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ABSTRACT

This thesis examines the technical and economic factors 
that influence gasoline-octane supply and demand and
explores the effects of policy decisions on octane quality. 
The approach is qualitative and of international
applicability, providing a framework for policy analysis in 
the area of transportation fuels.

The demand analysis finds that octane demand is
technically determined and inelastic with respect to price 
in the short run. The relationship of increased fuel economy 
with increased engine octane requirement also is discussed. 
The supply analysis finds that, as economic theory predicts, 
the marginal costs of octane supply increase with level of 
output, and that the choice of octane inputs (oxygenates, 
organometal1ics, or processing) importantly influences the 
volume yield of gasoline.

The policy analysis is based on graphical
interpretation of the interrelation between gasoline octane 
quality and the social goals of energy policy with respect 
to transportation fuels, identified as 1) reducing fuel cost 
per mile, 2) increasing miles per crude-oil barrel, and 3) 
reducing exhaust emissions. These goals are constrained by 
the technical limitations of petroleum refining and engine
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technology and the economic forces of supply and demand. As 
economic and political conditions change, the relative 
importance of each social goal changes. Moving toward one 
goal typically occurs only at the expense of the other two 
goals.

Four policy case studies then highlight the 
applicability of the general analysis : 1) catalytic
converters, 2) lead phasedown, 3) gasohol, and 4) an alcohol 
fuels program. The first three case studies pertain to the 
United States, while the fourth pertains to Brazil.
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Chapter 1 
INTRODUCTION

Energy policy regarding transportation fuels in the 
United States usually focuses on supply security and the 
price of crude oil. The two oil price 'shocks' of 1973 and 
1979 showed that a relative shortage of crude oil translated 
to lines of vehicles waiting at service stations for 
gasoline. OPEC nations had considerable market power, 
intensifying fears of gasoline rationing. Gasoline prices 
climbed sharply, in contrast to the price wars of the 
1960 's.

The social goals of the United States (and other oil 
importing nations) are threefold : 1) to reduce the cost per
transportation mile, the fuel cost per mile being the 
component of concern in this case; 2) to increase the 
transportation miles per barrel of crude oil ; 3) to reduce
deleterious exhaust emissions. The crude oil security of 
supply issue is outside the scope of this analysis. The 
costs and benefits of moving towards one of these goals, 
often at the expense of the other two, and the relative 
importance a nation places upon each goal, will determine 
the optimal policy decision.

A systems approach to the transportation fuels chain is 
from crude oil, through the refinery, to gasoline (and
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diesel), and into the vehicle. The major concerns have been 
crude oil prices, crude oil supply, and vehicle technology. 
The refinery and fuel quality links of this chain are often 
not considered in policy analysis. The octane number of a 
gasoline is the most important measure of gasoline fuel 
quality. The relationships between engines, fuel efficiency 
and octane, and between octane and refinery gasoline yield, 
make octane an important variable in energy policy for 
transportation fuels.

This thesis examines the supply and demand for gasoline 
octane quality and the policy implications of gasoline 
octane quality as it impacts upon the goals of society 
regarding transportation fuels. It is a techno-economic 
evaluation of the demand for gasoline octane, the methods of 
supplying it, and the policy implications relating to 
octane. The study does not attempt to optimize a specific 
refinery or to perform an environmental cost-benefit 
analysis. Rather, it is an attempt to interrelate the 
complex issues and constraints involved in determining how 
gasoline octane impacts upon the transportation fuels energy 
policy situation. Chapter 2 discusses the technical aspects 
of internal combustion engines, motor gasoline fuels, and 
environmental concerns pertinent to the thesis. Chapter 3 
addresses the definition and measurement of gasoline octane
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number. Chapter 4 qualitatively derives the utility of 
octane and its demand function. Chapter 5 examines octane 
supply and its sources. Chapter 6 uses the relationships of 
supply, demand, gasoline yield and fuel economy to 
illustrate the effects of energy policy decisions upon 
gasoline octane. Four case studies of actual issues and 
events are presented. Finally, chapter 7 highlights the most 
important contributions of this thesis.
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Chapter 2 
GASOLINE AND THE ENVIRONMENT

Gasoline has progressed from an unwanted byproduct of 
crude oil in kerosine production in the pre-automobile era 
to the crucial transportation fuel it is today. The 
technology of producing gasoline also progressed so that now 
about 45 percent of the average crude barrel ends up as 
gasoline, compared with 25 percent in the early years of 
petroleum refining.

Gasoline is composed of hydrogen and carbon with from 
four to twelve carbon atoms per molecule, each combination 
with different properties (Speight 1980). Gasoline 
hydrocarbons can be classified by chemical structure as 
paraffins, olefins, naphthenes, and aromatics. These are 
often referred to by the acronym PONA.

Gasolines are blended from components with boiling 
ranges from 100 to 400 degrees Fahrenheit. Retail products 
are currently unleaded premium, unleaded regular, and leaded 
regular (leaded premium has been phased out). Premium 
gasolines have a higher octane, or ability to resist 
knocking, than regular gasolines. Lead, in gasoline as an 
effective antiknock additive, is incompatible with the 
catalytic converters installed for emissions control and is 
a source of lead pollution.
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Since 1975, all vehicles equipped with catalytic
converters have been required to use unleaded gasoline, 
resulting in a market shift to this fuel. However, pre-1975 
models still on the road and the misfueling of post-1975 
models have contributed to a substantial leaded gasoline 
market.

The reason behind misfueling (burning leaded gasoline
in vehicles requiring unleaded gasoline) is the price
differential between unleaded regular and leaded regular. 
The additional processing required to replace the lead 
octane quality is expensive, resulting in higher unleaded 
gasoline prices and an estimated 15 percent misfueling 
(Chemical and Engineering News 1984). The recent lead phase
out will eliminate the price differential and the economic 
incentive to misfuel.

Motor gasoline is subject to many quality standards, 
including octane ; volatility as measured by Reid Vapour 
Pressure (RVP); the 10, 50, and 90 percent distillation
temperatures ; the sulphur content ; and the chemical 
structure of its components. The volatility requirement of 
gasoline is very important, as the fuel must be sufficiently 
volatile to vaporize in winter for good starting, yet not so 
volatile as to cause vapor lock in summer. In practice, fuel 
volatility specifications vary from winter to summer.
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The internal combustion Otto engine has a four-stroke 
combustion sequence. First, an air-fuel mixture from the 
carburetor enters the cylinder via the intake valve during 
the downward stroke of the piston. Second, compression of 
the air-fuel mixture occurs during the upward stroke of the 
piston. Third, a spark is provided and a flame front sweeps 
across the cylinder chamber. The hot expanding gases of 
combustion push the piston down. Fourth, the upward stroke 
of the piston pushes the gases out the exhaust valve. These 
four strokes--intake, compression, power, and exhaust—  

carried out repeatedly in a multicylinder engine, provide 
the power needed to move a vehicle.

The exhaust gases from the combustion of the air-fuel
mixture are vented to the atmosphere via a muffler and via
emission control devices, if installed. The exhaust gases
are carbon dioxide ( cc>2 ) , carbon monoxide (CO), various
nitrous oxides (n o  ), water (ho), nitrogen (n  ), oxygenx 2 2
(0-), and unburnt hydrocarbons (c H ). Exhaust particulates 2 x y
include carbon and metal oxides if organometallie antiknocks 
are added (Heinen 1980). The CO, n o x , hydrocarbons, and 
particulates comprise the unwanted pollutants as the other 
gases occur naturally in the atmosphere. While early 
carburetors were designed to obtain maximum power from the 
engine, conservation and environmental concerns have shifted
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the air-fuel ratio to the new, sophisticated lean burn
carburetors. Figure 2-1 shows the effect of air-fuel ratio 
upon various exhaust products.

By carefully controlling the carburetor air-fuel mix, 
hydrocarbon and carbon monoxide emissions can be minimized, 
but nitrous oxide emissions are more difficult to control. 
Catalytic converters can eliminate a portion of the 
deleterious gases by catalytic combustion over an oxidative 
catalyst, usually platinum. New three-way catalyst systems 
provide even higher conversion efficiencies but with an
increase in complexity. A problem with sophisticated 
pollution control systems is lack of proper maintenance and 
adjustment to keep them operating efficiently (OECD 1979). 
Installation of emission control devices has also lowered 
fuel efficiency (Patterson and Henein 1972).

The exhaust is not the only source of vehicle 
pollution. Evaporative emissions from crankcase ventilation 
and carburetor losses also contribute to the hydrcarbon 
emissions. Lowering the RVP specifications of the fuel 
decreases evaporative emissions but also restricts the 
possibility of alcohol-gasoline blends.

Gasoline lead is another pollution source. The
relationships between atmospheric lead and both body whole- 
blood lead levels and health impairment are complex and
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controversial (Nriagu 1978). Lead is being phased out of 
gasoline and the other metallic antiknock, manganese, has 
been banned on suspicions that it increases hydrocarbon 
emissions (Oil and Gas Journal 1978a, 1978b).
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Chapter 3 
OCTANE MEASUREMENT AND UTILITY

3.1 The Phenomenon of Knocking

One of the most important performance qualities of a 
motor gasoline is its resistence to knock, "detonation," or 
"ping." Ordinary combustion occurs when the air-fuel 
mixture in each engine cylinder burns smoothly and evenly 
following ignition by the sparkplug. Abnormal combustion 
occurs when the air-fuel mixture ignites in the absence of 
a spark, resulting in a rapid increase in temperature and 
pressure. This pressure surge slams against the piston and 
cylinder walls causing a high frequency ping or sharp 
metallic noise audible to the ear.

Knocking causes engine wear, increased fuel consum
ption, and increased engine temperature. The antiknock 
quality of a motor gasoline is a measure of its resistance 
to autoignition at the temperature and pressure existing in 
the cylinder during the spark ignition phase.

3.2 Measurement of Knocking Tendency

In 1926, Graham Edgar of Ethyl Corporation developed 
the octane scale, which became the worldwide standard for 
measuring antiknock quality of aviation and motor gasolines.
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Gasoline antiknock quality is characterized by the octane 
number— defined as the volume percentage of isooctane (2,2,4 
trimethylpentane) in a reference fuel blend of isooctane and 
n-heptane. By definition, pure 2,2,4 trimethylpentane has a 
value of 100, and n-heptane has a value of 0, with larger 
numbers indicating greater antiknock quality. Thus, if a 
blend of 78 percent 2,2,4 trimethylpentane and 22 percent n- 
heptane matched the knock tendency of the test sample, the 
sample would have an octane number of 78. To measure 
gasolines having an octane over 100, an isooctane- 
tetraethyllead blend is used (Lane 1980).

