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19.1	 �Introduction

The enormous expansion of the human popula-
tion and the economies of the United States and 
many other nations in the past 100  years have 
been facilitated by a commensurate expansion in 
the use of fossil fuels (.  Fig.  8.1) [1]. To many 
energy analysts, that expansion of cheap fuel 
energy has been far more important than business 
acumen, economic policy, or ideology, although 
they too may be important [1–15]. While we are 
used to thinking about the economy in monetary 
terms, those of us trained in the natural sciences 
consider it equally valid to think about the econ-
omy and economics from the perspective of the 
energy required to make it run. When one spends 
a dollar, we do not think just about the dollar bill 
leaving our wallet and passing to someone else’s. 
Rather, we think that to enable that transaction, 
that is, to generate the good or service being pur-
chased, an average of about 5000  kJ of energy 
(roughly half the amount of oil that would fill a 
standard coffee cup) must be extracted and turned 
into roughly a half kilogram of carbon dioxide. 
Take the money out of the economy and it could 
continue to function through barter, albeit in an 
extremely awkward, limited, and inefficient way. 
Take the energy out and the economy would 
immediately contract or stop. Cuba found this out 
in 1991 when the Soviet Union, facing its own oil 

production and political problems, cut off Cuba’s 
subsidized oil supply. Both Cuba’s energy use and 
its GDP declined immediately by about one-third, 
groceries disappeared from market shelves within 
a week, and soon the average Cuban lost 20 
pounds [16]. Cuba subsequently learned to live, in 
some ways well, on about half the oil as previously, 
but the impacts were enormous. While the United 
States has become more efficient in using energy 
in recent decades, most of this is due to using 
higher-quality fuels, exporting heavy industry, 
and switching what we call economic activity (e.g., 
[17]), and many other countries, including effi-
ciency leader Japan, are becoming substantially 
less efficient [18–20].

19.2	 �The Age of Petroleum

The economy of the United States and the world is 
still based principally on “conventional” petro-
leum, meaning oil, gas, and natural gas liquids 
(.  Fig.  19.1). Conventional means those fuels 
derived from geologic deposits, usually found and 
exploited using drill bit technology. Conventional 
oil and gas flows to the surface because of its own 
pressure or with pumping or additional pressure 
supplied by injecting natural gas, water, or occa-
sionally other substances into the reservoir. 
Unconventional petroleum includes shale oil, oil 
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sands, and other bitumens usually mined as solids 
and converted to liquids and also natural gas from 
coal beds and/or “tight” deposits where the gas is 
found in low concentrations in rock. For the econ-
omies of both the United States and the world, 
from half to two-thirds of our energy comes from 
conventional petroleum, about 30–40% from liq-
uid petroleum, and another 20–25% from gaseous 
petroleum (.  Fig.  19.1). Coal, hydroelectric, and 
nuclear provide most of the rest of the energy that 
we use. Hydroelectric power and wood together 
are renewable energies generated from current 
solar input and provide about 5% of the energy 
that the United States and world uses, “New 
renewables” including windmills and photovolta-
ics generate about 2%. In recent years the annual 
increase in oil and gas use has been greater than 
the power coming from the new renewables or 
indeed their total production so that they are 
mostly not displacing fossil fuels but just adding 
to the mix. All of these proportions have not 
changed very much since the 1970s in the United 
States or the world. We believe it is most accurate 
to consider the times that we live in as the age of 
petroleum, for petroleum is the foundation of our 
economies and our lives. Just look around.

Petroleum is especially important because 
it has important and unique attributes leading 
to high economic utility that include very high 
energy density and transportability [20], mas-
sive availability, and relatively low price. Its future 
supply, however, is worrisome [21–23]. The issue 
is not the point between supply and potential 
demand. Barring a massive worldwide recession, 
demand will continue to increase, perhaps slowly, 
as human populations, petroleum-based agricul-
ture, and economies (especially Asian) continue to 
grow. Petroleum supplies have been growing since 
1900 at roughly four or five, but recently at two or 
one, percent per year. While most governments are 
trying to make their economies grow more rapidly, 
a trend many observers think is that high growth 
rates are unlikely to occur again anytime soon [23, 
24]. Peak oil refers to the time at which an oil field, 
a nation, or the entire world reaches its maximum 
oil production and then declines. It is not some 
abstract issue debated by theoretical scientists or 
worried citizens but an actuality that occurred in 
the United States in 1970 and in some 60 (of 95) 
other oil-producing nations since [25–28]. Several 
prominent geologists have suggested that it may 
have occurred already for the world, although that 

is not clear yet, in part because the official statistics 
are including increasingly other liquid hydrocar-
bons such as natural gas liquids and biofuels under 
“oil” [29–31]. At some time, presumably, it will not 
be possible to continue to increase petroleum sup-
plies or even to maintain current levels of supply, 
regardless of technology or price. At this point we 
will enter (or have entered) the “second half of the 
age of oil” [31]. The first half was one of year-by-
year growth; the second half will be of year-by-year 
decline in supply, with possibly an “undulating 
plateau” around the peak. Natural gas will prob-
ably last a decade or two longer than oil as a major 
fuel source. We are of the opinion that it will not be 
possible to fill in the growing gap between supply 
and demand of conventional oil with alternatives 
on the scale required [32], and even were that pos-
sible, the investments in money, energy, and time 
required would mean that we needed to start some 
decades ago [33]. When or as the decline in global 
oil production begins, we will see the “end of cheap 
oil” and a very different economic climate.

The very large use of fossil fuels in the United 
States means that each of us has the equivalent of 
60–80 hardworking laborers to “hew our wood 
and haul our water” as well as to grow, transport, 
and cook our food; make, transport, and import 
our consumer goods; and provide sophisticated 
medical and health services. Energy produced by 
these energy slaves even allows us to visit our rela-
tives and take vacations in far away or even rela-
tively nearby places. Simply to grow our food 
requires the energy of about a gallon of oil per per-
son per day, and if a North American takes a hot 
shower in the morning, he or she will have already 
used far more energy than probably two-thirds of 
the Earth’s human population use in an entire day.

