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Abstract

One technique for evaluating the costs of energy systems is net energy analysis, which compares the quantity of
energy delivered to society by an energy system to the energy used directly and indirectly in the delivery process, a
quantity called the energy return on investment (EROI). Such an investigation involves aggregating different
energy flows. A variety of methods have been proposed, but none has received universal acceptance. This paper
shows that the method of aggregation has crucial effects on the results of the analysis. It is argued that economic
approaches such as the index or marginal product method are superior because they account for differences in
quality among fuels. The thermal equivalent and quality-corrected EROI for petroleum extraction in the US show
the same general pattern: a rise to a maximum in the early 1970s, a sharp decline throughout the 1970s, a recovery
in the 1980s, and then another modest decline in the 1990s. However, the quality-corrected EROI is consistently
much lower than the thermal equivalent EROI, and it declines faster and to a greater extent than the thermal-
equivalent EROI. The results indicate that quality corrections have important effects on the results of energy
analyses. The overall decline in the EROI for petroleum extraction in the US suggests that depletion has raised the
energy costs of extraction. This is generally consistent with the overall pattern of oil extraction, i.e. both extraction
and the EROI for extraction show a decline since the early 1970s.
© 2004 Published by Elsevier Ltd.

1. Introduction

There is continuing debate about the state of depletion of domestic oil and gas resources, and about
the appropriate method to make such an assessment. Cottrell [1] and Odum [2] were the first to identify
the socioeconomic importance of net energy. Energy return on investment (EROI) is the ratio of energy
delivered to energy costs [3]. There has been a long debate about the relative strengths and weaknesses
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of net energy analysis. One restriction on the ability of net energy analysis to deliver the insights it
promises is its treatment of energy quality. In most net energy analyses, inputs and outputs of different
types of energy are aggregated by their thermal equivalents. Following Cleveland [4] and Cleveland
et al. [5], this case study illustrates how accounting for energy quality affects the calculation of the EROI
for oil and gas extraction in the US from 1954 to 1997.

2. Energy aggregation and energy quality

An energy system such as petroleum (oil and natural gas) extraction uses several different energy
types of energy to extract three different types of energy: crude oil, natural gas, and natural gas liquids.
Fig. 1 demonstrates this for petroleum extraction in the US in 1997. When measured in thermal units, oil
account for 38 percent of the energy produced, yet oil products account for just 15 percent of energy used
in the extraction process. Furthermore, the oil products used in the extraction process (gasoline, distillate
and residual fuels) have been refined, making them qualitatively very different from crude oil. Another
important difference is that electricity and coal are used in extraction, but are absent from the outputs of
the oil and gas industry.

This approach demonstrates the simplest and most common form of aggregation, i.e. addition by
thermal equivalents (BTUs, joules, etc.). Eq. (1) illustrates this approach:

N
E = ZE,-, (1
i=1

where E represents the thermal equivalent of fuel i (V types) at time ¢. The advantage of the thermal
equivalent approach is that it uses a simple and well-defined accounting system based on the
conservation of energy, and the fact that thermal equivalents are easily and uncontroversially
measured. This approach underlies most methods of energy aggregation in economics and ecology,
such as trophic dynamics, national energy accounting, energy input—output modeling in economies and
ecosystems, most analyses of the energy/GDP relationship and energy efficiency, and most net energy
analyses.

Despite its widespread use, aggregating different energy types by their heat units embodies a serious
flaw: it ignores qualitative differences among energy vectors. Cleveland et al. [5] define energy quality
as the relative economic usefulness per heat equivalent unit of different fuels and electricity. Schurr and
Netschert [6] were among the first to recognize the economic importance of energy quality. Noting that
the composition of energy use changes significantly over time Schurr and Netschert argue that the
general shift to higher quality fuels affects how much energy is required to produce GNP.