3.2.1 Research and Motor Octane

Laboratory measurement of Research Octane Number (RON) 
and Motor Octane Number (MON) is performed in a single 
cylinder Cooperative Fuel Research (CFR) engine using 
standardized methods. The RON test (ASTM D-908) simulates 
low speed driving with frequent acceleration. The MON test 
(ASTM D-357) simulates high speed, constant load driving. 
Under the motor method the engine operates at higher speeds 
and temperatures than the research method, making it a more 
severe test. Operating conditions for both methods are given 
in Table 3-1. RON values are usually larger than MON 
values.
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TABLE 3.1

Operating Conditions For Research and Motor Methods

Motor
Method

Research
Method

Inlet Temperature 
Inlet Pressure 
Humidity
Coolant Temperature 
Engine Speed 
Spark Advance

Air-Fuel Ratio

149 °C (300 ° F ) 52 °C (125 °F )
Atmospheric 

(0.0036 - 0.0072 Kg/Kg Dry Air)
100 °C (212 °F )

900 rpm 
o19-26 Etc 

(varies with 
comp, ratio

600 rpm
13°Btc 
(constant)

Adjusted for maximum knock

Data Source: Benson, J. D., 1976, "What Good Are Octanes?," 
Chemtech, v. 6, no. 1, pp. 16-22.
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The difference between RON and MON is known as the
sensitivity of the gasoline and is indicative of the
antiknock performance at combined highway and city driving. 
Gasoline sensitivity is a function of hydrocarbon
composition. Paraffins contribute little or no sensitivity, 
olefins and aromatics are quite sensitive. Gasoline octane 
is also a function of hydrocarbon composition. The RON and
MON values of pure hydrocarbons are given in Table 3-2.

3.2.2 Road Octane Measurement

The laboratory knock test methods are useful for
controlling fuel quality in petroleum refineries, but are
not completely satisfactory for predicting antiknock 
performance in a full scale, multicylinder engine during 
actual driving conditions. Road octane number (RdON) can be 
determined in automobiles on the road or with a chassis 
dynamometer. The Modified Uniontown method and the Modified 
Borderline method (Hill and Moxey 1960 ) are used to measure 
road octane number. Road octane number is usually greater 
than MON and less than RON. Road octane number can be 
estimated by the average of RON and MON ((R+M)/2), the 
octane number displayed on service station gasoline pumps. 
Current (R+M)/2 gasoline values are Unleaded Regular 87, 
Leaded Regular 89, and Unleaded Premium 91.
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TABLE 3.2 

Octane Numbers of Pure Components

Pure Hydrocarbons Research Motor

Normal Paraffins :
P e n t a n e ........................  61.7 61.9
H e x a n e ......................    24.8 26.0
Heptane    0.0 0.0
Octane . . .  ....................... -19.0* -15.0*
Nonane . . ..........................  -17.0* -20.0*

Isoparaffins :
2-Methyl Butane (isopentane). . . .  92.3 90.3
2-Methyl Hexane (isoheptane). . . .  42.4 46.4
2-Methyl Heptane (isooctane). . . .  21.7 23.8
3-Methyl Heptane (isooctane). . . .  26.8 35.0
2.4-Dimethyl Hexane (isooctane) . . 65.2 69.9
2.2.4-Trimethyl pentane (isooctane) 100.0 100.0

Olefins :
1-Pentene...........................  90. 9 77.1
1-Octene  ....................  28.7 34.7
3-Octen e ......................  72.5 68.1
4-Methyl-1-pentene ..................  95.7 80.9

Aromatics:
Benzene ...........................  - - 114.8
Toluene   120.1 103.5
p-Xylene . ........................... 146.0* 127.0*
m-Xylene .............................  145.0* 124.0*
o-Xylene .......................    120.0* 103.0*
Ethyl Benzene  .............. 107.4 97.9

* Blending value in 20% blend in 60 octane reference fuel.

Source : Hill, J. B. and J. G. Moxey, 1960, "Gasoline," In: 
Petroleum Products Handbook, ed. V. B. Guthrie,
New York, McGraw Hill Co., pp. 1-54.
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3.2.3 Blending Octane Values

Gasoline component stream octane numbers do not blend 
linearly. For example, a 50-50 blend of light fluid
catalytic cracked (FCC) gasoline of 81 MON with an alkylate 
of 91 MON may have a blended MON of 85.4 instead of the 86 
obtained by numerical averaging. Blending octane values 
(BOV) are developed to compensate for such interaction 
effects. BOVs should be used to predict the octane
contribution, RON and MON, of each blending component using 
a linear programming algorithm. An optimum blending scheme 
should take advantage of synergism of positive component 
octane interactions and avoid the antagonism of negative
octane interactions.

3.3 Engine Octane Requirements

To measure a vehicle's octane requirement, specific 
acceleration testwork is performed using reference fuels and 
a trained driver who varies the fuel composition until 
borderline knock is observed. The octane number of the
reference fuel that produces borderline knock is equal to 
the engine octane requirement. In general, borderline knock 
is about 2 RON less than the customer detection level.
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3.4 Variables That Influence Knock

The thermodynamic efficiency of an internal combustion 
engine is a function of the compression ratio (CR):

Clearance volume of cylinder with piston at bottom of stroke

Clearance volume of cylinder with piston at top of stroke

Increasing the compression ratio of an engine will 
result in increased fuel efficiency but will require an 
increase in gasoline octane requirement because the air-fuel 
mixture will be compressed more severely (Figure 3-1). 
Historically, compression ratios increased from about 5.0 in 
1930 's engines to about 10.0 in 1960 's engines.

Automotive emissions control regulations have resulted 
in a downward trend in compression ratios to a value of 8.4 
in 1980 (Grupa, Fields, and Yepsen 1986 ) with a slightly 
increasing trend since then. This is due to the increase in 
emission pollutants resulting from combustion at high 
compression ratios. Thus emission standards place a de facto 
constraint upon compression ratio.

Engine deposits that accumulate with mileage have the 
effect of increasing the compression ratio. Thus an engine 
that performs well on regular grade gasoline when new may 
begin to knock after several thousand miles, requiring a
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Figure 3-1 Octane Number versus Compression Ratio
Source: Lane, J. C., 1980, "Gasoline and Other 
Motor Fuels," In: Encyclopedia of Chemical 
Technology, New York, Wiley-Interscience, 
v. 11, pp. 652-695.
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higher octane grade of gasoline. Altitude and the ambient
temperature and humidity also affect octane requirements as 
shown in Table 3.3.

3.5 Aggregate Measurement of Octane

Gasoline octane, being a fuel quality rather than a
physical quantity, must be derived as a quantity for a
supply and demand analysis. Likewise, octane cannot be 
directly sold, therefore the price of octane cannot be 
measured in direct marketable terms, and again the price of
octane must be derived for supply and demand analysis.

Octane quantity will be defined as the weighted average 
octane of all gasoline consumed. The summation of the 
products, of the gallons of a gasoline grade, times the 
octane number of that grade, for all grades, yields a gross 
consumption in terms of octane-gallons. Dividing by the 
total gasoline gallons of all grades will give the weighted 
average octane

H  Qi*ONi
Qoct = ----------

E  Qi

where n is the number of grades, Qi is the quantity 
consumed of the i'th grade, and ONi is the octane number of 
the i'th grade. For supply and demand analysis, all octanes
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TABLE 3.3

Effects of Variables on Octane Requirements

Variable Effect on Octane Requirement

Altitude .........
altitude

Humidity .........
rel humidity @ 70°F

Engine Speed . . . .
Air Temperature . .
Spark Advance . . .
Coolant Temperature . . . +1 RON per 10°F increase
Combustion Chamber 

Deposits . . . .
to 6,000 miles

Source : Gary, J. H. and G. E. Handwerke, 1984,
Petroleum Refining : Technology and Economics, 
New York, Marcel Dekker.
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will be measured as (R+M)/2. Octane price will be defined as 
the cost per gallon of gasoline for octane upgrading. It is 
important to distinguish between refinery conversion
processes and upgrading processes. Conversion processes
increase the yield of gasoline (i.e., FCC units), while 
octane upgrading processes increase the octane number of the 
gasoline (i.e., catalytic reformers and isomerization 
units). The octane of gasoline boiling range material 
leaving the conversion units but prior to octane upgrading 
will have a "raw" octane level, say 75 (R+M)/2 for
illustrative purposes. The price of octane is the additional 
price per gallon due to increasing the octane number. Figure
3-2 illustrates this relationship. The total price of
gasoline, Ptot, is equal to the raw gasoline price (raw 
materials, distillation and conversion processes but prior 
to octane enhancement) Praw plus the octane price (cost of 
enhancing octane). Poet.

Ptot = Praw + Poet

The question marks along the curve indicate that we do
not assume to know the shape of the curve as yet. The total
gasoline cost at the refinery would be the cost to produce 
the gasoline boiling range material plus the price of
octane.
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3.6 Octane Utility

If an engine is fueled with a gasoline having too low 
an octane the engine will experience knock, resulting in 
engine wear and diminished fuel economy. Clearly the 
rational and cost-minimizing consumer does not wish to 
operate his vehicle in this range.

If octane is increased beyond the required level, the 
engine performance and fuel efficiency are unchanged. This 
is because the energy content of petroleum derived 
gasolines (about 115,000 Btu/gal) shows no variation with 
increased octane number.

The utility of the gasoline rises, therefore, as the 
octane number increases up to the engines octane requirement 
and then levels off as shown in Figure 3-3. The flat utility 
curve beyond suggests that any octane beyond that required 
at point A is simply wasted. The rational and cost- 
minimizing consumer will choose to operate his vehicle at 
point A.
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Engine Octane Requirement

Octane Number

Figure 3-3 Gasoline Utility as a Function of Octane 
Number



T-3384 24

Chapter 4 
OCTANE DEMAND

The demand of gasoline octane for an individual vehicle 
has been discussed in a technical perspective by several
authors. Lane (1980) gives a brief study of octane demand
in his work on gasoline. Benson (1976) discusses the 
technical aspects of engine knock and the need for higher
octane gasoline to eliminate this problem. Dorn and Mourao 
(1985) examine the performance properties of automotive 
fuels, particularly with respect to octane. No literature 
on aggregate octane demand was found. Michalski and 
Unzelman (1979) discuss some policy issues in their
excellent technical overview of gasoline antiknocks.

The demand function for gasoline octane is largely 
described as Qd = f(P, Y, TP, PH, Tech, Gov't), 
where

Qd = Quantity demanded ((R+M)/2)
P = Price of octane 
Y = A measure of income 
TP = Consumer tastes and preferences 
PH = Level of product heterogeneity (i.e., number of 

octane grades)
Tech = Technological aspects 
Gov't = Government policies
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Consumer goals are to reduce transportation cost per 
mile while satisfying tastes and preferences. Transportation 
cost per mile can be reduced by 1) decreasing vehicle 
weight, 2) decreasing operating speed, 3) improving engine
efficiency, and 4) decreasing fuel cost.