19.3	 �How Much Oil Will We Be Able 
to Extract?

So the next important question is how much oil 
and gas are left in the world? The answer is a lot, 
although probably not a lot relative to our increas-
ing needs and maybe not a lot of the high-quality 
stuff that we can afford economically or energeti-
cally. Although we will probably always have 
enough oil to lubricate our bicycle chains, the 
question is whether we will have anything like the 
quantity that we use now at the prices that allow the 
things we are used to having and whether growth is 
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possible. Worldwide we have consumed about 1.3 
trillion barrels of oil, mostly in the past 25 years. 
The current debate is fundamentally about whether 
there is 1, 2, or even 3.5 trillion barrels of eco-
nomically extractable oil left. Fundamental to this 
debate, yet mostly ignored, is an understanding 
of the capital, operating and environmental costs, 
in terms of both money and energy, necessary to 
find, extract, and use whatever new sources of oil 
remain to be discovered and to generate whatever 
alternatives we might be able to develop. These 
investment issues, in terms of both money and 
energy, will become ever more important.

There are two distinct camps for this issue. 
One camp, the “technological cornucopians,” led 
principally by economists such as Michael Lynch 
[34, 35], believes that market forces and technol-
ogy will continue to supply (at a price) whatever 
oil we have a need for in the indefinite future. They 
argue that we now are able to extract only some 
35% of the oil from a field, that large areas of the 
world (deep ocean, Greenland, Antarctica) have 
not been explored and may have substantial sup-
plies of oil, and that substitutes, such as oil shale 
and tar sands, abound. They are buoyed by the 
failure of many earlier predictions of the demise or 
peak of oil production, two recent and prestigious 
analyses by the US Geological Survey and the 
Cambridge Energy Research Associates that tend 
to suggest that remaining extractable oil is near 
the high end given above, the recent discovery of 
the deepwater Jack 2 well in the Gulf of Mexico, 
and the development of the Alberta tar sands.

A second camp, the “peak oilers,” is composed 
of scientists from diverse fields inspired by the 
pioneering work of M. King Hubbert [25], a few 
very knowledgeable politicians such as former 
U.S. congressman Roscoe Bartlett of Maryland, 
private citizens from all walks of life, and, increas-
ingly, members of the investment community. 
Some of them come together once a year under 
the auspices of the International Society of 
BioPhysical Economics. All believe that there 
remains only about one additional trillion barrels 
of extractable conventional oil and that the global 
peak—or “bumpy plateau”—will occur soon or, 
perhaps, has already occurred (.  Fig.  19.2). The 
arguments of these people and their organization, 
the Association for the Study of Peak Oil (ASPO), 
were spearheaded by the analyses and writings of 
geologists Colin Campbell and Jean Laherrere. 
They are supported by the many other geologists 

who agree with them, the many peaks that have 
already occurred for many dozens of oil-produc-
ing countries, the recent collapse of production 
from some of our most important oil fields, and 
that we now extract and use two to four barrels of 
oil for each new barrel discovered (.  Fig.  8.3). 
They also believe that essentially all regions of the 
Earth favorable for oil production have been well 
explored for oil, and there are few surprises left 
except perhaps in regions that will be nearly 
impossible to exploit.

There are several issues that tend to add confu-
sion to the issue of peak oil. First, some people do, 
and some do not, include natural gas liquids or 
condensate (liquid hydrocarbons that condense 
out of natural gas). These can be refined readily 
into motor fuel and other uses so that many inves-
tigators think they should simply be lumped with 
oil, which most usually they are. Since a peak in 
global natural gas production is thought to be 
likely one or two decades after a peak in global oil, 
inclusion of natural gas liquids extends the time or 
duration of whatever oil peak has occurred or may 
be occurring. The second is what characteristics of 
the peak will cause the largest economic impact? 
Is it the peak itself or the ratio between the declin-
ing production rate and the potential consump-
tion rate? Both the production and the 
consumption of oil and also natural gas which had 
been growing at roughly 4% a year before 1970 
declined gradually to 2% by 2005 and 1% or not at 
all since then. The great expansion of the econo-
mies of China and India has recently more than 
compensated for some reduced use in other parts 
of the world. Meanwhile the growth rate of the 
human population has continued so that “per 
capita peak oil” has probably occurred, perhaps as 
early as 1978 [36]. What the future holds possibly 
may have more to do with limiting carbon release 
than the declining physical production rate. 
Whenever we start on the inevitable downside of 
the global Hubbert curve, prices will rise.

The rates of oil and gas production (more 
accurately extraction) and the onset of peak 
oil are dependent upon interacting geological, 
economic, and political factors. The geological 
restrictions are the most absolute and depend on 
the number and physical capacity of the world’s 
operating wells. In most fields the oil does not 
exist in the familiar liquid state but in what is 
more akin to a complex oil-soaked brick. The 
rate at which oil can flow through these “aquifers” 
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.      . Fig. 19.2  Production of conventional oil in the world. This does not include recent additions of, e.g., natural gas 
liquids or biofuels to the data on “oil” but only conventional oil (Data source: Matt Mushalik)

depends principally upon the physical properties 
of the oil itself and of the geological substrate and 
upon the natural pressure forcing the oil through 
the substrate to the collecting wells. The natural 
pressures are increasingly replaced by pumping 
more gas or water into the structure. Detergents, 
CO2, and steam can increase yields, but too-rapid 
extraction can cause compaction of the “aquifer” 
or fragmentation of flows which reduce yields.

