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1

 

Alcohols and Ethers—A Technical Assessment of Their Application as 
Fuels and Fuel Components

 

1 Introduction and Scope

 

1.1 GENERAL

1.1.1

 

In 1971 the American Petroleum Institute (API) stud-
ied the feasibility of blending ethanol with gasoline to aug-
ment domestic fuel supplies for transportation.

 

1

 

 After the Þrst
Arab oil embargo in 1974, interest in using alcohols as fuels
expanded to include methanol, not only as a transportation
fuel, but also as a fuel for stationary power sources. In
response to that expanded interest, the API published an
updated technical assessment in 1976.

 

2

 

1.1.2

 

Since 1976, many changes have occurred in the use
of petroleum and non-petroleum fuels, both neat and in
blends with hydrocarbon components. The earlier objective
of augmenting domestic energy sources was joined by two
additiional objectives: a) to produce high octane gasoline
without the use of lead alkyls, and b) to reduce the contribu-
tion of motor vehicles and stationary sources to air pollution.
In response to the expanded use of oxygenates, API published
a second updated technical assessment in 1988.

 

3

 

 Today, fed-
eral law requires that oxygenates be blended with gasoline in
the wintertime in certain areas and be a part of reformulated
gasoline in speciÞed areas of the United States.

 

1.1.3

 

The Clean Air Act Amendments of 1977 expanded
the interest in alcohols and ethers. The Clean Air Act Amend-
ments of 1990 mandated the use of oxygenates to reduce win-
tertime carbon monoxide emissions in carbon monoxide
nonattainment areas. It also required oxygenates in reformu-
lated gasoline (RFG) which is mandated for use in extreme
and severe ozone nonattainment areas and other ozone nonat-
tainment areas which opt to require reformulated gasoline.
Nonattainment areas are those areas not meeting the statutory
federal standards for ambient carbon monoxide (carbon mon-
oxide nonattainment areas) and ozone (ozone nonattainment
areas).

 

1.1.4

 

New policy issues regarding oxygenates are expected
in the future. An important objective of this publication is to
provide an updated and expanded technical assessment suit-
able as a foundation for policy discussion.

 

1.1.5

 

The transportation fuels industry has been shaped by
six important events since the issuing of the Clean Air Act
Amendments of 1977: a) the increased use of alcohols as
blending components, b) the appearance of marketplace con-
cerns resulting from the misuse of alcohols as blending com-
ponents, c) the implementation of federal environmental
regulations covering the composition of motor fuels, d) the
onset of federal regulations requiring the use of oxygenates,

e) the use of several different ethers as fuel components, and
f) the ban on MTBE in California by 2002. In the future, the
registration of fuels and fuel additives and the required toxi-
cology testing may affect motor fuel composition and the use
of oxygenates.

 

1.1.6

 

This technical assessment, therefore, has been
expanded to include a review of the oxygenate regulations
and the technical literature that has been published between
1988 and 1999. This publication summarizes information
on producing and applying alcohols and ethers as fuels and
fuel components. The alcohols and ethers that are consid-
ered include a) methanol, ethanol, isopropyl alcohol (IPA),
tertiary-butyl alcohol (TBA), methyl tertiary-butyl ether
(MTBE), tertiary-amyl methyl ether (TAME), ethyl tertiary-
butyl ether (ETBE), and diisopropyl ether (DIPE) as fuel
components; b) methanol and ethanol (both neat and mixed
with low levels of hydrocarbons) as transportation fuels; and
c) methanol in stationary power sources. This publication
assesses the technical advantages and disadvantages of alco-
hols and ethers with respect to hydrocarbon fuels. The anal-
ysis also addresses the following factors: a) the costs
associated with producing alcohols and ethers, b) distribu-
tion, storage, and Þre protection and safety concerns, and c)
health and environmental concerns.

 

1.2 REFERENCES

 

1. American Petroleum Institute Committee for Air and Water
Conservation, ÒUse of Alcohol in Motor GasolineÑA
Review,Ó API Report No. 4082, August 1971.

2. American Petroleum Institute Alcohol Fuels Task Force,
ÒAlcoholsÑA Technical Assessment of Their Application as
Fuels,Ó API Report No. 4261, July 1976.

3. American Petroleum Institute Alcohol Fuels Task Force,
ÒAlcohols and EthersÑA Technical Assessment of Their
Application as Fuels and Fuel Components,Ó API Report No.
4261, July 1988.

 

2 Chemical and Physical Properties of 
Alcohols and Ethers

 

2.1 GENERAL

2.1.1

 

The molecular formulae of several alcohols and
ethers usable as gasoline blending components or as neat
fuels are summarized in Table 1. Commonly accepted abbre-
viations will be used in the following discussions. 
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2.1.2

 

Oxygenates are comprised of hydrogen, carbon, and
oxygen. The properties of an oxygenate are affected by the
position of the oxygen atom in the molecule and the hydro-
carbon content. Molecular construction also inßuences
interactions in blends with hydrocarbons. Characteristics of
gasoline-oxygenate blends are covered in Chapter 5. Some
key properties of alcohols and ethers are listed in Tables 2
and 3.

 

2.2 HEATING VALUE

 

Because molecules of alcohols and ethers carry oxygen,
they require less oxygen for complete combustion than do
hydrocarbons with corresponding numbers of hydrogen and
carbon atoms. Table 4 shows the oxygen requirements for
complete combustion of oxygenates. The oxygen content of
an alcohol or ether produces no heat of combustion and, thus,
a volume or weight of oxygenate produces less heat from
combustion than that of a hydrocarbon. The lowest molecular
weight oxygenate of interest, methanol or MeOH, produces
about one-half the heat energy of gasoline, either on a weight
or volume basis. Higher molecular weight oxygenates pro-
duce as much as 85 to 90% of the heat energy of gasoline.

 

2.3 MOLECULAR POLARITY 

2.3.1

 

Although both alcohols and ethers contain oxygen,
the location of the oxygen atom in an alcohol molecule
imparts properties that are much different from those of gaso-
line and ethers. The molecular structures of MeOH and EtOH
are compared with water, gasoline and MTBE in Figure 1.
An alcohol molecule contains an OH group, or hydroxyl
group, the same functional group as a molecule of water. The
OH group is attached at the end of the hydrocarbon structure
and is highly polar. In contrast, the oxygen atom in an ether
molecule is bound within the hydrocarbon structure and cre-
ates little, if any, polarity. In the MTBE molecule, shown in

Figure 1, the oxygen atom is bound into, and surrounded by,
hydrocarbon.

 

2.3.2

 

As a consequence of the OH group, an alcohol has
polar characteristics similar to water. The molecular polarity
is stronger for alcohols with lighter hydrocarbon structure.
MeOH has the greatest polarity of all oxygenates considered
as fuel.

 

2.3.3

 

The phenomenon of molecular polarity has important
consequences for blends of alcohols in hydrocarbons. Occa-
sionally, problems with vehicle driveability and fuel system
water occurred with the use of gasoline-alcohol blends. The
molecular polarity of alcohol was the cause of the difÞculties.
See Chapter 5 for further discussion.

 

2.4 POLAR PROPERTIES OF ALCOHOLS

2.4.1

 

Polar molecules have afÞnity for other molecules in
proportion to the degree of mutual polarity. Because of the
polar nature of alcohols, vapor pressure anomalies with
hydrocarbon blends and water interactions can occur. The
vapor pressure of alcohols, 1.8 to 4.6 psi, listed in Table 2, is
much less than that of typical blended gasoline. However, as
described in Chapter 5, these values are deceptive in predict-
ing vapor pressure of gasoline-alcohol blends due to the
unusual polar behavior of alcohols. At room temperature,
low molecular weight substances like water or MeOH would
be gases were they not collapsed into liquids by the highly
cohesive molecular forces of hydrogen bonding. When mol-
ecules of MeOH are dissolved in a nonpolar hydrocarbon
solvent, like gasoline, they become physically separated.
This physical separation weakens molecular cohesion and
MeOH behaves like a gas. This results in an otherwise anom-
alous increase in vapor pressure that peaks at quite low
MeOH concentrations.        

 

Table 1—Nomenclature of Oxygenates Commercially Used as, or in, Fuels

 

Name Abbreviated Name Formula

Methyl Alcohol (Methanol) MeOH CH

 

3

 

OH

Ethyl Alcohol (Ethanol) EtOH C

 

2

 

H

 

5

 

OH

Isopropyl Alcohol (Isopropanol) IPA (CH

 

3

 

)

 

2

 

CHOH

Tertiary-Butyl Alcohol (t-Butanol) TBA or GTBA

 

a

 

(CH

 

3

 

)

 

3

 

COH

Methyl Tertiary-Butyl Ether MTBE (CH

 

3

 

)

 

3

 

COCH

 

3

 

Tertiary-Amyl Methyl Ether TAME (CH

 

3

 

)

 

2

 

(C

 

2

 

H

 

5

 

)COCH

 

3

 

Ethyl Tertiary-Butyl Ether ETBE (CH

 

3

 

)

 

3

 

COC

 

2

 

H

 

5

 

Diisopropyl Ether DIPE (CH

 

3

 

)

 

2

 

CHOCH(CH

 

3

 

)

 

2

 

a

 

GTBA (ÒGasoline gradeÓ TBA) is a mixture of TBA and solvents which lower the freeze point of TBA. 
Neat TBA freezes at 78.5¡F.
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Table 2—Some Properties of Alcohols, Gasoline, and No. 2 Diesel Fuel

 

c

 

Property MeOH EtOH IPA GTBA

 

2

 

Gasoline

 

a

 

No. 2
Diesel Fuel

Molecular weight 32.04 46.07 60.09 73.5 100Ð105 ~200

Composition, weight %
Carbon 37.5 52.2 60.0 65.0 85Ð88 84Ð87
Hydrogen 12.6 13.1 13.4 13.7 12Ð15 13Ð16
Oxygen 49.9 34.7 26.6 21.3 0 0

Relative Density, 60/60¡F 0.796 0.794 0.789 0.781 0.69Ð0.793

 

2

 

0.81Ð0.89

Density, lb/gal @60¡F 6.63 6.61 6.57 6.50 5.8Ð6.63

 

2

 

6.7Ð7.4

Lower Heating value (liquid fuelÑwater vapor)
Btu/lb 8,570 11,500 13,300 14,500 18KÐ19K 18KÐ19K
Btu/gal @60¡F 56,800 76,000 87,400 94,100 109KÐ119K 126KÐ131K

Boiling temperature, ¡F 148 173 180 176Ð181 80Ð437 370Ð650

Freezing point, ¡F Ð143.8 Ð173.4 Ð126.2 78.5 (TBA) Ð40 Ð40 to 30

Vapor pressure, psi 4.6 2.3 1.8 1.8 7Ð15 <0.2

Research octane number

 

b

 

Ñ Ñ Ñ Ñ 88Ð100 Ñ

Motor octane number

 

b

 

Ñ Ñ Ñ Ñ 80Ð90 Ñ

Cetane number

 

b

 

0-54

 

2

 

Ñ Ñ Ñ 40Ð59

Water solubility, @70¡F

Fuel in water, volume % 100 100 100 100 Negligible Negligible

Water in fuel, volume % 100 100 100 100 Negligible Negligible

Viscosity, mm/s

@68¡F 0.74 1.50 3.01 5.31 0.5Ð0.6 2.8Ð5.0

@Ð4¡F 1.345

 

2

 

3.435

 

2

 

11.465

 

2

 

Solid 0.8Ð1.0 9.0Ð24.0

Flash point, closed cup, ¡F 52 55 53 52 Ð45 165

Autoignition temperature, ¡F ~867 ~793 ~750 ~892 ~ 495 600

Flammability limits, volume %

Lower 7.3 4.3 2.0 2.4 1.4 1.0

Higher 36.0 19.0 12.0 8.0 7.6 6.0

Latent heat of vaporization

Btu/lb @60¡F 506 396 320 258 ~150 ~100

Btu/gal @60¡F 3,340 2,378 2,100 1,700 ~900 ~ 710

Stoichiometric air/fuel, weight 6.45 9.00 10.3 11.1 14.7 14.7

Moles product/moles charge 1.06 1.07 1.07 1.07 1.06 1.06

Moles product/moles O

 

2

 

 + N

 

2

 

, 1.21 1.14 1.12 1.10 1.08 1.07

 

Notes:

 

a

 

Gasoline properties listed are representative of non-oxygenated gasoline with 100% hydrocarbon content.

