting enougittanewhen usingnogasit must have a
AKI numberat the gas pumef no less than 8{Detonation, AKI and octane numbé996).
This corresponds tan82 MON octane levglemembeMON ratings are similar to lean
mixture onespyiving aircraft engines a-@ctane safety mgin (Detonation, AKI and octane
number 1996) It is not recommended by the FAA nor other organizations like the EAA to
fall below 80 MON or engine efficiency, internal temperatures, and performance cannot be

ensuredDetonation, AKI and octane numbhéa9%).

Besides operationdlenefitsand the cost savingsogas can providiénanks tats
effect onengine longevitythe number one reaspilots STC their aircraft for mogas is
because ithardasgasliOt@npoen.d.;Ruley, 2004 Savings with atofue| 2001).
Nine years ago there was a 65 cent difference per dadtoveen the two fuels the U.S.
(Savings with autofueR001). Todayhere is a $1.30 difference on average nationwide
between atogasand agas(Fuel price report 201@). If one takes recreational pilot annual
flying time to be 50 hours in a plane that burns 10.8 gallons per(dyolyjust like in the case
study example EAA did nine years ago its Autofuel websitén the onlinearticle entitled

Savings with Autofugpilots will save

10 gph % 50 hours = 500 gallons per year

500 gallons per yvear X $1.30 = $650 per year at today's prices.

If the time before overhaul (TBO) for the engine takes place at 2,000 hours (a typical TBO

time), and the same variables remain constant as discussed above:
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2,000 hours + 50 hours per year = 40 years

40 years X $650 = 526,000 savings over the life of the engine.

The savings could be more if the pilot chooses to purchase mogas aiffibldat a gas
stationas most do since mogas is not well distributed in the (Bl price report 201Gx;
Savings with autofuge001).For 3,650 FBOseporting fuel pricesationwideon

Ai r Nav . c deod Bebruagdy201Q only 121tout mogas availability (Fuel price
report, 201@). However, hesavingsn the exercise abowe not negligible as thegpresent
the price ofa typical low compressiooverhauled enginéAftermarket engine exchange

2010).

It might be noted that 40 years towranaircraft and its enginmay appealongin
comparison wittautomobiles which generally consumers exchange after 10 yaase(6im
Kenville, Professor UND Aerospace, personal communication [telephone call], February 9,
2010) As Dr. Kenville,profesor at UND Aerospace arsgpecialist in general aviation
operations and management and issues in aviation, pointed out in a phone interview February
9, 2010, this is precisely the problem withthe avigas s u e:plfmanes dThiea 6t r un ¢
could make ain@ft ratherggreerdin some respects as planes that are 80 years old or older

continue to be maintained flying condition. No recycling necessary!

Mogas can save a pilot money over timéuel costsandit canalsodo sofrom a
technicaland operatinal perspectivasit is better for engines rated 80 octane or lotkan
its leaded counterpafBerry, 2000bEngine overhayl1996 Intro, n.d.; Ruley, 2004)and
althoughthis option has the potential of covering nearly 70 percent of the totalpiston
powered sparkignition reciprocating engine fleehere is a general stigma for this type of
fuel for a number of reasorisirstly, whenapproval for the use of mogas began, there were

problems with valvesticking particuldy in small enginenodelsthathad beemanufactured
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during the 1948 (Engine overhayl1996).This was due to the soft metals used for the valve
seats plus their angles needed adjustiirgg(ne overhayl1996). EAA on its autofuel portion

of its website maintains that this should noder be a problem today as the issuance of
service instructions by the manufacturer for operators to change valve seat angles and add

hardened valve seats should have solved the isEngmé overhayl1996).

A second reason for the negative percepti@nout mogas is that itsaidto provoke
more vapor lock than its leaded countergBgrry, 2000ajs vapor lock 1996. Given
moga® hi gher vol at ReidVapgr PressusEVi)cangared p avgas s
higher occurrence of vapor lookayoccurthan with avgas at extreme operating conditions at
high altitudes and hot temperatu(Bgrry, 2000ajs vapor lock 1999. Vapor lock occurs
when leftover gasoline in the fuel lines becoraesheated and evaporates in the lines
creating air pocketthat disrupt the fuel flow to the engiriecan happen when it is a hot day
and the plane is left in the sun heating up the fuel limben the plane has a hot engine from
flight activity and it is restarted before it has had enough time to cool offiaticthe engine
to transfer its heat to the fuel lines and cause evaporatiam the boiling point is raised
because of a rise in altitude, or a combination of any of these three condions 2000a
Vapor lock 201Q. These air bubblégadto fuel starvation whictcould make thenginequit
and also create difficulties forrestarting a si t uati on t hatdés especia
just after takeoff. There are special vapor lock tests on the market to verify whether
conditions are such vaptock may be prevalent. However, even with leaded avgas it is not
recommended to start a hot engine on a hot day until fuel lines are sure to be cooled down
enough tgrevent the occurrence wpor lock. Other ways tavoidvapor lock is via (extra)
fuel pumps 45 degree instead of 90 degree fitting installatianslsometimes redesigning
the fuel systems forward of the firew@ihformation: Modificationsn.d; T. Petersen,