The advent of increasing gasoline prices prompted a 
shift towards smaller vehicles and lowered speed limits. 
Improvements in engine design require changes in fuel octane 
quality.

Gasoline octane is not bought or sold separately in an 
identifiable market. Its price is not readily measured nor 
is the quantity consumed easily determined. These factors 
make quantification of the demand function difficult if not 
impossible. We can, however, evaluate octane demand from 
structural factors. If we know something about the fleet of 
vehicles being driven and the octane requirements of those 
vehicles, we can determine the octane needed to satisfy 
those requirements. Once we have determined the demand for 
octane from structural analysis, we can return to the demand 
function and examine the variables that influence octane 
demand. This will result in a qualitative understanding of 
the demand function.

It is the purpose of this chapter to show that the 
demand for octane is primarily determined by the technical
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and governmental factors with the prices and incomes playing 
a lesser role.

4.1 Octane Demand for an Individual Engine

A technically derived octane demand for individual 
engines can be determined.

4.1.1 Factors of Influence

Four factors determine the octane demand of an 
individual automobile engine.

1) The compression ratio (CR) of the engine will 
determine the pressure to which the fuel is subjected in 
the engine cylinder when the piston is at full 
compression. As the compression ratio of the engine is 
increased, octane quality must also increase to prevent 
premature explosion known as knocking. Figure 4-1 
illustrates the increased octane demand demand due to 
increased compression ratio. The question then arises. 
Why have a high compression ratio? The answer resides in 
the increased thermodynamic efficiency of combustion at 
higher pressures which results in increased fuel 
economy. Figure 4-2 illustrates the increased fuel 
economy due to an increase in compression ratio. Thus, 
engines with greater compression ratios will achieve
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Engine Octane Requirement; RON

Figure 4-1 Octane Requirement as a Function of Compression 
Ratio
Source: Lane, J. C., 1980, "Gasoline and Other 
Motor Fuels," In: Encyclopedia of Chemical 
Technology, New York, ^iley-Interscience, 
v. 11, pp. 625-695.
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Engine Compression Ratio

Figure 4-2 Relative Fuel Economy as a Function of 
Compression Ratio
Source : Adapted from Tierney, W. T. and R. F. 
Wilson, 1976, "Future Transportation Fuels, 
Optimization of the Vehicle-Fuel-Refinery 
System," In: 1976 Proceedings, Refining Division, 
American Petroleum Institute, v. 55, pp. 225-246.
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greater fuel economy (Figure 4-2) and will require 
higher octane gasoline (Figure 4-1). Figures 4-1 and 4-2 
can be combined to show the potential fuel economy 
against octane requirement as shown in Figure 4-3. The 
important condition to validate this relationship is 
that engine compression ratio must increase to match 
octane increase. In other words, fueling a given engine 
with a higher octane gasoline will not increase fuel 
economy unless the compression ratio of the engine is 
increased. This is accomplished by engine modification 
or fleet change.
2) External factors such as climatic conditions, amount 
of engine deposits and driving habits also affect the 
demand for octane. The atmospheric temperature and 
pressure of the carburetor intake air will affect the 
temperature and pressure of the compressed air-fuel 
mixture. Thus climatic conditions can affect the octane 
requirements of an engine. Engine deposits which build 
up early in the life of the engine will effectively 
increase the engine compression ratio. Driving habits 
are a consumer behavioral factor relating to many 
complex variables including driving speed, acceleration 
patterns, engine warmup time, and city versus highway 
driving.
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3) Spark timing plays an important role in determining 
the octane demand of an engine. If the spark ignites the 
air-fuel mixture too early, the combustion-pressure wave 
will impact the piston on the downward path, resulting 
in knock. On the other hand, if ignition occurs too 
late, the piston is already in the upward path and a 
power loss results. Many new model engines are equipped 
with electronic knock limiters, which detect engine 
knock from resultant vibration and retard the spark 
timing to eliminate the knock. This effectively trades 
engine knock for lower power performance.
4) Consumer choice of fuel can be a factor in octane 
demand if the consumer is unaware of what level of fuel 
octane his engine requires. If the octane is too low, 
engine knock will occur with resultant engine wear and 
decreased fuel economy. If the octane level is too high, 
the engine performance will not be affected but the 
additional octane will be wasted.

4.1.2. Assumptions for Individual Demand Determination

To determine the octane demand for an individual
engine, three simplifying assumptions are needed.

1) Assume the time period is long enough to even out 
changes in climatic conditions but short enough to
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reduce engine deposit effects.
2) Assume a rational and informed consumer with 
consistant driving habits. These first two assumptions 
eliminate factors 2 and 4 above.
3) Assume the engine is well-tuned and spark timing is 
constant.
The validity of the assumptions can be questioned. 

Assumption 1 is perfectly valid if the engine is of 
sufficient age to have a constant level of engine deposits. 
The rationality and constancy of the consumer in assumption 
2 is unquantifiable. A cost-minimizing individual will fit 
the constraints of assupmtion 2. The third assumption is 
the weakest. Improperly tuned engines and/or electronic 
spark retardation will have the effect of shifting the 
demand curve by a constant amount and will not affect the 
general validity of the analysis.

The end result of the assumptions is to leave engine 
compression ratio as the primary factor in octane demand 
determination. This implies that the short-run demand curve 
for an individual engine is perfectly inelastic.

4.2 Aggregate Octane Demand

An aggregate demand for gasoline can be derived by 
summing the engine octane demand for all gasoline-fueled
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vehicles and taking the weighted average by gasoline 
consumption as discussed in chapter 3. If a limited number 
of gasoline octane grades are available, octane demand will
be greater than if an infinite number of grades are
available.

4.2.1. Degree of Product Heterogeneity

The degree of product heterogeneity (PH in the demand 
function) depends upon the number of octane grades available 
to the consumer. Octane overbuy will result from a limited 
grade availability as shown in Figure 4-4. Premium and
regular grades are shown in the traditional two-grade 
scenario. The dashed area represents the additional octane 
demanded because of a limited number of octane grades
available. This quantity will be termed "octane overbuy." 
The introduction of additional octane grades would reduce
octane overbuy.

4.2.2. Short-Run Aggregate Demand

The short-run aggregate demand for octane can be 
measured under the following assumptions.

1) The degree of product heterogeneity does not change
over the time period of interest.
2) The vehicle fleet does not change over the time
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period of interest.
3) Government policy does not change.
4) Consumers do not switch consumption patterns in favor 
of lower octane (thus lower CR) demanding vehicles from 
higher octane demanding vehicles as the price of octane 
increases.
Figure 4-5 illustrates the short-run aggregate demand 

for octane under the assumptions. The demand curve is 
perfectly inelastic.

Scrutiny of the assumptions reveals that the first 
three assumptions are strong, typical short-term 
assumptions. The analysis, however, depends critically upon 
the fourth assumption. This assumption is relaxed in the 
long-run analysis.

4.2.3 Long-Run Aggregate Demand

The aggregate octane demand in the long run is free of 
all assumptions which constrained the short-run analysis. It 
is beneficial to remove two influences from the long-run 
analysis, however, and examine them individually. The degree 
of product heterogeneity has been discussed earlier and 
government policy will be discussed in the next section. 
Therefore the major changes from short-run analysis to long- 
run analysis are that the vehicle fleet is nonconstant
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Figure 4-5 Short Run Aggregate Octane Demand
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through attrition of older models and introduction of new 
models, and that the consumers can change the relative 
quantities of various octane grades consumed.

How will the long-run demand curve compare to the price 
inelastic short-run demand curve? The cost-minimizing 
rational consumer will react to octane increases by shifting 
consumption patterns toward vehicles requiring lower octane 
fuel. This results in a shift of the demand curve as the 
fleet changes. Demand, however, will remain inelastic. 
Changes in the vehicle fleet are limited by the following 
four factors :

1) The average life of an automobile is more than ten 
years. The high relative capital cost of an automobile 
and costs such as registration and value depreciation 
act as barriers to entry into the automobile market. 
Even if the vehicle is sold, the purchaser will continue 
to operate that vehicle.
2) The incremental octane cost constitutes only a 
portion of the gasoline cost, which, in turn constitutes 
only a portion of the cost of vehicle operation.
3) Higher octane demanding engines (and thus higher CR) 
are more fuel efficient (refer to Figures 4-1 and 4-2) 
for equal engine size and vehicle weight.
4) Increased octane price will tend to drive consumption
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patterns to lower octane demanding vehicles ; however, 
owners of high octane demanding cars may be less price 
sensitive than other owners.
The above factors tend to reduce the vehicle 

substitution effect of an increase in octane price. It can 
be concluded that in the long run, changes in octane demand 
(resulting from changes in the vehicle fleet) result in 
sideways shifts of the short-run demand curve (Figure 4-6). 
Thus the long-run demand curve is more price elastic than 
the short-run demand curve (Figure 4-7).

4.3 Government Policy

The catalytic converter/unleaded gasoline policy did not 
change the demand for octane but attempted to shift the 
octane supply from lead octanes to process octanes. Leaded 
gasoline is a perfect substitute for unleaded gasoline if 
emissions regulations can be satisfied and if environmental 
public good costs are ignored. This issue is discussed in 
chapter 6.

Air quality issues do affect the octane demand function 
in an indirect manner. An increase in compression ratio will 
result in an increase in the deleterious pollutants in the 
exhaust emissions. Government regulated emissions standards 
thus set a de facto limitation on compression ratio.
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4.4 Conclusions

1) The consumer has no market influence upon the 
octane market except by changing consumption 
patterns. Vehicle engine requirements obviate the 
possibility of decreasing octane below the required 
level, leaving vehicle substitution as the only means of 
changing consumption patterns. Other economic factors 
help determine the attractiveness of vehicle
substitution.
2) The short-run octane demand curve is inelastic.
3) The long-run octane demand curve is inelastic, but
more elastic than the short-run curve, with changes in 
octane price resulting in changed vehicle fleet and 
shift of demand curve
4) Octane demand is highly dependent upon technical
factors (CR, PH, Gov't), while prices and income play a 
lesser role.
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Chapter 5
SOURCES AND SUPPLY OF GASOLINE OCTANE

The sources and supply of gasoline octane are discussed 
by Board, et al. (1979). Process octane options are examined 
by Weiszmann, et al. (1986). Unzelman (1981) discusses 
oxygenate octanes.