 

b

 

Conventional laboratory engine test methods for Research octane number, Motor octane number and cetane number are not suitable for neat 
alcohols. See Table 15 for Octane Blending Values of alcohols in gasoline.

 

c

 

Superscripted numbers refer to references at the end of each section.
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Table 3—Some Properties of Ethers and Gasoline

 

c

 

Property MTBE TAME ETBE DIPE Gasoline

 

a

 

Molecular weight 88.15 102.18 102.18 102.18 100Ð105

Composition, weight %

Carbon 68.1 70.5 70.5 70.5 85Ð88

Hydrogen 13.7 13.8 13.8 13.8 12Ð15

Oxygen 18.2 15.7 15.7 15.7 0

Relative Density, 60/60¡F 0.746 0.776 0.745 0.729 0.69Ð0.79

Density, lb/gal @6¡F 6.21 6.46 6.20 6.07 5.75Ð6.58

Lower Heating value (liquid fuelÑwater vapor)

Btu/lb 15,100 15,600 15,600 16,500 18,000Ð19,000

Btu/gal @60¡F 93,500 100,600 97,000 100,000 109,000Ð119,000

Boiling temperature, ¡F 131 187 161 155 80Ð437

Freezing point, ¡F Ð163 Ð137 Ð122 Ð40

Vapor pressure, psi 7.8 1.5 4.0 4.9 7Ð15

Research octane number

 

b

 

116

 

6

 

 Ñ Ñ Ñ 88Ð100

Motor octane number

 

b

 

101

 

5

 

Ñ Ñ Ñ 80Ð90

Water solubility, @70¡F

Fuel in water, volume % 4.8 1.15 1.2 1.1 Negligible

Water in fuel, volume % 1.5 0.6 0.5 0.6 Negligible

Viscosity, mm/s

@ 68¡F 0.47

 

7

 

 0.44

 

5

 

0.53

 

5

 

0.47

 

5

 

0.5Ð0.6

@ Ð4¡F 0.77

 

7

 

0.71

 

5

 

0.89

 

5

 

0.76

 

5

 

0.8Ð1.0

Flash point, closed cup, ¡F Ð14 11 Ð3 9 Ð45

Autoignition temperature, ¡F ~815 860

 

5

 

580 ~830 ~ 495

Flammability limits, volume %

Lower 1.6 1.0 1.0 1.4 1.4

Higher 8.4 7.1 6.8 7.9 7.6

Latent heat of vaporization

Btu/lb @60¡F 138 135 134 148 ~150

Btu/gal @60¡F 863 870 830 900 ~900

Stoichiometric air/fuel, weight 11.7 12.1 12.1 12.1 14.7

Moles product/moles charge 1.07 1.07 1.07 1.07 1.06

Moles product/moles O

 

2

 

 + N

 

2

 

1.10 1.09 1.09 1.09 1.08

 

Notes:

 

a

 

Gasoline properties listed are representative of non-oxygenated gasoline with 100% hydrocarbon content.

 

b

 

Conventional laboratory engine test methods for Research octane number and Motor octane number are not suitable for neat oxygenates. See 
Table 15 for Octane Blending Values of ethers as gasoline blend components.

 

c

 

Superscripted numbers refer to references at the end of this section.
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Figure 1—Molecular Structures of Water, Methanol, Ethanol, MTBE, and Gasoline

Table 4—Combustion of Alcohols, Ethers, and Hydrocarbons in Air

 

Fuel Combustion Reaction Equation

 

a

 

Methanol CH

 

3

 

OH + 1.5O

 

2

 

 + 5.64 N

 

2

 

CO

 

2

 

 + 2(H

 

2

 

O) + 5.64 N

 

2

 

Ethanol C

 

2

 

H

 

5

 

OH + 3O

 

2

 

 + 11.3 N

 

2

 

2(CO

 

2

 

) + 3(H

 

2

 

O) + 11.3 N

 

2

 

Isopropyl Alcohol C

 

3

 

H

 

7

 

OH + 4.5O

 

2

 

 + 16.93 N

 

2

 

3(CO

 

2

 

) + 4(H

 

2

 

O) + 16.93 N2

tert-Butyl Alcohol C4H9OH + 6O2 + 22.6 N2 4(CO2) + 5(H2O) + 22.6 N2

MTBE C5H12O + 7.5O2 + 28.2 N2 5(CO2) + 6(H2O) + 28.2 N2

TAME C6H14O + 9O2 + 33.9 N2 6(CO2) + 7(H2O) + 33.9 N2

ETBE C6H14O + 9O2 + 33.9 N2 6(CO2) + 7(H2O) + 33.9 N2

DIPE C6H14O + 9O2 + 33.9 N2 6(CO2) + 7(H2O) + 33.9 N2

Gasoline or Diesel Fuel

CnH2n + 2 + [(3n + 1)/2] O2 + 3.76 [(3n + 1)/2] N2 nCO2 + (n + 1) H2O + 3.76 [(3n + 1)/2] N2

aBased on an air mixture of 79% nitrogen, 21% oxygen.
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6 API PUBLICATION 4261

2.4.2 If enough water is present as a second liquid phase, as
a so-called Òwater bottom,Ó the afÞnity of MeOH for the
highly polar water molecules causes the MeOH to migrate
from the gasoline blend to the water phase. These polarity
effects are less pronounced for ethanol and may be insigniÞ-
cant for higher carbon number alcohols. Chapter 5 describes
how this phenomenon of polarity affects vehicle operation
with gasoline-oxygenate blends.

2.4.3 Another consequence of the strong polarity of
MeOH, other alcohols and also water, is the need of high
amounts of heat for vaporization. Alcohols with large hydro-
carbon structures, such as TBA (or GTBA), have less polarity
and have physical properties approaching those of hydrocar-
bons. Ethers vaporize, and have latent heats of vaporization
similar to corresponding hydrocarbons in gasoline.

2.5 OTHER DIFFERENCES

2.5.1 Oxygenates differ from hydrocarbons signiÞcantly
with respect to other properties: boiling point, vapor pressure,
ßammability, viscosity, ßash point, and antiknock perfor-
mance. As might be expected, the boiling temperatures are
lowest for the lowest molecular weight alcohols and ethers.
Being pure compounds, except for GTBA, all have constant
boiling temperatures that generally categorize them in the
more volatile, below 50% evaporated distillation temperature,
fraction of typical gasoline.

2.5.2 Flammability limits, ßash point and combustion
characteristics of the alcohols, in particular, are much differ-
ent than gasoline or diesel fuel. Ethers behave more like
hydrocarbons in this regard. MeOH has a very rich ßamma-
bility limit but also a somewhat rich lean limit for combus-
tion. The antiknock performance of oxygenates cannot be
measured using ASTM Research or Motor Methods. How-
ever, MeOH and EtOH are acknowledged as highly attractive
engine fuels with superior knock resistance in engines,
largely due to their high latent heats of vaporization and high
combustion expansion ratios. Neat alcohols have relatively
high ßash point temperatures compared with hydrocarbons
but, as discussed later, present certain safety concerns. The
low luminosity of the ßames of MeOH combustion causes
concern about the use of MeOH as a neat fuel for vehicles as
discussed in Chapter 6. 

2.5.3 The freezing point of the ethers and the lower molec-
ular weight alcohols is extremely low. However, the viscosi-
ties of alcohols at low temperature are much higher than those
of light hydrocarbons. Because neat TBA approaches solidiÞ-
cation at 78¡F, it requires cosolvents for handling in reÞnery
applications. Hence, the ÒGasoline-GradeÓ version of TBA,
termed GTBA, was developed.

2.5.4 Characteristics of oxygenates in blends with gasoline
are covered in Chapter 5 and, as neat fuels for gasoline and
diesel engines, in Chapter 6.

2.6 REFERENCES

1. Unless otherwise referenced, all properties listed are from
American Petroleum Institute, Alcohols and Ethers, API
Publication 4261, Second Edition, Washington, DC, July
1988.

2. L. M. Gibbs, ÒTransportation FuelsÑAutomotive Gaso-
line,Ó Encyclopedia of Energy and the Environment, John
Wiley & Sons, Inc., 1995.

3. National Institute for Petroleum and Energy Research,
ÒMotor Gasolines,Ó Summer 1996, Winter 1996-97, Bartles-
ville, OK, 1997.

4. Engine ManufacturersÕ Association, Alternate Fuels
Committee, ÒA Technical Assessment of Alcohol Fuels,Ó
SAE Paper 820261 (Paper delivered at the International
Congress and Exposition, Society of Automotive Engineers,
Detroit, MI, February 1982).

5. T. E. Daubert, Penn State Department of Chemical Engi-
neering, (Communication to R. L. Courtney, August 7, 1996).

6. P. Dorn, A. M. Mourao, and S. Herbstman, ÒThe Proper-
ties and Performance of Modern Automotive Fuels,Ó SAE
Paper # 861178, Society of Automotive Engineers, 1986.

7. ARCO Chemical Company, ÒProduct Safety BulletinÑ
Methyl Tertiary Butyl Ether,Ó ARCO Chemical Company,
Newtown Square, PA, February 1993.

3 Oxygenates Production Technology, 
Capacity, and Costs

3.1 METHANOL

3.1.1 Worldwide methanol capacity in 1998 was about 37
million metric tons, or about 12.3 billion gallons per year
(802 thousand barrels per calendar day). North American
capacity was about 8.3 million metric tons, or about 2.7 bil-
lion gallons per year (176 thousand barrels per calendar
day).1 Major North American producers include Methanex,
Hoechst-Celanese, Borden, Lyondell, Beaumont Methanol,
Edmonton Methanol, Quantum, Clear Lake Methanol, Fortier
Methanol, Georgia Gulf, and Ashland.1,2 For perspective,
U.S. consumption of gasoline in 1998 was 127 billion gallons
(8,253 thousand barrels per calendar day)3 and California
consumption was about 14 billion gallons (918 thousand bar-
rels per calendar day).4
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3.1.2 Essentially all methanol world wide is produced from
natural gas. Technology also exists to manufacture methanol
from coal, cellulosic refuse, or most types of biomass.5 In
methanol production the feedstock is used to prepare a synthe-
sis gas, either through reforming or catalytic partial oxidation.

3.1.3 Natural gas requires little preparation for producing
the synthesis gas. Other feedstocks, including coal, have to be
sorted, screened and pulverized before the synthesis gas step.
Feedstocks other than natural gas may also contain sulfur that
has to be removed from the synthesis gas. Since natural gas
often contains little sulfur, there may be no need for sulfur
removal when natural gas is used as the feedstock. Figure 2 is
a simpliÞed diagram of the methanol production process. 

