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Emissions scenarios used by the Intergovernmental Panel on Climate Change (IPCC) are based on
detailed energy system models in which demographics, technology and economics are used to generate
projections of future world energy consumption, and therefore, of greenhouse gas emissions. We
propose in this paper that it is useful to look at a qualitative model of the energy system, backed by data
from short- and medium-term trends, to gain a sense of carbon emission bounds. Here we look at what
may be considered a lower bound for 21st century emissions given two assumptions: ﬁrst, that
extractable fossil-fuel resources follow the trends assumed by ‘‘peak oil’’ adherents, and second, that no
climate mitigation policies are put in place to limit emissions. If resources, and more importantly,
extraction rates, of fossil fuels are more limited than posited in full energy-system models, a supplydriven emissions scenario results; however, we show that even in this ‘‘peak fossil-fuel’’ limit, carbon
emissions are high enough to surpass 550 ppm or 2 1C climate protection guardrails. Some indicators are
presented that the scenario presented here should not be disregarded, and comparisons are made to the
outputs of emission scenarios used for the IPCC reports.
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Since 1990 the Intergovernmental Panel on Climate Change
(IPCC) has been carrying out reviews of scientiﬁc literature with
the aim of periodically updating and gathering in one report the
current state of knowledge of the global climate system. Six
scenario groups, as described in the Special Report on Emission
Scenarios (SRES) (Nakićenović et al., 2000), are used to generate
inputs to climate models, which in turn deliver projections for
global average temperature or sea-level change for a wide range of
potential future greenhouse gas (GHG) emissions. A key point is
that the scenarios assume a large fossil-fuel resource base, and no
fundamental limits to establishing a rate of production that is
sufﬁcient to support the economic development, population
growth, and technological change assumed as inputs to each
scenario. Energy costs are an integral part of the feedback loop
between ‘‘social system’’ scenarios and GHG emissions in that
increasing demand of a ﬁnite resource may lead to prices high
enough to limit consumption, and therefore emissions.
The goal of this paper is to present a simpliﬁed limiting case
supply-driven scenario, using current qualitative indicators of
increasing fossil-fuel scarcity. Here we take an increasing
difﬁculty of extraction of fossil fuels to be plausible, and use that
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input to determine the resulting GHG emissions. Economic effects
in this schematic model will be essentially neglected, although we
provide some evidence for the view that this may not be a bad
ﬁrst approximation. In effect we will argue that the size of the
total resource base and the relationship between quantity and
cost, as discussed by Rogner (1997), may be optimistic with regard
to future fossil-fuel availability. One way to view the present work
is as a complementary scenario to that investigated by Bala et al.
(2005), in which all of the resources cited by Rogner are
consumed, reaching a peak of emissions at 30 GtC/year early in
the 22nd century. In that case, atmospheric CO2 concentrations
will exceed 1400 ppmv and global average temperatures increase
by 8 1C by the 23rd century.
Another contribution of the current work is to look at the
arguments for ‘‘peak oil’’, or ‘‘peak fossil fuels’’ in general, but to
consider some of the economic arguments that might be used to
reject or support the relevance of claims that limits to the geologic
world supply of cheap fossil fuels could be the actual limiting
factor in GHG emission scenarios.

2. Scarcity or abundance?
Given that consumption of petroleum represents 35% of world
primary energy use, with natural gas and coal making up 24% and
28%, respectively, it is an understatement to say that the world
economy depends critically on these non-renewable resources.
The default position for some governmental agencies, such as the
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production in the near future, and consider the potential for
alternatives to conventional oil.

3. Peak oil
Since oil, natural gas and coal are ﬁnite natural resources, it is
clear that at some point in time, production will reach a maximum
and begin to decline. Again, there are essentially two different
arguments as to why this might happen. The ‘‘geological’’
argument postulates simply that the ﬁnite amount of fossil fuel
in the ground means that once we start extraction, rates will
increase initially, level out once the easiest reserves have been
extracted, and decrease as extraction becomes more and more
difﬁcult, until the total extractable resource is consumed. An
‘‘economic’’ argument for a peak in oil production is that of
efﬁcient substitution. As extraction costs increase once the easily
obtained reserves are gone, market forces will create favorable
conditions for a transition, and an alternative source of energy will
be found. Of course, there is some amount of interaction between
these two approaches to considering ‘‘peak oil.’’
In the case of oil production in the United States, in 1956 a
petroleum geologist at Shell Oil Co., M. King Hubbert, projected
that production of oil in the US would reach a peak around 1970
and begin an inexorable decline thereafter. Hubbert based his
prediction on a version of the ‘‘geological’’ argument given above,
along with a simple mathematical model, and his own knowledge
that discoveries of oil in the lower 48 states had been diminishing
since the 1930s. As shown in Fig. 1a, oil production did reach a
maximum in 1970. Furthermore, Hubbert’s prediction was made
before the discovery and beginning of production of oil in Alaska
or in the Gulf of Mexico. In spite of these additional discoveries
and the high oil prices in the late-1970s and early 1980s,
production did not signiﬁcantly change its downward path after
the peak-production year. In Fig. 1a a smooth symmetric curve
(to be described below) has been ﬁt to the actual production data
as representative of a mathematical description of resource
production.
There are many different sources of oil (e.g. conventional onshore drilling, off-shore deep-water drilling, tar sands, etc.) and
different authors use more or less strict deﬁnitions of which oil
types ‘‘count’’. In general, from ‘‘oil’’ we want to obtain liquid
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US Energy Information Administration, appears to be that the
fossil-fuel resource base is large enough that economic considerations are of primary importance. That is, one can make projections
of demographic and population trends, along with assumptions
about how technology and energy efﬁciency will develop, and the
resources will be present to meet the resulting demand. Thus,
according to this view, there will be no fundamental, or geological,
supply-side restriction for the foreseeable future, but at most
potential demand-driven bottlenecks. One indication of this
approach is that the EIA’s annual International Energy Outlook
has been consistently very optimistic about future petroleum
production levels, even under low-price scenarios, whereas prices
in the past few years far higher than even their high-price
scenario have not resulted in increasing production in areas such
as the North Sea, the US or Mexico.
Beyond the uncertain estimates of the total available fossil-fuel
resource base, due to either geological or political obstacles, the
question of plausible rates of extraction is crucial when constructing scenarios for CO2 emissions. There are two different
ways in which the time variable is important, which might be
characterized as geological and economic factors. The latter
becomes important when considering the speed with which
capital investments in the relevant fossil-fuel industries can be
made, and will necessarily involve a component that relates to
expected proﬁts that can be made in the industry under projected
demand scenarios. The geological time factor is related to another
important concept, that of energy return on energy invested
(EROEI); essentially, as petroleum (and/or natural gas and/or coal)
becomes more difﬁcult to extract, the rate of extraction may very
well slow. In any case, for deep-water oil, or even more noticeably,
for non-conventional oil extracted from tar sands or shale, a
signiﬁcant fraction of the energy gained from the drilling or
mining process must be ‘‘re-invested’’ in extracting the next unit
of energy.
Although there is an inherent uncertainty present in all current
estimates of oil, natural gas and coal reserves, over a time span of
approximately three decades into the future there can be a fair
sense of the general outlines of the energy system, simply because
the fossil-fuel industries are making plans for that time frame. In
addition, there are historical trends that can be evaluated for
relevance in making projections about future oil, gas and coal
production. We begin with a review of arguments for ‘‘peak oil’’
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Fig. 1. Oil production and logistic function ﬁt, (a) in millions of barrels per year, and (b) cumulative production, both as a function of time. Data are from the US EIA (2006a);
the logistic curve has parameters corresponding to the initial production rate increase of 7% per year. The data shown here represent oil from the continental US, but
includes no natural gas liquids or non-conventional oil from other processes.
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transportation fuel; once the initial raw material has been
transformed into something that appears at a ﬁlling station, the
provenance is not important. From that point of view (essentially
an economic one) all oils are equivalent. Another very basic point
to recall is that all of the fossil fuels are ﬁnite, and therefore will
demonstrate ‘‘peaking’’ behavior; the relevant question is simply
when that maximum will occur and how high the maximum rate
of production will be.
Hubbert (1981) wrote many articles over the years, including a
later review paper in which he explained some of the numerical
methodology he used in arriving at his predictions for peak oil
production in the US, and for the possibility of peak oil production
in the world at some point in the future. One of the mathematical
models he used was to consider oil production as an example of
the Verhulst or logistic curve. The logistic equation is given by