Since Schurr and Netschert, the issue of energy quality has continued to receive attention from energy
analysts. The quality of electricity has received considerable attention in terms of its effect on the
productivity of labor and capital and on the quantity of energy required to produce a unit of GDP [7-9].
Berndt [10,11] and Zarnikau et al. [12] discussed energy quality in the context of aggregation schemes,
and suggested that economic methods of energy aggregation were the most appropriate. Yet empirical
studies that actually account for energy quality are few in number [3,5,13-17].

Taking energy quality into account in energy aggregation requires more advanced forms of
aggregation. Some of these forms are based on concepts developed in the energy analysis literature such
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Fig. 1. (a) Fuel mix from 1954 to 1997 in the output of fuels from petroleum extraction. (b) Fuel mix from 1954 to 1997 in the
input of fuels to petroleum extraction.

as exergy or emergy analysis. These methods take the following form:
N
Ef = JiEq )
i=1

where the As are quality factors that may vary among fuels and over time for individual fuels. In the most
general case, an aggregate index can be represented as:
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N
FE) = hug(Ey) 3)
i=1
where f{ ) and g( ) are functions, A;; are weights, the E; are the N different energy vectors and E; is the
aggregate energy index in period ¢. An example of this type of indexing is the discrete Divisia Index or
Tornquist-Theil Index described below.

3. Economic approaches to energy quality

From an economic perspective, the value of a heat equivalent of fuel is determined by its price. Price-
taking consumers and producers set marginal utilities and products of the different energy vectors equal
to their market prices. These prices and their marginal productivities and utilities are set simultaneously
in general equilibrium. The value of the marginal product of a fuel in production is the marginal increase
in the quantity of a good or service produced by the use of one additional heat unit of fuel multiplied by
the price of that good or service. We can also think of the value of the marginal product of a fuel in
household production.

The marginal product of a fuel is determined in part by a complex set of attributes unique to each fuel
such as physical scarcity, capacity to do useful work, energy density, cleanliness, amenability to storage,
safety, flexibility of use, cost of conversion, and so on. Zarnikau et al. [12] refer to this set of attributes as
form-value. But the marginal product is not uniquely fixed by these attributes. Rather, the energy
vector’s marginal product varies according to the activities in which it is used, how much and what form
of capital, labor, and materials it is used in conjunction with, and how much energy is used in each
application. As the price rises due to changes on the supply-side, users can reduce their use of that form
of energy in each activity, increase the amount and sophistication of capital or labor used in conjunction
with the fuel, or stop using that form of energy for lower value activities. All these actions raise the
marginal productivity of the fuel. When capital stocks have to be adjusted, this response may be
somewhat sluggish and lead to lags between price changes and changes in the value marginal product.

The heat equivalent of a fuel is just one of the attributes of the fuel and ignores the context in which
the fuel is used, and thus cannot explain, for example, why a thermal equivalent of oil is more useful in
many tasks than is a heat equivalent of coal [18]. Zarnikau et al. [12] cite some specific technologies that
demonstrate why electricity is a higher quality energy than gas or oil in many applications. In addition to
attributes of the fuel, marginal product also depends on the state of technology, the level of other inputs,
and other factors. According to neoclassical theory, the price per heat equivalent of fuel should equal its
value marginal product, and, therefore, represent its economic usefulness. In theory, the market price of
a fuel reflects the myriad factors that determine the economic usefulness of a fuel from the perspective of
the end-user.

Consistent with this perspective, the price per heat equivalent of fuel varies substantially among fuel
types. The different prices demonstrate that end-users are concerned with attributes other than heat
content. As Berndt [10] states:

Because of [the] variation in attributes among energy types, the various fuels and electricity are
less than perfectly substitutable—either in production or consumption. For example, from the point
of view of the end-user, a Btu of coal is not perfectly substitutable with a Btu of electricity;
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since the electricity is cleaner, lighter, and of higher quality, most end-users are willing to pay a
premium price per Btu of electricity. However, coal and electricity are substitutable to a limited
extent, since if the premium price for electricity were too high, a substantial number of industrial
users might switch to coal. Alternatively, if only heat content mattered and if all energy types were
then perfectly substitutable, the market would tend to price all energy types at the same price per
Btu (p. 242).

