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Our  research  indicates  that,  due  to  the  depletion  of  conventional,  and  hence  cheap,  crude  oil  supplies  (i.e.
peak  oil),  increasing  the  supply  of oil  in  the  future  would  require  exploiting  lower  quality  resources  (i.e.
eywords:
eak oil
ROI
conomic growth

expensive),  and  thus  will  most  likely  occur  only  at high  prices.  This  situation  creates  a system  of  feedbacks
where economic  growth,  which  requires  more  oil,  would  require  high  oil  prices  that  will  undermine  that
economic  growth.  We  conclude  that the  economic  growth  of  the  past 40 years  is unlikely  to continue
unless  there  is some  remarkable  change  in  how  we  manage  our  economy.
nergy
rices

. Is growth still possible?

Numerous theories have been posited over the past century that
ave attempted to explain business cycles, or to generate some
eans of accelerating a return to rapid growth during slow or non-

rowth times. Many offer a unique explanation for the causes of
nd solutions to recessions. They include ideas based on: Keynesian
heory, the Monetarist Model, the Rational Expectations Model,
eal Business Cycle Models, Neo-Keynesian models, etc. (Knoop,
010). Yet, for all the differences amongst these theories, they all
hare one implicit assumption: that there will be a return to a
rowing economy, i.e. growing GDP. Historically, there has been
o reason to question this assumption as GDP, incomes, and most
ther measures of economic growth have in fact grown steadily
ver the past century. But if we are entering the era of peak oil, then
or the first time in history we may  be asked to grow the economy
hile simultaneously decreasing oil consumption, something that
as yet to occur in the U.S. for 100 years.

Oil more than any other energy source is vital to today’s
conomies because of its ubiquitous application as nearly the only
ransportation fuel, as a portable and flexible carrier and as feed-
Please cite this article in press as: Murphy, D.J., Hall, C.A.S., Adjusting the ec
Ecol.  Model. (2011), doi:10.1016/j.ecolmodel.2011.06.022

tocks for manufacturing and industrial production. Historically,
pikes in the price of oil have been the primary cause of most
ecessions. On the other hand, expansionary periods tend to be

� Derived in part from David J. Murphy and Charles A.S. Hall, 2011. Energy return
n investment, peak oil, and the end of economic growth in “Ecological Economics
eviews.” Robert Costanza, Karin Limburg, Ida Kubiszewski (Eds.), Ann. N. Y. Acad.
ci.  1219, 52–72.
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associated with the opposite oil signature: prolonged periods of
relatively low oil prices that increase aggregate demand and lower
marginal production costs, all leading to, or at least associated with,
economic growth.

By extension, for the economy to sustain real growth over time
there must be an increase in the flow of net energy (and materi-
als) through the economy. Quite simply economic production is a
work process and work requires energy. This logic is an extension
of the laws of thermodynamics, which state that: (1) energy can-
not be created nor destroyed, and (2) energy is degraded during
any work process so that the initial inventory of energy can do less
work as time passes. As Daly and Farley (2003) describe, the first
law places a theoretical limit on the supply of goods and services
that the economy can provide, and the second law sets a limit on
the practical availability of matter and energy. In other words, the
laws of thermodynamics state that to produce goods and services,
energy must be used, and once this energy is used it is degraded to
a point where it can no longer be reused to power the same pro-
cess again. Thus to increase production over time, i.e. to grow the
economy, we must either increase the energy supply or increase
the efficiency with which we use our source energy. This is called
the energy-based theory of economic growth, which was  advanced
significantly by the work of Nicolas Georgescu-Roegen (Georgescu-
Roegen, 1971), amongst many others (Costanza, 1980; Cleveland
et al., 1984; Ayres, 1999; Hall et al., 2001; Daly and Farley, 2003;
Ayres and Ware, 2005; Hall and Day, 2009).
onomy to the new energy realities of the second half of the age of oil.

2. An energy-based theory of economic growth

This energy-based theory of economic growth is supported by
data: the consumption of every major energy source has increased

dx.doi.org/10.1016/j.ecolmodel.2011.06.022
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Fig. 3. Correlation of YoY changes in oil consumption with YoY changes in real GDP,
Fig. 1. Energy production and G
ata  from Smil (2010).

ith GDP since the mid-1800s at nearly the rate that the economy
as expanded (Fig. 1). Throughout this growth period, however,
here have been numerous oscillations between periods of growth
nd recessions. Recessions are defined by the U.S. Bureau of Eco-
omic Research as “a significant decline in economic activity spread
cross the economy, lasting more than a few months, normally vis-
ble in real GDP, real income, employment, industrial production,
nd wholesale-retail sales” (NBER, 2010). From 1970 until 2008,
here have been five recessions within the U.S., and examining these
ecessions from an energy perspective elucidates a common mech-
nism underlying each recession: oil consumption increases and
il prices are lower during periods of economic expansion while oil
onsumption decreases and oil prices are higher during recessions
Fig. 2).