dQ
Q
¼ bQ 1 
(1)
dt
Q1
where Q 1 is the ultimately recoverable reserve (URR) amount of
oil, Q is the cumulative production of oil, and dQ =dt is the rate of
extraction. The initial (exponential) rate of growth of reserve
production is described by the constant b. Physically, the logistic
equation is given the interpretation that the rate of production of
a resource will initially increase exponentially, the ultimate limit
to the resource being at ﬁrst unimportant. As the cumulative
production becomes a signiﬁcant fraction of the ultimate reserve,
extraction becomes more difﬁcult, and the rate of extraction
decreases. Since there is an ultimate limit to the amount of oil in
the ground, at some point in time the rate of production will go to
zero. The solution to the Verhulst equation is given by
Q ðtÞ ¼

Q1
Q1


¼
Q 1  Q ð0Þ bt 1 þ aebt
e
1þ
Q ð0Þ

(2)

There are three undetermined constants that can be found by
comparison with actual data; in addition to b and Q 1 , the initial
condition parameter a essentially adjusts the shape of the logistic
curve. In reality, the actual oil production curve would not
necessarily be expected to follow exactly a simple mathematical
function, especially because economic and political factors in the
1970s and 1980s led to a noticeable readjustment to trends in
world oil production. In Fig. 1b the data are shown for cumulative
oil production in the US along with two logistic curves. The lower
curve corresponds to parameters found by Hubbert (1981)

(Q 1 ¼ 170 Gb, b ¼ 0:069, a ¼ 1500), while the upper curve is a
ﬁt using additional data for the past twenty years since Hubbert’s
paper (Q 1 ¼ 200, b ¼ 0:065, a ¼ 1450). Hubbert predicted an URR
of about 170 Gb for the US lower 48; it now appears that the trend
will lead to an amount closer to 200 Gb. In fact, in his original
1956 prediction of US peak oil production, Hubbert simply
estimated that the URR would be between 150 and 200 Gb.
It should be noted that for at least a decade after Hubbert’s
prediction, the United States Geological Survey (USGS) was
positing a recoverable reserve in the US of approximately
600 Gb (McKelvey, 1961). Hubbert did not include the Alaskan
North Slope or consider off-shore deep-water oil in his estimates.
On the one hand, an argument against the concept of peak oil is
that we will always ﬁnd another source of oil or replacement
energy when the economic and technological conditions are ripe;
on the other hand, those new sources of oil did not change the fact
of a peak in US production in 1970.
A second point to notice here is that in the early, exponential
growth stages of resource production, it is very difﬁcult to
determine the ﬁnal trajectory of the production curve based on
the logistic (or any other) model. It is only when the limiting
factors become important that the two curves shown in Fig. 1b
separate.
The concept of using the logistic curve can be extended to the
more uncertain projection of total world oil production. By doing a
non-linear least-squares ﬁt to cumulative production data, the
extent to which oil production is following the resource-limited
exponential growth path represented by the logistic equation can
perhaps be determined. In fact, the best ﬁt (as measured by the w2
value) to the production data is found to be given by the
parameters Q 1 ¼ 1440 Gbbl, b ¼ 0:07 and a ¼ 12; 800. This result
for the URR is signiﬁcantly lower than typical estimates. For
example, using the proven reserves as reported in the BP
Statistical Review of World Energy (2007), one arrives at a URR
of approximately 2000 Gb; taking the results of the USGS estimate
from 1998 of current proven reserves and possible reserves plus
new discoveries (U.S. Geological Survey World Petroleum Assessment Team, 2000; Klett et al., 2005), the URR would be about
3000 Gb.
If we constrain the URR to either 2000 or 3000 Gbbl in our
least-squares routine, the overall ﬁt to the data is still satisfactory,
as shown in Fig. 2. The exercise shows again the difﬁculty in
making concrete predictions using the results of curve-ﬁtting
techniques to under-parameterized data. Near or before the
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Fig. 2. World cumulative and yearly oil production and the logistic model. Data are from the US EIA (2006a). Parameters for the logistic curves are (as deﬁned in the text)
the same for the curves in (a) and (b). In each case a non-linear least-squares ﬁt was made to world oil production data, with the ultimately recoverable reserve (URR) held
ﬁxed at Q 1 ¼ 2000 Gbbl (lower curve) and Q 1 ¼ 3000 Gbbl (upper curve). The other parameters from the ﬁt to actual production data are b ¼ 0:058 and a ¼ 4300, and
b ¼ 0:047, a ¼ 1700, for Q 1 ¼ 2000 and 3000 Gbbl, respectively. The actual production data shown for years until 2007 represent oil, as well as natural gas liquids and oil
from non-conventional sources.
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inﬂection point (equivalent to the peak in yearly production) it is
possible to ﬁnd different parameters that seem to ﬁt the data well.
Thus, the different estimates for URR do not give deﬁnitive
information about potential scarcity. However, both of these
scenarios lead to a peak in world oil production within 10–20
years.
Up to this point the focus of this work has been on determining
the size of the petroleum, or more broadly, the liquid fuels,
resource. A key point to bear in mind is that having the
commodity in the ground may not be equivalent to being able
to extract it at the desired rate. In fact, it is this possible limitation
that is of crucial importance to the current discussion, and will be
of particular signiﬁcance over the next 20–30 years at a minimum.
To address the issue of extraction rates vs. resource potential,
we consider industry and other published estimates of the nearto mid-term capacities for production of non-conventional oil
from tar sands, shale oil, coal-to-liquids (CTL) production and
biofuels. Given the long lead-times necessary for starting and
increasing a new energy industry, it is fairly safe to say that the
liquid fuels that will make the most impact as possible substitutes
for conventional petroleum are those that currently make at least
some contribution.
Reynolds (1998) has very nicely treated a point relevant to
non-conventional resources that will be further considered in
Section 5. A sectoral switch from high-quality to low-quality fuels
(as measured by net energy density, for example), because of
rising price of the former, carries with it an entropy penalty. Put
simply, the lower-quality fuel necessarily needs a signiﬁcant
quantity of higher-quality input feedstock, and thus the economic
viability of the lower-quality resource is called into question in the
long term. As the price of oil and natural gas rises, so to will the
production and exploration costs for the non-conventional
resources. This is not to say that none of the larger nonconventional resource is economically recoverable, but the
substitution involves complicated dynamical interactions.

