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ABSTRACT
Assessments of global coal, oil, and natural gas occurrences usually focus on
conventional hydrocarbon reserves, i.e. those occurrences that can be exploited
with current technology and present market conditions. The focus on reserves
seriously underestimates long-term global hydrocarbon availability. Greenhouse
gas emissions based on these estimates may convey the message that the world
is running out of fossil fuels, and as a result, emissions would be reduced auto-
matically. If the vast unconventional hydrocarbon occurrences are included in
the resource estimates and historically observed rates of technology change are
applied to their mobilization, the potential accessibility of fossil sources increases
dramatically with long-term production costs that are not significantly higher than
present market prices. Although the geographical hydrocarbon resource distribu-
tion varies significantly, a regional breakdown for 11 world regions indicates that
neither hydrocarbon resource availability nor costs are likely to become forces
that automatically would help wean the global energy system from the use of
fossil fuel during the next century.
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ENERGY RESERVES AND RESOURCES

Although the time frame for private and public-sector decision making is years
to decades, i.e. the time frame for the natural turnover of the capital stock,
much longer time scales have become the norm in climate change analyses.
The Intergovernmental Panel on Climate Change (IPCC) uses a time period of
decades to millennia in assessing stabilization of atmospheric concentrations
of greenhouse gases given a stable level of greenhouse gas (GHG) emissions
(1). Fossil-fuel combustion is the chief source of anthropogenic greenhouse
gas emissions and thus is largely accountable for the significant increase in
atmospheric GHG concentrations since the onset of the Industrial Revolution.
Although a concentration level “that would prevent dangerous anthropogenic
interference with the climate system” (1a) has yet to be determined, attempts
have been made to examine GHG emission profiles that would eventually lead
to stabilization (2—4). The availability and costs of fossil energy play a cen-
tral role in determining these emission profiles, especially in the absence of
emission mitigation policies. But even in the presence of mitigation policies,
the existence of abundant and inexpensive fossil resources could constitute a
major economic barrier impeding the transition away from the current heavy
dependence on fossil energy sources.

Motivation and Introduction

Traditionally, energy resource assessments have focused on the immediate to
short-term accessibility of oil, gas, coal, and uranium, usually in terms of an-
nual reserve additions relative to current production. From the perspective of
the primary industrial sector in general and the resource industries in particu-
lar, this focus on the exact delineation of economically accessible resources is
inevitable. Private sector investments in exploration, development, and produc-
tion capacities need to be balanced against the resource economics of the day
and to provide for an adequate rate of return. Longer-term outlooks serve as a
guide primarily with respect to potential resource depletion rates and expected
market price movements, as well as geopolitical developments, contractual
arrangements, concessions, and taxation. The time horizon of these outlooks
rarely exceeds one or two decades. The most prominent guidelines for the indus-
try are the so-called reserve-to-production ratios, which contrast the presently
known reserves with current production and thus represent a measure for the
temporal reach of exhaustible energy reserves. Typically, these ratios fluctuate
between 20 and 40 years for the sources most in demand.
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Studies with temporal scales of 100 years or more necessarily involve re-
source assessments and recoverability evaluations that extend far beyond con-
ventional reserve analyses and reserve-to-production ratios. The concept of
reserve-to-production ratios is seriously flawed and, in the past, has led to aber-
rant conclusions (5). The most erroneous conclusion is that the world will run
out of reserves by the point in time suggested by reserve-to-production ratios.
For oil, ratios ranging from 20 to 40 years have existed since the beginning of
the twentieth century, so the world should have run out of oil a long timé ago.
Driven by economics, advances in the geosciences, and technological progress
in the upstream production operations, reserves have been continuously replen-
ished from previously unknown (newly discovered) or techno-economically
inaccessible occurrences. Although reserve additions have shifted to inher-
ently more difficult and potentially more costly frontier locations, technological
progress has outweighed potentially diminishing returns.

Because scientific advances, technological process, extraction and demand
projections are continually changing, it is impossible to encapsulate energy re-
serves and resources or production economics with simple measures or single
numbers. The many uncertainties entering the analysis make energy resource
assessment “the effort of estimating the economic portion of an unknown to-
tal” (7). Government bureaus and industry attempt to meet the challenge of
presenting up-to-date estimates of the economically available crude oil, natural
gas, and coal resources. Usually, these assessments comprise elements along a
continuum of three dimensions: geological knowledge, economics, and tech-
nology. Another important dimension, and perhaps from society’s perspective
the most important, is the level of future resource extraction and use. The fact
that these dimensions do not evolve independently adds to the already com-
plex task of energy resource assessment, especially if the temporal scope of the
assessment extends beyond traditional energy-sector planning horizons.

Definitions

Inevitably, many assumptions enter such an analysis. Two of the most critical
are the future rates of technology change and productivity gains. Technology
advances in the hydrocarbon upstream sectors have an immediate impact on
long-term fossil energy-resource availability. Because resource availability and
resource costs play a central role in energy analyses extending over centuries,
it is common practice to devise several scenarios of future rates of technology

lviewed through the lens of economics, however, there are no depletable resources. Even in the
event of “the cessation, once and for all, of technological progress” (6) in the hydrocarbon upstream
sector, the cost of replenishing depleted production capacity would eventually make investments
in this resource uneconomical compared to alternatives. Investors would simply stop investing in
this resource, and the remaining amounts would remain in the Earth’s crust untapped.
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progress and fossil resource availability in which advances range from conserva-
tive to accelerated. Inthis hydrocarbon resource assessment, the broadest possi-
ble dimensions were applied without immediate reference to recoverability. In
a second step, the assessed occurrences were categorized into estimated ranges
of potential future production costs. Uncertainty is an element common to in-
ventory assessment and recoverability evaluation, i.e. uncertainty with respect
to geological assurance and techno-economic production feasibility of hydro-
carbon occurrences. A modified “McKelvey box” approach was used for the re-
source categorization and techno-economic feasibility estimates reported here.
McKelvey (8) proposed a diagram with a matrix structure for the classification
of mineral resources along two dimensions: decreasing geological assurance of
occurrence and decreasing economic recoverability (see Figure 1). In the case
of fossil energy, the concept of occurrence or resources “in place” represents
all types and forms of hydrocarbon deposits in the Earth’s crust (9). Global
occurrences can be assessed using mass-balance calculations on the basis of
geophysical and geochemical information. At the regional level, analogy is
used to obtain a first-order assessment of hydrocarbon occurrences. Geological
properties and past production data of one particularly well-explored area are

Additional Occurrences

Not economic

Submarginal

Subeconomic

Paramarginal

Decreasing degree of economic feasibility

Economic Reserves
Proved |Probable |Indicated| Inferred | Hypo- Speculative
thetical
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Demonstrated Undi d
e ndiscovere
Identified

Decreasing degree of geological assurance

Figure 1 Classification of energy reserves and resources. (Modified from Reference 8.)
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used to construct a geologic model of the basin history and are then applied to
geologically similar areas. The resource characteristics of the reference site in
terms of in-place accumulation, distribution, etc, are then assumed to be similar
to the characteristics of undiscovered resources within the unexplored area of
interest (10).