So our physical capacity to produce oil depends 
upon our ability to keep finding large oil fields in 
regions that we can reasonably access, our willing-
ness to invest in exploration and development, and 
our willingness to not produce too quickly. The 
usual economic argument is that if supply is reduced 
relative to demand, then the price will increase 
which will then signal oil companies to drill more, 
leading to the discovery of more oil and then addi-
tional supply. Although that sounds logical, the 

empirical record shows that the rate at which oil 
and gas is found has little to do with the rate of drill-
ing (.  Fig. 8.4). Recent experience may be changing 
that for “tight” oil and gas, where smaller amounts 
(compared to the past) of oil and gas can be obtained 
by drilling many low yielding wells.

Finally, output can be limited or (at least in the 
past) enhanced for political reasons—which are 
even more difficult to predict than the geological 
restrictions. Certainly the events of the “Arab 
spring” of 2011 were completely unpredictable. 
Empirically there is a fair amount of evidence 
from post-peak countries, such as the United 
States, that the physical limitations become 
important when about half of the ultimately 
recoverable oil has been extracted. But why should 
that be? In the United States, it certainly was not 
due to a lack of investment, since most geologists 
believe that the United States had been 
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over-drilled. We probably will not know until we 
have much more data, and much of the data are 
closely guarded industry or state secrets. But 
whether or not the world has reached peak oil, 
most individual producing countries have [36, 
37]. According to one analyst, if one looks at all of 
the 60 or so post-peak oil-producing countries, 
the peak occurs on average when about 54% of 
the total extractable oil in place has been extracted 
[37]. Finally oil-producing nations often have 
high population and economic growth and are 
using an increasing proportion of their own pro-
duction, leaving less for export [38].

The United States clearly experienced “peak 
oil” in 1970 (although this might or might not be 
followed by a second peak based on unconven-
tional oil about now; see 7  Chapter 13). As the 
price of oil increased by a factor of 10, from 3.50 
to 35 dollars a barrel during the 1970s, a huge 
amount of capital was invested in US oil discovery 
and production efforts. The drilling rate increased 
from 95 million feet per year in 1970 to 250 mil-
lion feet in 1985. Nevertheless the production of 
crude oil decreased during the same period from 
the peak of 3.52 billion barrels a year in 1970 to 
3.27  in 1985 and has continued to decline to 
1.89  in 2005 even with the addition of Alaskan 
production. (There has been an upswing to a pos-
sible second peak in 2017). Natural gas produc-
tion has also peaked and declined, although less 
dramatically. Thus despite the enormous advance-
ment of petroleum discovery and production 
technology and despite very significant invest-
ment, US production of conventional oil has con-
tinued its downward trend nearly every year since 
1970, and the US still imports nearly half the oil it 
uses. When drilling rates are high, apparently 
poorer prospects, on average, tend to be drilled. 
The technological optimists are correct in saying 
that advancing technology is important. But there 
are two fundamental and contradictory forces 
operating here, technological advances and deple-
tion. In the US conventional oil industry, it is clear 
that depletion is trumping technological progress, 
as oil production is declining and oil is becoming 
much more expensive to produce. Because oil 
exploration and development is very energy 
intensive, it can lead to less net oil being delivered 
to society. As of 2017 there is a lot of drilling, and 
a lot of production, taking place, but even at prices 
high by historical standards, almost none of the 
oil companies are making a profit.

19.4	 �Decreasing Energy Return 
on Investment

Energy return on investment (EROI or EROEI) is 
simply the energy that one obtains from an activ-
ity compared to the energy it took to generate that 
energy. The calculations are generally straightfor-
ward, although the data may be difficult to get and 
the boundaries uncertain (see previous chapter). 
When the numerator and denominator are 
derived in the same units, as they should be (the 
units can be barrels per barrel, kcals per kcal, or 
MJoules per MJoule), the results are in a unitless 
ratio. The running average EROI for the finding of 
US conventional oil has dropped from greater 
than 300  kJ returned per kilojoule invested in 
1919 to about five for one today. The EROI for 
producing that oil has declined from 30 to 1 in the 
1970s to around ten for one today. This illustrates 
the decreasing energy returns as oil reservoirs are 
increasingly depleted and as there are increases in 
the energy costs as exploration and development 
are increasingly deeper and offshore [13, 21, 39]. 
Even that ratio reflects mostly pumping out oil 
fields that are half a century or more old since we 
are finding few significant new fields. A new, or 
newly analyzed, troubling trend is that the EROI 
for “elephants,” (i.e., the largest oil fields that still 
generate most of our oil), has been declining reg-
ularly in addition to their declining production 
[40]. The increasing energy cost of a marginal 
barrel of oil or gas is one of the factors behind 
their increasing dollar cost, although if one cor-
rects for general inflation, the price of oil has 
increased only a moderate amount since 1970.

The same pattern of declining energy return 
on energy investment appears to be true for global 
petroleum production, but getting such informa-
tion is very difficult. With help from the extensive 
financial database on “upstream” (i.e., preproduc-
tion) maintained by the John H. Herold Company, 
Gagnon and colleagues [41] were able to generate 
an approximate value for global EROI for produc-
ing new oil and natural gas (considered together). 
Their results indicate that the EROI for global 
oil and gas (at least for that which was publicly 
traded) was roughly 23:1  in 1992, increased to 
about 33:1  in 1999, and since then has fallen to 
approximately 18:1 in 2005. The apparent increase 
in EROI during the late 1990s reflects the effects 
of reduced drilling effort, as was seen for oil and 
gas in the United States (e.g., .  Figs. 19.3 and 19.4). 
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If the rate of decline continues linearly for several 
decades, eventually it would take the energy in a 
barrel of oil to get a new barrel of oil. While we do 
not know whether that extrapolation is accurate, 
essentially all EROI studies of our principal fossil 
fuels do indicate that their EROI is declining over 
time and that EROI declines especially rapidly 
with increased exploitation (e.g., drilling) rates. 
This decline appears to be reflected in economic 
results. In November of 2004, The New York Times 
reported that for the previous 3 years, oil explo-
ration companies worldwide had spent more 
money in exploration than they had recovered 
in the dollar value of reserves found. The quan-
tity of oil found in 2016 was only about 10% of 
the amount we produced and burned [42]. This 
illustrates that even though the EROI for produc-
ing oil and gas globally may still be about 15:1, 
it is possible that the energy breakeven point has 
been approached for finding new oil. Whether 
we have reached this point or not, the concept of 
EROI declining toward 1:1 makes irrelevant the 
reports of several oil analysts who believe that we 

may have substantially more oil left in the world. 
It simply does not make sense to extract oil, at 
least for fuel, when it requires more energy for the 
extraction than is found in the oil extracted.