3.1. Tar sands
Alberta’s tar sands have received a great deal of attention as a
large new resource for petroleum extraction and liquid-fuel
production. As of 2003, 175 Gb of reserves were added to Canada’s
ofﬁcially reported totals, all from tar sands (BP Statistical Review
of World Energy, 2007). Estimated resources in place are roughly
10 times this amount, which potentially makes Canada the biggest
future source of petroleum products in the world. Even the
ofﬁcially declared reserves of 175 Gb are second only to those of
Saudi Arabia. In a recent paper, Söderbergh et al. (2007) analyze
projections for production from tar sands over the next 45 years.
While acknowledging the presence of large reserves and an even
larger resource base, the authors of Söderbergh et al. (2007)
conclude that, ‘‘A short-term crash program from the Canadian oil
sands industry achieves about 3.6 MMbd by 2018. A long-term
crash program results in a production of approximately 5 MMbd
by 2030.’’ The Canadian Association of Petroleum Producers
(2006) has issued a recent report with a slightly updated estimate
for production in 2020 of 4.0 MMbd, a broadly similar conclusion
to that of Söderbergh et al.
Current tar sand oil production is approximately 1 MMbd, as
compared to a world total liquid-fuel production of slightly less
than 85 MMbd. According to the EIA (2007a) International Energy
Outlook, world liquid-fuel consumption is projected to be
104 MMbd in 2020 and 118 MMbd in 2030. Thus, as a percentage
of world production, tar sands will certainly contribute a growing
share, rising from 1% currently to 4% in 25 years. However, as
pointed out by Söderbergh et al. (2007), a comparison between
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these estimates and projections for the future continuing decline
in production of North Sea oil shows that the two taken together
essentially balance one another, leaving no net gain in liquid
fuel for world consumption. In fact, given the relatively poor
net energy gain for synthetic crude oil derived from tar sands,
there will certainly be less net energy with respect to today’s
production.
3.2. Shale oil
Another large potential resource for liquid-fuel production
exists in the western United States in the form of shale oil. As is
the case with tar sands, although the size of the potential resource
in place is believed to be extremely large, the economic viability of
producing large amounts of oil from shale is not as clear. Shale oil
is produced from solid bitumen trapped in sedimentary rock,
which is then heated so that the resulting liquid can be captured.
Heating the rock essentially completes the unﬁnished geologic
processes begun millions of years ago. According to a report
issued by the RAND Corporation under contract with the National
Energy Technology Laboratory of the US Department of Energy,
the size of the potentially recoverable resource is between 500
billion barrels and 1.1 trillion barrels, thereby dwarﬁng all
estimates of conventional oil prospects (Bartis et al., 2005).
In spite of the fact that this resource has been known for
decades, and was even seriously pursued during the 1970s, the
actual feasibility of industrial-scale extraction is not yet clear.
According to the RAND report, in an optimistic case ‘‘at least 12
and possibly more years will elapse before oil shale development
will reach the production growth phase. Under high growth
assumptions, an oil shale production level of 1 million barrels per
day is probably more than 20 years in the future, and 3 million
barrels per day is probably more than 30 years into the future’’
(Bartis et al., 2005). Thus, although the resource base for shale oil
production is even larger than that for tar sands, rates of
extraction are more uncertain, and therefore the ability of this
resource to make up for conventional oil production declines
when they occur, is questionable.
3.3. Coal-to-liquids (CTL)
Of current interest, both in the United States and in China, is
the potential for converting a part of those countries’ domestic
coal reserves into liquid fuels. Given relatively large coal reserves
(more on this below), and the fact that the Fischer-Tropsch process for obtaining fuel from coal is well-understood (Wikipedia), it
would seem that CTL would be a natural choice as a backstop
liquid-fuel technology when oil products become more expensive
and scarce. At present, the only signiﬁcant production of liquid
fuel from coal is in South Africa, at 170,000 barrels/day (bpd)
(SASOL Annual Report, 2006). Chinese companies, supported by
government subsidies, are making large investments in CTL plants
with the aim of increasing production capacity to approximately
770,000 bpd by 2020 (http://www.greencarcongress.com/2007/
04/china_ctl_outpu.html). In the US, a ﬁrst commercial CTL plant
is to begin operation by 2010, producing slightly more than
1000 bpd; proposals for federal subsidies to encourage industry
investment in capital-intensive CTL projects have thus far not
succeeded.
Overall, and in spite of relatively large coal reserves and the
fact that production of liquid fuels from coal likely has a
signiﬁcantly better energy return ratio than either tar sands or
shale oil, plans for near-future expansion of this energy sector
look very weak, and therefore unlikely to supply a noticeable
fraction of world oil demand. In the most recent edition of the
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International Energy Outlook, the EIA (2007a) projects, in a
baseline scenario, production of approximately 2.5 MMbpd of CTL
fuel by 2030.
3.4. Biofuels
Biofuels (chieﬂy biodiesel, for example from rapeseed, and
ethanol from sugarcane and corn) are already playing an
increasingly important role in world liquid-fuel supplies. The
United States currently produces about 6.5 billion gallons of
ethanol (http://www.ethanolrfa.org/) from corn per year (equivalent in volume to 400,000 bpd), with low net energy gain (Farrell
et al., 2006). Congress has mandated a production increase to
520,000 bpd by 2012. Brazil currently produces 270,000 bpd of
ethanol from sugarcane, and predictions are for an increase to
442,000 bpd by 2010 (Marris, 2006). (Note that one barrel of
ethanol has only two-thirds the energy content of a barrel of oil.)
Germany produced 36,000 bpd of biofuels, mostly biodiesel, in
2004 (BP Statistical Review of World Energy, 2007) and plans to
steadily increase production to roughly three times that level by
2010. These three countries make up the bulk of biofuel
production in the world, giving roughly a 106 bpd production in
ﬁve years time. While this represents a signiﬁcant amount of
liquid-fuel production, there are serious questions as to the
sustainability in growth for these fuels. For example, it is
estimated that ethanol plants in operation or being built will
require inputs equal to at least one-third of the projected 2008
corn harvest (American Council for Ethanol, 2007), and that to
satisfy only 6% of US liquid-fuel demand.
Cellulosic ethanol has the potential to be a fuel that can be
produced economically and with greater energy-efﬁciency than
corn ethanol. There are many hurdles to overcome before it
becomes viable economically, however (Department of Energy,
2006). For the purposes of this work, cellulosic ethanol will be
ignored, partly because of the large uncertainties as to the fuel
itself, at least in the near term, partly because production of
cellulosic ethanol would represent a much smaller source of GHG
emissions than conventional liquid fossil fuels, and partly because
the switch to biofuels is in some sense a sign of the very premise
of this paper, i.e. that cheap fossil fuels are becoming scarce.
There may be beneﬁts to be gained in terms of GHG emission
reductions by carefully switching to increased biofuels production, but climate change considerations are certainly not the
current driving force in the United States. In Europe, the demand
for biodiesel has had the unintended consequence of displacing
GHG emissions from European automobile tailpipes to decreased
carbon uptake capacity from lands in Malaysia being cleared to
produce biofuels, with little to no net beneﬁt.
3.5. Gas-to-liquids (GTLs)
Another potential source of liquid fuels to substitute for
declining petroleum in a peak oil scenario is to use the FischerTropsch process to convert natural GTL fuel. Currently, the US EIA
projects very modest growth in GTL production by 2030 due to the
high capital costs of these projects (similar in magnitude to CTL)
and because of the sensitivity of costs per barrel of oil equivalent
to the price of natural gas (Energy Information Administration,
2007a). Under the EIA scenario of high oil prices, and therefore
high incentive to ﬁnd a substitute for petroleum, US production is
projected at 200,000 bpd by 2030, and total world production
under the same conditions may reach 1.5 MMbd, mostly from
Qatar.
Two points that will have an impact on the viability of future
GTL projects are the supply of natural gas and the high capital