Gasoline octane is available from three sources: 
further processing, organometa11i c (lead, manganese) 
antiknock addition, and oxygenate addition. Plant capacity 
constraints restrict the octane supply from each source, 
although organometallie supply is more flexible because of 
the smaller volumes involved. Long-term octane production 
capability is limited only by price and capital 
restrictions. Incremental octane can be measured, roughly, 
in terms of cents-per-octane barrel.

Imports of gasoline and gasoline blending stocks are 
also sources of octane, thus octane can be imported. 
Increased refining capacity within the oil-producing nations 
will increase the importance of international octane trade.

The supply function for gasoline octane is largely 
described as

Qs = g(P, Raw Mat'l, Tech, and Gov't)
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where
Qs = Quantity supplied
P = Octane price
Raw M a t '1 = Relative raw material costs
Tech = Technological factors
G o v 't = Government policies 

Goals of gasoline refiners are to maximize the net present 
value of the firm and to maintain or increase market share.

This chapter will examine the supply function variables 
in terms of their effect upon cost and gasoline quality. The 
technology section will be a thorough description of octane 
production technology. Analysis of government policies will 
be deferred to chapter 6. Substitutability of octane 
technology and resulting effects upon gasoline yield will be 
discussed in sections 5-4 and 5-5.

5.1 Octane Price

The octane price, Poet, is defined as the cost per 
gallon incurred by increasing the octane quality of a 
gasoline. Octane quality is defined as the weighted average 
octane number ((R+M)/2) of all gasoline consumed in a given 
time period.

The octane price is related to the gasoline price Ptot
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by the following relationship

Ptot = Praw + Poet

where Praw is the cost of raw gasoline prior to octane
enhancement.

Thus we can define the supply curve to be equal to the 
marginal cost curve of octane price versus octane quantity 
as shown in Figure 5-1. A change in the octane number 
demanded from Q1 to Q2 will result in a shift along the
curve A to B and a change in octane price from Pi to P 2 . A 
change in the costs of producing octane will shift the
supply curve up or down.

5.2 Raw Material Costs

An increase in the price of raw materials, primarily 
crude oil, will increase the Praw price. The effect upon 
Poet varies with the choice of octane technology. In general 
it can be stated that an increase in the price of raw 
materials will result in an increase in Poet for process 
octanes, but may not have an effect upon Poet for
organometallies and oxygenates, assuming all other prices 
are constant. The underlying factors of this will be 
deferred to the gasoline yield section of this chapter.

Certain gasoline blending components may be affected by
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changes in the relative prices of alternative products, such 
as jet fuel, diesel, and petrochemical feedstocks, resulting 
in reallocation of such blending components. An example 
would be light straight-run (LSR) gasoline as a feedstock 
for ethylene production.

5.3 Octane Technology

Having defined the supply curve as equal to the 
marginal cost curve, it is now useful to review the 
technology of octane enhancement to provide a descriptive 
understanding of the methods of octane enhancement and to 
qualitatively define the shape of the supply curve.

Chapter subsection 5.3 will discuss the technical 
aspects of refinery octane processes and the effect the 
various methods have upon cost. As this material contains 
primarily technical information, the cost effects will be 
summarized in subsection 5.4, allowing the nontechnical 
reader to skip to that point.

5.3.1 Process Octanes

Petroleum refiners choosing to increase their output of 
process octanes can choose to adjust operating conditions at 
an existing refinery, invest capital in refinery 
modifications, or both. Operational adjustments for
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increased octanes include:
1) Changes in Feedstocks. Crude oils with different API 
gravity, distillation characteristics, sulphur content, 
and PONA analysis will yield different product splits 
and different quality aspects. Severe operational 
problems and bottlenecking may result from running a 
new crude type. The price differentials of sweet-sour, 
heavy-light, distillation, and PONA relationships of 
crude oils must be compared to the changes in product 
splits, quantity, quality, and operating costs. No two 
refineries are identical, making each analysis refinery 
specific.
2) Changes in Cutpoints. Distillation and 
fractionation unit cutpoints can be altered to vary the 
feedstocks to downstream conversion and blending units. 
A schematic plan of a typical refinery is shown in 
Figure 5-2. The operational mode of a refinery is not 
constant. Demand for motor gasoline is greater in the 
summer months, while winter months bring increased 
demand for distillate heating oils (Michalski and 
Unzelman 1979). Refineries can change operating 
conditions to match demand for gasoline, diesel fuel, 
jet fuel, heating oils, and other products.
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Figure 5-2 Typical Refinery Flowsheet
Source : Gary, J. H. and G. E. Handwerke, 1984 
Petroleum Refining ; Technology and Economics, 
New York, Marcel Dekker Inc.
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3) Changes in Operating Severity. Operating conditions 
in some refinery units can be varied to increase the 
quantity and octane quality of gasoline blending 
products.
4) Changes in Gasoline Blending. It is possible for 
the refiner to increase octane levels by "backing out" 
low octane components. The component can then be sold 
at a price lower than gasoline. This results in less 
gasoline product per barrel of crude oil. Low octane 
light straight-run (LSR) naphthas and natural gasolines 
could be sold to the petrochemical industry as ethylene 
plant feedstocks (Smith 1985). Higher octane blending 
components, such as toluene, may be purchased from 
other refiners and blended to increase octane.
Refinery modifications include constructing new units,

revamping existing units, and changing to new catalyst 
types.

Five refinery units (catalytic reforming, catalytic 
cracking, isomerization, alkylation/polymerization, and 
thermal cracking) play the primary role in octane 
enhancement. Octane production can be varied by adjusting 
the operating conditions of the existing units. Octane 
production can be increased by revamping existing units or 
installing new units.
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5. 3.1.1 Catalytic Reforming

Catalytic reforming is the most important octane 
improving process. A large fraction (20%-60%) of the U.S. 
gasoline pool is reformate, and the octane increase is 
large, about 15 to 25 octane numbers. Catalytic reforming 
is the only refining process which can be adjusted readily 
to produce the required octane increment. The four major 
reactions occurring during reforming are (1) dehydrogena
tion of naphthenes to aromatics, (2) dehydrocyclization of 
paraffins to aromatics, (3) isomerization, and (4) hydro
cracking (Gary 1984). The first two reactions produce a 
hydrogen byproduct which can be used elsewhere in the 
refinery. The fourth reaction is crucial because it 
involves the cracking of gasoline boiling range components, 
mainly paraffins, into butanes and lighter gases. Thus 
higher octane product is achieved at the cost of lower 
gasoline product yield.

Increasing paraffinicity of the reformer feed will tend 
to decrease the reformer gasoline yield. Paraffinicity can 
be estimated from the Watson characterization factor, with a 
larger factor indicating greater paraffin content.

Catalytic reformer gasoline yield is related to 
research octane number and characterization factor. Figure 
5-3 shows the percentage gasoline yield from the naphtha
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Figure 5-3 Gasoline Loss in Catalytic Reforming
Source: Adapted from Gary, J. H. and G. E. 

Handwerke, 1984, Petroleum Refining : 
Technology and Economics, New York, 
Marcel Dekker Inc.
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gasoline yield from the naphtha feed, obtained by refinery 
material balance. The light gases from the hydrocracking 
reaction are not "lost" but are now lower value products.

In determining the economic merits of incremental 
octane via catalytic reforming, the characteristics of the 
existing catalytic reformer should be known. Reformer 
severity can be increased with resulting octane increase, 
yield decrease, and production of light gases. If reformer 
construction or revamp are proposed, capital and operating 
costs must be considered.

5.3.1.2 Catalytic Cracking

Fluid catalytic cracking (FCC) units are also a key 
"knob" in controlling the gasoline pool octane because it 
accounts for 25 to 50 percent of pool volume. FCC gasoline 
has an octane value of about 85 (R+M)/2 which can be
increased by 1 to 2 octane numbers using shape selective 
zeolite catalysts, increasing reactor temperature, and 
increasing catalyst circulation (Andreasson and Upson 1985). 
The octane increment results in a loss of gasoline product 
yield with increasing production of light gas (Board et al. 
1979). The yield shift is primarily to increased propylene 
and butylene which can be used as feed to alkylation and/or 
polymerization units, thus recovering some gasoline product.
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The increased octane of the FCC gasoline is due to an 
increase in the olefin content, which increases the 
sensitivity (RON-MON), and increases the gum-forming 
potential of the gasoline (Gruse and Stevens 1960). This is 
important for engines using multiport fuel injectors which 
clog easily and have been a major consumer complaint.

If strict standards are placed upon gasoline sulphur 
content, hydrotreating of FCC gasoline may be required.
This would tend to saturate the olefins, decreasing the 
octane level.

5. 3.1.3 Isomerization

Isomerization, which converts straight chain paraffins 
into branched chain paraffins, can increase octane number 
dramatically, although isomerate represents only 10 to 15
percent of the gasoline pool. Once-through isomerization
increases the octane number of light straight-run (LSR) 
naphtha from 70 RON to 82 RON. The total isomerization
process (TIP) can increase the RON gain to 17 numbers 
(Holcombe and Pederson 1983).

Liquid volume yield for isomerization units are high—  

98 to 99 percent—  however, the energy yield is not as high. 
The density of n-pentane is 5.251 lb/gal, while the density 
of iso-pentane is 5.199 lb/gal (Gary 1984). Thus
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isomerization yields a less dense liquid product with less 
Btu/gal energy content. Yield losses go to light gases and 
coke.

5.3.1.4 Alkylation/Polymerization

Unlike cracking, alkylation and polymerization make 
larger hydrocarbons from smaller ones. Alkylation involves 
combining an olefinic gas (mostly butylenes and propylenes 
from the catalytic cracker) with iso-butane over a sulfuric 
or hydrofluoric acid catalyst. The product is a branched 
chain paraffin.

The octane of alkylate can be improved by lowering the 
reaction temperature, controlling water dilution in the 
catalyst, increasing the iso-butane/olefin ratio, and 
lowering olefin space velocity. Alkylate has very good lead 
susceptability; therefore, the elimination of lead from 
motor gasoline may decrease its economic attractiveness.

Polymerization involves reacting olefinic gases over a 
catalyst, usually phosphoric acid, to form olefinic liquids. 
The sensitivity and gum potential of polymer gasoline is 
high, and although it is cheaper to make than alkylate, its 
quality is lower. Alkylation produces twice the gasoline 
product per barrel of olefin feed compared to polymeriza
tion. Alkylate/polymer gasoline comprises from zero to 10%
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of a refinery "s gasoline pool.

5. 3.1.5 Coker Naphtha

Gasoline can be produced from coker naphtha. Naphtha 
yield can be increased by increasing heater outlet tempera
ture, increasing fractionater pressure, and increasing feed 
carbon content. Coker naphthas have a higher sulphur 
content than other gasoline components and will need 
hydrotreating. During this process, olefins will tend to 
become saturated, lowering the octane number.