personal communication [telephone call], February 19, 20®ust be pointedut that ot
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all fuel delivery systems have fuel pumps as the tanks which are located in the wings may be
in a highwing configuration allowing for a gravitied system to be used@he aircraft
airframe model and engine are the determinants for fuelrsystadificationsunder a mogas

STC.

Carburetor icing has been found to increase with the use of mogas, again due to its
higher RVP (Berry, 2000dnformation: Octanen.d.).This is caused by the latent heat
removal from the fuel when it vaporizesinth@er bur et or, and as autoga
a v g a ® 5 pgi Gompared to 5.5 to 7 psi)thusremovesnore heatvhen itvaporizes
(Berry, 2000a)This might be a partial explanation as to why aircraft using autogas are said to
be limited to lowemrltitudes since fuels with higher RVPs will vaporize more quickly at lower
pressures found when the aircraft gains altitddiés could contribute to the excessive
cooling in the carburetors causing icing which if not remedied via the application of

carbuetor heat couldead topartial or total loss of power.

A third reason why mogas has been reproached is that oil compamigse, and
airframe manufacturedo not recommenits useasautaaswas not used in the original type
certification testingand as such not listed on the type certificatejautogasas less
stringent quality standards than aviation farbich is a perceiveliability issuefor these
players &nonymous, personal communication [telephone call], February 19, 2010;
anonymous, peosial communication [telephone call], February 25, 2@Ery, 2000a
Berry, 2000b:T. Petersen, personal communicationdpélone call], February 19, 2010
Engine manufacturers have refused to honor warranties if engines have been used with mogas
even tlough the FAA has publically appredof its use(Berry, 2000a; Berry, 200QI5-uel for
general 2008 Gallagher, 1998 In the supply chain)\@as has a dedicated fuel production
and distribution networkHemighaus, et al2006,p. 74;What drivesn.d.).This type of set

up isexpensive for the oil companies to maintain since production facilities must be cleaned
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thoroughlyafter each avgas run, and holding tanks and truekscars, or bargesust be
assigneckxclusivelyto avgagdue toits lead contenandthe possibility forcross

contamination with other petroleum produg@t®emighaus, et al2006,p. 74;What drives

n.d.). The upsidas that thissystemhelps refines to tracka v g gualitythroughout the

supply chaifHemighaus, et al2006,p. 74). Fuels used in aviation are under s#ict
regulationghan automobile gasoline and must not containpaniyculate matter, water, or
other contaminats or it must be shipped back to a refinery for reprocessing (Hemighaus, et
al.,2006,p. 77).Liability linked to quality controls explaingrt ofwhy onlyjust overl120

FBOs out oimore tharB8,650 have mogas tanksn their fieldsin the U.S(Visser, 2010;
Misegades, 20)0Anotherreasorentirelylinked to the firsinclude the fact that since so
manyservices are provided to the FBO through their refiners contract: marketing support,
credit card loyalty programs, fuel safetyd managemeirainingcoursesgreat insurance
coverage for the fuel portion of their operations, that risking losing thesataseo put in

an autogas fuel tank not recommended by their refiner is incentive enough not to put in the

extra tanik{anonymous, personal communication [telephone call], February 25,.2010)

Finally, there are a number external hreatsthatexistfor the use of mogas as a
leaded avgas alternativ@asoline producers and vendors have been distributing
Reformulated Gasoline®RFG) with ethanol mixed in it at 10 % or moirerecent yearg-uel
producers were at first required to mix oxygenates in fkeldthanol or methyl tertiary butyl
ether (MTBE) through the 1990 Clean Air Aé&tlhanotblended fuels2008). The Energy
Policy Act of 2005 repealed this wording so that fuel producers were no longer obligated to
add oxygenates to fuel (Energy Policy AE22005, 2005Ethanotblended fuels2008).The
deletion of these conditions was a positive decision for GA. Ethanol in particular is
i ncompatible with aircraftsod f (seelsecib2.2ilvery s