3.1.4 Most methanol industry analysts believe that a mas-
sive methanol plant production program would be required to
support supply of fuels designed to operate on 85 Ð 100 per-
cent methanol,6 i.e., the existing worldwide methanol manu-
facturing capacity and near term expansion will be able to
supply tradition chemical markets (including formaldehyde
and acetic acid) and to supply the requirements for the manu-
facture of MTBE for use in gasoline.

3.1.5 Estimates of methanol operating and plant capital costs
depend strongly on a number of factors.6,7,8,9 These factors
include technology employed, plant size and location, infra-
structure needed, return on investment required, and cost of
feedstock. In every case, the capital charge is a major part of
the total cost of methanol. For example, Wagner and Tatterson
in 1987 estimated capital costs to build a new methanol plant
that uses natural gas feedstock to be $250 Ð $260 million for a
300 million gallon per year plant on the Gulf Coast or in the
Middle East producing methanol with state-of-the-art technol-
ogy.8 Wagner and Tatterson also estimated capital to fund a
new methanol plant that uses coal as feedstock to be about

$900 million. The coal plant incurs extra cost because of the
additional facilities required for handling and preparing the
feedstock and cleaning up the synthesis gas. Beyaert in 1988
estimated capital costs of $416 Ð 650 million for new plants of
292 million gallons per year capacity in remote locations pro-
ducing methanol using natural gas feedstock.6 In 1992, Hahn
estimated capital costs of $339 million 1988 dollars for a 2,500
metric ton per day, or about 300 million gallon per year, metha-
nol plant on the Texas Gulf Coast, to $418 and $590 million for
similar plants in Saudi Arabia and Australia, respectively.9 For
larger plants of 10,000 metric tons per day, or about 1.2 billion
gallons per year, Hahn estimated capital costs of $883 million
to $1,088 million and $1,537 million for plant locations similar
to those of the smaller plants.

3.1.6 Feedstock costs are also major and can be highly vari-
able. Estimated costs for natural gas feedstock used by Wagner
and Tatterson as well as by Beyaert ranged from less than
$1.00 per million Btu for undeveloped remote locations
(where the price of ßared gas is very dependent on local fac-
tors and markets) to a market price of $2.00 per million British
thermal units (MMBtu) for U.S. natural gas on the Gulf Coast.
The current price is about $2.35 per MMBtu. Hahn also recog-
nized huge uncertainties in predicting natural gas prices, and
estimated natural gas prices from $0.85 to $3.08 per MMBtu
for a short term scenario (2000) to $1.21 Ð 3.79 for medium or
long term projections (2005 and beyond). In addition, Hahn
estimated that an increase in natural gas prices of $1.00 results
in an increase of $0.10 per gallon of methanol.

3.1.7 The return on investment (ROI) required also affects
methanol production cost signiÞcantly, and most studies have
assumed about 10 Ð 15 percent. Some methanol producers
might be willing to build plants yielding lower ROI, however,
others might expect at least 15 percent, depending upon the

Figure 2—Methanol Production Process—Simplified Diagram
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preparation

Natural
gas

Synthesis gas
preparation

Methanol
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availability of alternative investments, perception of risks, and
government incentives.

3.1.8 Estimates by Beyeart of long-term methanol costs
delivered to the U.S. West Coast from new plants in the Middle
East and Australia range from 50 cents to 97 cents per gallon.6

Capital costs in this study were based on reported and esti-
mated costs to build methanol plants at various locations
around the world from 1981 Ð 1987. The costs include factors
for building in developed (Middle East) and undeveloped (Aus-
tralia) remote locations and assume an after tax ROI of 15 per-
cent above inßation.

3.1.9 Wagner and Tatterson estimated future costs to pro-
duce fuel grade methanol from natural gas in plants on the
U.S. Gulf Coast and a developed site in the Middle East that
employ advances in steam reforming and catalytic partial oxi-
dation technology.8 The authors assumed a 15 percent after
tax ROI (10 percent ROI above 5 percent inßation), and esti-
mated the cost of methanol delivered to the U.S. Gulf Coast at
43 cents per gallon. Methanol costs for a coal plant were esti-
mated at 97 cents per gallon.

Table 5—Estimated Methanol Production Costs at the Plant Gate

Port Arthur, 
Texas, USA

Point Lisas, 
Trinidad

Jubail, Saudi 
Arabia

Dampier, 
Australia

Edmonton, 
Canada

Prudhoe Bay, 
Alaska, USA

Capital Investment 339 378 418 590 355 575

Short Term 
Investment 17 24 29 30 18 30
Depreciation Ð3 Ð4 Ð4 Ð5 Ð3 Ð5
Non-gas oper. 10 11 13 16 10 17
Natural gas 30 15 11 11 25 8
Tax 8 11 13 14 8 13
Sum 63 58 62 66 58 63

Medium Term
Investment 15 21 25 26 15 25
Depreciation Ð3 Ð3 Ð4 Ð5 Ð3 Ð5
Non-gas oper. 10 11 13 16 10 17
Natural Gas 37 19 14 15 31 12
Tax 6 10 11 11 7 11
Sum 66 57 59 63 60 60

Capital Investment 883 985 1,088 1,537 925 1,498

Long Term
Investment 10 14 16 18 10 16
Depreciation Ð2 Ð2 Ð2 Ð3 Ð2 Ð3
Non-gas oper. 6 6 7 9 5 10
Natural gas 37 19 14 15 31 12
Tax 4 6 7 8 4 7
Sum 55 43 42 46 49 42

Notes:
1. Capital investment in million 1988 U.S. dollars.
2. Other costs in cents per gallon of methanol in 1988 U.S. dollars.
3. A 2,500 metric ton per day plant is used in the short term and medium term.
4. A 10,000 metric ton per day plant is used in the long term.
5. Cost of capital is 11 percent in the short term and 9 percent in the medium and long term for low-risk countries.
6. An additional 3 percent is added to the cost of capital for high risk countries (Trinidad and Saudi Arabia).
7. Depreciation results in a tax beneÞt, and thus has a negative sign.
8. Numbers may not add up due to rounding.

Source: Reference 9
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3.1.10 HahnÕs estimates for the cost of a gallon of metha-
nol at the plant gates are shown in Table 5. They range from
a low of 42 cents per gallon for the long term case to a high
of 66 cents for the short and medium term cases. The author
used an ROI of 11 percent for short term and 9 percent for
the medium and long term cases for low risk locations
(U.S., Canada, and Australia) and added 3 percent for high
risk locations (Trinidad and Saudi Arabia). This study also
reported estimated costs per gallon of methanol delivered to
Dallas, Los Angeles and New York, as shown in Table 6. 

3.1.11 Whereas Beyeart and Wagner/Tatterson limited their
studies to methanol delivered to the U.S. Gulf and or West
Coast, Hahn went considerably further. His primary source for
methanol production costs was a Bechtel study for the State of
California10 and included four cases, near term, short term,

medium term, and long term, corresponding roughly to 1995,
2000, 2005, and post 2005, respectively. (Because 1995 is his-
tory, the data presented in this report will not include the near
term case.) The work was based on production costs, transpor-
tation costs, distribution and marketing costs, and the incre-
mental costs of a ßexible fuel vehicle (FFV). In addition to
plant gate and delivered costs, costs and prices were developed
for Dallas, Los Angeles, and New York. For these cities the
estimated price of M85 and the estimated Òfull cost,Ó of M85
which includes the incremental costs of an FFV were com-
pared to estimated gasoline costs. Also, instead of the 1.8 gaso-
line equivalency factor for 100 percent methanol (see Chapter
6), Hahn used a factor of 1.68 for M85 which includes efÞ-
ciency improvements for FFVs and the gasoline portion of the
fuel.  

Table 6—Estimates of Delivered Methanol Costs

Port Arthur, 
Texas, USA

Point Lisas, 
Trinidad

Jubail, Saudi 
Arabia

Dampier, 
Australia

Edmonton, 
Canada

Prudhoe Bay, 
Alaska, USA

Transport Costs

Dallas 3 5 8 9 16 64

Los Angeles 8 5 5 4 9 52

New York 4 2 5 6 14 62

Delivered Cost

Short Term

Dallas 65 63 70 75 74 127

Los Angeles 71 63 67 70 66 115

New York 66 60 67 72 72 125

Medium Term

Dallas 68 62 67 72 76 124

Los Angeles 74 62 64 67 69 113

New York 69 59 64 70 74 122

Long Term

Dallas 58 47 50 55 65 106

Los Angeles 63 47 47 50 57 94

New York 58 45 47 52 63 104

Notes:
1. Costs in cents per gallon of 1988 U.S. dollars.
2. Total delivered cost is the sum of plant gate costs and transportation costs.
3. Numbers may not add up due to rounding.

Sources: Reference 9, also Reference 10 for transportation costs.
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Figure 3—City Comparison: Full Cost M85 Minus Gasoline Price, Base Case

Figure 4—Ethanol Production Process—Simplified Design
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3.1.12 Because of the many uncertainties associated with
the costs of future motor fuels, Hahn performed sensitivity
studies varying the capital charges, the real after-tax cost of
capital (ROI), natural gas costs, and the FFV costs. Figure
3 is a graphic representation of HahnÕs base case. It shows
how the gap between the full cost of M85 and gasoline nar-
rows substantially with time but still remains in favor of
gasoline in the long term. The sensitivity studies also show
that the combination of all the factors in favor of lower
M85 costs still resulted in about a 45 cents higher cost for
the methanol fuel per equivalent gallon of gasoline for the
short term, which narrowed to about 10 cents per gallon for
the long term case. 

3.1.13 The energy balance for the production of methanol is
shown in Table 7. In methanol manufacture, natural gas serves
as both feedstock and the source of process energy; therefore,
the energy balance is simple. The methanol produced contains
about 65 percent of the energy contained in the natural gas con-
sumed by the plant. The 35 percent loss of energy can be
viewed as the penalty for liquefying the gas to methanol.

3.1.14 The primary economic consideration in the use of
methanol is the cost. Based on the above estimates, the cost of
methanol or M85 produced from natural gas that is equivalent
to one gallon of gasoline remains above the price needed to
be competitive with gasoline for the foreseeable future.
Accordingly, unless crude prices increase signiÞcantly, or
government subsidies are granted, or major advances in pro-
duction technology are developed, the assessment that was
made almost 10 years ago that methanol cannot compete with
gasoline11 is still valid today.

3.1.15 With todayÕs technology, methanol from plants
using cellulosic refuse of biomass for feedstocks is at least as
expensive as methanol produced from coal.12 Costs for col-
lection and transportation of the raw materials are high and
very site speciÞc. 

3.2 ETHANOL

3.2.1 U.S. Fuel Ethanol capacity in 1995 was about 7 bil-
lion gallons per year, or 111 thousand barrels per calendar
day.2 Actual production in 1998 was 1.45 billion gallons per

year, or 95 thousand barrels per calendar day.3 The major
U.S. producer is Archer Daniels Midland with a capacity of
about 750 million gallons per year (49 thousand barrels per
calendar day). Other signiÞcant U.S. producers, but all with
110 millions per year or less capacity, are Minnesota Corn
Processors, New Energy Company of Indiana, Cargill, High
Plains Corporation, A. E. Staley, Midwest Grain Products,
AGP, Chief Ethanol Fuels, and Nebraska Energy.2

3.2.2 Essentially all of the fuel ethanol in the United States
is produced from corn. A bushel of corn yields about 2.5 gal-
lons of ethanol. The remainder is produced from other grains,
such as barley and waste sugars.