5.3.1.6 Cost of Process Octanes

Having described the technical aspects of process 
octane production, we can examine how this technology 
affects the supply (marginal cost) curve for process 
octanes.

The refiner needing increased production of process 
octanes is faced with a multitude of options. Weiszmann, et 
al. (1986) examines the options available to a refiner and 
estimates the cost (in terms of cents per octane barrel) of 
octane increase. Table 5-1 shows the options and costs of 
four units (isomerization, catalytic reforming, catalytic 
cracking, and alkylation/polymerization) plus oxygenate 
addition and toluene blending. The figures show the



T-3384 56

TABLE 5-1
Summary of Process Octane Options

Percent Potential Cost
of gasoline (R+M)/2 cents/

Stream pool impact oct.-bbl
Light Naphtha
Once-through Penex (Revamp) 10 1.0-1.6 10-15
Once-through Penex (New Unit) 10 1.0-1.6 15-20
Recycle Penex/Molex 10 1.8-2.2 18-22
Recycle Penex/DIH 10 1.8-2.2 20-25
Reformate
Increased octane-catalyst change 30 0.4-0.6 10-20
Increased octane-revamp 30 0.5-1.0 20-40
New continuous Platformer 30 1.3-2.0 Neg.-40
FCC gasoline 
High octane catalyst 
High severity revamp 
Gasoline endpoint change 
Reform FCC heartcut 
Reform FCC heavycut
Alkylate/cat poly 
Selective hydrogenation (SHP) 
Poly revamp to Hexall

40 0 . 4-0.6 5-7
40 0.4-0.8 5-30
40 0.1-0.2 0-30
12 1.4-1.8 40-50
24 1.9-3.0 35-50

10 0.1 15-20
2-5 0.1 0-20

Use of oxygenates 
MTBE purchase 
MTBE via FCC butenes 
TBA/methanol purchase 
Ethanol (with 60 cent/ 
gal tax credit)
Light hydrocarbons 
HF alkylation-New unit 
Hexall-New unit
Other primary option 
Toluene purchase

2-5 0.4-1.1 40-60
2-5 0.4-1.1 25-30
2-5 0.3-0.8 25-30

10 max. 2.5 max. 30-40

5-10 0.4-0.8 40-50
-4 -0.2 80-100

2-5 0.4-1.1 40-80

Source: Weismann, J.A., et.al., 1986, "Pick Your Option to 
Higher Octanes," Hydrocarbon Processing, v. 65, 
no. 6, pp. 41-45.
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percentage of the gasoline pool affected by an option and 
the octane ([R+M]/2) increase upon the entire pool. The last 
column gives the cost per octane barrel which includes fixed 
and variable costs.

All other factors being equal, the profit-maximizing 
refiner will pick the option or combination of options that 
provide the required octane increase at the lowest cost. 
Thus the lower cost options will be utilized first with 
progressively more expensive options being utilized as 
octane needs increase. This suggests a supply curve for 
process octanes with an increasing slope.

The source of increased costs due to increased octane 
production can be identified as coming from five sources:

1) Increased fixed cost. Installation of a new unit or 
revamp of an existing unit requires capital expenditure 
resulting in an increase in fixed costs.
2) Decreased throughput. Longer residence times in 
reactors and recycling of reactor streams will increase 
costs. Isomerization units are a good example.
3) Increased input requirements. As operating severity 
is increased, utility requirements such as fuel gas, 
steam, and cooling water are increased. Catalytic 
cracking units are a good example.
4) Decreased gasoline yield. Increased severity in
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catalytic reforming units results in a decrease in 
volume yield.
5) Changes in volume production of other refinery 
products. A change in one refinery unit will affect 
many other units.

5.3.2 Organometallie Octanes

Gasoline octane number can be increased by the addition 
of small amounts of certain organometallie compounds, 
primarily of lead and manganese. The compounds act as 

anticatalysts to inhibit the knock-inducing chemical 
reactions that occur in the engine cylinder during the 
compression of the air-fuel mixture prior to spark ignition 
(Ploss 1973). As shown in Figure 5-4, the temperature- 
pressure stability of hexane is greatly improved by the 
addition of tetraethyllead.
Four characteristics of the organometallie antiknocks are

1) Diminishing octane gains with increasing addition.
2) RON gains are greater than MON gains.
3) Lower gains with higher octane gasolines.
4) Different blending components exhibiting different 
octane responses.
The use of organometallie additives to increase 

gasoline octane allowed great flexibility in batch blending.
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Figure 5-4 Tetraethyllead Effect Upon Hexane Stability
Source : Ploss, P., 1973, "What Additives do for 
Gasoline": Hydrocarbon Processing, v. 52, 
no. 2, pp. 61-68.
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With batch blending, the economic amount of lead was added, 
calculated to be just under the required octane level. The 
octane of the batch was tested and additional lead added if 
needed. This minimized the "octane giveaway," or gasoline 
being sold at higher octane than required. Additionally it 
saved suboctane batches from having to be reblended. Today 
the situation is somewhat different. Organometallies are 
being phased out and many refiners blend "in-line" rather 
than "batch."

5.3.2.1 Tetraa Iky H e a d  Compounds

The original and still most widely used organometallie 
agents are tetraethyl lead (TEL), pb(C2H5)5 and
tetramethyllead (TML), Pb(CH3 >4 . TEL-TML mixtures provide a 
more even distribution of antiknock capability throughout 
the gasoline boiling range (Lane 1980). To prevent lead 
oxide deposits from forming in the engine, ethylene 
dichloride and ethylene dibromide are added to act as 
scavengers, vaporizing the lead and carrying it out the 
exhaust (Hill and Moxey 1960).

Ferrocene and tertiary butyl acetate can be added as 
lead extenders. Ferrocene allows the timely decomposition 
of TEL, and tertiary butyl acetate is thought to recycle 
lead oxides.
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The octane benefits of lead addition, as TEL-TML, are 
nonlinear with decreasing returns to scale. Octane 
improvement from lead addition for a typical gasoline is 
shown in Figure 5-5.

5.3.2.2 MMT

Methyleyelopentadienyl Manganese Tricarbonyl (MMT), 
CHgCgH^Mntco)^ was discovered at Ethyl Corporation in 1957 
to be an effective antiknock additive. When used alone MMT 
is even more effective than TEL in many gasolines, although 
it is more expensive to manufacture. Like the tetraaIkyHead 
additives, MMT has diminishing octane gains with increased 
concentrations. Figure 5-6 illustrates the octane gains for 
MMT alone and for MMT in leaded gasoline.

5.3.2.3 Cost of Organometallie Octanes

Both sources of organometallie octane demonstrate 
diminishing octane gain at greater concentrations (Figures 
5-5 and Figure 5-6). This means that successive equal 
additions of lead or MMT will bring smaller octane gains. 
Put another way, for a given price of organometallie 
additive, each additional octane gain becomes more costly 
because of the increased amount of organometallie required. 
This suggests a supply curve with an increasing slope.
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TETRAETHYLLEAD; ml per gallon gasoline

Figure 5-5 Typical Gasoline Octane Response to 
Tetraethyllead
Source : Hill, J. B . and J. G. Moxey, 1960, 
Gasoline. In; Petroleum Products Handbook, 
ed. V. B. Guthrie, New York, McGraw Hill Co.
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Figure 5-6 Octane Increase with MMT Addition to 
Gasoline
Data; From Bailie, J. D . , G. W. Michalski, and 
G. H. Unzelman, 1977, "The MMT Outlook-1977," 
In; 1977 Procedings, Refining Division,
American Petroleum Institute, v. 56, pp. 39-60.
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5.3.2.4 EPA Actions

The Environmental Protection Agency (EPA) has banned 
the use of MMT (Chemical and Engineering News 1978) and has 
restricted lead content to 0.1 gram Pb/gal (Oil and Gas 
Journal 1985a). The decision to install catalytic 
converters on all 1975 and later model cars has created an 
increasing demand for unleaded gasoline. The quantity of 
lead used in gasoline from 1920 on is shown in Figure 5-7. 
Concern over lead emissions prompted the EPA lead phasedown; 
however, development of lead particulate traps (Harrison and 
Laxen 1981) and lead tolerant catalysts (Michalski and 
Unzelman 1979) could diminish these obstacles. Phasedown of 
lead content has been a complex, problematic series of 
events (Oil and Gas Journal 1979, 1982, 1985c; Chemical and
Engineering News 1984).

5.3.3 Oxygenate Fuel Octanes

Unlike organometallie addition or octane enhancing 
processing which are designed only to increase octane, 
oxygenates are added to gasoline for three reasons :

1) To increase octane. Blending higher octane oxyge
nates with gasoline will result in a gasoline blend 
with a higher octane number.
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Figure 5-7 Gasoline Lead Usage
Source : Oil and Gas Journal, 1984, "EPA to Issue 
New Lead Phasedown Regulations," v. 82, no. 27, 
pp. 34-35.



T-3384 66

2) To volumetrically increase the quantity, of the 
gasoline. This is important to crude oil importing 
nations.
3) To reduce exhaust emissions. Oxygenates promote 
more efficient combustion from a pollution standpoint. 
Oxygenate fuels, unlike petroleum fuels, are composed 

of oxygen bonded to hydrocarbons. Oxygenates have a lower 
energy content in Btu/gal than petroleum-based gasoline. 
The oxygen content changes the stoichiometry of combustion. 
Table 5-2 lists the properties of oxygenate blending agents. 
Note that oxygenates have lower net heat of combustion 
values (57,000 to 94,000 Btu per gallon) than petroleum 
derived gasoline (about 115,000 Btu per gallon). This tends 
to decrease fuel efficiency as measured by miles-per-gallon; 
however, oxygenates have more efficient combustion which 
complicates the MPG estimation situation. Note also that the 
research octane numbers of oxygenates are higher (107 to 119 
RON) than gasoline (91 to 97 RON). This is what makes 
oxygenates an octane source.

5.3.3.1 Methanol

The use of methyl alcohol in gasoline is by far the 
most controversial of all of the oxygenates. At the same 
time, methanol is developing into one of the world's major
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TABLE 5-2
Properties of Oxygenate Blending Agents

Property Methanol
Chemical formula CH^OH

Molecular Weight 32
Oxygen content, 
mass percent 50
Net heat of com
bustion, Btu/gal 57,000
Solubility in h o  
g/100g HgO
Octane number 
(pure component) 
Research 
Motor

107

Methyl 
Tertiary 

Ethanol Butyl Ether Gasoline

C2H5°H c4h9oc h3

46

35

108

88

18

76,000 94,000

infinite infinite 4.8

116
101

C8H11
(Typical)

111

0

115,000

Trace

91-97
82-87

Source : Dorn, P. and A. M. Mourao, 1985, "Properties and
Performance of Modern Automotive Fuels," Automotive 
Engineering, v. 93, no. 4, pp. 64-71
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chemical building blocks. Methanol is primarily derived 
from natural gas, although it can be manufactured from coal 
(Grainger and Gibson 1981 ) and from renewable sources such 
as plant biomass and refuse (Klass and Emert 1981), albeit 
at higher cost.