costs of all energy projects, both of which will be discussed below.
While a country such as Qatar may have large natural gas supplies
well into the future, there will be strong competition for different
uses of natural gas going forward, given that North America is in
production decline, and will likely soon be joined by Europe in
that regard. High energy costs and energy demand will also likely
continue to drive up the cost of starting large new projects such as
GTL plants, and therefore present something of a moving target
for proﬁtability. Therefore, even the numbers presented here for
future GTL production might be optimistic.
Current total production of these alternative fuels is about
1.7 MMbd or 0.6 Gb/year, with most of that being from Canadian
tar sand production. By 2030 production taken as the sum of all
the above non-conventional sources is projected to be slightly less
than 6 Gb/year, growing to 7.7 Gb/year in 2050. The EIA makes its
projections only to 2030; the scenario mapped out here
corresponds to about 25% more alternative fuels supply than that
of the EIA ‘‘high oil price’’ scenario, i.e. the totals presented here
might be considered optimistic even compared to the EIA. For
both supply and economic reasons to be discussed below, all
of these alternatives might become less attractive than they
currently appear.
The net result from the increase in production of alternative
liquid fuels in the case of the smaller URR of 2000 Gb for
conventional oil is to offset a decline in production of conventional oil currently and for about a decade subsequently, but after
2020 total liquids production declines from present levels. Two
points should be noted here. First, in this case there is no further
growth in total liquids supply into the future, and second, over the
past three years we have seen this scenario developing, with
conventional oil production decreasing slightly and non-conventional oil barely enough to keep total production constant. In the
larger URR case of 3000 Gb, total liquids production increases for
another decade before reaching a plateau for another decade at
about 39 Gb/year (110 MMbd), followed by a decline. Due to the
ﬁtting of the logistic curve to historical production, and with the
constraint of 3000 Gb URR, as discussed in Section 3, this latter
scenario indicates a level of production that is currently 10%
higher than what is currently observed.
As mentioned above, relevant to all of the above alternatives is
the net energy penalty that is paid when making a switch from
high-quality, easily extracted fuels, to lower-quality fuels. It is
clear that a qualitative difference exists between conventional
petroleum and fuels derived from tar sands and shale. As the price
of oil and natural gas rises, so too will the production costs for the
non-conventional resources, a dynamic already being seen.
Furthermore, the relatively poor net energy gain for nonconventional liquid fuels implies that there will be a competition
for fossil-fuel energy among various sectors. For example, as coal
and natural gas are in higher demand to be either turned directly
into liquid fuels, or indirectly used to generate electricity for
industrial processing of non-conventional oil, those quantities of
fossil fuels will not be available for the rest of the economy.
There are other natural resource constraints that should be
considered when looking at the recovery of unconventional
petroleum and production of crops for biofuels. For example,
‘‘An operation producing 100,000 barrels per day requires
approximately 1.2 GW of dedicated electric generating capacity’’
(Bartis et al., 2005). The potential GHG emission consequences of
needing 10 additional large electrical power plants for each
million barrels per day of production are enormous, given that the
most readily available fuel for electricity generation might be coal.
It is also estimated (Bartis et al., 2005) that for each barrel of shale
oil produced, approximately three barrels of water are required,
an important issue that is beyond the scope of the present work.
Likewise, in the case of tar sands, approximately four barrels of
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the last few years, drilling activity has increased to record levels.
In addition, technological progress has borne fruit in that the
percentage of successful wells drilled has also increased, to nearly
90%. These issues will be revisited brieﬂy below when economic
issues are addressed explicitly.
The US is not alone in struggling to maintain production of
natural gas. Canada has had virtually no growth in production for
the past six years, and as was mentioned above, will be requiring
signiﬁcantly more natural gas in the future as an input to the tar
sands production process. The tight connection between unconventional oil production and the availability of other fossil fuels
demonstrates all too well one of the main contentions of this
paper, namely, that a simple switching from conventional
resources to non-conventional resources may not be accomplished as easily as many would like to believe.
To complete the tour of North America, Mexico produces only
1–2% of world natural gas supplies, and given that natural gas is
not easily transported except through pipelines, and to a smaller
extent, as liquiﬁed natural gas (LNG), large reserves in distant
countries will likely not change the situation in North America
greatly.
For the broader perspective, according to the data in the BP
Statistical Review of World Energy (2007) world natural gas
reserves are slightly, but steadily, increasing over time, in spite of
increasing production. Unfortunately reserve growth is not
necessarily an indicator of long-term production growth. Ofﬁcially
reported reserves can grow up to the point of peak production
(see, for example of oil and natural gas production in the United
Kingdom, BP Statistical Review of World Energy, 2007). In
addition, in recent years the growth rate of reserves has been
decreasing, and is now signiﬁcantly less than the growth rate of
consumption, 0.6% over ﬁve years as opposed to 3% over the same
period, respectively. There can be many reasons given for a
disparity between additions to reserves (through new discoveries
or through reclassiﬁcation) and production, including those of
politics and economics. However, for the purposes of the projected
scenario made in this paper, an assumption will be made that
reserve additions will continue, but that consumption will catch
up and surpass the ability of reserve replacements to be made.
Fig. 3a shows alternative scenarios for remaining recoverable
reserves of natural gas, using data from BP Statistical Review of

water are needed for each barrel of synthetic crude oil produced
(Söderbergh et al., 2007), while CTL production in China
is estimated to require nine barrels of water per barrel of
oil produced (http://www.mineweb.net/mineweb/view/mineweb/
en/page38?oid ¼ 22032&sn ¼ Detail). Corn is one of the most
intensively irrigated crops in the US; thus all of the potential
substitutes for conventional petroleum threaten to place an
increased burden on already fragile water supplies.
Finally, we close out this section by noting a current trend that
bears on the discussion of peak oil and that will be watched with
great interest in the coming years. The importance of the link
between petroleum consumption and economic activity can be
seen by examining time-series data for world GDP growth (http://
www.ers.usda.gov/Data/Macroeconomics/#HistoricalMacroTables)
and for petroleum consumption (http://www.eia.doe.gov/ipm/).
Since at least 1970, decreases petroleum consumption or in the
growth rate of consumption have always correlated with
decreases in the growth rate of world GDP. For the ﬁrst time
ever, over the past 2–3 years petroleum production has been ﬂat
(zero growth), whereas economic growth has remained at a fairly
robust rate of 3.5%.