How we weather this coming storm will 
depend in large part on how we manage our 
investments now. There are three general types 
of investments that we make in society. The first 
is investments into getting energy itself, the sec-
ond is investments for maintenance of, and 
replacing, existing infrastructure, and the third 
is for discretionary expansion. In other words 
before we can think about expanding the econ-
omy, we must first make the investments into 
getting the energy necessary to operate the exist-
ing economy and also into maintaining the 
infrastructure that we have to compensate for 
the entropy-driven degradation of what we 
already have. The required investments into the 
second and especially the first category are likely 
to increasingly limit what is available for the 
third. The dollar and energy investments needed 
to get the energy needed to allow the rest of the 
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economy to operate and grow have been very 
small historically, but this is likely to change dra-
matically. This is true whether we seek to con-
tinue our reliance on ever-scarcer petroleum or 
whether we attempt to develop some alternative. 
Technological improvements, if indeed they are 
possible, are extremely unlikely to bring back the 
low investments in energy that we have grown 
accustomed to.

The main problem that we face is a conse-
quence of the “best first” principle. This is, quite 
simply, the characteristic of humans to use the 
highest-quality resources first, be they timber, 
fish, soil, copper ore, or fossil fuels. The economic 
incentives are to exploit the highest quality, least 
cost (both in terms of energy and dollars) 
resources first (as was noted by economist David 
Ricardo in 1891 [43]). We have been exploiting 
fossil fuels for a long time. The peak in finding 

new oil was in the 1930s for the United States and 
in the 1960s for the rest of the world. Both have 
declined enormously since then. An even greater 
decline has taken place in the efficiency with 
which we find oil, that is, the amount of energy 
that we find relative to the energy we invest in 
seeking and exploiting it.

That pattern of exploiting and depleting the 
best resources first also is occurring for natural 
gas. Natural gas was once considered a dangerous 
waste product of oil development and was flared at 
the well head. But during the middle years of the 
last century, large gas pipeline systems were devel-
oped in the United States and Europe that enabled 
gas to be sent to myriad users who appreciated its 
ease of use and cleanliness, including its relatively 
low carbon dioxide emissions, at least relative to 
coal [44]. US natural gas originally came from 
large fields, often associated with oil fields, in 

.      . Fig. 19.4  “Balloon graph” representing quality (y axis) 
and quantity (x axis) for various fuels at various times in 
the US economy. Arrows connect fuels from various times 
(i.e., domestic oil in 1930, 1970, 2005), and the size of the 
“balloon” represents part of the uncertainty associated 
with EROI estimates (Source: US EIA, Cutler Cleveland and 

C. Hall’s own EROI work). Note added in 2017: the high oil 
EROI value for 1930 represents the EROI for finding, not 
producing, oil and is slightly misleading although in a 
sense accurate. It might be better to use a value of 30:1 
for 1970 which was the peak of EROI for production. See 
Guilford et al. (2011) for an update 
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Louisiana, Texas, and Oklahoma. Its production 
has moved increasingly to smaller fields distrib-
uted throughout Appalachia and the Rockies. A 
national peak in production occurred in 1973 as 
the largest fields that traditionally supplied the 
country peaked and declined. Later as “unconven-
tional” fields were developed, a second, somewhat 
smaller peak occurred in the 2000s. Gas produc-
tion had fallen by about 6% from that peak, and 
some investigators predict a “natural gas cliff ” as 
conventional gas fields are increasingly exhausted 
and as it is increasingly difficult to bring smaller 
unconventional fields on line to replace the 
depleted giants. However, this “cliff ” appears 
unlikely to occur for at least several decades 
because of the new technologies of horizontal 
drilling and hydrofracturing, which as of this writ-
ing are bringing in new “unconventional” gas at 
just about the rate that the conventional supplies 
are declining. It is quite difficult to predict the 
future of natural gas because of the many eco-
nomic, environmental and social issues associated 
with horizontal drilling and hydraulic fracturing.

19.5	 �The Balloon Graph

All sources of energy used in the economy, except 
the free solar energy that drives ecosystem pro-
cesses, have an energy cost, and all of them have 
different magnitudes of importance to society. 
The energy cost of obtaining coal or oil or photo-
voltaic electricity is straightforward even if diffi-
cult to calculate, but there are other sources and 
other ways payment is needed. For example, we 
pay for imported oil in energy as well as dollars, 
for it takes energy to grow, manufacture, or har-
vest what we sell abroad to gain the dollars with 
which we buy the oil (or we must in the future if 
we pay with debt today). In 1970 we gained 
roughly 30 mJ for each megajoule used to make 
the crops, jet airplanes, and so on that we exported 
[39]. But as the price of imported oil increased, 
the EROI of the imported oil declined. By 1974 
that ratio had dropped to nine to one and by 1980 
to three to one. The subsequent decline in the 
price of oil, aided by the inflation of the export 
products traded, eventually returned the energy 
terms of trade to something like it was in 1970, at 
least until the price of oil started to increase again 
after 2000, again lowering the EROI of imported 
oil. A rough estimate of the quantity used each 

year and the EROI of various major fuels in the 
United States, including possible alternatives, is 
given in .  Fig.  19.4. An obvious aspect of that 
graph is that qualitatively and quantitatively alter-
natives to fossil fuel have a very long way to go to 
fill the roles of fossil fuels. This is especially true 
when one considers the additional qualities of oil 
and gas, including energy density, ease of trans-
port, and ease of use. The alternatives to oil avail-
able to us today are characterized by even lower 
EROIs, limiting their economic effectiveness. It is 
critical for CEOs and government officials to 
understand that the best oil and gas are simply 
gone, and there is no easy replacement.