A 100% alcohol fuel has greater thermodynamic 
efficiency and is cleaner burning than gasoline (Paul 1979). 
Methanol is not compatible with the present carburetor- 
engine systems, thus its current use as a vehicle fuel is 
limited to blending with gasoline.

Gasoline-methanol blends exhibit a host of serious 
technical problems. Phase separation occurs if sufficient 
water is present to form a methanol-water azeotrope 
(Ancillotti and Pescarollo 1977). Methanol greatly increases 
the Reid vapor pressure (RVP) of the gasoline, resulting in 
"backing out" low-cost, high-octane butane blending stocks 
to meet volatility specifications. Vapor lock and engine 
wear are other methanol drawbacks.

A 1:1 ratio of methanol to tertiary butyl alcohol 
(TEA), called Oxinol 50, can be added to gasolines at up to
9.6 vol. percent to stay within the EPA waiver of 3.5 wt. 
percent oxygen (DeJovine et al. 1983). The TEA acts as a 
cosolvent to reduce the deleterious properties of methanol.
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5-. 3.3.2 Ethanol

Ethyl alcohol mixed with gasoline or gasohol is by far 
the most important oxygenate fuel additive in the United 
States. The economic incentive for its use was provided by 
the National Energy Act of 1978 which suspended the 4 cents 
per gallon motor fuel excise tax for gasohol blended with 
agricultural-based alcohol. In April of 1978, the tax 
subsidy was increased to 5 cents per gallon, and it now
stands at 6 cents per gallon (Unzelman 1984 ; Oil and Gas
Journal 1986)

About twenty states have offered tax exemptions for
gasohol ranging up to 16 cents per gallon in Louisiana (Oil
and Gas Journal 1986). The EPA allows up to 10 percent ethyl 
alcohol to be blended into gasoline. This means that one 
gallon of ethanol can be blended to make ten gallons of 
gasohol, with each gallon receiving the 6 cent per gallon 
federal tax exemption. Thus each gallon of ethanol can bring 
60 cents worth of federal tax exemptions (state tax 
exemptions would be treated in a like manner), which greatly 
improves the economic viability of gasohol.

In the United States, agricultural-based ethyl alcohol 
is fermented,from corn (Scheller and Mohr 1977). Supply is 
limited by agricultural output as Keller (1978) states :
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If the entire 1977 U.S. production of corn, wheat, 
barley, oats, and grain sorghum had been 
fermented, it would have produced 67 million 
gal/day of 200 proof alcohol. This is equivalent 
to 44 million gal/day of gasoline, or 15 percent 
of the gasoline consumption that year. The entire 
harvest of wood in the U.S. would, on paper, yield 
87 million gal/day of methanol equal to 43 million 
gal/day of gasoline or only 14 percent of 1977 
gasoline consumption.

Brazil has a vigorous ethanol fuel program based upon sugar
cane, cassava, and other plants (Rothman, Greenshields, and
Calle' 1983) with some ethanol exported to the United
States. Domestic production and imports of fuel ethanol are
shown in Figure 5-8.

Ethanol shares the vapor pressure problem of methanol
to a lesser degree, and it also forms an ethanol-water
azeotrope. Argument exists over the energy efficiency of
ethanol production as large amounts of energy, mostly
natural gas, are needed to heat the fermenting grain (Clock
1980). Sugar cane derived ethanol is more energy efficient
because the cane fiber wastes, known as bagasse, are a cheap
and available boiler fuel.

5.3.3.3 Other Alcohols

Isopropyl alcohol (IPA) and tertiary butyl alcohol 
(TEA) have their greatest potential as cosolvents for 
methanol in gasoline blends. Both higher order alcohols are 
derived from petroleum-based feedstocks and are expensive.
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Figure 5-8 United States Fuel Ethanol Volumes
Source : Obel, M . , 1985, "U.S. Refiners Poised to 
Move into Next Lead Phasedown Step," Oil and Gas 
Journal, v. 83, no. 51, pp. 15-16.
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5.3.3.4 MTBE and TAME

Methyl tertiary butyl ether (MTBE) and tertiary amyl 
methyl ether (TAME) are formed by reacting methanol with 
isobutylene and isoamylenes over a resin catalyst. The 
ethers do not exhibit the vapor pressure and phase 
separation problems associated with alcohols. Approximately 
36 wt percent of MTBE is methanol, thus it could be 
partially derived from a renewable resource. EPA regulations 
allow an 11 vol percent blend in gasoline which equals 2 
weight percent oxygen content (Unzelman 1984).

A promising development is refinery processing of MTBE 
from low purity (10 to 20 percent isobutylene) streams 
leaving the isobutanes unchanged for alkylation processes 
(Smith and Parker 1980). MTBE production is limited by 
isobutylene supply from FCC units; the maximum amount in the 
U.S. gasoline pool would be just under 3 percent. 
Production of TAME would add another 1.5 percent (Chase and 
Woods 1979) . MTBE has been used in Europe with no reported 
problems. Of all the oxygenates, MTBE and TAME properties 
are the closest match to petroleum gasoline.

5. 3. 3.5 Oxygenate Octane Response

Oxygenate additives, like gasoline components and
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organometa11ic additives, demonstrate octane synergism and 
antagonism when blended. For instance, MTBE's blending 
value in typical U. S. gasolines is about 119 RON, while in 
typical European gasolines it is about 133 RON (Lane 1980), 
presumably due to the higher olefin content in United States 
gasolines. Olefins, created in FCC units and a source of 
incremental octane via processing, tend to diminish the 
blending value of alcohols also.

The incremental octane gain of oxygenate additives is 
sensitive to the octane level of the base gasoline. As the 
the octane of the base gasoline approaches the octane level 
of the additive, the octane gain per volume added will 
decrease as shown in Figure 5-9.

The use of oxygenates as an octane additive does not 
preclude the addition of organometallic additives. Table 5-3 
illustrates that organometallics have about the same octane 
response with alcohol blends as with clear gasoline. Other 
research (Smith and Parker 1980) has found similar results 
with MTBE-gasoline blends and lead antiknocks.

5.3.3.6 Oxygenate Blending Problems

Currently the major blending problem of oxygenate fuel 
blends is the vapor pressure increase occurring with 
gasoline-oxygenate blends. Although the pure alcohols have
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Figure 5-9 Effects of Base Fuel Octane Upon Octane Gain 
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Table 5.3
Increase in RON from Alcohols and Organometallics

Increase in research octane number
Alcohol, Antiknock,
vol % g metal/gal iso- .c tert

0.0 0.0     Baseline -----  ----
5.0 0.0 2.1 2.2 1.5 0.8

10.0 0.0 4.1 4.0 2.8 1.8

0.0 0.5 Pb 3.3 3.0 2.8 2.9
5.0 0.5 Pb 5.2 5.2 4.1 3.6

10.0 0.5 Pb 6.9 6.4 5.4 4.3

0.0 1.0 Pb 4.8 4.8 5.0 4.8
5.0 1.0 Pb 6.5 6.8 5.8 5.6

10.0 1.0 Pb 8.0 7.1 6.6 6.0

0.0 1/32 Mn 1.4 1.4 1.3 1.0
5.0 1/32 Mn 3.8 3.6 2.8 2.0

10.0 1/32 Mn 5.2 4.8 4.5 4.2

0.0 1/16 Mn 2.0 1.8 1.9 2.6
5.0 1/16 Mn 4.2 4.0 3.4 3.2

10.0 1/16 Mn 5.8 5.3 5.0 3.4

Source : Hinkamp, J. B . , 1983, "Study Rates Alcohols as 
Octane Blending Agents," Oil and Gas Journal, 
v. 81, no. 37, pp. 170-178.
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a lower vapor pressure than gasoline, upon mixing they tend 
to increase the RVP of the blend at low concentrations as 
shown in Figure 5-10. This increase in RVP will restrict 
the amount of n-butane added, in itself a low-cost, high- 
octane stock. The EPA is considering lowering the RVP 
specifications, thus limiting the situation further.

Assuming widespread usage of gasoline-oxygenate blends 
occurs, a transportation problem arises. To avoid phase 
separation, water contamination must be eliminated, a 
difficult task with pipeline transport. Oxygenate blends 
are presently considered nonfungible creating contract and 
exchange problems.

Alcohols act as solvents, thus any initial use in a 
pipeline or automobile will loosen gum, rust, and other 
deposits which plug filters. Shipment of suboctane gasoline 
via pipeline with oxygenate blending at the terminals has 
been proposed as a solution (Oil and Gas Journal 1985b).

5.3.3.7 Cost of Oxygenate Octanes

Like process octanes and organometallic octanes, the 
oxygenate octane supply curve is of increasing slope. This 
is illustrated in Figure 5-9. As oxygenate is added to the 
fuel, the base octane level increases, reducing the 
effectiveness of further additions.
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5.4 The Octane Supply Curve

To recap the economic conclusions from subsection 5.3, 
the following points are summarized.

1) All three octane sources demonstrate increasing 
slope marginal cost (supply) curves.
2) Process octanes involve fixed and variable cost 
components. Organometallics involve only variable 
costs for the refiner as additives are purchased. 
Oxygenates may involve fixed and variable cost (i.e., 
MTBE production) or only variable costs (ethanol 
purchase).
3) The chemical properties of organometallics are such 
that the marginal cost curve approaches zero at very 
low concentrations. The organometallic cost curve also 
becomes very steep at beyond a 15 octane number 
increase.
4) The marginal cost curves for process octanes and 
oxgenate octanes begins at a finite initial cost and 
increase in slope, though not as steeply as the 
organometallic marginal cost curve.
Based on the the above four points, the supply curve 

shape can be drawn for each of the three octane sources, as 
shown in Figure 5-11.
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The three octane types are perfect substitutes for one 
another with regard to antiknock ability. It is the other 
characteristics of the three types that make them imperfect 
substitutes : emissions, vapor pressure, and yield
considerations. Figure 5-12 illustrates the advantage of 
drawing from more than one source. Shown are the supply 
curves for organometallic (lead) and process octanes and for 
the combination of both. To obtain an octane quantity of Q 1 , 
if both octane sources are utilized, the octane price is PI 
because of the additivity (substitutability) of the 
octanes.