4. Natural gas and coal reserves
Natural gas and coal are often seen as the obvious partial
substitutes for petroleum, the former a cleaner-burning alternative and potentially available for liquid-fuel production, while
the latter represents the largest conventional fossil-fuel resource,
and as we have discussed, can also be turned into liquid fuel as
well. As ﬁnite resources, however, it is clear that both natural gas
and coal will show a similar behavior to oil in terms of an eventual
peaking in production. The crucial projection is then the date of
peak production. We discuss in this section some of the data
leading to a plausible scenario in which both natural gas and coal
reach production peaks before the middle of this century.
Natural gas production in the US has been ﬂat or slightly
declining for two decades. In spite of this, the Energy Information
Administration (1998–2006) yearly predicts future increases in
discoveries, reserve additions, and production for 25 years into the
future. EIA data also show that, due to steadily higher prices over
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Fig. 3. World natural gas and coal production and CO2 emissions. (a) Energy production from natural gas is shown in EJ/year for three different projections of total ultimate
recoverable reserve (URR). The lower curve uses the BP Statistical Review of World Energy (2007) data, assuming no further additions. The two upper curves assume an URR
of 50% more and of 100% than the most recent reserves data. (b) Coal production, with the resultant CO2 emissions are shown for two different future ‘‘peak’’ scenarios. The
assumption is that the world coal reserves are 1000 Gt, with different production growth rates of 4%/year and 6%/year assumed. After the peak, the decline rate slows to
one-half the growth rate in each case.
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World Energy (2007) as a baseline, assuming the current stated
world reserves of 180 tcm (6200 tcf) represents the remaining
recoverable natural gas, an unlikely lower-bound case. Two
further scenarios project remaining natural gas reserves of 50%
and 100% greater than this baseline number, 270 tcm and 360 tcm.
The emission scenarios discussed below are based on these
conjectured resource amounts. (An approximate conversion is
1 cf  1000 Btu  1 MJ.)
Coal represents an interesting case, as world reserves have
been decreasing over time; according to various editions of the BP
Statistical Review of World Energy and of the EIA Annual Energy
Review, the rate of decrease in coal reserves for the past decade
has been even faster than the rate of production, from stated
reserves of 1038 billion metric tonnes (Gt) to 908 Gt. In the same
time period, total production of coal has been 58.5 Gt. Both prices
and demand for coal have also increased over the same period,
with production shown in Fig. 3b. The reasons for restatements of
coal reserves vary from one country to another; in many cases the
driver appears to be simply an overly optimistic original estimate
of the resource base (Energy Watch Group, 2007). According to the
Energy Watch Group (2007) report, there are only two cases of a
country upgrading its coal reserve numbers, and many cases in
which reserves have been dramatically revised downwards, and
this in spite of generally rising prices for coal in the recent past.
Reserves for coal (and other fossil fuels) are often misleadingly
stated in terms of the reserves-to-production ratio (R/P), a
practice that is particularly prevalent in discussions of coal
reserves. Currently, world R=P ¼ 147 years (BP Statistical Review
of World Energy, 2007), while that for the US is 234 years.
Although at ﬁrst glance reassuring, the point is, that consumption
is not continuing at the current rate as assumed in calculating the
R/P ratio. In fact, using BP data again, in 1993 the R/P ratio was
250 years, while from other data sources we ﬁnd coal ‘‘lifetimes’’
for the US of 3800 years in 1939, and 1900 years in 1953 (Schurr
and Netschert, 1960). For the current world reserves, and
assuming a modest growth rate in coal consumption of 3%/year
(it is currently 5%/year worldwide), the lifetime of the coal
reserves shrinks to only 60 years. Furthermore, that result
assumes that coal will be mined at increasing rates until the
reserves are depleted, at which point no further coal will be
mined. Certainly there will be a ‘‘peak coal’’ phenomenon, as there
have been peak oil and peak natural gas developments in various
countries already. It is interesting to note that anthracite
production in the US has followed this pattern remarkably well
(Hubbert, 1981), although it is a high-energy density, low sulfur
(i.e. desirable) fuel (Energy Watch Group, 2007).
Three recent reports have cast some doubts on the complacency with which the world is intending to rely upon the
‘‘immense’’ reserves of coal for future energy needs. First, the
German Energy Watch Group (2007) published a report in which
they address several points related to the reporting of world coal
reserves, among others that estimates of overall reserves around
the world have generally been downgraded in recent years, and
that in many countries the stated reserve numbers have not been
updated at all for as much as two decades. Furthermore, in the
country with the largest reported coal reserves, the United States,
although coal mining tonnage has increased slightly in recent
years, total energy supplied from coal mining has decreased
slightly due to a switch to lower-energy-density (but also lower
sulfur) sub-bituminous coal. Finally, also in the US, mining
productivity (tons/miner/day) has been decreasing for several
years, after decades of increase.
The second report that is of relevance is from the National
Academy of Sciences (2007). It is easiest to quote an excerpt
directly from that work, ‘‘ythere is no question that sufﬁcient
minable coal is available to meet the nation’s coal needs through

2030. Looking further into the future, there is probably sufﬁcient
coal to meet the nation’s needs for more than 100 years at current
production levels. However, it is not possible to conﬁrm that there
is a sufﬁcient supply of coal for the next 250 years, as is often
asserted.’’ To be sure, the NAS does not conclude that the reserves
are not present, but they do raise the question as to the reliability
of the data upon which reserve estimates are based.
Finally, and viewing the coal question from another angle, the
most recent reports by the IPCC (2007), released in early 2007,
present clear evidence of climate change effects and make
abundantly clear the severity of future changes without concerted
action to reduce emissions of GHGs. Thus, if short-term solutions
to energy shortages from potential oil or natural gas peaking were
to be compensated by increases in coal consumption for
electricity and liquid fuels, the climate change problem would
only be exacerbated.
For our demonstration supply-limited scenarios, we take the
current reserves estimates of approximately 1000 Gt of coal as
being substantially correct as an indicator of future supply.
Different production growth rates (taken here to be 4%/year and
6%/year) lead to a projection for CO2 emissions, as shown in Fig.
3b. After the peak the decline rate is assumed to be equal to onehalf the growth rate in each case. The timing of peak coal
production in this simpliﬁed scenario is determined by the
combination of the growth and decline rates and the total
assumed resource base. In either case, the peak in world coal
production occurs before the middle of the century. This once
again points to the misleading nature of thinking about fossil-fuel
resources in terms of the number of years remaining at current
production rates.
Up to this point we have concentrated on ‘‘geological’’ issues
concerning the production of fossil fuels, mentioning a few
economic considerations only in passing. It is clear that economics
plays an important role in any estimate of the world energy
system. We now turn to a brief consideration of the energy
economics literature, which provides some indication that it really
is geology that fundamentally matters in the end.