Do market signals (i.e. prices) accurately reflect the marginal product of inputs? Kaufmann [19]
investigates this question in an empirical analysis of the relation between relative marginal product and
price in US energy markets. To do so, he estimates a reduced form of a production function that
represents how the fraction of total energy use from coal, oil, natural gas, and primary electricity
(electricity from hydro and nuclear sources) affects the quantity of energy required to produce a given
level of output. The partial derivatives of the production function with respect to each of the fuels gives
the marginal product of individual fuels, in which marginal product is defined as the change in economic
output given a change in the use of a heat unit of an individual fuel. The equations are used to calculate
the marginal product for each fuel type for each year between 1955 and 1992. The time series for
marginal products are compared among fuels, and these ratios are related to relative prices using a partial
adjustment model. The results indicate that there is a long run relation between relative marginal product
and relative price, and that several years of adjustment are needed to bring this relation into equilibrium.
In other words, prices do reflect the marginal product—and hence the economic usefulness—of fuels.

Other analysts calculate the average product of fuels, which is a close proxy for marginal products.
Adams and Miovic [18] estimate a pooled annual cross-sectional regression model of industrial output as
a function of fuel use in seven European economies from 1950 to 1962. Their results indicate that
petroleum is 1.6-2.7 times more productive than coal in producing industrial output. Electricity is
2.7-14.3 times more productive than coal. Using a regression model of the energy/GDP ratio in the US,
Cleveland et al. [3] find that the quality factors of petroleum and electricity relative to coal were 1.9 and
18.3, respectively.

3.1. Price-based aggregation

If marginal product is related to its price, energy quality can be measured by using the price of fuels to
weight their heat equivalents. The simplest approach defines the weighting factor (4s) in Eq. (2) as:
Py
Py

iy = “)
where P;, is the price per Btu of fuel. In this case, the price of each fuel is measured relative to the price of
fuel type 1. Turvey and Nobay [13] use Eq. (3) to aggregate fuel use in the UK.

The quality index in Eq. (4) embodies a restrictive assumption—that fuels are perfect substitutes—
and the index is sensitive to the choice of numeraire. Because fuels are not perfect substitutes, a rise
in the price of one fuel relative to the price of output will not be matched by equal changes in the
prices of the other fuels relative to the price of output. For example, the rise in oil prices in 1979-80
would cause an aggregate energy index which uses oil as the numeraire to fall dramatically. An
index that uses coal as the numeraire would show a large fall in 1968-74, one not indicated by the
oil-based index.
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To avoid dependence on a numeraire, Berndt [10,11] proposed a discrete approximation to the Divisia
index to aggregate energy. The formula for constructing the discrete Divisia index E is:

: P,E; P, E;,_
InE —InE" | = Lt SRS i1l >(ln E,—InE,_ )> (5)
t ! ; <(2 er'l=l PitEit 2Z?=1 Pit—lEit—l ! -

where P are the prices of the n fuels, and E are the quantities of BTU for each fuel in final energy use.
Note that prices enter the Divisia index via cost or expenditure shares. The Divisia index permits
variable substitution among material types without imposing a priori restrictions on the degree of
substitution. Diewert [20] shows that this index is an exact index number representation of the linear
homogeneous translog production function where fuels are homothetically weakly separable as a group
from the other factors of production. With reference to Eq. (3) f{)=g()=A In( ), while 2;, is given by
the average cost share over the two periods of the differencing operation.

Aggregation using price has its shortcomings. Lau [21] suggests that prices provide a reasonable
method of aggregation if the aggregate cost function is homothetically separable in the raw material
input prices. This means that the elasticity of substitution between different fuels is not a function of the
quantities of non-fuel inputs used. This may be an unrealistic assumption in some cases. Also, the
Divisia index assumes that the substitution possibilities among all fuel types and output are equal.