If, however, only process octanes are utilized, the 
octane price rises to P2 . Thus an unleaded gasoline would 
be more expensive to make than a leaded gasoline, assuming 
both gasolines have an equal octane number.

5.5 Gasoline Yield

Although an octane from any of the three octane sources 
provides an equal antiknock benefit, the three octane 
sources do not provide an equal volume yield of gasoline. 
Gasoline yield is defined as the volume of finished (octane 
enhanced) gasoline divided by the volume of raw (prior to 
octane enhancement) gasoline required to make the finished 
gasoline.
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Process octane creation involves a volume loss of 
gasoline-range boiling material (raw gasoline) resulting 
from cracking to light gases. This effect is greatest in 
catalytic reforming units and occurs to a lesser degree in 
catalytic cracking and isomerization units. Figure 5-3 
illustrated the volume loss in a catalytic reformer. As the 
octane output increases, the rate of volume loss increases. 
The process octane yield is shown in Figure 5-13.

Organometallic octane creation has no effect upon 
gasoline yield because of the minute volumes of additive 
used.

Oxgenate octane creation increases the gasoline yield 
because of the volumes of oxygenate added. Just as 
incremental octane gains diminish with increased oxygenate 
concentration, more oxygenate must be added for increasing 
octane gains. This leads to a gasoline yield curve as shown 
in Figure 5-13.

5.6 Conclusions

1) Each of the three octane sources (process, 
organometallics, oxygenates) have increasing slope 
supply curves. Figure 5-11 showed the general shape of 
the individual supply curves.
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2) The three octane types are additive, and an 
opportunity cost is incurred by not utilizing the 
various types (Figure 5-12). Not utilizing lower cost 
octanes from any of the three sources creates the 
opportunity cost.
3) The choice of octane source affects the gasoline 
yield. Process octanes reduce yield, oxygenate octanes 
increase yield, and organometallic octanes are yield 
neutral (Figure 5-13).
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Chapter 6 
POLICY ANALYSIS

This chapter will take the material from the first five
chapters and use it to analyze energy policy issues. This
general analysis will then be used to evaluate four case 
studies, consisting of three domestic and one foreign energy 
policy issues. Thus gasoline octane will be shown to be an 
important variable in energy policy decisions regarding
transportation fuels.

First it is necessary to review the analytical building 
blocks. The octane demand curve (Figure 4-5), octane supply 
curves (Figure 5-11), gasoline yield curves (Figure 5-13), 
and the octane versus fuel economy curve (Figure 4-3) will 
be used in the analysis. These are presented as Figures 6-1 
through 6-4.

To identify the policy issues relating to vehicle
transportation, the goals of society in this area are
examined.

6.1 Goals of Society

The goals of society regarding vehicle transportation
are 1) to reduce the cost per transportation mile. (the fuel
cost per mile is the component of interest here), 2) to
increase the transportation miles per crude oil barrel, and
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3) to reduce the exhaust emissions per transportation mile. 
Consumer tastes and preferences play a large role in these 
goals, but are not considered in this analysis. The focus is 
not whether consumers will drive Cadillacs or Volkswagens, 
but how the octane quality of the gasoline affects these 
goals.

6.1.1 Reduce Fuel Cost Per Mile

In analyzing the impact of gasoline octane upon fuel 
cost per mile, two relevant factors are observed.

First, if the time frame is long enough to allow the 
fleet to change, fuel efficiency can be improved by 
increasing engine compression ratios. These higher 
compression ratio engines will require higher octane fuel, 
which is more expensive to produce. This situation is 
illustrated in Figure 6-5. Plotted together on the lower 
graph is the generalized octane supply curve and the fuel 
economy versus octane curve.

The generalized octane supply curve does not assume 
anything about the source of the octanes, just that the 
supply curve is of increasing slope. The price axis is now 
cents-per-gallon. This is the price of raw gasoline plus the 
price of octane, the total gasoline price.

The fuel economy curve, stated now in terms of gallons
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of gasoline per mile, is just another way of looking at 
Figure 6-4, gallons per mile rather than miles per gallon. 
Again, it is important to remember that the fuel efficiency 
changes are not caused by octane changes alone, but by 
compression ratio and octane changes. A change in the latter 
but not the former will not lead to increased fuel economy.

Multiplying the supply curve function by the fuel 
economy function yields the concave upwards curve shown on 
the upper graph of Figure 6-5. The units conversion is 
gallons per mile times cents per gallon, leaving cents per 
mile. Thus if the fleet octane demand is D l , the gasoline 
price is PI, and the fuel cost per mile is Cl. By changing 
the fleet octane demand to D2, the gasoline price rises to 
P 2 , but the fuel cost per mile drops to C 2 . At any point to
the left' of the minima, a rightward shift of the demand
curve will decrease fuel cost per mile even though gasoline 
price is increased. As discussed in chapter 4, the demand 
curve shifts only in the long run.

The second effect of octane upon fuel cost reduction 
derives from the source of octane. If the octane supply 
curve in Figure 6-5 can be shifted downward, the fuel cost- 
per-mile curve will also shift downward. Recall from chapter 
5 and Figure 5-12 that the three octane types are additive.
To minimize fuel cost per mile, the three octane types are
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combined to make the lowest supply curve possible. Since the 
supply curves are also the marginal cost curves, the octanes 
should be combined such that the marginal cost of each type 
is equal.

In conclusion, to minimize fuel cost per mile in Figure
6-5, the octane demand should be D2 and the octane supply 
should be some combination of the three octane types, with 
equal marginal costs.

6.1.2 Increase Transportation Miles per Crude Oil Barrel

This chapter subsection will analyze the impact of
gasoline octane upon transportation miles per barrel of
crude oil. The situation is similar to the cost-per-mile 
analysis in that the octane demand and the choice of octane 
supply sources are the two important factors.

In Figure 6-6, the lower graph shows the gasoline yield 
curves and the fuel economy curve. Note that the gasoline 
yield curves are now in terms of gallons of gasoline per 
crude oil barrel. It is important to consider here that
refinery conversion processes (hydrogenation, catalytic
cracking, and coking) can also increase the gasoline yield, 
but only the octane processing effects are considered in 
this analysis. The fuel economy curve is in terms of miles 
per gallon. Again it is important to remember that the
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octane axis of the fuel economy curve represents the octane 
required by an engine.

Multiplying the three supply curve functions by the 
fuel economy function yields the curves of the upper graph 
in Figure 6-6. The units are gallons per barrel times miles 
per gallon, resulting in miles per barrel.

Increasing the fleet octane demand from Dl to D2 will 
increase the miles-per-crude-oil-barrel. However a more 
important factor is the choice of octane source. At demand 
D2, a gasoline with a lot of oxygenate added will have a 
high miles-per-barrel value. Gasoline with organometallics 
will have a smaller miles-per-barrel figure, while a 
gasoline with only process octane will have the lowest 
miles-per- barrel term. A gasoline with a combination of 
octanes will have a miles-per-barrel term somewhere in 
between.

Clearly, to- increase miles-per-barrel, a large octane 
demand, supplied as much as possible by oxygenates, is the 
optimal solution.

Countries which import crude oil will feel a need to 
maximize transportation miles-per-barrel more than oil 
exporting countries. The ethanol programs of Brazil and the 
United States and the MTBE programs in western Europe 
highlight this as each is an oil importer.
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6.1.3 Reduce Emissions per Transportation Mile

The purpose of this subsection is to analyze the impact 
of gasoline octane upon exhaust emissions. As with the 
previous two situations, it is the demand curve and the 
choice of octane supply source which are the two main
factors. Figure 6-7 illustrates these two factors. While the 
exact shape and position of the emissions profile is
unknown, the general shapes shown are sufficient for this 
analysis. In general, as engine compression ratios are 
increased (and octane requirement increased), the 
temperature and pressure of combustion increases, resulting 
in an increase in the amount of deleterious emissions
exhausted. The emissions represented in Figure 6-7 are 
carbon monoxide, nitrous oxides, and unburnt hydrocarbons.

The emissions level can be reduced by passing these 
emissions over a catalyst bed to help complete the 
combustion (i.e., burn unburnt hydrocarbons, burn carbon 
monoxide to carbon dioxide). The emissions level can be 
further reduced by adding oxygenates. Oxygenates have 
simpler chemical structures than petroleum gasolines and 
contain a portion of the oxygen needed for complete 
combustion. Thus oxygenates have more complete, "cleaner"
combustion.

Two environmental factors are affected by the choice of
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octane supply. First, oxygenate octanes will tend to make 
the gasoline burn cleaner. Secondly, present catalyst 
technology is such that if lead is present in the gasoline
it will passivate the platinum catalyst sites, thus
poisoning the catalyst.

In conclusion, increased octane demand increases 
emissions. Emissions can be reduced using a catalyst, but 
these will not tolerate leaded (organometallic) gasoline. 
The use of oxygenates in gasoline reduces exhaust emissions.

6.1.4 Conclusions

Each of the three goals will have a different
importance to any given nation at any given time. An
improvement towards one of the goals may come at the expense 
of the other goals. A ternery diagram of the three goals and 
interrelating octane influences is shown in Figure 6-8. The 
three social goals are each located at a corner of the 
triangle, and the octane relationships are shown outside the 
triangle.

6.2 General Analysis

The general analysis of energy policy regarding 
gasoline octane quality was depicted graphically in Figure 
6-8. The relative position on the triangle is determined by
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the current policy, while the relative costs and benefits of 
movement within the triangle determine which changes, if 
any, should be made in such policy.

The costs and benefits will vary with the direction of 
movement and will vary over time, as economic conditions, 
technology, and consumer values change.

The problem can be solved optimally using linear, 
programming or other optimization techniques if the costs 
and benefits are known qualitatively. For instance, one 
could maximize the benefits to society at a given cost 
constraint, or minimize cost at a given benefit level. The 
problem of quantifying the costs and benefits of such things 
as cleaner air and improved energy security hampers this 
approach.

A cost-benefit analysis approach offers several 
advantages over the optimization techniques. First, cost- 
benef it analysis can examine only discrete choices, but not 
a continuous range of choices. Movement within the triangle 
is often stepwise, for instance, to implement a catalytic 
converter program or not to do so. Therefore, cost benefit 
analysis more realistically examines the the available 
options. Second, cost-benefit analysis is not as rigid as 
optimization techniques in requiring qualitative data. In 
comparing various options, the decision maker can use
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judgement to value qualitative data and intangibles. Thus 
cost-benefit analysis can be a very useful tool for 
evaluating policy options concerning gasoline octane.