If we are to supply into the future petroleum at 
the rate that the United States consumed in recent 
decades, let alone an increase, it will require enor-
mous investments in either additional unconven-
tional sources or payments to foreign suppliers. 
That will mean a diversion of the output of our 
economy from other uses into getting the same 
amount of energy just to run the existing econ-
omy. In other words, from a national perspective, 
investments will be needed increasingly just to 
run what we have, not to generate new real 
growth. If we do not make these investments, our 
energy supplies will falter, and if we do, the returns 
may be small to the nation, although the returns 
to the individual investor may be large. Further, if 
this issue is as important as we believe it is, then 
we must pay much more attention to the quality 
of the data we are getting about the energy costs of 
all things we do—including getting energy. Finally 
the failure of increased drilling to return more 
fuel (.  Fig. 8.4) calls into question the basic eco-
nomic assumption that scarcity-generated higher 
prices will resolve that scarcity by encouraging 
more production. Indeed scarcity encourages 
more exploration and development activity, but 
that activity does not necessarily generate more 
resources. Oil scarcity will also encourage the 
development of alternative liquid fuels, but their 
EROIs are generally very low.

19.6	 �Economic Impacts of Peak Oil 
and Decreasing EROI

Whether global peak oil has occurred already or 
will not occur for some years or, conceivably, 
decades, its economic implications will be enor-
mous because we have no possible substitute on the 
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scale required and at the EROI that is needed. Any 
alternatives will require enormous investments in 
money and energy when both are likely to be in 
short supply. Despite the projected impact on our 
economic and business life within relatively few 
years, neither government nor the business com-
munity is in any way prepared to deal with either 
the impacts of these changes or the new thinking 
needed for investment strategies. There are many 
reasons for this, but they include the role of econo-
mists in downplaying the importance of resources 
in the economy, the disinterest of the media, the 
failure of government to fund good analytic work 
on the various energy options, the erosion of good 
energy record keeping at the Departments of 
Commerce and Energy, and the focus of the media 
on trivial “silver bullets” despite the inability of any 
one of them (except economic contraction and in 
some few cases conservation) to contribute any-
thing like 1% to the total energy mix.

Of perhaps greater concern is that none of the 
top ten or so energy analysts that we are familiar 
with are supported by government or, generally 
any, funding. There are not even targeted programs 
in the National Science Foundation or the 
Department of Energy where one might apply if 
one wishes to undertake good objective, peer-
reviewed EROI analyses to see what options might 
actually be able to contribute significantly. 
Consequently much of what is written about energy 
is woefully misinformed or simply advocacy 
funded by various groups that hope to look good or 
profit from various perceived alternatives. Issues 
pertaining to the end of cheap petroleum will be 
the most important challenge that Western society 
has ever faced, especially when considered within 
the context of our need to deal simultaneously with 
climate change and other environmental issues 
related to energy. Any business or political leaders 
who do not understand the inevitability, serious-
ness, and implications of the end of cheap oil or 
who make poor decisions in an attempt to alleviate 
its impact are likely to be tremendously and nega-
tively impacted as a result—and the rest of us with 
them. At the same time, the investment decisions 
we will make in the next decade or two will deter-
mine whether civilization is to make it through the 
transition away from petroleum or not.

What would be the impacts of a large increase 
in the energy and dollar cost of getting our petro-
leum or of any restriction in its availability? While 
it is extremely difficult to make any hard 

predictions, we do have the record of the impacts 
of the large oil price increases of the 1970s as a 
possible guide. These supply restrictions or “oil 
shocks” had very serious impacts on our economy 
which we have examined empirically in past pub-
lications [10]. At the time many economists did 
not think that even large increases in the price of 
energy would affect the economy dramatically 
because energy costs were but 3–6% of GDP. But 
by 1980, following the two “oil price shocks” of 
the 1970s, energy costs had increased dramati-
cally until they were 14% of GDP. Actual short-
ages had additional impacts, when sufficient 
petroleum to run our industries or businesses 
were not available at any price. Other impacts 
included an exacerbation of our trade imbalances 
as more income was diverted overseas, adding to 
the foreign holdings of our debt and a decrease in 
discretionary disposable income as more money 
was diverted to access energy, whether via higher 
prices for imports, more petroleum exploration, 
or the development of low EROI alternative fuels. 
As EROI inevitably declines in the future, more 
and more of the economy’s output will have to be 
diverted into getting the energy to run the econ-
omy. This in turn will affect those sectors of the 
economy that are not essential. Consumer discre-
tionary spending will probably fall dramatically, 
greatly affecting nonessential businesses such as 
tourism and the economy more generally.

19.7	 �The “Cheese Slicer” Model

We have attempted to put together a conceptual 
and computer model to help us understand what 
might be the most basic implications of changing 
EROI on the economic activity of the United 
States. The model was conceptualized when we 
examined how the US economy responded to the 
“oil shocks” of the 1970s. The underlying founda-
tion is the reality that the economy as a whole 
requires energy (and other natural resources 
derived from nature) to run, and without these 
most basic components, it will cease to function. 
The other premise of this model is that the econ-
omy as a whole is faced with choices in how to 
allocate its output in order to maintain itself and 
to do other things. Essentially the economy (and 
the collective decision-makers in that economy) 
has opportunity costs associated with each deci-
sion it makes. .  Figure  19.5 shows our basic 
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conceptual model parameterized for 1949 and 
1970, before the oil shocks of that decade. The 
large square represents the structure of the econ-
omy as a whole, which we put inside a symbol of 
the Earth biosphere/geosphere to reflect the fact 
that the economy must operate within the bio-
sphere [45]. In addition, of course, the economy 
must get energy and raw materials from outside 
the economy, that is, from nature (the biosphere/
geosphere). The output of the economy, measured 
as GDP, is represented by the large arrow coming 
out of the right side, where the depth of the arrow 
represents 100% of GDP. For the sake of develop-
ing our concept, we think of the economy, for the 
moment, as an enormous dairy industry and 
cheese as the product coming out of the right-
hand side, moving toward the right. This output 
(i.e., the entire arrow) could be represented as 
either money or embodied energy. We use money 
in this analysis but the results are probably not 
terribly different from using energy. So, our most 
important question is “how do we slice the 
cheese,” that is, how do we, and how will we, 
divide up the output of the economy with the 
least objectionable opportunity cost. Most main-
stream economists might answer “according to 
what the market decides,” that is, according to 
consumer tastes and buying habits. But we want 
to think about it a little differently because we 
think things might be profoundly different in the 
future [43].