3.2.3 In the United States ethanol is produced by either dry
milling or wet milling processes.13 In the wet milling process
water is added to the grinding step. The choice between the
two processes depends largely on the ability of manufacturers
to market by-products. The major by-product of the dry mill-
ing process is distillers dried grain and solubles (DDGS),
which is sold in competition with soybean meal as animal
feed. By-products of the wet milling process include corn
gluten feed, corn gluten meal, and corn oil. Corn gluten feed
is sold as livestock feed, corn gluten meal is used to make
poultry feed. By-products from both processes also include
carbon dioxide (CO2).

3.2.4 After milling, starches from the corn are converted by
enzymes to fermentable sugars. The sugars are then fer-
mented with yeasts, and the by-products are separated and
dried. The low-proof beer from fermentation is distilled to
yield 190-proof ethanol, which is further dried and puriÞed to
yield essentially 200-proof ethanol. Figure 4 is a simpliÞed
diagram of the ethanol production process. 

3.2.5 Capital employed and especially feedstock costs have
a signiÞcant impact on the production costs of ethanol. Costs
of ethanol from new wet and dry milling plants using an aver-
age of 1997 Ð 1998 corn prices of $2.25 per bushel are esti-
mated to be $1.09 and $1.24 per gallon, respectively.14 The
production costs are summarized in Table 8 and apply to new,
undepreciated plants. Without depreciation, i.e., without capi-
tal recovery from large, fully depreciated plants, ethanol costs
are much lower. With favorable corn prices and by-product
markets, variable costs to produce ethanol have been reported
well under $1.00 per gallon, some as low as $0.50. For the
past 10 years almost one half of the increase in ethanol capac-
ity in the United States has been achieved by expanding large
wet milling facilities, and these plants may carry only a small
part of the initial capital charges, or may now be fully depre-
ciated. However, even the fully depreciated plants are signiÞ-
cantly affected by feedstock prices; a change in the price of
corn of $1.00/bushel affects the variable costs of ethanol by
30 Ð 40 cents per gallon.

Table 7—Energy Balance for Production of Methanol

MBTU per Gallon 
of Methanol

Feedstock and process energy (natural gas) 88

Energy in product 57

Overall efÞciency, percent 65

Source: Reference 6
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3.2.6 The energy balance in ethanol manufacture is com-
plicated because of the way feedstock energy is evaluated and
because the plant uses different sources for process energy.
The plant also generates by-products. The corn feed stock has
caloriÞc energy. However, since the corn is not burned
directly for fuel, the plant should not be charged for the
energy content of the corn as received but for the energy
needed to grow the corn, i.e., the energy for fertilizer and her-
bicide manufacture, for cultivation and transportation, and for
corn drying. Also, good land requires less energy to produce
corn than land that must be irrigated (i.e., requiring additional
energy to supply the water). Most large plants use coal for
process fuel, but smaller plants generally use natural gas, dis-
tillate fuel or residual fuel. Finally, a credit is given for the by-
products that equals the energy needed (or the replacement
value) to produce the same amount of animal feed using the
most efÞcient alternative method, which is growing soybeans.
No credit is given for reÞnery energy savings because essen-
tially all ethanol is added to gasoline downstream, usually at
terminals. These considerations were used by Muller and Ho
in 1986 with information available at that time to calculate an
energy efÞciency of ethanol of 95 percent.15

3.2.7 A more recent energy study of the production of etha-
nol in 1995 by Shapouri, DufÞeld and Graboski for the U. S.
Department of Agriculture (USDA) concluded that the net
energy value of corn ethanol has become positive in recent
years due to technological advances in ethanol production
and increased efÞciency in farm production.16 Also, corn

yields have been trending higher in recent years, and the pro-
duction of agricultural chemicals has become more efÞcient.
In addition, modern ethanol production facilities conserve
energy by utilizing cogeneration facilities that produce steam
and electricity simultaneously. Table 9 is a summary of the
USDA study on the energy efÞciency of ethanol production
for both the dry and wet milling processes and a weighted
average taking into account that wet milling represents two-
thirds of U.S. ethanol production and dry milling one-third.
The calculations are also based on high heating values. The
authors note that using either low or high heating values is
valid for the energy balance calculations as long as the basis
is consistently applied. By-product credits were based on the
replacement value, and no credit was given for CO2. The
USDA study concludes that corn ethanol production is energy
efÞcient by a ratio of 1.24 for modern facilities. 

3.2.8 The primary consideration for fuel ethanol is also
the cost. With the cost of ethanol produced from corn at
over $1.00 per gallon in a new plant, and third quarter 1999
gasoline Gulf Coast spot prices of about $0.65 per gallon,
fuel ethanol manufacture in new plants will continue to
depend on subsidies. In the absence of such, only ethanol
produced in fully or partially depreciated plants that prima-
rily support variable costs may compete with gasoline or
with other oxygenates.

3.2.9 Ethanol can also be produced from cellulose or bio-
mass such as wood, corn stover, and municipal solid wastes,
but the processes that use these resources have serious tech-

Table 8—Ethanol Production Costs in New Facilities 
(1998 Dollars)

Wet Milling Dry Milling

Capacity, million gallons per year 100 40

Capital Investment, $ million 245 98

Dollars per gallon of ethanol

Corn at $2.25a per bushel 0.90 0.90

By-product Credit 0.60b (0.45)

Operating Costs 0.37c 0.37

Capital Recovery 0.42d 0.42

Total 1.09 1.24

Note: Capital recovery is based on a 10 percent real return after taxes 
which equates to an annual capital charge of 17.1 percent.
a Average of 1997 and 1998 prices.
bAverage of 1997 and 1998 by-product credits.
cERS AG Info. Bulletin No. 663, January 1993.
dBased on the assumptions at bottom of Table 8.

Source: Reference 14.

Table 9—Net Energy Value of Corn Ethanol, 
Btu per Gallon

Milling Process Weighted 
AverageProduction Phase Dry Wet

Corn Production 21,225 22,074 21,793

Corn Transport 1,212 1,260 1,244

Ethanol Conversion 47,425 53,273 51,343

Ethanol Distribution 3,173 3,173 3,173

Energy Losses 5,046 5,380 5,271

Total Energy Used 78,081 85,160 82,824

By-Product Credits 13,410 15,500 15,056

Net Energy Valuea 19,290 14,301 16,193

Energy Ratio 1.30 1.21 1.24

aA gallon of ethanol contains 83,961 Btu on a high heat value basis.

Source: Reference 16
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nical and economical problems. For example, cellulose is
difÞcult to dissolve and hydrolyze, and the sugars produced
are not fermentable with normal yeasts. Also, because of the
low value density of the raw materials, supply and front-end
processing must be done on a major scale. This means that
processing plants must be very large and therefore would
require large capital investments. Furthermore, lignin, which
is partially polymerized phenolic resin, is a major by-product
of ethanol from cellulose (wood), and there is no ready mar-
ket for this material. Activities in this area have been limited
to work in university and government facilities.17,18 Full
scale commercial production is not expected in the foresee-
able future unless valuable uses for lignin and other by-prod-
ucts are found or there are major advances in technology.

3.3 TERTIARY-BUTYL ALCOHOL (TBA)

Worldwide capacity of TBA is estimated at 60 thousand
barrels per calendar day (920 million gallons per year).31 U.S.
capacity is about 38 thousand barrels per calendar day (580
million gallons per year). Of this, Arco Chemicals (now
Lyondell Petrochemical)  and Texaco Chemical produce
about 33 thousand barrels per calendar day and 12 thousand
barrels per calendar day, respectively, as a co-product of pro-
pylene oxide production.19 TBA can also be produced by the
direct hydration of isobutylene. In the United States there is
currently no market for TBA to be used as a gasoline compo-
nent by itself, and all TBA available for fuel use is being con-
verted to isobutylene for MTBE production.

3.4 OTHER ALCOHOLS 

Other alcohols that could be used in gasoline include iso-
propyl alcohol (IPA) and butyl alcohols other than TBA.
Essentially all these alcohols produced in North America are
used as chemical feedstocks or as solvents. They are usually
too expensive for use as a gasoline blending component;
however, IPA has been used in gasoline at 2 percent or less to
prevent carburetor icing.20,21

3.5 METHYL TERTIARY-BUTYL ETHER (MTBE)

3.5.1 Current worldwide MTBE capacity is about 523
thousand barrels per calendar day (8.0 billion gallons per
year). North American capacity is estimated at 248 thousand
barrels per calendar day (3.8 billion gallons per year).22

Actual U.S. consumption is 250 thousand barrels per calendar
day (about 3.8 billion gallons per year), more than 80 thou-
sand barrels per calendar day (about 1.2 billion gallons per
year) were imported.

3.5.2 Major producers of merchant MTBE in North Amer-
ica are Arco Chemical (now Lyondell Petrochemical), Tex-
aco Chemical, Huntsman Corporation, Texas Petrochemical,
EGP Fuels (Enron), Valero, Alberta Envirofuels, Belvieu
Environmental Fuels (Enterprise/Sun/Mitchell), and Global

Octane.2,22 MTBE production has expanded explosively in
recent years to meet RFG requirements, but future MTBE
demand is predicted to grow slowly. World MTBE capacity
appears more than adequate to cover demand through the
year 2000. 

3.5.3 MTBE is produced by reacting isobutylene with
methanol over an ion-exchange catalyst.22 Major sources of
the isobutylene feedstock are derived from catalytic cracking
and ethylene cracking; isobutylene is a reÞning by-product of
these processes, and its supply is therefore generally limited
to use in the reÞnery where it is produced. Merchant MTBE
is manufactured from isobutylene that is produced by dehy-
drating tertiary butyl alcohol (TBA), or by isomerizing butane
to isobutane followed by dehydrogenation.

3.5.4 Costs of MTBE produced from butanes in world
scale plants have been estimated by DeWitt & Company, and
are shown in Table 10. The assumptions for these costs are
based on 1996 conditions and the study revealed full MTBE
costs ranging from $1.07 per gallon produced in a plant on
the U.S. Gulf Coast to about $1.12 for MTBE from a plant in
Saudi Arabia and delivered to the U.S. The DeWitt study con-
cluded that overall, the data indicate that these two world
scale plants would be reasonable investments provided U.S.
MTBE prices are at average or better levels.

3.6 TERTIARY-AMYL METHYL ETHER (TAME)

3.6.1 TAME is produced via the MTBE process using a
feedstock that contains isoamylenes. Plants that produce
TAME are limited to reÞneries for in-house use, i.e., there is
currently no merchant TAME available.

3.6.2 Current U.S. TAME capacity is about 23 thousand
barrels per calendar day (about 353 million gallons per
year),2 Current worldwide TAME capacity is estimated to be
47 thousand barrels per calendar day (about 721 million gal-
lons per year).

3.7 DIISOPROPYL ETHER (DIPE)  

3.7.1 Diisopropyl ether (DIPE), or isopropyl ether (IPE) has
recently been under consideration as a gasoline blending com-
ponent, and both Mobil25 and UOP,26 each with their own cata-
lyst technology, have announced low cost processes to produce
this ether. DIPE is produced from propylene and water, and in
either process the propylene is hydrated to isopropyl alcohol
(IPA) and further reacted to maximize DIPE and minimize IPA
yields. Both processes are reÞnery based and do not depend on
external sources of alcohol for etheriÞcation. Mobil showed
costs of 78 cents per gallon of DIPE, excluding catalyst and
licensing fees. The addition of an additive to the Fluid Bed Cat-
alytic Cracker Unit (FCC) to maximize propylene yield
reduced costs to 74 cents per gallon. These costs compared
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favorably with the costs of producing MTBE from world-scale
size plants.