6.3 Case Studies

The analysis of octane effects upon the three societal 
goals of vehicular transportation was a general solution 
applicable to wide-ranging situations. This makes it useful 
for a variety of countries with different combinations of 
goals, existing refinery capacities, cost structures, and 
octane demands. As such it is useful as a tool to assist in 
policy decisions regarding transportation fuels.

The case studies narrow the scope of investigation to 
specific issues and events impacting upon the transportation 
fuels situation.

6.3.1 Case Is Catalytic Converters and Emissions Standards

The U.S. Environmental Protection Agency requires that 
post-1975 automobiles be equipped with pollution abatement 
devices, including catalytic converters, to reduce levels of 
deleterious emissions. To avoid passivation of the catalyst, 
unleaded gasoline is required as fuel. Emission standards of 
increasing stringency are required to be met by new 
automobile models.
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The benefits are easy to identify : cleaner air and less 
lead in the environment.

The costs of this program can be categorized as fixed 
and variable cost components. The cost of pollution 
abatement devices is a fixed cost borne by the automobile 
purchaser. The cost of marketing the new unleaded gasoline 
is a fixed cost for the gasoline retailer, which can be 
passed along to the consumer via increased prices. The fixed 
costs are shown as the segment OA of Figure 6-9.

The variable costs of this program are twofold and are 
borne by the gasoline purchaser. First, as was shown in the 
analysis of Figure 5-12, not utilizing organometallic 
octanes increases the octane price and the price of 
gasoline. This results in the upward sloping cost curve, 
A-A y, of Figure 6-9.

The stringent emissions standards placed a de facto 
limit upon engine compression ratio and octane demand. This 
relationship can be seen by reviewing Figure 6-7. If octane 
demand is limited to D l , emissions per mile are reduced.

Octane demand Dl is not the cost-per-mile minimizing 
octane demand, however, as was shown in Figure 6-5, where 
D2 is the cost minimizing octane demand. The cost of choos
ing octane demand Dl rather than D2 is the segment C1-C2.



Co
st

; 
ce

nt
s 

pe
r 

m
ile

T-3384 101

Cost of Lead
Octane
Exclusion

Fuel Cost 
per Mile CurveA

Q octane

Figure 6-9 Cost of Catalytic Converter/Emissions Standards 
Program



T-3384 102

Returning to Figure 6-9 with the cost per mile curve 
from Figure 6-5 superimposed, all of the costs can be seen. 
The segment OA represents fixed costs (pollution abatement 
equipment). The segment AB represents the variable cost
increase due to a rise in gasoline price resulting from not
being able to utilize lead octanes. The segment BC 
represents the variable opportunity cost of reducing octane 
demands from D 2 , the cost optimal value.

The effect upon the miles-per-barrel goal can be seen
from Figure 6-6. Replacing organometallic octanes with 
process octanes reduces the miles-per-barrel from point F to 
point E. A miles-per-barrel opportunity cost (segment FG) is 
also incurred by not being at the D2 octane demand.

In conclusion, the catalytic converter-emissions 
standards program moved the U.S. transportation fuels goals 
toward the emission reduction corner of Figure 6-8. The 
costs of this program were shifts away from the other two 
goals, resulting in increased cost per mile and reduced 
miles per crude oil barrel. Holding all other economic 
factors constant, this results in higher transportation 
costs and increased oil imports.

6.3.2 Case 2: Lead Phasedown

Following the introduction of catalytic converter
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equipped automobiles, unleaded gasoline became available for 
post-1975 automobiles while leaded gasoline remained 
available for trucks and pre-1975 automobiles. As described 
in the first case study and shown in the analysis of Figure 
5-12, the unleaded gasoline was more expensive than the 
leaded gasoline because organometallic octanes were not 
utilized.

Fueling automobiles designed for unleaded gasoline with 
leaded gasoline poisoned the converter catalyst but had no 
other operational drawbacks. Therefore in light of the 
differential between unleaded and leaded gasoline, some 
drivers of post-1975 automobiles began to use leaded 
gasoline. This practice became known as misfueling.

In 1985 the EPA began a phasedown of the lead content 
of leaded gasoline. A maximum content of 0.1 grams per 
gallon was allowed, compared with the previous economic 
limit of about 3.0 grams per gallon. This reduces lead 
emissions and eliminates the price incentive to misfuel. A 
system of lead credits was devised by the EPA to allow 
refiners the time and flexibility to adapt to the phasedown 
regulations (i.e., replace lead octanes). At present some 
leaded gasoline contains well over 0.1 grams Pb per gallon 
due to lead credit usage. Lead credits expire at the end of 
1987.
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The situation is illustrated in Figure 6-10. The 
unleaded gasoline supply curve is SI and the leaded gasoline 
supply curve is S2. The leaded supply curve is below the 
unleaded supply curve because it combines organometallic 
octanes and process octanes. The price differential that led 
to misfueling is Pi to P3. As lead concentrations are 
reduced, the new leaded gasoline supply curve, S3, shifts 
upward. At 0.1 grams per gallon the price differential PI to 
P2 is sufficiently small to eliminate misfueling.

In conclusion, it is evident that the phasedown program 
represents a shift towards the reduced emissions corner of 
Figure 6-8. Increased transportation costs for leaded 
gasoline users and increased relative crude oil consumption 
for the nation are the program costs.

6.3.3 Case 3: Gasohol

The U.S. gasohol program was designed to replace 
imported crude oil with domestically produced, agricultural 
base ethanol. The United States had excess crop capacity and 
the oil exporting nations possesed market power. Thus by 
fermenting corn to ethanol and blending this with petroleum 
derived gasoline, reliance upon imported oil could be 
reduced.

The problem was that the price of the ethanol exceeded
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the price of petroleum-derived gasoline. Gasohol is a 10 
percent blend of ethanol in gasoline. Above a 10 percent 
content, the technical engine problems of alcohol fuels 
become severe.

Figure 6-11 illustrates the situation. The supply curve 
of petroleum derived gasoline is Si, which intersects the 
demand curve at price PI. Because the ethanol is relatively 
expensive, the gasohol supply curve, S2, is well above the 
gasoline supply curve and intersects the demand curve at P 2 .
In order to make gasohol an economically attractive
alternative, state and federal governments offered a tax 
exemption. This brings the gasohol supply curve down to S3, 
intersecting the demand curve at P 3 . The government subsidy 
P2-P3 is the cost per gallon of the program. The benefits 
are threefold. First, a transfer of income from gasohol 
purchasing taxpayers to gasohol producers (farmers, ethanol 
producers) occurs. Second, the gasohol burns cleaner,
reducing emissions. Third, oil imports are reduced and
national energy supply security is increased. The costs of 
the program are a loss of tax revenue (destined for the 
highway fund) and an increase in corn and corn product 
prices.

In conclusion, the gasohol program is an attempt to
move down the triangle of Figure 6-8 toward increased miles
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per crude oil barrel and reduced emissions. The cost per 
mile increase of this shift is subsidized by the government.

6.3.4 Case 4: Brazil's Alcohol Fuel Program

Brazil has a program that utilizes a fuel containing 
100 percent ethyl alcohol along with special automobile 
engines designed for this fuel. Automobile purchasers have a 
choice of gasoline- or alcohol-fueled cars.

A large international debt burden and falling export 
commodity prices have made imports relatively more 
expensive. Substituting domestically produced alcohol for 
gasoline reduces crude oil imports. In Figure 6-8 this means 
the increased miles per crude oil barrel goal becomes 
relatively more important. Shifting down the triangle of 
Figure 6-8 by using 100 percent alcohol fuel reduces oil 
imports and reduces emissions.

The cost of this program is in moving away from the 
cost-per-mile goal. The Brazilian government must subsidize 
the alcohol price to make it competitive with gasoline.

If a combination of increased oil (and gasoline) prices 
and decreased alcohol production costs were to make the cost 
per mile of the two options equal, alcohol would become the 
optimal fuel to satisfy all three goals.
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Chapter 7 
CONCLUSIONS

Gasoline octane number is a measure of antiknock 
quality. Under conditions of knock, an engine demonstrates 
poor performance, excessive wear, and decreased thermo
dynamic efficiency. An increase in octane number, allowing 
smooth combustion, can eliminate these deleterious effects. 
Octane increments above the trace knock point give no 
improvements in performance or fuel efficiency. Thus the 
marginal utility becomes zero at this point.

Demand for octane can be determined by testing the 
vehicle population for octane requirement. Demand is slow 
in changing because the life span of an average vehicle is 
more than 10 years. Engine compression ratio is the primary 
determinant of engine octane demand. Aggregate octane demand 
is perfectly price inelastic in the short run and relatively 
price inelastic in the long run.

The gasoline refiner has three options for supplying 
incremental octane. The addition of organometallic 
additives of lead and manganese have a remarkable ability to 
increase octane number by at least seven points. A second 
option is further processing with catalytic reforming, 
isomerization, alkylation, and other units. The higher 
octane output must be balanced against decreased gasoline
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yield. The third option is blending gasoline with higher 
octane oxygenates, although technical problems abound. As 
imports of finished gasoline are increasing, the option of 
importing octanes will become viable.

The three social goals of vehicle fuels utilization are 
reducing fuel cost per mile, increasing miles per crude oil 
barrel, and reducing emissions. The relative importance of 
each goal, and the costs and benefits of moving toward each 
goal, will determine the optimal policy regarding 
transportation fuel usage. Moving towards one of the goals 
is usually at the expense of of the other goals.

Transportation fuel cost per mile is reduced by 
utilizing some combination of the three octane types such 
that the marginal costs are equal. A fuel cost minimizing 
engine octane demand can be determined from the engine fuel 
economy and marginal cost supply curves. The benefits of 
this goal are reduced transportation costs. The costs of 
this goal are increased exhaust pollution.

Transportation miles per crude oil barrel can be 
increased by adding lead to unleaded gasoline, by adding 
oxygenate fuels to gasoline, and by increasing engine octane 
requirement (increased compression ratio). The benefits of 
this goal are a reduction in crude oil consumption. The 
costs of this goal are increased fuel cost per mile and
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increased exhaust emissions, although oxygenates tend to 
reduce emissions levels.

The goal of reducing emissions requires a decrease in 
engine octane demand (reducing the temperature and pressure 
of combustion), use of catalytic devices, and increased 
oxygenate addition. Present catalyst technology precludes 
the use of leaded gasoline with catalytic-converter equipped 
vehicles. Benefits of this goal are cleaner air and less 
lead pollution. The costs are increased fuel cost per mile. 
Crude oil imports will be increased by lead exclusion but 
reduced by oxygenate addition.

An expanded study, quantifying the relationships of 
gasoline yield, octane demand, octane supply, and fuel 
economy versus compression ratio would clarify the 
relationships presented here.
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