Plotting the year on year (YoY) growth rates of oil consump-
ion and real GDP provides a more explicit analysis of the relation
etween economic growth and oil consumption (Fig. 3). About half
f the variation in economic growth, i.e. recessionary vs. expansion-
ry periods, can be explained by the variation in oil consumption
lone. But correlation is not causation, and an important question
s whether increasing oil consumption causes economic growth,
r conversely, whether economic growth causes increases in oil
onsumption. Cleveland et al. (2000) analyzed the causal rela-
ion between energy consumption and economic growth and their
Please cite this article in press as: Murphy, D.J., Hall, C.A.S., Adjusting the ec
Ecol.  Model. (2011), doi:10.1016/j.ecolmodel.2011.06.022

esults indicate that, when they adjusted the data for quality and
ccounted for substitution, energy consumption caused economic
rowth. Other subsequent analyses that adjusted for energy quality
upport the hypothesis that energy consumption causes economic

ig. 2. Real oil prices averaged over expansionary and recessionary periods from
970 through 2008.
for  the U.S. from 1970 through 2008. (Oil consumption data from the BP Statistical
Review of 20010 and real GDP data from the St. Louis Federal Reserve (Faber et al.,
1996; Federal, 2009; Hayward, 2010).)

growth, not the converse (Stern, 1993, 2000). It is important to
note that the meaning of statistical causation, as it is used in the
aforementioned studies, is different from the everyday notion of
causation. The results of the previous studies should be understood
to mean more that energy is the limiting factor for economic growth
onomy to the new energy realities of the second half of the age of oil.

(Stern, 2000). In sum, our analysis indicates that about 50% of the
changes in economic growth over the past 40 years are explained,
at least in the statistical sense, by the changes in oil consumption

Fig. 4. Year on year percent change in oil consumption averaged over expansionary
and recessionary periods from 1970 through 2008.

dx.doi.org/10.1016/j.ecolmodel.2011.06.022
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ig. 5. Petroleum expenditures as a percent of GDP and real oil price. The dotted line
xpenditures include distillate fuel oil, residual fuel oil, motor gasoline, LPG, and je

lone. In addition, the work by Cleveland et al. (2000) indicates
hat changes in oil consumption cause changes in economic growth.
hese two points support the idea that energy consumption, and
il consumption in particular, is of the utmost importance for eco-
omic growth.

Yet changes in oil consumption are rarely used by neoclassi-
al economists as a means of explaining economic growth. For
xample, Knoop (2010) describes the 1973 recession in terms of
igh oil prices, high unemployment and inflation, yet omits men-
ioning that oil consumption declined 4% during the first year and
% during the second year. Later in the same description, Knoop
2010) claims that the emergence from this recession in 1975 was
ue to a decrease in both the price of oil and inflation, and an
Please cite this article in press as: Murphy, D.J., Hall, C.A.S., Adjusting the ec
Ecol.  Model. (2011), doi:10.1016/j.ecolmodel.2011.06.022

ncrease in money supply. To be sure, these factors contributed
o the economic expansion in 1975, but what is omitted, again, is
he simple fact that lower oil prices led to increased oil consump-
ion and hence greater physical economic output. Oil is treated by

Fig. 6. Deepwater oil discoveries as a percent of 

ata  from Jackson (2009).
ents the threshold above which the economy moves towards recessions. Petroleum

economists as a commodity, but in fact it is a more fundamental
factor of production than either capital or labor (Hall et al., 2001).
Thus we  present the hypothesis that higher oil prices and lower oil
consumption are both precursors to, and indicative of, recessions.
Likewise, economic growth requires lower oil prices and simultane-
ously an increasing oil supply. The data support these hypotheses:
the inflation-adjusted price of oil averaged across all expansionary
years from 1970 to 2008 was  $37 per barrel compared to $58 per
barrel averaged across recessionary years, whereas oil consump-
tion grew by 2% on average per year during expansionary years
compared to decreasing by 3% per year during recessionary years
(Figs. 2 and 4).