3.7.2 Actual use of DIPE in fuel has been limited to oil
companies that are afÞliated with chemical companies that
produce isopropyl alcohol.27 Special procedures are used to
handle and store neat DIPE.28

3.8 ETHYL TERTIARY-BUTYL ETHER (ETBE)

ETBE has been proposed as a means for expanding the
range of available oxygenates which have favorable octane
and volatility blending characteristics, as well as the advan-
tage of pipeline fungibility. ETBE can be made by reacting
isobutylene with ethanol over a catalyst, similar to the MTBE
process. Although ETBE has very good blending properties,
economics currently favor MTBE production. Ethanol cost,
even applying the 54 cent per gallon tax subsidy, is still con-
siderably higher than the price of methanol.29 However, if
feedstock costs should favor ethanol, a number of MTBE
plants in North America are being or have been modiÞed for
production of ETBE in addition to MTBE. It is estimated that
about 53 thousand barrels per day of ETBE capacity, or about
812 million gallons per year, could be readily available,30 if
the economics turn favorable.
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4 Regulation of Alcohols and Ethers

4.1 HISTORY

4.1.1 Prior to the passing of the Clean Air Act Amend-
ments of 1977, there were no federal or state regulations con-
trolling the use or properties of fuels containing alcohols or
ethers. Gasoline-alcohol blends were marketed in the 1930s
and 1940s in Nebraska and surrounding states as Agrol,
Alcoline, and Alky-Gas.1,2 Low levels of alcohols, such as
isopropyl alcohol, have been used since 1950 as carburetor
antiicing additives. Beginning in 1969, Atlantic-RichÞeld
Company (ARCO) used gasoline-grade tertiary-butyl alcohol
in blends with gasoline in a number of marketing areas for
about 10 years. From 1974 through 1977, a blend of 10 per-
cent by volume ethanol and 90 percent by volume gasoline,
known as gasohol, was tested in Nebraska. In 1978 the
Nebraska Gasohol Commission commercially introduced
gasohol, which was the beginning of widespread use of etha-
nol as a fuel component.1

4.1.2 Neat alcohols also were of interest as fuels. Henry
Ford was an early proponent of neat alcohol fuels and in the
1880s he designed one of his early automobiles to run on eth-
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anol.2 General Motors Research investigated the use of etha-
nol as a fuel in the 1920s.3 Methanol has been the fuel used to
power Indianapolis 500 race cars since the 1950s.

4.2 CLEAN AIR ACT REQUIREMENTS

4.2.1 General

4.2.1.1 Attempts to achieve national goals for improved air
quality and energy self-sufÞciency often give rise to conßict-
ing solutions. The Department of Energy (DOE) considers
alcohols to be viable extenders of the U.S. gasoline supply
and methanol as an automotive fuel for the future.4 The EPA
mandated the phasedown of lead antiknock compounds in
gasoline beginning in 1980. The EPA implemented restric-
tions on gasoline vapor pressure beginning in 1989, which
limited the use of butane, a component of high octane blend-
ing value. The implementation in 1995 of the toxics reduction
requirement of the Clean Air Act Amendments of 1990 in
many cases will reduce the aromatics content of gasoline, in
part by dilution with oxygenates. Further, the Clean Air Act
Amendments of 1990 required the use of oxygenates. The
combination of these EPA regulations forces reÞners and
marketers of gasoline to consider new ways to restore the lost
octane. One approach is to blend oxygenates into gasoline,
but this is subject to certain legal and practical limitations.

4.2.1.2 The EPA is empowered to regulate fuel volatility
and any other fuel property which, if uncontrolled, could con-
tribute either directly or indirectly to air pollution. Under Sec-
tion 211(f) of the Clean Air Act, as amended in 1977,
unleaded gasoline marketed for use in vehicles manufactured
after 1974 must be substantially similar to those fuels used
during the federal emissions certiÞcation testing procedures.
The EPA was concerned that oxygenated blends could
adversely affect exhaust and evaporative emissions control
systems. After recognizing the ad hoc commercialization of
ethanol blends in 1978, the EPA began to impose restrictions.

4.2.1.3 The Þrst potential restriction considered by the
EPA eventually became a non-restriction. It dealt with gaso-
hol, a blend of one part agriculturally-derived ethanol with
nine parts Þnished gasoline. After the Þrst Arab oil embargo
in 1974, gasohol marketing was stimulated by a variety of tax
incentives. When the Òsubstantially similarÓ rule was written
into the Clean Air Act Amendments of 1977, the EPA faced a
dilemma. Gasohol was a politically popular fuel that could
not technically be construed to be substantially similar to cer-
tiÞcation gasoline because it contained up to 3.7 percent by
weight oxygen. However, the Clean Air Act Amendments of
1977 provided that the EPA could grant a waiver of Section
211(f) requirements if the applicant demonstrated that the
fuel in question did not signiÞcantly deteriorate, or contribute
to the deterioration of the performance of any motor vehicle
emissions control system.

4.2.1.4 In 1978, gasohol interests applied to the EPA for a
waiver. However, the EPA failed to render a determination of
the application within the 180-day period provided for by
law, and a waiver was thereby automatically granted for gaso-
hol by operation of the Act. By permitting this automatic
waiver, the EPA allowed gasohol blending but reserved its
right to enforce Section 211 provisions in the future. The only
restriction was the fuel consisted of 90 percent by volume
unleaded gasoline and 10 percent by volume ethanol.

4.2.1.5 In 1981, the EPA ruled that unleaded fuels blended
with oxygenates at concentrations of 2.0 percent by weight or
less oxygen provided by aliphatic ethers and alcohols (other
than methanol) qualiÞed as being substantially similar.5 All
Þnished blends were required to meet at least one of the sea-
sonal and geographical ASTM D 439 volatility class limits.6

Some of the test procedures within the ASTM D 439 speciÞ-
cation are considered unsuitable for use with oxygenated fuel
blends. In 1991, EPA revised the Òsubstantially similarÓ rule
to allow fuels containing aliphatic ethers and/or alcohols
(excluding methanol) to contain no more than 2.7 percent
oxygen by weight. Also, the requirement involving ASTM D
439 was changed to the new speciÞcation for automotive
spark-ignition engine fuel, D 4814-88.6

4.2.1.6 The Òsubstantially similarÓ rule allowed oxygen-
ates, such as ethanol, propyl alcohols, butyl alcohols, higher
molecular weight alcohols, and ethers to be used at volume
concentrations proportionate to their respective oxygen con-
tents. Thus, compounds containing less oxygen that were
more similar to hydrocarbons in chemical and physical char-
acteristics than methanol could be used at higher volume con-
centrations. For example, the Òsubstantially similarÓ rule
nominally allows about 12 percent by volume butyl alcohol
or 15 percent by volume MTBE in a typical gasoline (see
Table 11). Methanol blends were excluded from the Òsubstan-
tially similarÓ rule at concentrations above 0.3 percent by vol-
ume because of questions concerning the effects of gasoline-
methanol mixtures on fuel system components, water separa-
tion, and evaporative emissions.7 Methanol was allowed at a
maximum of 0.3 percent by volume, a level consistent with
long-standing commercial applications as a fuel system de-
icer and as a cosolvent for other permitted fuel additives.

4.2.1.7 The 1978 waiver (effective December 16, 1978, but
actually issued in 1979) for gasohol speciÞed 10 percent by
volume ethanol, and the original Òsubstantially similarÓ rule
permitted between 0 and 5.4 percent by volume of ethanol.
Blends with more than 5.4 percent by volume and less than
10 percent by volume were not covered by exact language
until 1982 when the EPA clariÞed the waiver and permitted
concentrations of ethanol up to and including 10 percent by
volume. The EPA does not mandate that blends containing up
to 10 percent by volume ethanol must meet ASTM D 439 or
D 4814 requirements. Thus, the direct addition of up to 10
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percent by volume of ethanol to unleaded gasoline can be
made at distribution terminals or at other points in the distri-
bution network. EPA allows up to 2 percent by volume of
MTBE in the unleaded gasoline to which ethanol is added, if
the MTBE is present only as a result of commingling in trans-
port and storage and not purposely added as an additional
component. Blending in such a manner, without regard for
meeting ASTM D 4814 speciÞcations for volatility, is com-
monly referred to as Òsplash blending.Ó 

4.2.1.8 The Þrst waiver dealing with methanol concentra-
tions above 0.3 percent by volume was granted to Sun Oil
Company in 1979. It allowed the use of 2.75 percent by vol-
ume methanol with an equal volume of TBA up to a blend
oxygen total of 2 percent by weight oxygen. Sun Oil Company
demonstrated that cosolvents, namely higher molecular weight
alcohols, reduced some of the adverse effects of methanol on
volatility and water tolerance in blends. ARCO also received a
waiver in 1979 to use up to 7 percent by volume TBA, which
ARCO had marketed since 1969. These waivers were super-
seded by the Òsubstantially similarÓ deÞnition in 1981.

4.2.1.9 At the request of ARCO, the EPA granted a waiver
in 1981 for the use of the following blends containing a max-
imum of 3.5 percent by weight oxygen: a) gasoline-grade

TBA (GTBA), and b) OXINOL¨, up to 1:1 volume ratio
methanol in GTBA. At the maximum permitted level, metha-
nol concentration in the Þnished gasoline blend could be as
high as 4.8 percent by volume in typical gasoline. The highest
allowable content of an oxygenate listed is 15.7 percent by
volume GTBA. Figure 5 shows the relation between percent
by weight oxygen and percent by volume oxygenate for a
number of oxygenates.

4.2.1.10 The EPA granted a waiver request submitted by
DuPont in 1985 for a maximum of 5.0 percent by volume
methanol with at least 2.5 percent by volume cosolvent of
ethanol, propyl, or butyl alcohols in the Þnished blend, up to a
limit of 3.7 percent by weight oxygen, accompanied by spe-
ciÞc corrosion inhibitors. In addition, the waiver incorporated
a water tolerance or phase separation requirement.8

4.2.1.11 The EPAÕs concern in granting this waiver as
DuPont requested was the potential effects of the combina-
tion of methanol and ethanol on evaporative emissions. Even
though previous EPA waivers speciÞed volatility limits
according to ASTM D 439 for Þnished blends, EPA initially
required that a special volatility restriction called Evaporative
Index (EI) also be imposed before granting the waiver to
DuPont in January 1985.8 Upon petition the EPA subse-

Table 11—Some Oxygenated Compounds Approved by EPA for Use in Unleaded Gasoline

Compounda Broadest EPA Waiver Date
Maximum Oxygen,

Weight %
Maximum Oxygenate,

Volume %

Methanol Substantially similar July Ô81 Ñ 0.3

Propyl Alcohols Substantially similar July Ô81 2.7 (9.6)d

Butyl Alcohols Substantially similar July Ô81 2.7 (11.5)d

Methyl tertiary-butyl ether (MTBE) Substantially similar July Ô81 2.7 (14.9)d

Tertiary-amyl methyl ether (TAME) Substantially similar July Ô81 2.7 (16.6)d

Isopropyl ether Substantially similar July Ô81 2.7 (17.3)d

Methanol and butyl alcohol or higher molecular weight
alcohols in equal volumes

Substantially similar July Ô81 2.7 7.4

Ethanol Gasoholb 1979, 1982 (3.5)d,e 10.0

Gasoline grade tertiary-butyl alcohol (GTBA) ARCO 1981 3.5 (15.7)d

Methanol + GTBA (1:1 maximum ratio) ARCO (OXINOL¨) 1981 3.5 (9.4)d

Methanol @5 volume % maximum + 2.5 volume % 
minimum cosolventf

DuPont 1985 3.7 c

Methanol @ 5 volume % maximum + 2.5 volume % 
minimum cosolventg

Texas Methanol
(OCTAMIX)