Most generally the output of the model (and 
the economy) has two destinations: investment 
or consumption. Required expenditures (without 
which the economy would cease to function) 
include (1) top line in blue are the investments 
into, or payments for, energy (i.e., the amount of 
economic output that is used to secure and pur-
chase the domestic and imported energy needed 
for the economy), (2) investments in maintaining 
societal infrastructure (i.e., countering depre-
ciation: repairing and rebuilding bridges, roads, 
machines, factories, vehicles—represented by the 
middle top arrow feeding back from output of the 
economy back to the economy itself), (3) some 
kind of minimal food, shelter, and clothing for the 
population (represented by the bottom rightward 
pointing arrow) required to maintain all indi-
viduals in society at the level of the federal mini-
mum standard of living. This energy is absolutely 
critical for the economy to operate and must be 
paid for through proper payments and invest-
ments—which we consider together as invest-
ments to get energy. No investment in energy, 
no economic output. This “energy investment” 
feedback is represented by the topmost arrow 
from the output of the economy back upstream 
to the “workgate” symbol [44]. The width of this 
line represents the investment of energy into get-
ting more energy. Of critical interest here is that 
as the EROI of our economy’s total combined 
fuel source declines, then more and more of the 
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output of the economy must be shunted back to 
getting the energy required to run the economy if 
the economy is to remain the same size.

Once these necessities are taken care of, what 
is left is considered the discretionary output of the 
economy. This can be either discretionary con-
sumption (a vacation or a fancier meal, car, or 
house than needed, represented by the upper 
right pointing arrow in the diagrams) or discre-
tionary investment (i.e., building a new tourist 
destination in Florida or the Caribbean, repre-
sented as the lower of the arrows feeding back into 
the economy). During the last 100 years, the vast 
wealth generated by the United States economy 
has meant that we have had an enormous amount 
of discretionary income. This is in large part 
because the expenditures for energy represented 
in .  Fig.  19.5 have been relatively small in the 
past.

The information needed to construct the 
above division of the economy is reasonably easy 
to come by for the US economy, at least if we are 
willing to make a few major assumptions and 
accept a fairly large margin of error. Inflation-
corrected GDP, i.e., the size of the output of the 
economy, is published routinely by the US Bureau 
of Commerce. The total investments for mainte-
nance in the US economy are available as “depre-
ciation of fixed capital” (US Department of 
Commerce, various years). The minimum needed 
for food, shelter, and clothing is available as “per-
sonal consumption expenditures” (or the mini-
mum of that required to be above poverty) which 
we selected from the US Department of 
Commerce for various years. The investment into 
energy acquisition is the sum of all of the capital 
costs in all of the energy-producing sectors of the 
United States plus expenditures for purchased 
foreign fuel. Empirical values for these compo-
nents of the economy are plotted in .  Fig. 19.5. 
When these three requirements for maintaining 
the economy, investments and payments for 
energy, maintenance of infrastructure, and main-
tenance of people, are subtracted from the total 
GDP, then what is left is discretionary income.

We simulated two basic data streams: the US 
economy from 1949 to 1970 (representing the 
growth prior to the “oil crises” of 1973 and 1979) 
and the impact of the oil crisis and the recovery 
from that, which had occurred by the mid-1990s. 
Then we projected this data stream into the future 
by linearly extrapolating the data used prior to 

2005 along with the assumption that the EROI for 
society declined from an average of roughly 
20:1  in 2005 to 5:1  in 2050. This is an arbitrary 
scenario but may represent what we have in store 
for us as we enter the “second half of the age of 
oil,” a time of declining availability and rising 
price when more and more of society’s output 
needs to be diverted into the top arrow of 
.  Fig. 19.5.

19.8	 �Results of Simulation

The results of our simulation suggest that discre-
tionary income, including both discretionary 
investments and discretionary consumption, will 
move from the present 50 or so percent in 2005 to 
about 10% by 2050 or whenever (or if) the com-
posite EROI of all of our fuels reaches about 5:1 
(.  Figs. 19.5e and f).

19.9	 �Discussion

Individual businesses would be affected by 
increasing fuel costs and, for many, a reduction in 
demand for their products as people’s income go 
increasingly for energy. This simultaneous infla-
tion and recession happened in the 1970s and is 
projected to happen into the future as EROI for 
primary fuels declines. According to the eco-
nomic theory called the Phillips Curve, the “stag-
flation” that occurred in the 1970s was not 
supposed to happen. According to Keynesian 
economics, inflation occurred only when the 
economy’s aggregate demand exceeded its ability 
to produce. Unemployment was the result of too 
little aggregate demand. The simultaneous occur-
rence of inflation and unemployment rocked the 
very foundations of Keynesian analysis. But an 
energy-based explanation is easy [46]. As more 
money was diverted to getting the energy neces-
sary to run the rest of the economy, disposable 
income and hence demand for many nonessen-
tials declined, leading to economic stagnation. 
Meanwhile the increased cost for energy led to 
inflation, as no additional production occurred 
from higher prices. Unemployment increased 
during the 1970s but not as much as demand 
decreased, for at the margin labor became rela-
tively useful compared to increasingly expensive 
energy. Individual sectors might be much more 
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impacted as what happened in 2005, for example, 
with many Louisiana petrochemical companies 
that were forced to close or move overseas when 
the price of natural gas increased. On the other 
hand, alternate energy businesses, from forestry 
operations and woodcutting to solar devices, 
might do very well.