Although this analysis of recessions and expansions may seem
onomy to the new energy realities of the second half of the age of oil.

like simple economics, i.e. high prices lead to low demand and
low prices lead to high demand, the exact mechanism connecting
energy, economic growth, and business cycles is rather more com-
plicated. Hall et al. (2009) and Murphy and Hall (2010) report that

total discoveries from 1990 through 2005.

dx.doi.org/10.1016/j.ecolmodel.2011.06.022
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and expansions during the period from 1970 through 2008. EROI data for oil sands
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that will discourage that very growth. Indeed, it may  be difficult
n the EROI of average global oil production are from Gagnon et al. (2009), and the
ata on the cost of production come from CERA (2008).

hen energy prices increase, expenditures are re-allocated from
reas that had previously added to GDP, mainly discretionary con-
umption, towards simply paying for the more expensive energy.
n this way, higher energy prices lead to recessions by diverting

oney from the economy towards energy only. The data show that
ecessions occur when petroleum expenditures as a percent of GDP
limb above a threshold of roughly 5.5% (Fig. 5).

. Predicting future economic expansion

Two additional factors that led to previous recessions are impor-
ant when predicting future economic expansions and recessions.
irst, during each time that the U.S. economy emerged from a reces-
ion over the past 40 years, there was always an increase in the
se of oil while a low oil price was maintained, and second, oil

s a finite resource. In light of these two realities, the following
wo questions become particularly germane: What are the impli-
ations for economic growth if (1) oil supplies are unable to increase
ith demand, or (2) oil supplies increase, but at an increased price?

o undertake this inquiry we must examine first the current and
uture status of oil supply; then we can make inferences about
hat the future of oil supply and price may  mean for economic

rowth. The subsequent section discusses the future of oil sup-
Please cite this article in press as: Murphy, D.J., Hall, C.A.S., Adjusting the ec
Ecol.  Model. (2011), doi:10.1016/j.ecolmodel.2011.06.022

lies, specifically how both depletion of low-cost oil and increased
xploitation of high-cost oil can or are likely to impact economic
rowth.

Fig. 8. Peak era model
 PRESS
odelling xxx (2011) xxx– xxx

Since oil consumption limits economic growth, understanding
how both peak oil and net energy will impact oil supply and price
is important to understanding the ability of our economy to grow
in the future. To that end, we review both the theory and current
status of peak oil and net energy as they pertain to oil supply, and
then discuss how both of these may  influence oil price.

There is a clear trend in the literature on energy return on
(energy) invested (EROI) of global oil production towards lower
EROIs. Gagnon et al. (2009) report that the EROI for global oil extrac-
tion declined from about 36:1 in the 1990s to18:1 in 2006. This
downward trend results from at least two  factors: first, increasingly
supplies of oil are originating from sources that are inherently more
energy-intensive to produce simply because firms have devel-
oped cheaper resources before expensive ones. For example, in
the early 1990s fewer than 10% of oil discoveries were located in
deep water areas. By 2005 the number jumped to greater than 50%
(Fig. 6). Second, enhanced oil recovery techniques are being imple-
mented increasingly in the world’s largest conventional oil fields.
For example, nitrogen injection was  initiated in the once super-
giant Cantarell field in Mexico in 2000, which boosted production
for four years, but since 2004 production from the field has declined
precipitously. Although enhanced oil recovery techniques increase
production in the short term, they also increase significantly the
energy inputs to production, offsetting much of the energy gain for
society.

Forecasting the price of oil, however, is a much trickier endeavor
as oil price depends, in theory, on the marginal supply and demand
for oil at a given moment in time. What we can examine with some
accuracy is the cost of production of various sources of oil with dif-
ferent EROIs to calculate the price at which different types of oil
resources become economic. In theory, if the price of oil is below
the cost of production, then most producers will cease operation. If
we examine the cost of production in the areas in which we  are cur-
rently discovering oil, hence the areas that will provide the future
supply of oil, we can calculate a theoretical floor price below which
an increase in oil supply is unlikely.

Roughly 60% of the oil discoveries in 2005 were in deepwa-
ter locations (Fig. 6). Based on estimates from Cambridge Energy
Research Associates (CERA, 2008), the cost of developing that oil
is between $60 and $85 per barrel, depending on the specific deep
water province. Oil prices therefore, at a minimum, must exceed
roughly $60 per barrel to support the development of even the best
deep water resources. But the average price of oil during reces-
sionary periods has been $57/bbl, so it seems that increasing oil
production in the future will require oil prices that are associated
with recessionary periods. All of this data indicates that an expen-
sive oil future is necessary if we  are to expand our total use of
oil. In other words, growing the economy will require oil prices
onomy to the new energy realities of the second half of the age of oil.

to produce the remaining oil resources at prices the economy can
afford, and, as a consequence, the economic growth witnessed by

 of the economy.

dx.doi.org/10.1016/j.ecolmodel.2011.06.022
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he U.S. and globe over the past 40 years may  be a thing of the
ast.