1988 3.7 c

Notes:
aAll blends of these oxygenated compounds are subject to ASTM D 439 volatility limits except ethanol. Contact the EPA for current waivers and 
detailed requirements, U.S. Environmental Protection Agency, Field Operations and Support Division (EN-397F), 401 M Street, S.W., Washing-
ton, D.C. 20460.
bSee Chapter 4, Clean Air Act Requirements.
cVaries with type of cosolvent.
dCalculated equivalent for average speciÞc gravity gasoline (0.737 speciÞc gravity @60¡F, NIPER Gasoline Report). Calculated equivalent 
depends on the speciÞc gravity of the gasoline.
eValue shown is for denatured ethanol. Neat ethanol blended at 10.0 volume % produces 3.7 weight % oxygen.
fThe cosolvents are any one, or a mixture of, ethanol, propyl alcohols, and butyl alcohols. Corrosion inhibitor is also required.
gThe cosolvents are a mixture of ethanol, propyl, butyl, and higher alcohols up to octyl alcohol. Corrosion inhibitor is also required.
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quently reconsidered and withdrew the EI requirement but
emphasized that the ASTM standards be followed rigidly.9

4.2.1.12 Other waivers granted for oxygenates by EPA are
summarized in Table 11.

4.2.2 Clean Air Act Amendments of 1990

4.2.2.1 The Clean Air Act Amendments of 1990 required
states with carbon monoxide nonattainment areas to revise
their state implementation plan (SIP) to require the use of
oxygenated gasoline in the wintertime. The oxygenated gaso-
line programs are state administered programs and they began
on November 1992 for 39 designated carbon monoxide non-
attainment areas. Since then about a dozen areas have submit-
ted requests to EPA seeking redesignation as being in
attainment. Some states also are removing their requirements
for oxygenated gasolines. For the current status of the oxy-
genated gasoline program, EPA and state ofÞcials should be

contacted. EPA proposed guidelines for the program which
stated the control period should be for at least four high car-
bon monoxide months (shorter periods would be accepted if
the state can show no air quality impact). If the state chose an
averaging control system, the minimum average oxygen con-
tent would be 2.7 percent by weight with a minimum oxygen
content for each gallon of 2.0 percent by weight. Without
averaging, each gallon must contain 2.7 percent by weight
oxygen. The maximum oxygen content was 2.9 percent by
weight for substantially similar oxygenates and 3.7 percent
by weight for ethanol or methanol-cosolvent blends. Lower
oxygen contents are allowed if a state can demonstrate that
the higher oxygen levels of the EPA guidelines adversely
affect air quality for pollutants other than carbon monoxide.

4.2.2.2 The Clean Air Act Amendments of 1990 also
address fuel requirements for ozone nonattainment areas. The
EPA classiÞes the ozone nonattainment areas into extreme,
severe, serious, moderate, marginal, transitional, and incom-

Figure 5—Relationship Between Volume Percent Oxygenate and Weight Percent Oxygen in 
0.748 Relative Density Gasoline

18.0

16.0

14.0

12.0

10.0

8.0

6.0

4.0

2.0

0.0
0.0 1.0 2.0 3.0 4.0

Weight percent oxygen

W
ei

gh
t p

er
ce

nt
 o

xy
ge

na
te

Notes:
1. 5 volume percent methanol + 2.8 volume percent ethanol
2. 5 volume percent methanol + 4.7 volume percent butyl alcohol
3. Neat-ethanol blended at 10.0 volume percent produces 3.7 percent oxygen

DIPE

MTBE

GTBA

Gasohol waiver
(denatured ethanol)3

DuPont waiver

"Substantially similar"
rule

ARCO
waiver

DuPont
waiver

1

2

Full document details: API Publ 4261-2001

http://avadocuments2026.com/doc/api-publ-4261-2001
http://avadocuments2026.com/doc/api-publ-4261-2001


ALCOHOLS AND ETHERS 19

plete categories. The law required reformulated gasoline
(RFG) in the nine worst nonattainment areas (extreme and
severe) effective January 1, 1995.

4.2.2.3 The law also allows other ozone nonattainment
areas the option of choosing to have the RFG requirements
apply to their areas (opt in) upon petition by the governor of
their state. About 30 areas chose to opt in and of those about
half have subsequently asked to opt out of the program. EPA
issued a Þnal rule on July 8, 1996, permitting opt-in areas
(not required areas) to opt out of the RFG program under
speciÞed conditions. For the current status of the program,
EPA should be contacted.

4.2.2.4 The Þnal RFG rule was issued in 1994.10 It con-
sisted of two phases. Phase I, which became effective January
1, 1995, required a 15 to 17% reduction in both ozone form-
ing VOC emissions during the summer and air toxics emis-
sions throughout the year from vehicles. It speciÞed the use
of the Òsimple modelÓ for 1995 through 1997, but permitted
the Òcomplex modelÓ to be used earlier. The Òcomplex
modelÓ had to be used after January 1, 1998. Phase II, which
became effective January 1, 2000, requires a 25 to 29%
reduction in ozone forming VOCs and a 20 to 22% reduction
in air toxics from vehicles. It also speciÞes a 5 to 7% reduc-
tion in oxides of nitrogen emissions from vehicles during the
summer.

4.2.2.5 Both the Òsimple modelÓ and Òcomplex modelÓ
reformulated gasoline are as of this writing required to have a
minimum oxygen content. The requirement may be met on
either a per gallon or average basis. The per gallon minimum is
2.0 percent oxygen by weight, which means that each and
every gallon must contain at least 2.0 percent by weight. If
averaging, the average minimum limit is 2.1 percent oxygen by
weight and each gallon must contain at least 1.5 percent oxy-
gen by weight. Higher limits for both per gallon and average
apply to RFG areas that have been ratcheted by the EPA. The
maximum allowed oxygen content for summer reformulated
gasoline was originally 2.7 percent by weight with an option of
3.5 percent by weight on notice by states under speciÞed cir-
cumstances. This was changed in 1996 to 2.7 percent by
weight maximum oxygen for Òsubstantially similarÓ oxygen-
ates and to the maximum limit allowed under waivers (e.g., 10
percent by volume for ethanol). On notiÞcation by states, the
maximum limit can be set at 3.2 percent oxygen by weight if
the higher (waiver) level will interfere with attainment or main-
tenance of air quality standards.11 The EPA still allows 10 per-
cent by volume ethanol to be added to gasoline containing up
to 2.0 percent by volume MTBE that is not purposely added,
except the total oxygen content cannot exceed 4.0 percent by
weight. The 4.0 percent by weight is the upper oxygen limit
where Òsimple modelÓ and Òcomplex modelÓ are applicable.

4.2.2.6 The oxygen requirements for federal RFG and for
California Phase 2 RFG are summarized in Table 12. It

should be noted that federal requirements take precedent over
California requirements for designated federal ozone nonat-
tainment areas.

4.2.3 Fuel and Fuel Additive Registration 
Regulations

4.2.3.1 Since 1975, under Section 211 (b) of the Clean Air
Act, it has been unlawful to introduce into commerce any
gasoline or diesel fuel and their respective additives unless
they are registered with EPA. Any fuel or fuel additive, which
was registered as of May 27, 1994, had to have a supplemen-
tal registration with additional data by November 27, 1994, in
order to continue marketing the product. The registered prod-
ucts are then subject to a three-tier toxicological testing pro-
gram. Tier 1 requires manufacturers to provide emissions
characteristics, exposure analyses, and a literature search. If
insufÞcient data exist, then manufacturers are required under
Tier 2 to conduct a 90-day subchronic toxicity test on rodents
with additional health effects testing for carcinogenicity/
mutagenicity, teratogenicity, reproductive toxicity, and neuro-
toxicity. All Tier 1 requirements had to be submitted by May
27, 1997. Tier 2 requirements must be met by January 2004.

Table 12—Oxygen Requirements for Reformulated 
Gasoline

Basis Federal RFG California Phase 2 RFG

Per Gallon, mass %

Min. 2.0 1.8d

Max. 2.7b Substantially 
Similar

3.5

4.0c Ethanol

Average, mass %

Min. 2.1 N/A

Cap for Average or Modela, mass %

Min. 1.5 0d,e

Max. 2.7b Substantially 
Similar

2.7

4.0c Ethanol

Notes: 
aApplies to federal ÒsimpleÓ and ÒcomplexÓ models and California
Predictive Model.
bWintertime oxygenated RFG program for carbon monoxide nonat-
tainment areas maximum is 2.9 mass %.
cDepends on relative density of base gasoline, actual maximum
limit is 10 vol % ethanol. On notiÞcation of a state, the maximum
limit can be set at 3.2 mass % if the higher level will interfere with
attainment or maintenance of air quality standards. The 4.0 mass %
is the upper oxygen limit where the ÒsimpleÓ and ÒcomplexÓ mod-
els are applicable.
dFederal 2.0 mass % minimum limit takes precedence in federal
RFG areas.
eCalifornia 1.8 mass % minimum limit applies in wintertime only in
speciÞed areas.
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Tier 3 testing may be required at EPAÕs discretion after
reviewing the Tier 1 and Tier 2 submission. A fuel or fuel
additive which has not been previously registered, but is com-
positionally similar to a registered material can be registered
as a registrable fuel or fuel additive and marketed. A new fuel
or additive, which was not registered as of May 27, 1994, will
not be registered until all Tier 1 and Tier 2 information is
available.

4.2.3.2 To develop the information, a consortium of about
150 companies was formed. API is the agent for contracting
the testing for the consortium. The oxygenates to be tested are
ethanol, TBA, MTBE, ETBE, TAME, and DIPE. None of the
waivered oxygenates containing methanol have undergone a
supplemental registration. However, any of the previously
registered waivered gasoline-methanol-cosolvent blends can
be used after a supplemental registration is made and the
required additional information submitted. The Tier 1 and
Tier 2 requirements still must be submitted by May 27, 1997.

4.3 LEADED GASOLINE

Although the EPA established mandatory compositional
limits for unleaded fuel blends, it does not regulate the use of
oxygenates in leaded gasolines. A considerable range of for-
mulations of leaded gasolines may have existed at retail out-
lets. However, effective January 1, 1996, the Clean Air Act
Amendments of 1990 banned the use of any fuel produced
with the use of lead additives in motor vehicles operating on a
street or highway.