When the price of oil increases, it does not 
seem to be in national or corporate interest to 
invest in more energy-intensive consumption, as 
Ford Motor Company found out in 2008 with its 
former large emphasis on large SUVs and pickup 
trucks. (Although when energy prices declined 
again in 2016, big trucks came back!) When oil 
was cheap, we over-invested in remote second 
homes, cruise ships, and Caribbean semi-luxury 
hotels, so that we had a massive loss of the value of 
real estate. This was called the “Cancun effect”—
such hotels require the existence of large amounts 
of disposable income from the US middle class 
and cheap energy. If EROI declines, that dispos-
able energy may have to be shifted into the energy 
sector with an opportunity cost to the economy as 
a whole. Investors who understand the changing 
rules of the investment game are likely to do much 
better in the long run, but the consequence of 
having the “rug” of cheap oil pulled out from the 
economy will impact us for a long time.

So what can the scientist say to the investor? 
The options are not easy. As noted above world-
wide investments in seeking oil have had very low 
returns in recent years. Investments in many 
alternatives have not fared much better. Ethanol 
from corn projects may be financially profitable to 
individual investors because they are highly sub-
sidized by the government, but they are a very 
poor investment for the nation. It is not clear that 
ethanol makes much of an energy profit, with an 
EROI of 1.6 at best and less than one for one at 
worst, depending upon the study used for analysis 
[32, 47]. Biodiesel may have an EROI of about 
three to one. Is that a good investment? Clearly it 
is not relative to remaining petroleum. However 
real fuels must have EROIs of 5 or 10 or more 
returned on one invested to not be subsidized by 
petroleum or coal in many ways, such as the con-
struction of the vehicles and roads that use them. 
Other biomass, such as wood, can have good 
EROIs when used as solid fuel but face real diffi-
culties when converted to liquid fuels, and the 
technology is barely developed. The scale of the 
problem can be seen by the fact that we presently 

use several times more fossil energy in the United 
States than is fixed by all green plant production, 
including all of our croplands and all of our for-
ests (Pimentel, D.  Personal communication). 
Biomass fuels may make more sense in nations 
where biomass is very plentiful and, more impor-
tantly, where present use of petroleum is much 
less than in the United States. Alternatively, one 
might argue that if we could bring the use of liq-
uid fuels in the United States down to, say, 20% of 
the present, then liquid fuels from biomass could 
fill in a substantial portion of that demand. We 
should remember that historically we in the 
United States have used energy to produce food 
and fiber, not the converse, because we have val-
ued food and fiber more highly. Is this about to 
change?

Energy return on investment from coal and 
possibly gas is presently quite large compared to 
alternatives (ranging from perhaps 50:1 to 100:1 
at the point of extraction), but there is a large 
energy premium, perhaps enough to halve the 
EROI by the time they are delivered to society in a 
form that society finds acceptable. The environ-
mental costs may be unacceptable, as may be the 
case for global warming and pollutants derived 
from coal burning. Injecting carbon dioxide into 
some underground reservoir seems unfeasible for 
all the coal plants we might build, but it is being 
pushed hard by many who promote coal. Nuclear 
has a debatable moderate energy return on invest-
ment (5–15:1, some unpublished studies say 
more). Newer analyses need to be made. Nuclear 
has a relatively small impact on the atmosphere, 
but there are large problems with public accep-
tance and perhaps safety in our increasingly diffi-
cult political world.

Wind turbines have an EROI of at least 15–20 
returns on one invested, but this does not include 
the energy cost of backup or electricity “storage” for 
periods when the wind is not blowing. They make 
sense if they can be associated with nearby hydro-
electric dams that can store water when the wind is 
blowing and release water when it is not, but the 
intermittent release of water can cause environ-
mental problems. Photovoltaics are expensive in 
dollars and energy relative to their return, but the 
technology of both PV and storage is improving. 
One must be careful about accepting all claims for 
efficiency improvements because many require 
very expensive “rare-earth” doping materials, and 
some may become prohibitively expensive if their 
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use expands greatly because of material shortages, 
even for copper [48, 49]. According to one savvy 
contractor, the efficiency in energy returned per 
square foot of collector has been increasing, but the 
energy returned per dollar invested has been con-
stant as the price of the high-end units has 
increased. Additionally while photovoltaics have 
caught the public’s eye, the return on dollar invest-
ment is about double for solar hot water installa-
tions. Wind turbines, photovoltaics, and some 
other forms of solar do seem to be a good choice if 
we are to protect the atmosphere, but the invest-
ment costs up front will be enormous compared to 
fossil fuels and the backup issue will be immense. 
Meanwhile the use of fossil fuel in the past decade 
has increased enormously relative to all of the solar.

Energy and money are not the only critical 
aspects of development of energy alternatives. 
Recent work by Hirsch and colleagues [33] has 
focused on the investments in time that might be 
needed to generate some kind of replacement for 
oil. They examined what they thought might be 
the leading alternatives to provide the United 
States with liquid fuel or lower liquid fuel use 
alternatives, including tar sands, oil shales, deep-
water petroleum, biodiesel, high MPG automo-
biles and trucks, and so on. They assumed that 
these technologies would work (a bold assump-
tion) and that an amount of investment capital 
equal to “many Manhattan projects” (the enor-
mous project that built the first atomic bomb) 
would be available. They found that the critical 
resource was time. Once we decided to make up 
for the decline in oil availability, these projects 
would need to be started one or preferably two 
decades in advance of the peak to avoid severe 
dislocations to the US economy. Given our cur-
rent petroleum dependence, the rather unattract-
ive aspects of many of the available alternatives, 
and the long lead time required to change our 
energy strategy, the investment options are not 
obvious. This, we believe, may be the most impor-
tant issue facing the United States at this time: 
where should we invest our remaining high-
quality petroleum (and coal) with an eye toward 
insuring that we can meet the energy needs of the 
future. We do not believe that markets can solve 
this problem alone or perhaps at all. Research 
money for good energy analysis unconnected to 
this or that “solution” is simply not available.