The McKelvey box adds the dimensions of uncertainty and techno-economic
recoverability to the analogy concept. For example, measured occurrences have
the highest geological assurance, followed by indicated, inferred, and undiscov-
ered or speculative occurrences. Indicated occurrences are resources located
in known reservoirs that can be extracted through the application of additional
or improved recovery techniques. Inferred occurrences are identified resources
that can be recovered by additional drilling in the extensions of known fields.
Also included in the inferred category are newly discovered pay zones and net
upward revisions of previous estimates (11). Taken together, the measured,
indicated, and inferred occurrences are often referred to as proved reserves or
reserves. In short, reserves are those occurrences that are identified, measured,
and at the same time known to be technically and economically recoverable.
Thus, reserve estimates inherently depend on the state-of-the-art of present
exploration and production technologies as well as on the prevailing and antic-
ipated market prices.

Resources are occurrences with less-certain geological assurance and/or with
doubtful economic feasibility. The boundary between occurrences and re-
sources is fuzzy and is usually drawn “by practice” in inventory assessments.
Together, reserves and resources form the so-called resourcé badei-
tional quantities with unknown degrees of assurance and/or with unknown or
without economic significance are referred to as undiscovered or additional oc-
currences, respectively. For example, additional occurrences include methane
hydrates (clathrates), which are presumed to exist in enormous quantities. Lit-
tle is known, however, about their actual resource potential and the eventual
techno-economic feasibility of their extractién.

As helpful as the McKelvey diagram is for an organized and internally con-
sistent presentation of reserves and resources, the underlying dynamic nature
concerning geological assurance and techno-economic recoverability is often

2The resource base estimates include reserves and potentially recoverable resources not only
of coal, conventional oil, and natural gas but also of unconventional oil (oil shale, tar sands, and
heavy crude) and natural gas resources (gas in Devonian shales, tight sand formations, geopressured
aquifers, and coal seams).

3An abundance of methane hydrates is inferred mainly on the basis of the appearance on marine
seismic-reflection profiles of a pronounced bottom-simulating reflection (BSR), which coincides
with the base of the gas hydrate stability field (12). However, drilling has yet to confirm the volumes
in-place suggested by BSR.
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ignored. Instead, the diagram is viewed as an ironclad matrix structure with
fixed quantities in each rectangle. In this case, energy reserves and resources
appear to be ultimately determined by present knowledge and by technological
and economic conditions. The result is those widely publicized reserve-to-
production ratios, which convey a definite sense ofimminent finiteness. Reality,
however, proves the opposite to be true.

In response to the energy service needs of a growing world population, im-
proved geological knowledge, both scientific and experimental (e.g. reservoir
theories and exploration techniques), technical progress, and innovation have
continuously expanded the fossil-energy resource base. In fact, over the past
150 years, the additions to reserves have regularly outpaced consumption. Mar-
ket prices and price expectations, the latter often raised by the static concept
of energy reserves (which inherently fuels the perception that we are running
out of reserves), contribute indirectly to the steadily growing resource base.
Fluctuating prices impact resource availability in two ways. First, increasing
prices render previously marginal or even uneconomic resources profitable.
Higher market prices increase the technical recoverability of known and even
depleted deposits (e.g. enhanced oil recovery can double the extraction from
some reservoirs). Higher prices also accelerate exploration and induce technol-
ogy change. Improved exploration and extraction technologies help identify
and access quantities that were previously only inferred or beyond technical
reach, and these technologies result in the reclassification of resources to re-
serves. Finally, technology improvements can further reduce the production
costs of currently operating fields.

After a period of large additions to the resource base, price expectations tend
to decline. Exploration activities are streamlined and concentrate on the most
promising projects. Likewise, exotic technology development is abandoned.
In the short run, the net effect is an increase in exploration and production pro-
ductivity. This increase will further suppress price expectations, and eventually
exploration activity bottoms out. The resource base stagnates and even begins
to shrink. Periodical reserve estimates display declining reserves-to-production
ratios, which raise future price expectations, and the cycle begins‘anew.

Obviously, energy resource estimates based on, and responding to, short-
term business-cycle—dominated events in the market place are inadequate for
any long-term evaluation of energy resources and their techno-economic avail-
ability. Over the last century, technology has probably had a more profound
and lasting impact on prices than prices have had on technology. Energy prices
matter in the short run when infrastructures are essentially locked in. They also

4In addition to these essentially expected return-on-investment—driven cycles upon cycles, return
and price expectations are also highly influenced by the geopolitics of the day, especially geopolitical
events involving the Middle East.
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Figure 2 The impact of technological progress on natural gas resource availability and production
cost in the United States (lower 48 states). (Modified from Reference 13.)

matter in that rising prices tend to spark price-induced change (in technology
and behavior). Their long-run impact, however, is rather opaque. Figure 2
illustrates the impact of technological progress on resource accessibility and
thus on production costs: a two-fold increase in reserves at constant costs or a
substantial cost reduction for a fixed quantity of reserves.

Consequently, a dynamic concept must be applied that factors anticipated
rates of technical change into the resource evaluation. Moreover, people de-
mand and buy energy services, not primary energy reserves or resources. Con-
sequently, the quality and cost of the service matters. The energy component
in the service costs, however, varies with technology and infrastructure avail-
ability. The technology component at the level of energy services has become
more and more complex and capital intensive. Hence, technology change in
the broadest sense, i.e. ranging from exploration to management technologies,
will determine future energy resource accessibility.