4.4 PUMP LABELING

During the wintertime oxygenated gasoline period in car-
bon monoxide nonattainment areas, federal law requires dis-
pensing pumps to be labeled, ÒThe gasoline dispensed from
this pump is oxygenated and will reduce carbon monoxide
pollution from motor vehicles.Ó In addition there are state
laws concerning dispensing pump labeling of gasoline-oxy-
genate blends. The labeling laws are not uniform. At least 29
states require labeling of the presence and type of alcohol in
the fuel at the pump as a consumer protection measure. An
additional 13 states require labeling for alcohols or ethers.
One state requires labeling for oxygen.12 In an attempt
toward uniformity, the National Conference on Weights and
Measures has issued the ÒUniform Regulation For Fuels,
Petroleum Products, and Automotive LubricantsÓ which pro-
vides model wording for states to adopt (last amended in
1991). Because of the introduction of several ethers and their
variable usage, a new model labeling regulation has been
developed so dispensing pump labels would not have to be
changed after each fuel delivery. The new regulation changes
the labeling trigger from 1.0 percent by volume of alcohols or
ethers to 1.5 percent by weight oxygen. Further, the predomi-
nant type of oxygenate would be labeled (e.g., Òcontains etha-

nolÓ or Òwith MTBEÓ). Where mixtures of ethers are present,
the label would read Òcontains MTBE or other ethers.Ó

4.5 NEAT AND NEAR-NEAT ALCOHOLS FUELS

There are no federal regulations controlling the use of
alcohols as fuels where the alcohol is the primary constitu-
ent of the fuel. However, under the Energy Policy Act of
1992 (EPACT), methanol, denatured ethanol, and other
alcohols cannot be deÞned as an alternative fuel unless the
alcohol concentration is 85 percent by volume or more and
it is blended with gasoline or other fuels. The Secretary of
DOE can allow alcohol concentrations as low as 70 percent
by volume to provide for cold starting, safety, or other vehi-
cle functions.
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5 Alcohols and Ethers Blended with 
Gasoline

5.1 GENERAL

5.1.1 Oxygenates provide several signiÞcant engine perfor-
mance beneÞts particularly for older, non-computer con-
trolled cars when used as supplements to gasolines. Major
incentives for their use are reduced exhaust emissions,
improved octane ratings and extension of petroleum supplies.
As discussed in Chapter 2, the presence of the oxygen atom
in the alcohol or ether molecule imparts properties that are
quite different from those of hydrocarbons. In turn, a gaso-
line-oxygenate blend may have physical and chemical char-
acteristics that are very different from either the oxygenate or
the base gasoline. Many blend properties are linearly propor-
tional to the amount of each component and are predictable.

5.1.2 Other properties of gasoline-oxygenate blends must
be determined empirically. Volatility characteristics of gaso-
line-alcohol blends can be especially anomalous to those of
neat gasoline. In turn, vehicle response to volatility properties
of gasoline-alcohol blends often is different from operation
on neat gasoline. Because of the strong molecular polarity of
MeOH, gasoline-MeOH blends had characteristics of volatil-
ity, water tolerance and materials compatibility, which were
dissimilar to those of gasoline. In an effort to offset vehicle
problems posed by MeOH, mixtures of cosolvents and corro-
sion inhibitors with MeOH were used commercially in gaso-
line blends during the 1980s.1,2,3 As indicated in Chapter 4,
currently, no supplemental registration exists for a waiver to
allow the use of MeOH in gasoline. As neat motor fuel, how-
ever, MeOH has distinct advantages for vehicles speciÞcally
tailored for its use. (Alcohols as neat or near-neat fuels are
covered in Chapter 6.)

5.1.3 Besides oxygen content, other properties of blends
that primarily affect vehicle operation are energy content, vol-
atility and resistance to spark knock. Water tolerance charac-
teristics also are of concern because of the effects of water on
driveability should phase separation occur. Chemical compat-
ibility of vehicle fuel system materials and blends is critical to
vehicle durability.

5.2 HEATING VALUE EFFECTS

The heating value of oxygenates is less than that of gaso-
line. Except for MeOH, EtOH has the lowest energy content
of all oxygenated hydrocarbons, one-third less than typical
gasoline on a volumetric basis and 37 percent less on a mass
basis. At the upper concentration of EtOH allowed by the
EPA, the maximum heating value deÞciency of a gasoline-
EtOH blend, compared to gasoline, is 3.4 percent. Table 13
lists maximum decreases for individual oxygenates. Losses
range from 2.0 percent for TAME to 3.4 percent for EtOH.
Lower heating value of oxygenated blends is reßected in vehi-
cle fuel economy, which will be discussed later in this chapter.  

5.3 EFFECTS ON BLEND VOLATILITY

Volatility characteristics considered important to vehicle
operation and emissions are distillation, vapor pressure, and
vapor-liquid ratio (V/L). Alcohols have been found to inßu-
ence volatility parameters of a gasoline blend to a greater
degree than ether compounds.

5.3.1 Distillation

5.3.1.1 Oxygenates, except for GTBA, have constant boil-
ing points ranging from 131¡F for MTBE to 187¡F for
TAME. When blended with gasoline, which generally boils
over a range of 80¡F to 437¡F temperature, oxygenates usu-
ally are located in the initial 50 percent evaporated fraction of
the blend.

5.3.1.2 Adding alcohols to hydrocarbons or gasoline
depresses the boiling temperature of individual hydrocarbons.
The effect of alcohol addition on the shape of a distillation
curve is shown in Figure 6.4,6 Addition of 10 volume percent
signiÞcantly reduces T50, the temperature for the Þrst 50 per-
cent of the fuel to evaporate. Alcohols depress the boiling point
slightly less for aromatic hydrocarbons than for aliphatic
hydrocarbons. Higher molecular alcohols such as GTBA have
lesser effects on boiling point depression. Ethers, such as
MTBE, have the same effect on distillation as the addition of a
hydrocarbon of the same volatility. Fifteen volume percent
MTBE signiÞcantly lowers the distillation temperature curve
of gasoline between 15 percent and 50 percent evaporated.   

5.3.1.3 The depression of the mid section of a gasoline
distillation curve caused by the addition of lower boiling
point alcohols and ethers raised questions about the neces-
sity for blends to match historical speciÞcations for gasoline
distillation characteristics and vapor pressure.4,5 Tradition-
ally, speciÞcations for volatility of automotive gasolines
have been based upon technical evidence of vehicle require-
ments and environmental applications. Studies of volatility
effects of gasoline-oxygenate blends on vehicle driveability
will be covered later in this chapter.
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Table 13—Heating Value of Gasoline-Oxygenate Blends

Oxygenate

Max Permitted 
Concentrationa

(gals/gal blend)

Lower Heating Valueb

For max Conc. 
Oxygenate, Btu

Gasoline-Oxygenate Blend

(Btu/gal @ 60¡F) % Decrease

None Ñ 0 114,500c 0

Methanol 0.003 170 114,330 0.1
Ethanol 0.100 7,600 110,650 3.4
IPA 0.096b 8,390 111,900 2.3
TBA 0.157b 14,770 111,300 2.8

MTBE 0.149b 13,930 111,370 2.7
TAME 0.166b 16,700 112,190 2.0
ETBE 0.173b 16,780 111,470 2.6
DIPE 0.177b 17,700 111,930 2.2

Notes:
aSee Chapter 4 for oxygenate concentrations permitted by EPA.
bConcentrations vary with density of the base fuel. This value was calculated for gasoline with 0.748 
relative density at 60/60¡F.
cFor average non-oxygenated gasoline with 0.748 relative density @60¡F.

Figure 6—Effect of Oxygenates on Distillation
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5.3.2 Vapor Pressure

5.3.2.1 Vapor pressure is another important volatility
parameter of gasoline affected by addition of oxygenates,
particularly alcohols. Aliphatic ethers have blending charac-
teristics similar to hydrocarbons and change blend vapor
pressure in linear relationship with the vapor pressure of the
ether and its concentration. Ethers affect gasoline blend
vapor pressure much the same as hydrocarbons of equiva-
lent vapor pressure.4,6 Figure 7 shows that MTBE, with a
vapor pressure of 8 psi, changed the vapor pressure of 9 psi
base gasoline very slightly. ETBE, with 4 psi vapor pres-
sure, reduced the vapor pressure from that of the base gaso-
line in linear fashion, similar to the effect of a hydrocarbon
component.

5.3.2.2 Alcohols, in contrast to ethers, always increase
hydrocarbon blend vapor pressure, although not in propor-
tion to alcohol vapor pressure or concentration. The physi-
cal phenomenon of molecular polarity is responsible for this
behavior. Polar molecules have afÞnity for other molecules
in proportion to the degree of mutual polarity. At room tem-
perature, low molecular weight substances such as water or
light alcohol such as MeOH, would be gases were they not

collapsed into liquids by the highly cohesive molecular
forces of hydrogen bonding. However, when MeOH is dis-
solved in a non-polar solvent like gasoline, its molecules
become physically separated. The physical separation
weakens molecular cohesion, and MeOH behaves like a gas.
The release of alcohol molecules as gas causes an anoma-
lous increase in vapor pressure that peaks at quite low con-
centrations of MeOH. The gaseous molecular release of
EtOH from gasoline is much less pronounced, and is insig-
niÞcant for higher carbon number alcohols.

5.3.2.3 As listed in Table 14, the vapor pressures of EtOH,
IPA and GTBA, 2.3 to 1.8 psi, are much lower than that of
gasoline, seven to 15 psi. As explained above, low molecular
weight alcohol in gasoline forms a nonideal solution that does
not follow linear blending relationships and causes increased
blend vapor pressure. Figure 7 illustrates that, in 9 psi gaso-
line, 2 percent EtOH with 2.3 psi vapor pressure, increased
blend vapor pressure about 1.0 psi. Additional amounts of
EtOH did not further increase vapor pressure. Considering
the phenomenon of molecular polarity, the plateau shape of
the curve suggests that EtOH vapors exist in disproportion to
alcohol concentration of the blend. Therefore, the effect of
EtOH is greater in gasolines with lower vapor pressure. 

Figure 7—Effect of Oxygenates on Vapor Pressure
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5.3.2.4 Figure 8 shows that the vapor pressure effect of
EtOH is less in gasolines of higher vapor pressure.6 The
explanation for this result is that the partial pressure fraction
generated by the alcohol mole fraction is constant for a given
temperature, regardless of how much partial pressure is con-
tributed by the gasoline. To compensate for the vapor pres-
sure contribution of alcohol addition, gasoline-alcohol blends
require special tailoring of the hydrocarbon content. 

5.3.2.5 Table 14 compares blending values for vapor pres-
sure of oxygenates that can be used for calculations of the
vapor pressure for gasoline-oxygenate blends containing oxy-
genate near the maximum permitted concentration. EtOH has
a blending value of 18 psi, approximately eight times that of
its neat state. The vapor pressure of a gasoline-EtOH blend
can be adjusted by removal of all of the butanes and reducing
the pentanes. However, this action would produce a distilla-
tion curve with a prominent ßat segment that could adversely
affect vehicle driveability characteristics during cold start and
drive away. Because of the impracticality of hydrocarbon
adjustment of the vapor pressure of gasoline-alcohol blends
containing 9 Ð 10 volume percent EtOH, the U.S. EPA issued
Phase II volatility regulations for conventional gasoline in
1992 which permitted gasoline-EtOH blends to exceed
ASTM speciÞcations for vapor pressure by 1.0 psi during the
summer. Gasoline-alcohol blends containing IPA and/or

GTBA, with blending values of 14 and 9 psi, are not allowed
the exemption of 1.0 psi that was granted gasoline-EtOH
blends. For these blends, vapor pressure must be adjusted by
means of hydrocarbon compounding.

5.3.2.6 When gasoline-alcohol blends are commingled
with gasoline, as they might be in routine product handling
or refueling, the effects of alcohol in the blend are the same
as those described. Figure 9 shows that a mix of a gasoline-
EtOH blend with gasoline of the same vapor pressure, in
this case 9 psi, resulted in signiÞcantly increased vapor
pressure.7 The vapor pressure peaked to 9.8 psi for a mix-
ture containing 20 percent gasoline-EtOH blend and 80 per-
cent gasoline. The increase of 0.8 psi was about the
anticipated amount from an addition of 2 percent EtOH (20
percent of 10 percent = 2 percent).  

5.3.2.7 Measurement of vapor pressure of gasoline-alcohol
blends requires techniques that eliminate the possibility of
water contamination during heating because of the alcoholÕs
afÞnity for water. New ASTM procedures8,9,10 have been
developed for use with oxygenated blends and replaces the
time-honored Reid Vapor Pressure test.