AGE 85for more detailspnd wouldcauseproblensto aircraft that are cefied to use
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premium unleaded automobile gasolureler the autogas FAA STC prograsiit is

specifically stipulated that ethanol blended in the fuabisapprovedEthanotblended fuels
2008;Information Fuel specsn.d.).The EAA estimates it would cost a minimum of $10,000
per aircraft to change parts that would be affected by alcohol exposure (fuel lines, any rubber
or plastic parts, metal fuel bladders, metal fuel pumps, etc.) and redesign thysteral s
(Ethanotblended fuel2008).These costs may be acceptable for an operator if they are not
much more than $10,000 as evidenced in the results of an informal survey sent to various
LinkedIn aviation group sites in the beginning of January 2010 ($perlix E for survey
guestion and compiled resultsjowever, the Energy Independence and Security RIGA)

of 2007 in the subin-Tend edflueslecEdomomyl Aetdd A(TEM
and Security Act of 2007, 2007), calls for the U.Sphase in at least 15 billion gallons of
renewable fuels like with graibased ethanol by 2017 (Energy Independence and Security
Act of 2007, 2007Ethanotblendedfuel, 2008).0il refineries and refiners are incentivizied

make RFG withethanoland have ieateda specific blend stock designgrst for the addition

of ethanol calledRBOB which is not of as high quality as regular or premium unleaded
gasolinglanonymous, personal communication [telephone call], February 25, RétHsen,
2008. As the amont of renewable fuels mandated by the EISA 2007 goes up every year, and
since flexfuel vehicles able to consume a petroleum blend with 85 percent ethanol have not
massively hit th@utomobilemarket as the EISA 2007 oxygenate section was designed to
favor, refiners have been obliged to find other places to puetimvable fuels cgthanol
(anonymous, personal communication [telephone call], February 25, P4 dew reality

2008. Thiswill and is causingccessibility problems to GAhe AOPA has estiated that 51
percent oimogas currently available in the U.S. is already blended with etharaiMarch

2008 AOPA working 2008).Some aircraft engines are able to tolerate a 10 percent blend of

ethanol and gasoline, namely low horsepower Rotax 919 khdhodels greatly used in LSA
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flying (anonymous Rotax employee, personal communication [telephone call], February,
2010) To combattheeventual eradication wégular and premium unleadadtogasthe only
solution is toactivelylobby against it byputting pressure on State legislatuoemake

exceptiondor it to not be blended with ethanaltheir State lawsAs this issue is not

exclusiveto mogas aircraftisers EAA recommends gathering forces with boaters, snow
mobilers, and lawn equipment useishanotblended fuel2008).The EAAalsokeeps a list

of recommended actions and legislative wordings to be put into State law so as to protect the

interests of aircrafand othewusersfor regular angoremiumunleaded autogas.

Overall, mogas is a viablsolution for low compression low octarsged piston
powered, reciprocating engiaécraft. The STCs are inexpensive at only $1.50 to $2.00 per
horsepower giving an approximate range fi$80.00 for a 37 horsepower engine to $337.50
foronewith225hpr i ces quoted f r cEnginEmodas appraved0Gf u e |
Order here n.d). An average 160 horsepower engine that can fly adeater aircraft would
go for $320. Certain aircraft models demand fuel system modifications and can cost up to
$3,860 (Order here n.d). Other costs include decals to placard the airplane appropriately,
alcohol and vapor lock testers, and paperwork upda@nder here n.d; STC application
form, n.d). Total cost to the consumer is well under $5,¥Ghe most expnsive model$or
the whole procedure and in many cases it may be much less asistlib&vexamplericing

exercise based on EAA and Petersen Aviation prices in Table 2.

Table 2 ASTC Pricing Exercise for Two Lodworsepower Engindi r f r ame s 0
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Petersen
STC Pricing Exercise for Two 160-horsepower Engine Airframes EAA Aviation,
Inc.
Example 1: Cessna 172 with Lycoming O-320, 160 hp engine
STC 240 320
Placards: Airframe incld in pwki 12,5
Placards: Engine incld in pwki 10
Paperwork 30 160
Tester: Alcohol 18 15
Tester: Hodges Volatility Not availabl 65
Total[ $ 288,00 $ 582,50
Example 2: Piper PA-28-161 with Lycoming O-320, 160 hp enging
STC (requires modifications) Not availabl 2750
Placards: Airframe 12,5
Placards: Engine 10
Paperwork 160
Tester: Alcohol 15
Tester: Hodges Volatility 65
Total N/A $3 012,50

NotePri ces from EAA. orgods

Aut of uel

website

Add on top of these figures the fact that autdgesbeen historicalliess expensive than

avgas, and the mogas STCs appear even fimargcially interestirg. Mogasis afuel with

much higher volume produoh andrefiners and refinerieare able to use pipelindgbe least

expensivemannerof transpoiing fuel (Trench,200], p. 2). However, due tgasolind® s

f uel

formulaion which is much more dependent anide oil prices than avgasthe latter is

comprised more of manufactured synthetic components rather than stoaiglistillates,

autogas is much more susceptible to crude oil market fluctuatidimat (drivesn.d.).So long

as this solution remains aNable despite threats from the application of EISA 2007 for

ethanol blending built to support fldMel cars consuming E85, and given a better acceptance

among oil companies, engine, and airframe manufacturers, including the FBOs that would

have to be wWiing to provide an additional fuel tanlarf expense which represents around