It is well-known that energy prices do not reflect their full social cost due to a number of market
imperfections. This is particularly true for the environmental impact caused by their extraction and use.
These problems lead some to doubt the usefulness of price as the basis for any indicator of sustainability
[22,23]. But with or without externalities, prices should reflect productivities. Internalizing externalities
will shift energy use, which, in turn, will then change marginal products.

Moreover, prices produce a ranking of fuels that is consistent with our intuition and with previous
empirical research [19,24]. One can conclude that government policy, regulations, cartels and
externalities explain some of the price differentials among fuels, but certainly not the substantial ranges
that exist. More fundamentally, price differentials are explained by differences in attributes such as
physical scarcity, capacity to do useful work, energy density, cleanliness, amenability to storage, safety,
flexibility of use, cost of conversion, and so on. Wipe away the market imperfections and the price per
BTU of different energies would vary due to the different combinations of attributes that determine their
economic usefulness. The different prices per BTU indicate that users are interested in attributes other
than heat content.

4. The exergy approach to energy aggregation

Exergy analysis is based on the second law of thermodynamics that describes the change in the quality
of energy that accompanies its conversion from one form to another. Exergy therefore accounts for
physical quality differences among different forms of energy. Exergy is the maximum amount of
physical work that can be extracted from a given flow of energy. Exergy is calculated by multiplying the
heat equivalent of a fuel or heat source by the appropriate Carnot factor [1 —(7,/T,)], where T, and T, are
the ambient temperature and output temperature of the process, respectively, measured on the Kelvin
scale. Note that energy quality in exergy analysis is defined in concise thermodynamic terms: the
potential to do mechanical work. Mechanical drive and electricity are rated the highest in the exergy
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hierarchy of energy quality because of the theoretical capacity of those sources to be transformed into
useful work with 100 percent efficiency. The exergy approach accounts for the important reduction in
quality (ability to do work) that accompanies the conversion of energy from one form to another, and is
typically applied to individual processes or technologies [27,28].

Ayres et al. [26] and Ayres and Martifias [25] propose a system of aggregating energy and materials
based on exergy. Exergy measures the useful work obtainable from an energy source or material, and is
based on the chemical energy embodied in the material or energy based on its physical organization
relative to a reference state. Thus, exergy measures the degree to which a material is organized relative to
a random assemblage of material found at an average concentration in the crust, ocean or atmosphere.
The higher the degree of concentration, the higher the exergy content. The physical units for exergy are
the same as for energy or heat, namely kilocalories, joules, BTUs, etc. For fossil fuels, exergy is nearly
equivalent to the standard heat of combustion; for other materials specific calculations are needed that
depend on the details of the assumed conversion process.

Ayres argues that exergy has a number of useful attributes for aggregating heterogeneous energy and
materials. Exergy is a property of all energy and materials and in principle can be calculated from
information in handbooks of chemistry and physics and secondary studies [29]. Thus, exergy can be used
to measure and aggregate natural resource inputs as well as wastes. For these reasons, Ayres argues that
exergy forms the basis for a comprehensive resource accounting framework that could ‘provide policy-
makers with a valuable set of indicators’. One such indicator is a general measure of ‘technical
efficiency,’ the efficiency with which ‘raw’ exergy from animals or inanimate source is converted into
final services. A low exergy efficiency implies potential for efficiency gains for converting energy and
materials into goods and services. Similarly, the ratio of exergy embodied in material wastes to exergy
embodied in resource inputs is the ‘most general measure of pollution’ [26]. Ayres and Martinas [25]
also argue that the exergy of waste streams is a proxy for their potential ecotoxicity or harm to the
environment, at least in general terms.