5. Economic issues
Oil is an easily traded and transported commodity, so one
could make the argument that falling production in a given region
such as the United States is simply a matter of economic decisionmaking on the part of the markets. If it is cheaper to produce oil
elsewhere and import it to the US, then it makes no economic
sense to go to greater efforts to raise production here. On the other
hand, natural gas is not easily traded if an ocean lies between the
supply and the demand. North America thus makes a fair test case
for investigating the change in supply availability in the face of
increases in demand and price.
Data from the EIA (2007b) show that over the past ﬁve years,
beginning in 2002, natural gas drilling activity, as measured by
the number of exploratory and development wells drilled, has
tripled. From the same source, prices for natural gas have tripled
from the roughly stable 1980s nominal price of approximately
$2.00/MMBtu. Looking at the EIA time-series data it is also clear
that prices drive exploration and drilling activity; after a spike in
price in 2000–2001, activity increased for a year, followed by a
decline when prices retreated. More recently, higher prices and
demand have been accompanied by increased drilling activity as
well. The key point, however, is that US production actually
decreased slightly during the same time periods, and total reserves
increased only very slightly. A very similar pattern exists for
Canada, where demand for natural gas is increasing (primarily
due to tar sands production needs?) and production is at best
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constant, although prices have been rising steadily for several
years.
Natural gas production trends illustrate another facet of the
arguments used to reassure consumers about the availability of
fossil-fuel resources for the future, namely, that technology
advances will inevitably lead to increased availability with time.
Energy Information Administration (2007b) shows that over the
past three decades successful drilling of exploratory wells for oil
and natural gas have increased from roughly 25% to over 50%,
reﬂecting technological improvements. The average number of
feet drilled per well has increased with time as well, again
associated with improved technology, but at the same time
implying more expenditures for drilling. Finally, and counter to
the previous examples of technology improvement, the productivity of natural gas well production (per well) has decreased by
25% over the past ﬁve years after having been roughly constant for
the previous decade.
In another report, the EIA (2006b) published a study of
changing costs in US domestic oil and gas operations over the
past 30 years. Data from this report, updated annually, show that
changes in the costs of fossil fuels are strongly correlated with
increases or decreases in the operating costs and the capital
equipment costs in the industry. A simple regression model using
the logarithm of capital costs as the dependent variable and the
logarithm of oil price as the independent variable indicates that
changes in the latter represents 80% of the variation in the former,
and results in an estimated elasticity of 0.3. It is not surprising
that capital costs in a highly mechanized industry should depend
on fuel and (fuel-intensive) raw material costs. Somewhat more
surprising is the degree to which operating costs are also
correlated with fuel costs. However, it can be anticipated that
moving toward non-conventional fossil-fuel resources, with
correspondingly higher energy inputs, will increase rather than
decrease these couplings.
Looking more deeply at the interaction between materials and
oil prices, current rapid economic growth in China and India,
along with continued consumption from developed countries,
helps drive up the costs of many raw materials. There has been a
consistent in-phase relationship between oil and raw materials
prices over the past three decades (Baffes, 2007). Since the
interaction between oil price, oil demand, economic growth and
raw material prices is a feedback loop, it is difﬁcult to attribute
cause and effect directly. However, one way to look at this
correlation is in terms of the famous wager made by Wikipedia
(2007). Their bet was made at a (then) historical high-point for
both oil and metal prices, and as both fell in tandem in the years
following the 1980 bet, Ehrlich lost by a large margin. However,
had the bet been made in 1970, or in any year after 1990, Ehrlich
would have won, since oil price rises in those time periods were
accompanied by increased metal prices.
All of the above data taken together seem to indicate that (a)
prices alone are not able to signiﬁcantly drive changes in oil and
natural gas discovery or production and (b) as the price of
conventional fossil fuels increases, the cost of building additional
infrastructure will tend to increase as well. With respect to the
ﬁrst point, technological advances do allow some additional
recovery of the resource in place, but appear mainly to make up
for the decline in production of the easily available reserves. As to
the second point, it will not matter if price increases are due to an
actual geologically determined peak in production, or because of
increasing demand running up against supply capacity; either
way, creating a new energy sector in non-conventional fuels may
only further the cost spiral. For some non-conventional fuel
sources the price increases could conceivably conspire to keep
large amounts of a given resource just out of reach of proﬁtability.
It remains to be seen if such an out-of-control feedback takes
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place, or if some signiﬁcant change to previous patterns occurs in
the future.
One way to explicitly treat economic incentives to increase the
production of liquid fuels is to return to the logistic equation. A
simple ﬁrst approximation is that higher prices, and more
generally, technological advances, will lead to the discovery and
development of additional sources of energy. We can think of this
as a continually growing ‘‘URR,’’ even if the reserve in question
consists of a mix of conventional and non-conventional reserves.
We can write the modiﬁed logistic equation as


dQ
Q
¼ bQ 1 
dt
Q 1 ð1 þ rtÞ

(3)

The rate of growth of the URR is given by r; data from BP (BP
Statistical Review of World Energy, 2007) indicates that the URR,
as determined from reserve and cumulative production data, is
growing by about 2%/year. This equation can be solved numerically to ﬁnd the time dependence of cumulative production; the
derivative is then the yearly production.
In Fig. 4a we show the results for the modiﬁed logistic equation
output as a plot of the cumulative production for ﬁxed URR. The
two curves are very nearly identical during the exponential
growth phase of production, but separate later. For ﬁxed reserves
the cumulative production asymptotically reaches the URR (here
2000 Gb), whereas the continual growth logistic result has no
ﬁnite asymptote. Fig. 4b shows the corresponding yearly production curves; even though the reserves are continually increasing,
the production reaches a peak, then falls back to a constant level.
Both plots are shown as a function of the number of years since