The idea of learning the true extent of geological occurrences is intriguing
and, theoretically, the extent of occurrences can be derived from integral (i.e.
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since the genesis of the planet) mass, energy, and entropy balances for carbon,
hydrogen, oxygen, solar radiation, etc. But in the final analysis such knowl-
edge is irrelevant. In the long run, the marginal costs of replacing depleted
fossil-energy sources will be evaluated against the package consisting of con-
venience, quality, and costs associated with the supply of energy services. At
a certain level of non-renewable resource replacement costs, non-fossil-based
energy services become competitive. Given the rate of technical change for
all energy technologies and, in particular, those technologies that have yet to
be commercialized, it is reasonable to expect that a significant share of fossil-
energy occurrences will remain in the ground untapped. Moreover, concerns
regarding the quality and stability of the climate system are likely to restrain
the unrestricted use of carbon-containing energy sources.

CLASSIFICATION

This assessment of non-renewable energy resources, prepared as an input to a
joint study by the International Institute for Applied Systems Analysis (IIASA)
and the World Energy Council (WEC) and to the IPCC Second Assessment
Report (SAR), was structured to reflect, in spirit, the McKelvey diagram (1, 3).
Unfortunately, published resource estimates rarely conform to that scheme in
reporting their findings. In particular, the economic feasibility of the estimated
resource quantities is barely delineated. The majority of estimates include
only economically viable reserves of the day. For example, reserve estimates
of conventional crude oil are based on the current knowledge of world oil
resources and “emphasize how much oil has already been found, where we
have found it and where we have failed to find it, and when we found it” (14).
The literature on resource assessments reveals far-reaching differences in
the interpretation of otherwise quite similar formal definitions. For example,
a proved reserve in some countries, especially in the United States, “has the
specific meaning of describing a quantity of petroleum that is technically ready
to be commercially produced” (15), but in tigritish Petroleum (BP) Sta-
tistical Review of World EnergyProved Reserves of Oil are generally taken
to be those quantities which geological and engineering information indicate
with reasonable certainty can be recovered in the future from known reservoirs
under existing economic and operating conditions” (16, p. 4). When these
definitions are applied individually to the same geographic area, reserve es-
timates may differ by a factor of more than four (15). Such differences can
be at least partially explained by the differences in the underlying concepts of
the dynamics of knowledge and readiness. US estimates include reserves that
are ready for production immediately, whereas BP uses an integral approach to
readiness, including in their estimates known quantities that can be developed if
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required. The BP definition of proved reserve corresponds approximately to the
Demonstrated-by-Economic rectangle in the McKelvey diagram in Figure 1.

The lesson learned from this discussion is the apparent difficulty of incor-
porating future development efforts, technology change, and uncertainty into
reserve assessments. The short-term implications of these differences are not so
important but willinfluence any long-term energy demand-and-supply analysis.
If a long-term energy analysis with a study horizon of 50 or 100 years into the
future incorporates an oil and gas resource availability based on current reserve-
to-production ratios of 45 to 60 years, a future in which we are running out of
resources is hard-wired into the study findings. Therefore, a resource concept
that reflects the overall hydrocarbon occurrences as well as future dynamics of
technology change is needed, i.e. a series of McKelvey boxes as a function of
time and technology change.

Resource Categories

Estimates of global conventional and, to a lesser extent, unconventional oil
and natural gas occurrences are routinely published by many organizations
(15, 16-18, 19). Unfortunately, it is impossible to put these reserve and re-
source estimates at face value into the format suggested by the McKelvey box.
The respective industries and institutions tend to report their quantities using
quite different terminologies, concepts, and boundaries. As shown above, the
same terms may have distinctly different meanings in different organizations.
Because of these difficulties, an attempt was made to reconcile the individual
estimates with the help of the McKelvey box. One drawback to this attempt is
the difficulty of comparing the resulting resource quantities with the original
industry classifications and reporting structures.

Altogether, this resource assessment distinguishes eight resource categories
for the in situ occurrences of crude oil and natural gas, and ten for coal. The
use of a finite number of resource categories is a compromise between available
data and the need to reflect uncertainty. For data availability, the number of
categories makes maximum use of the information supported in the literature.
For uncertainty, the categories are sufficient to allow the simulation of different
future innovation rates and energy market conditions, i.e. the higherthe resource
category, the larger the geological uncertainty and the cost-of-recovery ranges.

Conventional oil and gas resources are organized across the first three re-
source categories (see Table 1). By and large, Category | corresponds to the
measured reserves of the McKelvey box. The definition used by both Masters
etal (15) and the US Geological Survey (USGS) (20) extends to include a share
of the indicated reserves as well. The boundaries of the BP and WEC estimates,
which use the concept of proved recoverability, are somewhat narrower than
the Identified Reserves of Masters et al. More important than the reconciliation
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of these estimates is the fact that Category | serves as the point of departure
for many energy-related economic, political, and environmental considerations.

For example, the commonly reported reserve-to-production ratios are based on
Category I-type reserves. Obviously, the concept of proved recoverable re-

serves is very limiting and potentially dangerous for any long-term business

planning or policy analyses.

Category Il represents occurrences of undiscovered but presumably extant
conventional oil and gas resources that have a reasonable probability of being
discovered. In due course, Category Il resource volumes will come to bear
as exploration and development efforts expand as a function of the eventually
declining oil and gas of Category |. From the perspective of the consumer, Cate-
gory Il resources will replenish Category | reserves and will themselves become
Category I-type reserves. WEC (labeled “estimated additional reserves”) and
Masters et al (labeled “mode or 50% probability of discovery”) assess Cate-
gory Il resources. In terms of the McKelvey box, Category Il overlaps with
the inferred and, to a lesser extent, undiscovered hypothetical sections (see
Figure 1).

Category lllis of a more speculative nature and corresponds to the right-hand
side of the McKelvey box primarily in terms of geological assurance and, to a
lesser extent, in terms of technical recoverability. Only Masters et al assess and
quantify low-probability estimates. In this assessment, Category Il reflects
the difference between Masters et al's 5% and 50% probability estimates of
undiscovered oil and gas occurrences.

Categories |-l encompass conventional oil and natural gas quantities that
can be delineated with present development practice and are amenable to the
application of existing recovery technology. Uncertainty with respect to their
eventual discovery, i.e. the horizontal dimension in the McKelvey box, is the
principal characteristic of these categories. The remaining categories, IV-VIII,
add increasing technological and economic uncertainty to decreasing geological
assurance.