Cleveland and Herendeen [27] used exergy in their EROI calculations for solar parabolic trough
energy systems that produce heat at temperatures ranging from 50 to 350 °C. A standard EROI
calculation treats heat produced at the lower temperature as qualitatively the same as heat at higher
temperatures, despite the fact that higher temperature heat has greater potential to do work. Cleveland
and Herendeen corrected for this quality difference by multiplying the EROI by a Carnot factor which
incorporates thermodynamic quality. While the correction procedure was crude, it did demonstrate how
fuel quality differences can be incorporated into an EROI analysis.

From an accounting perspective, exergy is appealing because it is based on the science and laws of
thermodynamics and thus has a well-established system of concepts, rules, and information that are
available widely. It also has wide and useful applications in exergy analyses that point to the energy,
environmental, and economic issues associated with the thermodynamic efficiency of energy
conversion. But like enthalpy, exergy should not be used to aggregate energy and material inputs in
economic analysis because it is one-dimensional. Like enthalpy, exergy does not vary with, and hence
does not necessarily reflect attributes of fuels that determine their economic usefulness, such as energy
density, cleanliness, cost of conversion, and so on. The same is true for materials. Exergy cannot explain,
for example, impact resistance, heat resistance, corrosion resistance, stiffness, space maintenance,
conductivity, strength, ductility, or other properties of metals that determine their usefulness. Like
prices, exergy does not reflect all the environmental costs of fuel use. The exergy of coal, for example,
does not reflect coal’s contribution to global warming or its impact on human health relative to, say,
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natural gas. As Ayres [30] himself notes, the exergy of wastes is at best a rough first-order approximation
of environmental impact because it does not vary with the specific attributes of a waste material and its
receiving environment that cause harm to organisms or that disrupt biogeochemical cycles. In theory
exergy can be calculated for any energy or material, but in practice, the task of assessing the hundreds
(thousands?) of primary and intermediate energy and material flows in an economy is daunting.

To summarize, exergy is an extremely valuable tool for process-level analysis. However, exergy
has shortcomings as a method to aggregate energy in an economic analysis because it is one-
dimensional. Like enthalpy, exergy does not vary with, and hence does not necessarily reflect
attributes of fuels that determine their economic usefulness, such as energy density, cleanliness, cost
of conversion, and so on.

5. Methods and data

The EROI for petroleum and coal is calculated at the extraction stage of the resource transformation
process. Only industrial energies are evaluated: the fossil fuel and electricity used directly and indirectly
to extract petroleum. The costs include only those energies used to locate and extract petroleum and
prepare it for shipment from the lease. Transportation and refining costs are excluded from this analysis.

Crude oil, natural gas, and natural gas liquids are extracted by Standard Industrial Code sector 13, ‘Oil
and gas extraction’, which includes several subsectors. The oil and gas extraction industry includes firms
that explore for oil and gas, drill oil and gas wells, operate and maintain oil field properties that produce
oil and gas, and all other activities in the preparation of oil and gas up to the point of shipment from the
producing property. Sector 13 also includes firms engaged in producing liquid hydrocarbons (natural gas
liquids) from oil and gas field gases. Output in the petroleum industry is the sum of the marketed
production of crude oil and natural gas. Fig. 2 shows the quantities of these fuels extracted in the US
from 1954 to 1997.
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Fig. 2. Output in the petroleum industry from 1954 to 1997 as the sum of the marketed production of crude oil and natural gas
and associated liquids.
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5.1. Direct energy costs

The direct energy cost of extracting petroleum is the fuel and electricity used in oil and gas fields.
These data are from the Census of Mineral Industries which reports the quantities of fuel and electricity
used in the petroleum sector at 5 year intervals from 1954 to 1997. The fuels used are coal, crude oil,
natural gas, and refined liquid fuels such as gasoline, residual, and distillate fuel. The electricity data
reported by the Census include purchased electricity and electricity generated by captive fuel use.
I exclude self-generated electricity because including it would double count the fuels used to generate it.
I have modified the Census data to correct for reporting errors and omissions based on fuel use data from
other sources and from conversations with the Census staff.