5.3.3 Vapor to Liquid Ratio

5.3.3.1 At elevated operating temperatures, highly volatile
fuel can cause vehicle vapor lock and increased evaporative
emissions. Vehicle vapor lock is caused by excessive vapor
that displaces liquid in the fuel system and results in fuel star-
vation and power loss. A gasoline volatility parameter, Vapor-
Liquid Ratio or V/L, is a useful predictor of gasoline perfor-
mance in a fuel system at high temperature. The temperature
for a speciÞc V/L either can be measured or calculated for gas-
oline by using a combination of distillation values and vapor
pressure. Automotive engineering experience has determined
that a V/L=20 correlates best with vapor lock protection with
most cars. Temperatures for V/L=20 for various geographical
areas and seasons are speciÞed by ASTM and SAE.11,12

5.3.3.2 ASTM D 4814, Standard SpeciÞcation for Auto-
motive Spark-Ignition Engine Fuel, includes volatility
requirements for gasolines according to geographical areas of
the U.S. and seasonal periods. The schedule applies speciÞca-
tions for both volatility, in terms of vapor pressure and distil-
lation, as well as for temperature for V/L=20. ASTM D 4814
speciÞcations apply to all conventional gasolines and gaso-
line-oxygenate blends.11 Because EtOH is splash blended,
volatility requirements may not always apply. SpeciÞcations
for federal and California reformulated gasolines are not
included in ASTM D 4814.

5.3.3.3 Calculations of temperatures for speciÞc V/L of gas-
oline-alcohol blends using ASTM procedures do not predict
measured values. Figure 10 shows that the correlation of calcu-
lated versus measured temperatures for a V/L=20 for gasoline

Table 14—Vapor Pressure Blending Values
of Oxygenates

Oxygenate

Vapor 
Pressure,

psi

Concentration 
Permitted,b 
Volume %

Blending 
Value Vapor 
Pressure, psi

Maximum 
Vapor Pressure 
Change,d psi

MeOH 4.6 0.3 40 Ñ

EtOH 2.3 10.0 18 +0.9 

IPA 1.8 9.6c 14 +0.5

GTBA 1.8 15.7c 9 0.0

MTBE 7.8 14.9c 8 Ð0.2

TAME 1.5 16.6c 2 Ð1.2

ETBE 4.0 17.3c 4 Ð0.9

DIPE 4.9 17.7c 0.7 Ð1.5

Gasolinea 7 Ð 15 7 Ð 15

Notes:
aGasoline without oxygenate.
bSee Chapter 4 for oxygenate concentrations permitted by EPA.
cConcentrations vary with density of the base fuel. This value was 
calculated for gasoline with 0.748 relative density at 60/60¡F.
dChange for a 9.0 psi vapor pressure gasoline without oxygenate.
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Figure 9—Effect of Commingling a Gasoline and a Gasoline-EtOH Blend of the Same RVP

Figure 8—Effect of EtOH Addition on Vapor Pressure of Base Gasoline

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0
5 6 7 8 9 10 11 12 13 14

Base gasoline vapor pressure, psi

In
cr

ea
se

 in
 v

ap
or

 p
re

ss
ur

e,
 p

si

Source: Reference 6

9
100Gasoline: 80

10 Volume % MTBE

10 Volume % ethanol

60 40 20 0
0Blend: 20 40 60 80 100

10

11

12

Volume %

R
V

P
, p

si

Source: Reference 7

Full document details: API Publ 4261-2001

http://avadocuments2026.com/doc/api-publ-4261-2001
http://avadocuments2026.com/doc/api-publ-4261-2001


26 API PUBLICATION 4261

and for gasoline with MTBE are quite good.13,14 The equations
predicted slightly lower temperature values for gasoline-
MTBE blends, and higher than measured temperature values
for gasoline-EtOH blends. Obviously a higher than measured
temperature predicts better vapor lock protection than can be
delivered. ASTM recommends against calculations to deter-
mine temperature for V/L for all gasoline-oxygenate blends. 

5.3.3.4 Figure 11 shows how the addition of butane and
alcohols changed the temperatures at which various V/Ls
occurred.15 Higher temperatures for a given V/L indicate bet-
ter vehicle fuel handling at high temperature. For example,
the reference gasoline reached a V/L=20, TV/L=20, at a temper-
ature of 160¡F. Adding Þve-volume percent butane to the ref-
erence gasoline reduced the TV/L=20 to 138¡F, which,
coincidentally, is the same temperature produced by the addi-
tion of 10 volume percent EtOH. The SAE and ASTM speci-
Þcation for TV/L=20 for the highest temperature service in the
United States is 140¡F.   

5.4 LABORATORY OCTANE EFFECTS

5.4.1 Oxygenates are attractive as gasoline blending com-
ponents to increase antiknock performance or octane quality.
Adding small percentages of oxygenates to gasoline can pro-
duce large gains in laboratory octane ratings. Each volume
percent of an oxygenate added to a typical unleaded gasoline,
with 87 (R + M)/2 octane, increases blend octane between
0.1 and 0.3 numbers. In higher-octane gasoline, incremental

octane gains are less. Blending octane values, expressed as
(R + M)/2, of oxygenates are shown in Table 15. 

5.4.2 Of these oxygenates, MeOH has the highest octane
blending value, 119 (R + M)/2, but, as discussed previously, is
not currently used in blends. EtOH also offers superior blend-
ing octane value. At its permitted limit, it provides a boost of
almost three numbers. Higher molecular weight alcohols have
lower blending values but, nevertheless, are very attractive as
octane improvers. Antiknock performance improvement from
alcohol results mainly from charge cooling within the engine.
The high latent heat of vaporization of alcohol reduces charge
temperature well into the process of combustion and promotes
cooling of the end gas.16 A gasoline-alcohol blend with 10
volume percent EtOH has about 20 percent greater latent heat
of vaporization than gasoline producing the same net combus-
tion energy. As discussed later, however, charge cooling bene-
Þts of gasoline-alcohol blends have not been found to
importantly reduce vehicle exhaust emissions of NOx.

5.4.3 Laboratory octane improvement from ethers at maxi-
mum allowable concentration is typically three or more
octane numbers. The superior antiknock performance of
ethers results from combustion characteristics rather than
vaporization differences. Vaporization properties of ethers are
similar to those of hydrocarbons and do not appear to be
responsible for antiknock beneÞts.

5.5 WATER SENSITIVITY AND TOLERANCE

5.5.1 The solubility characteristics of alcohol in gasoline
depend upon the relative inßuence of the hydrocarbon and the
hydroxyl group of the molecule. The hydroxyl groups
attached to short hydrocarbon chains, such as MeOH and
EtOH, exerts more afÞnity for water and less for a hydrocar-
bon. Alcohols with longer hydrocarbon chains are more solu-
ble in gasoline. When small amounts of water are present in a
gasoline-EtOH blend, hydrogen bonds form between water
and EtOH molecules and result in the separation of the water-
alcohol phase from the gasoline. Higher order alcohols, such
as IPA and GTBA, are more soluble in gasoline than EtOH
and have less problems with water separation. Ethers also
have little afÞnity for water and do not separate.

5.5.2 Figure 12 is a photograph showing phase separation.17

ParafÞnic hydrocarbons predominate in the upper phase, while
the lower phase consists primarily of alcohol, water, and small
amounts of aromatic hydrocarbons.18 Because alcohol is less
soluble in gasoline at low temperature, phase separation ten-
dency increases as temperature decreases, as shown in Figure
13. For 10 volume percent EtOH in a blend with a gasoline
containing 25 volume percent aromatics, phase separation
began at 70¡F with the presence of 0.7 volume percent water.
At Ð20¡F, phase separation occurred with about 0.4 volume
percent water in the blend. A gasoline with a lower aromatic

Figure 10—Calculated Versus Measured 
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Figure 11—Effect of EtOH and Butane on Vapor-Liquid Ratio
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Figure 12—Photograph of Gasoline-Alcohol Phase Separation

Source: Reference 17
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content exhibited lower water tolerance. Once separation
begins, additional water will add to the water phase. 

5.6 VOLUME EXPANSION OF GASOLINE-EtOH 
BLENDS

A small volume expansion occurs when EtOH is added to
gasoline. At 10 volume percent EtOH, about a 0.1 percent
increase in volume was measured in a blend with gasoline of
0.794 relative gravity. The expansion effect increased at
higher EtOH concentrations, peaking at about 20 volume per-
cent EtOH.15 Another study reported as much as 0.6 percent
increase due to 12.5 volume percent EtOH.19 The expansion
effect is greatest in gasolines of high density. In this docu-
ment, no attempt has been made to adjust any values or
results for possible expansion effects of EtOH in blends.

5.7 VEHICLE PERFORMANCE OF GASOLINE-
OXYGENATE BLENDS

5.7.1 Acceptance of oxygenated gasolines was hindered
in the 1980s by the wide variety of vehicle technology in
use that had been designed to operate on gasoline. Since the
1960s, vehicle technology had been pursued as the key to
eliminate automotive air pollution. During the 1970s and
1980s, in its effort to reduce national fuel consumption, the
U.S. government mandated the auto industry to increase
vehicle fuel economy and encouraged gasoline suppliers to
use alcohol as a gasoline extender. Concurrently, Federal
and California timetables for reduced vehicle emissions

pressured the auto industry to expedite new technology to
the marketplace. Many vehicles that were engineered to run
on gasoline simply were not suitable for operation on gaso-
lines blended with alcohol.

5.7.2 Gasoline blends containing either MeOH or EtOH
were found to have caused swelling of certain fuel system
elastomers.20,21,22,23 Phase separation problems with gaso-
line-ethanol blends were reported to have caused corrosion of
vehicle fuel tanks and supply lines.20,24 Engines of older
vehicles without computer controls encountered fuel mixture
enleanment with gasoline-oxygenate blends, and often had
problems of misÞring, surging and stalling. As late as 1987,
most auto manufacturers remained cautious about possible
side effects of oxygenated gasolines on driveability and fuel
system durability. Nine of ten auto manufacturers surveyed
by EPA in 1987 cautioned new car customers that, if drive-
ability problems occurred with the use of gasoline containing
10 percent EtOH, gasoline should be used.25 The tenth manu-
facturer speciÞcally recommended against the use of any oxy-
genated gasoline.

5.8 VEHICLE TECHNOLOGY FACTORS

5.8.1 Table 16 summarizes the variety of vehicle emission
control devices generally found on vehicles of several model
years. Closed crankcase ventilation, initiated in 1960 models
and employed currently to control emissions of blow-by
gases, ranks as the most cost-effective control for hydrocar-
bon emissions. Control of evaporative hydrocarbon emis-

Table 15—Octane Boost with Selected Oxygenates

Oxygenate

Concentration 
Permitteda 

(Volume Percent)

Typical Blending 
Valueb

(R + M)/2

Boost at Concentration 
Permittedc

(R + M)/2

Methanol 0.3 119 0.1

Ethanol 10.0 115 2.8

IPA 9.6d 106 1.8

TBA 15.7d 97 1.6

MTBE 14.9d 110 3.4

TAME 16.6d 105 3.0

ETBE 17.3d 111 4.2

DIPE 17.7d 107 3.5

Notes:
aSee Chapter 4 for oxygenate concentrations permitted by EPA.
bOctane blending values vary with oxygenate concentration, base fuel octane, and composition. 
See Glossary, Appendix A, Blending Value.
cOctane boost is calculated for 87 octane (R + M)/2 unleaded gasoline.
d Concentrations vary with density of the base fuel. This value was calculated for gasoline 
with 0.748 relative density at 60/60¡F.
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Figure 13—Water Tolerance of Gasoline—10% EtOH Blend
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