Fig. 4. Modiﬁcation of the logistic equation to include the potential for continual
growth of reserves. In (a) are shown two curves, one (solid) for which the URR is
ﬁxed at 2000 Gb, the other (dashed) for which the URR grows by 2%/year, and
therefore has an inﬁnite limit. The corresponding yearly production rates are
shown in (b).
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the beginning of production. Parameters have been chosen such
that the cumulative production curve for the ﬁrst 140 years
matches actual world oil production. It should be noted that even
in this case for which the amount of oil to be produced is
essentially inﬁnite, there is a peak in production.
After the foregoing mostly qualitative survey, it will be useful
to look more closely at results from the energy economics
literature. There we ﬁnd additional quantitative indications that
tend toward the conclusion that oil supply is not strongly driven
by prices, and furthermore, that demand is a very inelastic
function of price. For example, Gowdy and Juliá (2005) examine
two mega-oilﬁelds, one in the US and one in the North Sea, and
come to the conclusion that ‘‘technology temporarily increases
the rates of production at the expense of more pronounced rates
of depletion in later years.’’ Reynolds (2002) uses a non-timeseries approach to look at supply elasticity and concludes, ‘‘that
cumulative discovery explains approximately 70% of the quadratic
Hubbert curve for discovery over time for the US lower 48 states,
whereas the price of oil is an inelastic factor . . .’’ These two
investigations certainly do not represent a conclusive argument
concerning the economics of fossil-fuel supplies. They do,
however, support the point of this paper, which is to concentrate
on one under-appreciated scenario, namely the possibility of
fossil-fuel supply scarcity becoming a driving force in carbon
dioxide emissions.
In an analysis of a more general point, Reynolds (1999)
analyzes a mineral-based economy in which the ultimate reserve
of the commodity in question is not known a priori. The result of
his modelling demonstrates that decreasing extraction and
exploration costs, together with decreasing real prices, are not
necessarily indicative of decreasing scarcity. At some point there
can be a sharp up-turn in both costs and market prices as an
inﬂection point is reached. Interestingly, the conclusion by
Reynolds is very similar to what one ﬁnds based on the simple
logistic equation model without any economic input, in that
signals of an impending qualitative change in sectoral dynamics
are very poorly predictable.
Another indicator of increasing scarcity of fossil-fuel resources
in the near term rather than the long term is to compare
assumptions for marginal extraction costs of carbon made by
using the work of Rogner (1997) or Nordhaus and Boyer (2000)
with actual data. As a general trend, the parameters used in the
above-cited references for marginal extraction costs as a function
of cumulated extraction, would indicate that those costs should
begin increasing signiﬁcantly for cumulative carbon extraction
5–10 times current amounts. Yet, as was discussed above, current
projections are for increasing demand for resources such as tar
sands, shale oil and coal liquefaction within the next decade or
two, at extraction costs several times higher than baseline costs
for conventional oil. Inverting the logic of the marginal extraction
argument leads to the implication that rapidly increasing costs are
an indicator that production is at least beginning to approach a
ﬁnite cumulative limit.
In Fig. 5 we show the marginal extraction costs as a function of
cumulative extraction. The solid curve is based on assumptions
from the above-cited works; the three boxes represent current
estimates of the price of oil necessary for a source to be proﬁtable,
which is clearly related to marginal extraction costs. The boxes do
not represent total amounts available of each resource. Rather,
if one considers that over the past few years, tar sand projects
(and North Sea oil projects) were working with costs of roughly
$25/barrel, and current world cumulative extraction of oil is
roughly 140 Gtoe, then the curve should reﬂect that cost as being
the current cost of the marginal barrel of oil; the height of the box
expresses this point. The second box, reﬂects the marginal costs of
CTL production at current estimated costs of $50/barrel, and
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Fig. 5. A schematic marginal extraction costs curve. The solid line is based on
estimates from Rogner. The boxes represent the fact that tar sands are currently
the marginal production barrels, coal-to-liquids are estimated to soon be
proﬁtable, and planning is underway for shale oil production, each at costs much
higher than those that have been typically estimated for the relevant stage of
cumulative extraction.

projected to be viable within the next 5–10 years (20–50 Gtoe
additional cumulative extraction) on a large scale. Finally, the
third box is for shale oil with similar considerations, but at
(currently estimated) $75/barrel costs and large-scale production
20 years or more in the future, as discussed above. The key point
of this graph is that the apparent marginal extraction cost curve,
as represented by the boxes, is rising much more rapidly than
projected just a decade ago.

6. Supply-driven emissions and SRES scenarios
The foregoing discussion of fossil-fuel production can be
summarized by choosing representative paths for each of the
main fossil fuels and then calculating the resulting CO2 emissions.
The estimates are made as follows: For oil production, including
the non-conventional petroleum such as tar sands and shale oil,
two simple time-symmetric functions of production are chosen
such that the URR is 2000 and 3000 Gb, roughly consonant with
the BP current reserves and the USGS mean projection, respectively. The latter implies a remaining recoverable resource of
about 2000 Gb, approximately twice that assumed by many of
those currently concerned about ‘‘peak oil’’.
The remaining recoverable natural gas resource is assumed in
the ﬁrst scenario to be equal to the BP reserves estimate and in the
second scenario to be 50% greater than that current estimate (BP
Statistical Review of World Energy, 2007), with the latter implying
continued discoveries and additions to current reserves. For coal,
the remaining reserve is held ﬁxed at 1000 Gt, but the two
scenarios assume that consumption growth will be at 2%/year,
with a decline after a peak of 1%/year, and at 4%/year, with 2%
decline.
Fig. 6 shows the result for total CO2 emissions in the two
scenarios. An interesting point is that all three fossil-fuel sources
reach a production peak within a span of two decades from about
2030 to 2050, with ﬁrst oil, then natural gas, and ﬁnally coal
experiencing maximum production.
Finally, how do the above scenarios compare to those reported
in the IPCC SRES report (Nakićenović et al., 2000). In Figs. 7 and 8 a
comparison is shown between representative scenarios in the A1,
A2, B1 and B2 ‘‘storylines’’ (Nakićenović et al., 2000), with the ﬁrst
two representing a stronger emphasis on economic growth and
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Fig. 6. Total CO2 emissions plotted for the next century. (a) Total oil URR of 2000 Gbbl (peak production 2010), total natural gas original resource 82  1015 tcf (peak
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the last two weighted more toward environmental sustainability.
Chosen for comparison here are the models AIM, MESSAGE, and
MiniCAM; the other three (ASF, MARIA, and IMAGE) models are
not shown simply to preserve some clarity in the plots. It is not
surprising that our resource-limited scenarios initially follow
most closely the A1 scenarios from the IPCC, since these represent
a world of rapid economic growth and little worry about
environmental issues. The scenarios for fossil-fuel peaking follow
essentially the path discussed in Reynolds (1999), where markets
have not been capable of delivering signals of impending scarcity,
and thus little attempt is made to change the energy system.
Likewise, it is not surprising that the B1 scenario for the second
half of the 21st century is similar to the fossil-fuel-limited case,

although the driving factors are different. In the B1 scenario global
cooperation and environmentally sustainable solutions to the
world energy supply are postulated, thereby leading to a sharp
decrease in consumption of fossil fuels. A post-peak limit on
availability would lead to roughly the same, but now enforced,
decrease in fossil-fuel consumption.
The emissions projection for a fossil-fuel limited world can be
used as the input to a climate model, in this case MAGICC (model
for the assessment of GHG induced climate change) as distributed
by the National Center for Atmospheric Research (NCAR) (UCAR).
For each of the scenarios described above, the model output for
CO2 concentrations, temperature change from 1990, and for sealevel rise are shown in Figs. 9 and 10. During the ﬁrst half of this
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century, carbon dioxide concentrations under both scenarios rise
at roughly the same rate as in a business-as-usual (BAU) scenario
selected for comparison purposes, as shown in Fig. 9a. Due to the
peak in emissions around 2050, with a relatively slow rise before
the peak, in the ‘‘low emissions’’ scenario, atmospheric CO2
concentration reaches a maximum (at slightly above 500 ppmv),
but not until the latter third of the century, and will begin to fall
after that. The ‘‘low emissions ’’ scenario thus falls into the class of
those that limit changes in GHGs to less than a doubling with
respect to pre-industrial levels. The ‘‘high emissions’’ scenario,
arrive at a maximum CO2 concentration of 560 ppmv somewhat
earlier, around 2075, and also begins to fall slowly toward the end
of the 21st century. Thus, either in the case of a quick peak in oil
and natural gas production or a somewhat delayed peak, the
resulting emissions will still result in going to the limit of the
commonly accepted bounds of ‘‘harmful interference’’ as marked
by holding CO2 concentrations at twice the pre-industrial level of
280 ppmv.
The corresponding temperature changes (with an assumed
sensitivity of 3 1C for a doubling of atmospheric CO2) are shown in
Fig. 9b. Little difference is seen between the fossil-fuel-limited
scenarios and the BAU scenario until past mid-century, when the
decrease in emissions in the ‘‘high emissions’’ scenario leads to a