. EROI and the price of fuels

EROI is a ratio comparing the energy produced by an extrac-
ion process to that used to produce that energy (Murphy and
all, 2010). As such it can be used as a proxy to estimate gener-
lly whether the cost of production of a particular resource will be
igh or low, and it also is probably a good determinant of the mon-
tary costs of various energy resources. For example, the oil sands
ave an EROI of roughly 3:1, whereas the production of conven-
ional U.S. crude oil has an average EROI of about 12:1 and Saudi
rude probably much higher (Murphy and Hall, 2010). The pro-
uction costs for oil sands are roughly $85 per barrel compared to
oughly $40 for average global oil and perhaps $20 (or less) per
arrel for Saudi Arabian conventional crude (CERA, 2008). As we
an see from this data there is an inverse relation between EROI
nd price, indicating that low EROI resources are generally more
xpensive to develop whereas high EROI resources are on average
elatively inexpensive to develop (Fig. 7). As oil production contin-
es, we can expect to move further towards the upper right of Fig. 7.

n summary, relatively low EROI appears to translate directly into
igher oil prices.

. Summary

The main conclusions to draw from this discussion are: (1) Over
he past 40 years, economic growth has required increasing oil con-
umption. (2) The supply of high EROI oil cannot increase much
eyond current levels for a prolonged period of time. (3) The aver-
ge global EROI of oil production will almost certainly continue to
ecline as we search for new sources of oil in the only places we
ave left: deep water, arctic and other hostile environments. (4)

ncreasing oil supply in the future will require a higher oil price
ecause mostly only low EROI, high cost resources remain to be
iscovered or exploited, but these higher costs are likely to cause
conomic contraction. (5) Using oil-based economic growth as a
olution to recessions is untenable in the long-term, as both the
ross and net supplies of oil has or will begin, at some point, an
rreversible decline.

Due to the depletion of high EROI oil the economic model for
he peak era, i.e. roughly 1970–2020, is much different from the
re-peak model, and can be described by the following feedbacks
Fig. 8): (1) economic growth increases oil demand, (2) higher oil
emand increases oil production from lower EROI resources, (3)

ncreasing extraction costs leads to higher oil prices, (4) higher oil
rices stall economic growth or cause economic contractions, (5)
conomic contraction leads to lower oil demand, and (6) lower oil
emand leads to lower oil prices which spur another short bout of
conomic growth until this cycle repeats itself. This system of insid-
ous feedbacks is aptly described as a growth paradox: maintaining
usiness as usual economic growth will require the production of
ew sources of oil, yet the only sources of oil remaining require
igh oil prices, thus hampering economic growth.

This growth paradox leads to a highly volatile economy that
Please cite this article in press as: Murphy, D.J., Hall, C.A.S., Adjusting the ec
Ecol.  Model. (2011), doi:10.1016/j.ecolmodel.2011.06.022

scillates frequently between expansion and contraction periods,
nd as a result, there may  be numerous peaks in oil production.
ampbell (2009) has referred to this as an undulating plateau. In
erms of business cycles, the main difference between the pre-
 PRESS
odelling xxx (2011) xxx– xxx 5

and peak era models is that business cycles appear as oscillations
around an increasing trend in the pre-peak model while during
the peak-era model they appear as oscillations around a flat trend.
It is important to emphasize that these models assume that soci-
ety will continue to pursue business-as-usual economic growth, i.e.
the models assume that businesspersons will continue to assume
that oil demand will continue to increase indefinitely in the future
(whether or not they understand the role of the oil).

But what if economic growth was no longer the goal? What
if society began to emphasize energy conservation over energy
consumption? Unlike oil supply, oil demand is not governed by
depletion, and incentivizing populations to make incremental
changes that decrease oil consumption can completely alter the
relation between oil and the economy that was described in the
aforementioned model. Decreasing oil consumption in the U.S. by
even 10% would release millions of barrels of oil onto the global oil
markets each day.

For the economy of the U.S. and any other growth-based econ-
omy, the prospects for future, oil-based economic growth are bleak.
Taken together, it seems clear that the economic growth of the past
40 years will not continue for the next 40 years unless there is some
remarkable change in how we manage our economy.
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