Category IV reflects the potential for enhanced recovery. In the past, on
average only 34% of the in situ oil and 70% of natural gas were recovered with
primary (based on natural drive mechanisms from the initial reservoir pressure)
or secondary (compensating for declining reservoir pressure, e.g. by water or
gas injection) production methods. An additional fraction of the original in
situ oil and gas can be recovered from both abandoned and existing fields with
advanced production technologies. Enhanced oil-recovery methods include
the use of solvents that improve the viscosity of oil, especially of the heavier
types; steam injection; or chemical methods that modify the properties of the
water which, in turn, displaces oil and thus changes the pathways of oil flows
through the reservoir rock. So far, there has been no need to develop and deploy
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enhanced natural gas recovery methods. Extensive fracture stimulation comes
closest to enhanced gas recovery.

In this assessment, future conventional oil and gas production from Cate-
gories | to 1l is assumed to utilize 40% and 80% of the in situ occurrences,
respectively. Since the reserve quantities are delineated for the domain of pri-
mary and secondary recovery methods, the possibility of increasing the initial
guantities assessed by enhanced recovery methods may arise.

Categories V=VIIIl encompass unconventional oil and natural gas. Uncon-
ventional oil and natural gas reserves cannot, in general, be tapped with conven-
tional production methods, because of technical or economic reasons or both.
The boundary between conventional and unconventional resources is flexible
and depends on regional technology access and availability, geography, market
prices, and definitions. Consequently, quantifications and statistics on reserves,
resources, and production of conventional and unconventional oil and natural
gas may well overlap. In fact, technological progress is one of the main causes
of such boundary shifts.

Unconventional oils include oil shales, tar sands/bitumen, heavy and extra-
heavy crude oils, and deep-sea oil occurrences. Unconventional natural gas
includes gas in Devonian shales, tight sandstone formations, geopressured
aquifers, coal-bed gas, and methane in clathrate structures (gas hydrates).
These resources are known to exist in large quantities, but to date only mi-
nor efforts have been made to delineate them. The geological formations
containing unconventional gas are distinctly different from those associated
with unconventional oils. The latter are usually of low grade and often in-
volve extraction technologies more similar to those for coal than to those for
conventional oil. For example, estimates suggest that about 85% of global
oil shale resources are contained in shales averaging less than 0.08 tonnes
of oil equivalent (toe) per tonne (21). In contrast, unconventional natural gas
requires elaborate drilling technologies, well stimulation, or liquid-gas and gas-
gas separation equipment. In general, the term unconventional suggests that
this class of occurrences historically could not be produced using traditional
development and extraction practices. Consequently, the production processes
suitable for unconventional oil and gas production lack maturity. Given the
large resource volumes of conventional oil and natural gas, there has been no
immediate need to embark on rapid development of unconventional extrac-
tion technologies. Moreover, in the case of unconventional oil occurrences,
the extraction products are less readily usable than conventional oils and re-
quire further treatment/upgrading. The production of unconventional oil poses
additional environmental challenges ranging from enormous amounts of over-
burden removal (shale oils and tar sands) to heavy metals and sulfur (from
heavy oils).
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Category V contains the identified reserves of unconventional oil and gas.
Reserves in this context reflect those unconventional occurrences that can be
produced today or in the near future at prevailing international market prices. It
is important to note the difference between market price and production costs.
While unconventional reserves can be produced commercially at current market
prices and provide adequate returns to investors, their production costs tend to
be significantly higher than those of conventional fuels, especially in the Middle
East® Therefore, their economic viability is at present quite vulnerable to any
downward pressure on international market prices. Because of this risk and
the fact that conventional oil is still plentiful, investments in unconventional oil
production are practically nonexistent.

Categories VI and VIl encompass unconventional oil and gas resource esti-
mates; Category VIII contains all remaining conventional and unconventional
in situ occurrences including the quantities remaining in situ after commercial
production has been abandoned. The occurrences in Category VIIl are reported
to show complete data, butthey are not expected to be technically recoverable or
economically feasible before the end of the twenty-first century. For example,
the joint HIASA-WEC study excluded Category VIII resources from the menu
of potential energy supply options.

Coal reserves and resources assessments usually distinguish among several
ranks of coal (e.g. lignite, sub-bituminous, bituminous, or anthracite), which
are a proxy for energetic value, depth of deposits, seam thickness, and type
of recovery (i.e. surface or underground mining). As in the case of oil and
natural gas, assessments of coal occurrences differ greatly in their reporting
structures, terminology, technology assumptions, and levels of aggrefation.
Another difference concerns the units used in the assessment documentation.
For example, WEC reports coal resources in physical units, i.e. tonnage per
rank and country, and gives tables of national coal characteristics such as heat-
ing values and levels of sulphur, carbon, ash, volatile matter, and moisture.
These characteristics are given as ranges or averages or both. In contrast, the
Bundesanstaltii’ Geowissenschaften und Rohstoffe (BGR) (22) provides the
estimates in terms of both natural units (tonnage) and tons of coal equivalent.

For this study, the two BGR ranks of hard coal and lignite were adopted.
Each rank was subdivided into five subcategories or grades: (A) recoverable re-
serves, (B) additional identified reserves, (C) additional recoverable resources,

5In 1995, some 160 million toe of unconventional oil were produced worldwide. Most of the
investments in unconventional oil production occurred during an era of high—oil price expectations,
i.e. the late 1970s and early 1980s. For most projects, current market prices appear sufficient to
offset operating costs. Whether or not capital costs can be fully recovered is uncertain in many
cases.

5For a detailed review of coal occurrences see (9).
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Figure 3 IIASA-WEC study regions. (Source: Reference 3.)

(D) additional resources, and (E) remaining occurrences. Grades A-C corre-
spond roughly to the respective subsections of the Demonstrated geological
assurance level in the McKelvey box, while D and E approximate the Inferred
and Undiscovered fields.

The following sections review global and regional fossil energy sources and
their recovery costs used in the IIASA-WEC study. The review is an attempt to
constructan internally consistent energy resource platform from many unrelated
resource estimates and technology performance assumptions that are difficult
to compare because of the differences in the reporting methods used.

The data presented in the tables in this review may seem more precise than
they are. The data were compiled, aggregated, and tabulated as point estimates.
Computer-based analyses produce estimates with many “significant” digits,
creating an illusion of definitiveness. In fact, each of these point estimates
has a considerable uncertainty range, and therefore the data indicate the order
of magnitude of a particular source and not a categorical determination of
guantities and costs.