Human history has been about the progressive 
development and use of ever higher-quality fuels, 

from human muscle power to draft animals to 
water power to coal to petroleum. Nuclear at one 
time seemed to be a continuation of that trend, but 
that is a hard argument to make today. Perhaps 
our major question is whether petroleum repre-
sents but one step in this continuing process of 
higher-quality fuel sources or rather is the highest-
quality fuel we will ever have on a large scale. 
There are many possible candidates for the next 
main fuel, but few are both quantitatively and 
qualitatively attractive. In our view we cannot 
leave these decisions up to the market if we are to 
solve our future climate or peak oil problems. One 
possible way to look at the problem, probably not 
a very popular one with investors or governments, 
is to pass legislation that would limit energy 
investments to only “carbon-neutral” ones, remove 
subsidies from low EROI fuels such as corn-based 
ethanol, and then perhaps allow the market to sort 
from those possibilities that remain. Or should we 
generate a massive scientific effort, as objectively 
as possible, to evaluate all fuels and make recom-
mendations?

A difficult decision would be whether we 
should subsidize certain “green” fuels. At the 
moment alcohol from corn is subsidized four 
times: in the natural gas for fertilizers, the corn 
itself through the Department of Agriculture’s 100 
or so billion dollar general program of farm subsi-
dies, the additional 50 cents per liter subsidy for 
the alcohol itself, and a 50 cents per gallon tariff on 
imported alcohol. It seems pretty clear that the 
corn-based alcohol would not make it economi-
cally without these subsidies as it has only a mar-
ginal (if that) energy return. Are we in effect simply 
subsidizing the depletion of oil and natural gas 
(and soil) to generate an approximately equal 
amount of energy in the alcohol? We think so. 
Wind energy appears to have a relatively high 
EROI, enough to make it a reasonable candidate, 
although there are additional energy costs relative 
to backup technologies for when the wind is not 
blowing that have not been well calculated. So 
should wind be subsidized or allowed to compete 
with other “zero emission” energy sources? A 
question might be the degree to which the even-
tual market price would be determined by, or at 
least be consistent with, the EROI, as all the energy 
inputs (including that to support labor’s pay-
checks) must be part of the costs. Otherwise that 
energy is being subsidized by the dominant fuels 
used by society.
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19.10	 �What Level EROI Do 
We Need?

We have stated that the criteria used by some 
investigators for an “acceptable” EROI has been 
only that it is positive, i.e., above one return for 
one invested. But in fact, as we developed in the 
last chapter, we need at least 3:1 to drive a truck if 
we include the cost of getting the fuel to the truck 
and pay for the depreciation of the infrastructure 
to use it. But we need also to pay for the “deprecia-
tion” of the workers as well, meaning the energy 
required to educate his or her children, provide 
for health care, and in general support the family, 
not to mention the various cultural amenities that 
make life good. We have developed this concept 
in some detail elsewhere [50] but provide a sum-
mary as .  Fig. 19.6.

19.11	 �Conclusion

It seems obvious to us that the US economy is 
very vulnerable to a decreasing EROI for its prin-
ciple fuels. Increasing impacts will come from an 
increase in expenditures overseas as the price of 
imported oil increases more rapidly than that of 
the things that we trade for it, from increased costs 
for domestic oil and gas as reserves are exhausted 
and new reservoirs become increasingly difficult 

to find and as we turn to lower EROI alterna-
tives such as biodiesel and/or photovoltaics. Our 
“cheese slicer” model suggests that as economic 
requirements for getting energy increase, a princi-
pal effect will be a decline in discretionary income 
as a proportion of GDP. Since more fuel will be 
required to run the same amount of economic 
activity, the potential for increased environmental 
impacts is very strong. On the other hand, protect-
ing the environment, which we support strongly, 
may mean turning away from some higher EROI 
fuels to some lower ones. We think all of these 
issues are very important yet are hardly discussed 
objectively in our society or even in economic or 
scientific circles.

?? Questions
	 1.	 What was the experience of Cuba that 

allows us to understand better the role 
of energy in an economy?

	 2.	 What is meant by the phrase “the second 
half of the age of oil”?

	 3.	 Argue for or against the following 
question: the important issue is “when 
will we run out of petroleum.”

	 4.	 How much oil do we discover for each 
barrel that we burn?

	 5.	 What happens to pressure as an oil field 
matures? Why?

	 6.	 What is the “cheese slicer” model?

Arts

Health care

Education

Support family

Grow food

Transportation

Refine energy

Extract energy

Society’s hierarchy of
“energetic needs”

Minimum EROI for conventional sweet crude oil

Activity Minimum EROI required

14:1

12:1

9 or 10:1

3:1

1.2:1

1.1:1

7 or 8:1

5:1

Arts and other

Health care

Education

Support family or workers

Grow food

Transportation

Refine oil

Extract oil

.      . Fig. 19.6  “EROI 
pyramid” of increasing 
abilities to support 
economic activities as a 
function of the mean EROI 
of a society. The values run 
from 1.1:1 to extract energy 
to 3:1 to provide transpor-
tation, etc. to perhaps 12 or 
15:1 to provide for the 
complex amenities of 
civilization. Values up 
through transportation are 
based on Hall et al. 2008 
and are fairly solid; higher 
values are increasingly 
speculative quantitatively. 
Graph from Lambert et al. 
(2014) as inspired by 
Maslow’s pyramid of 
human needs
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	 7.	 Explain the difference between 
investment and consumption?

	 8.	 What is discretionary consumption?
	 9.	 What is the “Cancun effect”?
	10.	 What resource does Hirsch and his 

colleagues think is especially important 
to adjust to a post-peak oil society?
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