Fuel use in years not covered by a Census is estimated with a technique used to construct the National
Energy Accounts. For Census years, energy intensities for each fuel are defined as the quantity of fuel
used per constant dollar of GNP originating in sector 12 or 13. The data on GDP are published annually
in the National Income and Product Accounts of the United States. Linear interpolation between Census
years is used to estimate the energy intensities in non-Census years. Fuel use in non-Census years is
estimated by multiplying the estimated energy intensity times real GDP. Fig. 3 shows the composition of
direct energy costs from 1954 to 1997.

5.2. Indirect energy costs

Indirect energy is the energy used in the economy to produce material inputs and to produce and
maintain the capital used to extract petroleum and coal. The indirect energy cost of materials and capital
is calculated with data on the dollar cost of those inputs to the petroleum and coal extraction processes.
The dollar value of material inputs is from the Census of Mineral Industries. Materials include the
purchase of chemicals, wood products, steel mill shapes and forms, and other supplies ‘used up’ each
year in the coal and petroleum industries. The dollar value of capital inputs is from the National Income
and Product Accounts of the United States. Capital use is approximated by the dollar value of capital
depreciation in SIC sector 13. Capital depreciation is not an ideal measure of capital input because it
reflects financial variables in addition to actual physical depreciation. However, capital depreciation is
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Fig. 3. The composition of direct energy costs from 1954 to 1997.
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Fig. 4. The quantity of direct plus indirect energy used in the oil and gas sector from 1954 to 1997.

the only aggregate measure of capital input for the petroleum industry, and despite its shortcomings it
serves as an approximate indicator of the trend in capital use over time.
The indirect energy cost of capital and materials at (IE,) is defined as:

IE, = & (X, + Xy (6)

where ¢, is the energy used to produce a dollar’s worth of output in the industrial sector of the US
economy (Btu/$) and the Xs are the dollar values of material (1) and capital (k) inputs to the oil and gas
sector. The energy/GNP ratio is an aggregate measure of the energy cost of producing a dollar’s worth of
industrial output. Here we assume that this energy intensity is a reasonable proxy over time for the
energy embodied in the inputs purchased by the oil and gas sector.

Fig. 4 shows the quantity of direct plus indirect energy used in the oil and gas sector. Indirect energy
accounts for between 36 and 85% of total energy use, reaching its maximum importance in the early
1980s. This period corresponds to the period of all-time high rates of drilling and capital investment in
the industry.

6. Construction of the EROI

Two indexes are constructed for the EROI from petroleum extraction. The first is the thermal
equivalent EROI, which is defined as:

L
_ Zz—l it (7)
where E° and E° are the energy output and input, respectively, of energy type n at time z, measured in

thermal equivalents. The quantity E° is the sum of direct and indirect energy inputs to the energy system.
Eq. (6) is the technique used in the vast majority of net energy analyses.
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Following the definitions in Eq. (2), a quality-corrected EROI" is defined by:

EROII* — ?=1 Ai,tEEt

ZLI Ai,tEiC,t
where 4, is the quality factor for fuel type 7 at time 7 and E° and E are the thermal equivalents of energy
outputs and energy inputs, respectively. Divisia indices are constructed for energy inputs and outputs to
account for energy quality in the numerator and denominator. The prices for energy outputs (oil, natural
gas, natural gas liquids) and energy inputs (natural gas, gasoline, distillate fuels, coal, electricity) are the
prices paid by industrial end-users for each energy type.

®)

7. Results

The thermal equivalent and Divisia EROI for petroleum extraction show the same general pattern: a
rise to a maximum in the early 1970s, a sharp decline throughout the 1970s, a recovery in the 1980s, and
then another modest decline in the 1990s (Fig. 5). Beyond this, there are important differences between
the two indexes. The Divisia EROI is consistently much lower than the thermal equivalent EROI. The
principal reason for this is the difference in the fuel mix, and hence fuel quality, between the numerator
and denominator of the EROI. The outputs are the crude, unprocessed forms of oil and natural gas. The
inputs are electricity and refined fuels such as gasoline and other distillate fuels. The latter are higher
quality than the former, and have higher prices. Refined fuels and electricity are, therefore, weighted
more heavily in the Divisia formulation.