Figure 3 shows the 11 groupings of the countries of the world used in the joint
IIASA-WEC study’ The main criteria for the regionalization were geography,
demography, resource endowment, and level of economic development. The

“With the exception of having combined the IIASA regions South Asia (SAS) and Other Pacific
Asia (PAS) into one region, the IPCC-SAR uses the same regional aggregation.
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challenge then was to develop energy resource quantity-cost relations for each
of the 11 regions based on often very scarce and aggregate information.

Conventional Qil

Table 2 compares the most recent WEC (23), BP (16), and Masters et al (15)
assessments of conventional oil reserves and resources. At present, Category |
global oil reserves amount to somewhere between 137 and 150 Gtonfles (10
tonnes of oil equivalent= Gtoe), depending on the definition applied. It

is plausible that the BP and WEC global estimates based on the concept of
proved recoverability are somewhat lower than the identified reserves of Masters
et al. The regional differences between these estimates, however, are difficult
to explain.

Category Il estimates range between 61 and 77 Gtoe. The larger WEC
estimate makes up, in part, for the different boundaries used in the WEC and
Masters et al assessments to allocate reserves to Categories | and Il. In addition,
WEC does not report any estimated additional reserves for the FSU. Still, the
totals of the WEC and Masters assessments, 215 versus 211 Gtoe, respectively,
agree quite well. The undiscovered resources with a low geological assurance,
i.e. Category lll, amount to 84 Gtoe. Only Masters et al report estimates at this
level. In summary, the total resource base estimate of conventional oil applied
to this study amounts to 295 Gtoe. The total of historical production and the
resource base, often referred to as the ultimately recoverable conventional crude
oil resources, are 385 Gtoe.

Since the 1960s, the mean estimates of global, ultimately recoverable re-
sources of conventional oil have ranged between 250 and 400 Gtoe with a
median value of 290 Gtoe (5, 14, 15, 22, 24, 25). All estimates include caveats
regarding the potential impact of technical progress on these estimates. For
example, on average, 34% of in situ oil occurrences are currently recovered
with state-of-the-art technology. A 1% improvement in the recovery rate leads
to a 3-5% percent increase in ultimately recoverable resources depending on
the realized historical recovery rates, which were often considerably below to-
day’s average, and on the economic viability of revisiting long-abandoned oil
plays (22). The long-run recovery rate of conventional crude oil assumed for
this analysis is 40%. Against the background of present and future technology
advances, an ultimately recoverable conventional oil resource base of 385 Gtoe
is plausible.

Category IV reflects the potential for enhanced recovery. It is assumed that
in addition to the present average of 34%, another 10% of the original in situ ol
could be recovered from existing fields with advanced production technologies.
Future conventional oil production from Categories I-lll is assumed to utilize
40% of the in situ occurrences. The enhanced recovery potential for oil is
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estimated at 15% of the original in situ quantities [ultimate recovery rates of
55-60% were suggested by Nehring (14)]. Based on these assumptions, the
potential enhanced recovery is 138 Gtoe.

UNCONVENTIONAL OIL  Categories V-VIII encompass unconventional oil oc-
currences. Despite their presumably large resource volumes, only minor efforts
have been made to delineate them. Most known unconventional oil deposits
are economically marginal or unattractive given present market conditions and
available technology. The technology for their exploitation is complex and
capital intensive. With a few notable exceptions, unconventional oil is not
exploited to contribute to liquid fuel supply. Current oil production from un-
conventional resources amounts to some 160 Mtoe per year (or 5% of global
oil production). In the absence of considerably higher oil market prices, further
technology advances are called upon to improve the economic attractiveness
of unconventional oil resources. Because of this dependence on innovation,
both the “oil-in-place” occurrences reported in the literature and prerequisite
oil market price levels vary significantly, i.e. between 875 and 4120 Gtoe
and from $20 to $70 per barrel, respectively (26). Moreover, potentially very
high environmental costs add to the already large production-cost unceftainty.
Moreover, unconventional oils contain low carbon-to-hydrogen ratios. In or-
der to blend with or substitute for present oil products, unconventional oils
need to be upgraded by means of hydrogen addition. Because of the greater
density, viscosity, molecular structure, and nonhydrocarbon content, their pro-
duction, transportation, upgrading, and refining processes differ greatly from
those applied to conventional oil (27).

olL sSHALES Oil shales are sedimentary rocks containing a high proportion
of kerogen formed from organic matter that is not buried deep enough to be
transformed into oil and natural gas. Oil shale may be recovered through mining
(surface or underground) similar to the production of coal or through in situ
techniques (retorting or chemical treatment). In general, oil shale deposits
are low grade with average yields of oil per tonne of deposit material rarely
exceeding 0.1 toe. One estimate suggests that about 85% of global oil shale
resources are contained in shales averaging lessthan 0.08 toe pertonne (21). The
low-grade characteristic of this hydrocarbon resource represents a particular
technological challenge. Large-scale production has to meet two objectives
simultaneously: economic viability and environmental compatibility. In the
past, oil shale was used as an under-boiler fuel or was refined into synthetic
oil and gas. In the future, this resource is expected to initially supplement and
eventually substitute for conventional oil.

8Most unconventional oils contain undesirable nonhydrocarbons ranging from vanadium and
nickel to sulfur, nitrogen, and oxygen (27).
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Oil shales account for the majority of unconventional oil occurrences. Oil-
in-place estimates range from 450 to 2510 Gtoe (19). An earlier study by BGR
(22) showed a resource range of 667-2512 Gtoe, i.e. the bottom end of the
estimate was revised downward significantly. This assessmentincorporated an
overall oil shale occurrence of 934 Gtoe. This resource volume is the result
of a middle-of-the-road approach to the earlier BGR resource data based on a
conservative interpretation of the immense resource range reported forChina.

Most recent studies report only some 12 to 14 Gtoe as “proved reserves”
(18, 19). Proved reserves have hovered at this level for almost a decade. There-
fore, 14 Gtoe appeared as a plausible datum. Estimated additional reserves
range from 35 Gtoe (18) to almost 160 Gtoe (19). The latter estimate is some-
what higher than the 1989 assessment of 123 Gtoe. At the time of this assess-
ment, the 1995 estimates were not yet available, and Table 3, therefore, shows
the 1989 BGR value.