temperature increase of 2.5 1C with respect to 1990, before very
slowly levelling out. The uncertainty in temperature projections is
approximately 1 C by the end of the 21st century; shown on the
plot is the uncertainty range from both scenarios. The ‘‘low
emissions’’ scenario shows a temperature increase of 2.3 1C by the
end of this century, but is still increasing slowly at that time. The
somewhat counter intuitive result that the temperature is still
rising at the end of the century in the low emissions scenario is
due to the long ‘‘tail’’ of emissions in that scenario.
Finally, in Fig. 10 we show the projected sea-level rise for the
BAU and the two fossil-fuel-limited scenarios. It is sea-level rise
that provides one of the best indicators of the tremendously long
timescales over which current energy system policies will have
their consequences. In all three scenarios there is a continuous
increase in sea level that is not nearly in equilibrium by the end of
the 22nd century. Furthermore, recent work by Rahmstorf (2007)
and by Hansen et al. (2007) provides evidence that projections
from models such as MAGICC, but also from those used by the
IPCC in its Fourth Assessment Report, may underestimate sealevel rise by a factor of two or more even by the end of this
century.
As a general matter, one can imagine that a ‘‘peak oil,’’ ‘‘peak
natural gas’’ and/or ‘‘peak coal’’ scenario might be welcome from
the point of view of climate change mitigation. There are several
caveats, however. First and foremost is the fact that a surprise
shortage of energy carries with it serious economic consequences,
as seen in the late 1970s and early 1980s, which in turn
complicate the dynamics of energy use scenarios. A rapid price
increase of oil, for example, can lead on the one hand to inﬂation,
economic downturn, and demand destruction, all of which then
lead to decreased demand for oil, and perhaps, price relief. At the
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Fig. 10. Output from MAGICC (see text) for the fossil-fuel scenario based on
limited resources. Sea-level rise for a business-as-usual scenario and the two
fossil-fuel-limited scenarios described in the text.

keep emissions below the levels in the peaking scenarios
presented here. It should be noted that the same 450 ppm
scenarios investigated in Energy Journal (2006) correspond to
the maximum permissible levels discussed by Hansen et al.
(2007) for prevention of likely dangerous consequences for the
climate system. The IPCC AR4 WGIII report (Intergovernmental
Panel on Climate Change, 2007) details some of the results of
economic studies of mitigation strategies. It appears that
economic damages can be minimized; however, if change is not
undertaken carefully, with plenty of time for technological and
learning-by-doing effects to occur, the economy and energy
system would be most likely to take unpredictable, and perhaps
unfortunate, paths. Some of these issues have been recently
addressed by Farrell and Brandt (2006).

7. Conclusion
Fig. 9. Output from MAGICC (see text) for the fossil-fuel scenario based on limited
resources. (a) Carbon dioxide concentration for both scenarios, compared to a BAU
scenario of steady greenhouse-gas emission increase. (b) Global average
temperature rise for the same two scenarios. For each plot the shaded area
represents the estimated combined uncertainty for the two scenarios.

same time, higher prices, at least when they occur rapidly, lead to
increased energy efﬁciency and the development of alternative
energy sources, again potentially lifting pressure from supplies of
fossil fuels and therefore on prices. The past few years have seen
signiﬁcant price increases in fossil fuels, but little change in
consumption; there are, however, increasing efforts at developing
alternatives to fossil fuels, partly driven by prices and partly by
climate change concerns.
Viewed from a different perspective, various integrated
assessment economic models have shown that it is possible to
make deliberate, targeted policies, implemented with the goal of
avoiding dangerous anthropogenic interference in the climate
system, without thereby causing undue economic hardship
(Energy Journal, 2006). Some of the potential climate-change
mitigation paths, for example those with the goal of keeping CO2
levels below 450 ppm, are stringent enough as to require a switch
from fossil fuels over the course of the 21st century that would

The fossil-fuel emission scenarios presented here are admittedly over-simpliﬁed, not being based on a full energy system
model. As discussed above, however, there are geological and
economic grounds for believing that far less of that resource will
be extracted than is commonly believed. If production of one or
more of the conventional fossil fuels does go into decline in the
near future, there will undoubtedly be a race to effect substitution
to the degree possible; such a strategy, or reaction, would only
speed the depletion of the other fuels. As touched upon in the
discussion above on economic aspects of resource recovery, as
conventional fossil fuels, primarily petroleum, become more
expensive due to either scarcity or strong demand, all further
infrastructure also becomes much more expensive, thereby
making non-conventional resource recovery potentially far less
proﬁtable than would initially appear to be the case.
The scenarios presented here (in terms of size of remaining
reserves, given restrictions on recoverability of less-accessible
resources) still lead to a signiﬁcant near-term growth in carbon
emissions by the middle of this century, followed by an enforced
decrease in emissions with concomitant slowed rate of increase
and peak in atmospheric concentrations of CO2. One can easily
imagine a complicated dynamical interaction created by scarcity
of fossil fuels, in which high prices of oil lead to decreased
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economic activity, which in turn leads to less demand and then a
decreased price for petroleum, similar to the historical example of
the late 1970s. If peak oil scenarios are accurate, however, there
will be no single shock that leads to the ‘‘scarcity’’, but rather a
continual apparent sense of short supply every time the world
recovers from a period of demand destruction.
Although it is often claimed that the world economy is
becoming less carbon intensive, that is true only to a very minor
extent at best, and not at all in recent years. Current economic
growth in China and India, coupled with an apparent reluctance
on the part of those countries as well as the United States to
accept limits on carbon emissions might give one a somewhat
pessimistic view of the possibility that humanity will voluntarily
make the steps needed to avoid serious anthropogenic interference in the climate system. One way to look at the scenario
presented in this paper is that it serves as a kind of best-case
result (for global climate) in the case that political and societal
institutions do not demonstrate the foresight needed for a smooth
decarbonization of the energy system. The limited-fossil-fuel
future described here, which is seen as unrealistically pessimistic
by some, might be barely sufﬁcient to limit CO2 concentrations to
the doubling of pre-industrial levels that optimists hope might
limit temperature and sea-level rise within an acceptable range,
but goes somewhat above the limits set for holding to a 2 1C global
average temperature change, which roughly corresponds to a CO2
concentration of 450 ppm.
One of the great challenges in addressing the threat of
dangerous anthropogenic interference in the climate system is
that of convincing large segments of the developed world to
accept policies that have, at least initially, beneﬁts that are both
temporally and spatially remote. On the other hand, without those
actions by the developed world, it is very difﬁcult to convince
those in the developing world to change policies that the wealthy
countries often claim (whether correctly or not) would be too
onerous economically. To some extent, a geologically enforced
(with economic assistance) limit to our capability for adding
carbon dioxide to the atmosphere and oceans might be the best
option available for breaking the positive feedback loop of fossilfuel burning and climate change.
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