The Divisia EROI declines faster and to a greater extent than the thermal-equivalent EROI. In 1997
the Divisia ERIO is 42 percent lower than its maximum in 1972; the thermal equivalent EROI is
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Fig. 5. The thermal equivalent and Divisia EROI for oil and gas extraction.
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28 percent lower than its maximum. In 1997 the thermal-equivalent EROI is 1.6 times the Divisia EROI
than it was in 1954. Again this is largely due to changes in the mix of fuels qualities in energy inputs and
energy outputs. Electricity, the highest quality fuel, is an energy input but not an energy output. Its share
of total energy use rises from 2 to 12 percent over the period; its cost share increases from 20 to 30
percent. Thus, in absolute terms the denominator in the Divisia EROI is weighted more heavily than in
the thermal equivalent EROI. On the output side, crude oil is a higher quality fuel than natural gas, as
reflected in its higher price per Btu. However, on a thermal equivalent basis, the share of oil in the output
of the industry steadily falls from about 56 percent in 1954 to about 38 percent in 1997.

8. Discussion

The overall decline in the EROI for petroleum extraction in the US suggests that depletion has raised
the energy costs of extraction. This is generally consistent with the overall pattern of oil extraction,
i.e. both extraction and the EROI for extraction show a decline since the early 1970s. There is no single
measure of the quality of the oil and gas resource, but a number of such indicators describe its physical
deterioration. These include a decline in field size, depletion of natural drive mechanisms, and more
enhanced oil recovery that is extremely energy intensive.

To the extent that the EROI does reflect the scarcity of petroleum in some meaningful way, then
energy quality is an important consideration. The ultimate limit to an energy resource’s usefulness to
society is the energy break-even point, i.e. where the energy delivered to society is equaled by the energy
used in the delivery process. But not all ‘units’ of energy are equally useful to society, particularly in
regards to their ability to perform specific tasks in the production of goods and services. A more
appropriate indicator is a quality-corrected EROI that reflects the net availability of energy to actually
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Fig. 6. EROI for conventional and alternative energy systems. (The dashed horizontal line represents the energy break-even
point, EROI=1.0).
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produce goods and services that reflect choices people make about how to use energy. These choices are
based on perceived differences in what Zarnikau et al. call the form-value of different energy types. The
quality-corrected EROI is consistently lower than the uncorrected version. This suggests that in a more
meaningful economic sense, petroleum is more scare than we might otherwise think.

It also is useful to compare the EROI for conventional oil and gas with alternative fuels. Fig. 6
compares the EROI for conventional oil and gas (this analysis) with coal, ethanol from grain, oil shale,
and coal liquefaction. The EROI for oil extraction and discovery in the 1930s was at least 100:1, and
perhaps much higher Cleveland [4], corresponding the peak in the discovery of large oil fields. As this
analysis has showed, the EROI is now in the range of 20:1. The energy costs of converting crude oil to
gasoline lowers the EROI to the range of 6 to 10:1. However, the return to conventional oil is still greater
than alternative liquid fuels. Ethanol from grain is at or near the break-even point, even in light of
substantial technical improvements over the last two decades. The EROI for oil shale and coal
liquefaction range above and below the break-even point, depending on assumptions regarding location,
resource quality, and technology characterization. These underlying physical differences may help
explain the economics of the market penetration of these fuels. Synthetic fuels and oil shale did not
become viable technologies in the 1970s and 1980s despite record high energy prices and government
subsidies. Ethanol as an additive to motor gasoline remains a viable enterprise in the US in large part due
to the 52 cent per gallon subsidy afforded to it by federal law. Oil and gas, of course, receive subsidies as
well, but this comparison suggests that the challenge to alternative liquid fuels hinges in large part on
their energy cost of conversion.
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