NATURAL BITUMEN (TAR SANDS) AND HEAVY CRUDE OIL  Natural bitumen (tar
sands) and heavy crude oil are closely related, i.e. most of their physical
and chemical characteristics are the same. In essence, these hydrocarbons
are oils that have seeped upwards from the geological “petroleum window”
and near the surface were either oxidized or microbiologically altered (30); a
method of distinguishing between these alternatives has yet to be devised. In
general, viscosity and American Petroleum Institute (API) gravities at reservoir
conditions are used as distinguishing characteristics. Heavy oils hav230
gravities but are less viscous than 10,000 centipoise (cP). Extra heavy oil is less
than 10 API. Heavy oils can still flow but only extremely slowly, especially

at the lower API range, and their production often involves in situ flow and lift
enhancement methods (heat, steam, and polymer stimulation). Natural bitumen
has a viscosity greater than 10,000 cP. At this viscosity level, bitumen differs
more from conventional oil than it does from heavy oil, and its production
requires more complex techniques. Tar sands and extra heavy oil havE® 7

API gravity and cannot flow under normal reservoir conditions. Their extraction
methods are surface mining or in situ thermal recovery.

Worldwide resource estimates for tar sands and heavy crude oil have been
reported (22,23,27,29). For tar sands, the estimates range from 73 to 460
Gtoe. The lower estimate, made by WEC, is the result of a relatively narrow
definition of resource that includes only occurrences meeting criteria otherwise
applied to potentially recoverable reserves. The estimated resource levels in
all the other studies were between 436 and 460 Gtoe. Based on the availability
of regional data, a total resource volume of 446 Gtoe was deemed plausible.
It appears that tar sand reserves were generally assessed cautiously, i.e. the

%“Data from China appears to be erratic. It often appears that tons of shale oil, and barrels of
shale oil may be transposed” (21).
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reserves are very low compared to the immense resource volume. The values
reported in the literature reflect the capital intensiveness of tar sand recovery
and the low oil market-price level of the late 1980s when these assessments
were made. The maximum estimate of 6.5 Gtoe was adopted.

The 1995 study of BGR shows a somewhat different resource range, i.e.
tar sands are estimated at 200—680 Gtoe of oil-in-place. Reserve values are
considerably higher compared to earlier estimates (24 Gtoe versus 6.5 Gtoe).

Heavy crude oil reserve and resource estimates are based on the same studies
as the tar sand assessments. According to these studies, resources range from
191 to 367 Gtoe, while reserves vary between 25 and 35 Gtoe. The latest BGR
estimate shows a much wider variation, from 135 to 930 Gtoe. Likewise, the
1995 reserves estimates exceed those of 1989 by 30%.

Table 3 summarizes the state-of-the-art assessments of unconventional oil
reserves and resources at the time of the finalization of the IASA-WEC study
analyses and the IPCC-SAR study in early 1995. This study examined long-
term perspectives for today’s energy system, which relies largely on fossil fuels
to progress toward a generally more sustainable energy service supply structure.
Attractors and barriers were identified that could accelerate or delay a transi-
tion toward sustainability. Fossil energy sources may accelerate or delay such
a transition or even do both simultaneously. An abundance of a low-carbon
fossil source, e.g. natural gas, could well facilitate a transition, initially as a
substitute for the higher-carbon fossil sources—coal and oil—and eventually
as a staple source for hydrogen production. On the other hand, continued tech-
nology change may, in the course of half a century, mobilize a sizable portion of
the carbon-intensive unconventional fossil occurrences whose recovery in the
short-term remains technically or economically unfeasible. The abundance of
inexpensive high-carbon energy sources would probably function as a barrier
to sustainability if it were not complemented by stringent pollution-abatement
measures. An examination of not only resource-constrained but also hydrocar-
bon resource-rich energy futures required the use of the largest fossil occurrence
figures referenced in the literature. Ultimately, the global resource availability
included in a scenario is a matter of choice (the analyst’s). Sensitivity analyses
around the assumed resource availability then address the issue of uncertainty.
But the a priori exclusion of presently subeconomic or geologically uncertain
occurrences would certainly underestimate the hydrocarbon occurrence poten-
tially available to humankind.

In the IIASA-WEC study, Category V, the reserves of unconventional oil are
defined as the sum of WEC shales reserves, BGR tar sands reserves, and Meyers
et al heavy oil reserves. This aggregation leads to a global reserve volume
of 45 Gtoe. The study selected an essentially low range of unconventional
reserves because of the anticipated strong techno-economic performance of
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conventional oils. In contrast, the maximum availability of unconventional oil
resources was adopted, which for these three types of hydrocarbons totals 1726
Gtoe of oil-in-place worldwide. This total resource volume is split 20:35:45
and allocated to Categories VI, VII, and VI, respectively. In addition, all the
oil remaining in situ after commercial production is added to Category VIII.
The distribution of unconventional oil resources over three categories reflects
the increasing uncertainty concernirg future rates of technical progress
in recovery and upgrading technologi) future energy economics, and) (
potential inaccuracies of the estimates of yet-to-be-discovered resources.
Regardless of future developments, the capital, energy, and time required to
develop, exploit, and refine the heavier hydrocarbons (heavier thtaARl},
which account for the bulk of unconventional oil occurrences, are unlikely to
approach that required for the lower-molecular weight hydrocarbons. Their
inherent hydrogen deficiency or carbon richness, however, may well become
the largest barrier, especially in a greenhouse-gas emission-constrained future.

SUMMARY OF OIL RESOURCES Table 4 summarizes the regional distribution

of conventional and unconventional oil occurrences underlying the joint IASA-
WEC study. Categories I-lll correspond to the estimates of Masters et al for
conventional reserves and resources (see Table 2). The rationale and procedure
for calculating the quantities in Categories IV=VIII were adopted as described

in the previous section. Finally, the recoverable portion of these oil occurrences
will be a function of the degree of future technological progress, the overall
evolution of the energy system, and prevailing and anticipated energy market
conditions. In a long-term energy demand-and-supply analysis, the maximum
demand on these resources is critical.

Natural Gas

CONVENTIONAL GAS Estimates of global, conventional natural gas reserves
and resources are summarized in Table 5. Category | global natural gas re-
serves are assessed at 115 and 129 Gtoe depending on the definition used. The
reasons for the differences between the WEC, BP, and Masters et al estimates
are analogous to those for the oil assessments.