$80,000 to $100,000 to purchameaveragsized 12,000 gallotank and install it not

an

(
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including extra insurance coverag®vo separataviation fuel tank contributors from Fuel
Tech Inc. & Garsite, personal communication [telephoneg|c&ébruary, 201)) at the risk of
losing much needed marketing support and other bells and whistles, all of which rbay not
entirely likely due to liability risks linked to reduced quality cohtneasures for automotive
fuels, mogas could be an effective replacement for 70 to 80 percent of the GAufleeg

roughly 30 percentdf o d a y @wasicangumpdtiofPOPA working 2008)

2.2.2 82UL Another solution exists for logompression pten-powered aircraft
that doesndét involve all the associ:8Uked 1| i ab
The FAAapprovedofitsuseforallmogasu si ng 87 AKI inM&ChCRYFAAR I r cr af
approves 1999). GA industry members initiatduwetcreation of this unleaded low octane
rated fuelwith the intentions oéventuallygettingit approvedo replacehe leaded®0/87that
beginning in the mid980s begaprogressively disappearif§AA approves1999 New
unleaded 1998. The process todlen years to gehe ASTM D6227specification and to this
dayhas yet to b@roduced Billing, 2010, FAA approves1999; Hemighaus, et al., 2006, p.
56; New unleadedl998. As existing low compression engines do not have this fuel listed on
theirtypeer t i fi cates, 82UL would need to be STCO?b«
unless given a blanket approval by the F@fonymous, personal communication [telephone
call], February 26, 2010Jt appears that this type of approval was never sought perhaps
because industry members had become convinced thatfag¢hsystem was no longer
economically viabl€Billing, 2010; Visser, 2010)If engines were designed for the use of
82UL, and if these engines had 82UL listed on their type certificates at theftime o
certification, there would be a potential demand for this progdilting, 2010, Hemighaus, et
al., 2006,p. 56) As it standsthe lack of interest in pursuing the use of this fuel, although
potentiallycapable o&olving the liability complaints fronoil companies, engine, and

airframe manufacturefsr mogas users and it could cover 70 percent of the GA fleet
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representing 30 percent of current avgas consumpliof A working 2009, indicates that

82UL will probably never be produced.

2.2.3 91/96 HjémcoOil. A 91-octane unleaded aviation gasolthat is a fully
transparent drom solutionfor lower octaneated aircraf(a.k.a. one that does not require
any engine modifications in order to use the feglsts is in full production andis
distributedon the general aviation market tod®polph, 2008 Malone, 2006; Moscrop,
2007). News flashActually this fuel has 19 years of experien2@ years total time if its first
generation version the 80/87 unleaded is coursted has accumulated million$ flying
hours butit is virtually unknown except for in ASTM and IAOP&rcles(L. Hjelmberg,
CEO of Hjelmco Qil, Inc., personal communication [telephone call], January 29, 2010
Hjelmco Oil 2010. Indeed, major engine manufacturers such as Lycariielgdyne
Continentaland Rotaxhaveapprovel the use of this fuel in thegngineserviceinstructions
some as early aB995(L. Hjelmberg, CEO of Hjelmco Qil, Inc., personal communication
[telephone call], January 29, 20H)elmco Oil 201Q Malone, 206). Wh at 6 s mor e, t h
91/96 Hjelmco Oil unleaded fuel meets all of ASTM D%té@ndardgor the 91/96 and 91/98
specifications except for the color and the lead (L. Hjelmberg, CEO of Hjelmco QOil, personal
communication [telephone call], January 29, 20T0g 91/96 ULsells forcheapethan its
leaded counterpart by 10 percéBertorelli, 20109 thanks in part to the fact its transportation
costs are | ower bec ayisiecentrdlly distobeitedn thée Swedisht ai n a
market(L. HjelImberg,CEO of Hjelmco Qil, personal communication [telephone call],
January 29, 2021Malone, 2006)andup until recently, this unleaded avgas was able to take
advantage of taxation legislation that allowed it to be exempt from either state casdko
taxes(Bertorelli, 2010¢lMalone, 2006 An unleaded future2009).Its fuels are sold through
a franchiseaype retail structure and they are also shipped to Japan where buyers take care of

their own retail (Bertorelli, 2010durtheradvantage$or the use ofinleaded avgas under