Category |l estimates range between 104 and 112 Gtoe. The different bound-
aries between the WEC and Masters et al assessments (with respect to their
allocation to Categories | and Il) have no impact in the case of natural gas, in
contrast to oil resources. The global Masters et al estimate is higher for both
categories. At the regional level, however, it is impossible to find a consistent
pattern between these two studies. Differences in the anticipated technology
advances and technology transfer assumptions underlying these assessments
are probably a major cause of the regional resource deviations.
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The undiscovered resources with a low geological assurance, i.e. those in
Category lll, are assessed at 153 Gtoe. The expected future availability of
presently undiscovered conventional natural gas resources is much greater than
that for oil. While the undiscovered oil resources are considerably lower than
the proved reserves, undiscovered natural gas resources exceed their proved
counterpart. In fact, the less-uncertain Category Il natural gas volumes are
already significantly larger than oil and almost on a par with proven reserves.
This divergence between speculative oil and natural gas resources also reflects
the differences in the maturity of the industries involved. Compared to oil,
natural gas is a newcomer on the global energy scene. Moreover, natural gas
resource assessments as well as exploration activities have been guided by the
oil experience, primarily. However, a liquid and a gas entail significantly differ-
ent geophysical and geochemical reservoir prerequisites in terms of pressure,
temperature, rock formation and depth. In other words, although the physical
and chemical properties of natural gas and methane, its chief gaseous compo-
nent, differ greatly from those of liquid oil, natural gas resource availability
has, to a large extent, been viewed through the geological and technological oil
window. The larger undiscovered natural gas volume is the result of the slow
but definite process of gas’ liberation from oil.

In summary, the total resource base estimate of conventional natural gas
amounts to 394 Gtoe [or 420 Gtoe if natural gas liquids (NGLSs) are included].
The ultimately recoverable conventional resources, i.e. past production plus
the resource base available for future production, is 435 Gtoe (or 468 Gtoe
including NGLs) for natural gas.

UNCONVENTIONAL GAS The literature distinguishes six major categories of
unconventional gas: coal-bed methane, i.e. gas contained in coal seams; tight-
formation gas, i.e. gas in low permeable, tight reservoirs; geopressured gas,
i.e. gas trapped in aquifers; gas hydrates, i.e. gas, primarily methane, ex-
isting in the form of clathrates; gas from fractured shales; and ultradeep gas.
Because of the wide availability of conventional natural gas, there has been
little commercial interest in the delineation of unconventional natural gas oc-
currences. Consequently, resource estimates of unconventional gas are very
sparse and primarily initiated by academic curiosity rather than by commercial
necessity. Funds have been limited and therefore so are the data on unconven-
tional gas occurrences. The data contained in the literature are fraught with
geological uncertainty. Moreover, the technology implications for the even-
tual production of unconventional gas are poorly understood. In summary, the
data in the following tables are speculative and should be read as such, par-
ticularly the regional distribution estimates, which in many cases are highly
speculative.
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COAL-BED METHANE Coal-bed gas is the gas mixture contained in predomi-
nantly bituminous and anthracite coal occurrences. The major component of
coal-bed gas is methane with varying admixed quantities of heavier hydrocar-
bons and carbon dioxide. Coal-beds are both the source and reservoir rock for
large quantities of methane (31). They are the source rock in that the gas is
a product of the coalification process in which organic matter is initially de-
composed by microorganisms to methane in an anoxic and low-temperature,
low-pressure environment (biogenic process). As sedimentation increases both
temperature and pressure, the coalification process continues and large amounts
of methane and carbon dioxide are released, thus enriching the coal carbon con-
tents (thermogenic process). The quantities of methane generated during the
coalification process are estimated at 150-209afrgas per gram of coal (31).

The coal-bed serves also as the gas reservoir, whereas the gas is adsorbed as
well as absorbed within the molecular lattice structure of the coal. The actual
guantity of gas stored is a function of coal rank, pressure, and temperature.
Because permeability is extremely low in coal, gas production requires the
depressurization of the coal-bed reservoir, usually via dewatering or fracturing.

The potential volume of coal-bed methane (in place) has been estimated at
85-367 trillion cubic m globally (31, 32). The regional distribution of coal-bed
gas is intimately linked to the geographical distribution of anthracite and bitu-
minous coal deposits. The wide range of the coal-bed gas estimates indicates
that the delineation of coal-bed gas is in its infancy. There are no imminent
technology barriers to production, and the economics appear quite favorable.
Still, this resource is essentially undeveloped, except in the United Staltes.
the United States, coal-bed gas has been established as a commercial source of
natural gas and accounts for some 4% of the domestic natural gas supply. In
other countries with access to conventional natural gas deposits, coal-bed gas
has yet to gain appeal. Table 6 shows the estimated coal-bed methane resources
and their geographical distribution.

TIGHT-FORMATION GAS Gas in tight reservoirs occurs in a variety of rock
types where the common characteristics are low in situ permeability to gas of
less than 0.1 millidarcy and reservoir pressures that deviate significantly from
hydrostatic pressures (in either direction). Almost every petroleum province
has tight gas reservoirs, and their depths range from very shallow to very deep.
Unlike conventional natural gas, where the gas is concentrated in structural or

10The ventilation and use of coal-bed methane from active coal mines is common in many coal-
producing countries. It is a necessary precautionary measure to reduce the risk of underground
explosions during coal production. Commercial use of coal-bed gas for this purpose implies that
gas production is the primary, if not the only, objective and that the coal serves simply as the
reservoir.
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Table 6 Estimates of unconventional natural gas in place by type, in Gtoe

Coalbed Gas from frac- Tight Methane Total non-

methane tured shales formation hydrates Remaining conventional
Region (31,32,34) (35,36,22,19) (33,32,19,34) (12,37,38,39) in-sit?  occurrences
NAM 77 98 35 6,089 20 6,319
LAM 1 54 33 4,567 8 4,662
WEU 4 13 9 761 7 794
EEU 3 1 2 0 1 7
FSU 101 16 23 4,186 42 4,367
MEA 0 65 21 190 25 302
AFR 1 7 20 381 4 413
CPA 31 90 9 381 3 514
PAO 12 59 18 1,522 1 1,612
PAS 0 8 14 190 4 217
SAS 1 0 5 381 2 389
World 232 411 189 18,647 117 19,595

8Gas remaining in-situ after commercial production of conventional natural gas has ceased
(own estimates).
bData adapted or modified from these references.

stratigraphic maps, tight gas is independent of such conditions (33). Although
areas of tight rock formation can be found all over the globe, exploration and
production of tight-formation gas has been spearheaded by the United States,
primarily. Production usually requires artificial stimulation, such as hydraulic
fracturing, which adds to production costs. Consequently, tight gas is currently
produced only where local gas markets accommodate premium prices. Current
annual world production amounts to some 0.04 Gtoe (32). Technical progress
and horizontal drilling are expected to improve the techno-economic access to
this large source of natural gas in the near future.

Resources estimates of in-place and recoverable potentials of tight-formation
gas have yet to be made in a consistent manner or on a global basis. To date,
most exploration has been done in the United States, and to a lesser extent,
in Europe and China. Resource estimates for the United States span a wide
range, i.e. from 8 to 138 Gtoe, of which 5 to 14 Gtoe have been assessed
as recoverable (33). Global estimates are somewhat smaller, ranging from
75 to almost 190 Gtoe in-place (34). Because the production of tight gas
is technologically more challenging than the production of conventional gas,
the upstream gas industry has had little incentive to explore and develop this
resource. The global estimate of Kuuskraa and Meyers, which dates back to the
late 1970s, is therefore probably quite conservative, especially when this global
volume is put into perspective by comparison with the (higher) estimates for
the United States. A recent study assesses the recoverable volume at close to
150 Gtoe (19). However, because there is no geographic distribution available
for tight-formation gas occurrences and because tight gas reservoirs are present
in almost every petroleum province, the regional allocation shown in Table 6
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was obtained by weighting the estimated global volume of almost 190 Gtoe
with the regional distribution of conventional gas.

GEOPRESSURED GAS The solubility of a gas in a liquid increases with in-
creasing pressure, whereas increasing temperatures reduce solubility. Methane
dissolved in water is quite common when oil and natural gas reservoirs are
in contact with water-bearing pore space. Because the solubility of methane
in underground water is much more influenced by pressure than by tempera-
ture, the concentration of methane in underground water increases greatly with
depth (40). Because most hydrocarbon reservoirs tend to be in contact with
water, it is plausible to expect methane in geopressured aquifers in almost all
sedimentary basins. The in-place resource volume of geopressured gas has not
been assessed in detail, but the global resource volume is expected, by anal-
ogy to other unconventional types of natural gas, to be gigantic—8900 Gtoe
(32). Although some aquifer gas is already produced from shallow aquifers, it
is currently impossible to delineate the recoverable portion of this potentially
enormous volume. The economics of the only case of methane production from
a deep aquifer appear to be driven by the extraction of the by-product iodine.
In fact, methane-bearing aquifers contain many valuable trace elements, and
the eventual extraction of geopressured gas may well become the by-product
from the quest for these trace elements. The regional resource data in Table 6
were derived by multiplying the global in-place estimate of 8900 Gtoe by the
regions’ relative shares in the world’s sedimentary area.

NATURAL GAS HYDRATES natural gas hydrates are crystallized ice-like mix-
tures of natural gas, chiefly methane, and water. In hydrates, the gas is contained
within cavities formed by lattices of water molecules. Such hydrates are sta-
ble at temperatures and pressure conditions that ejishéhore and offshore

in permafrost regions andb) near or just beneath the sea floor, where water
depths exceed 300-500 m (12, 41). The latter can be found almost everywhere
in the world’s oceans (41), probably with higher-than-average concentrations
at the bases of continental slopes (32). Because hydrates can penetrate and seal
sediment pore space, they not only trap natural gas in their lattice structure but
may also function as hydrate-cemented traps for free natural gas beneath.

The recovery of gas hydrates requires one or any combination of three mea-
sures to release the gas from the lattice trap: thermal stimulation, depressuriza-
tion, or inhibitor injection. Appropriate techniques for the gas extraction from
hydrates have not been developed, and it will be technically challenging to
engineer methods so that the natural gas gains exceed the energy expenditures.
In the foreseeable future, there will be little need for the development of gas
hydrates. However, their in-place occurrence, estimated at more than 19,000
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Gtoe (37, 38), is remarkable and should be acknowledged. Although these es-
timates have yet to be confirmed by drilling tests, if only 1% of the estimated
volume becomes techno-economically recoverable, this resource volume would
be larger than current identified global natural gas reserves.

Although a geographical allocation of the gas hydrates is speculative at best,
such estimates have been made (see Table 6). The world map of locations
of known and inferred gas hydrates in marine sediments of outer continental
margins and in continental permafrost (39) was used at face value—i.e. each
location was assumed to host equal amounts of gas hydrates—and applied to
the global occurrence estimate of MacDonald (37).

NATURAL GAS FROM FRACTURED SHALES Devonian shales have been a source

of natural gas for more than 100 years (35). Devonian shales are organic-rich
shales with 5% to 65% indigenous organic matter (36). Such geological for-
mations are principal source beds for petroleum and natural gas. Natural gas
production from shale depends on several preconditions. The source rock must
contain a suitable type, amount, and thermal maturation of organic matter. Fur-
thermore, the source rock must have a trapping mechanism as well as sufficient
porosity and permeability. Resource estimates for organic-rich shales have
been limited almost exclusively to the United States. Moreover, natural gas
extraction from shales requires that all the above preconditions be met simul-
taneously. Although it is quite speculative, the ratio of the US estimates for
natural gas from shale formations to the in-place shale volume was used as a
guide to calculate the regional natural gas resource from fractured shale resource
potentials. The resource data shown in Table 6 are based on the assumption
that the shale oil occurrences outside the United States also contain the US gas
value of 17.7 TCF/Gt (tera-cubic feet per gigatonne) of shale in-place.

ULTRADEEP GAS Deep gas reservoirs, i.e. those at a depth between 4,600 m
(15,000 ft) and 7,600 m (25,000 ft), are estimated to host some 25% of the total
undiscovered natural gas resources of the United States (42). These resource
volumes suggest that there are even larger gas occurrences in the ultradeep
region (below 7,600 m or 25,000 ft). Although the role of organic matter

in producing large amounts of gas at such depths has yet to be determined,
there is no doubt that in a dry-reservoir environment methane is stable at and
can withstand the temperature and pressure conditions prevailing at a depth of
10,000-13,000 m. However, in the presence of fluids and minerals, the stability
of methane is quite uncertain (43). In addition, theories of abiogenic methane
sources have further sparked interest in deep gas resource estimates. While
the deep-gas category is accounted for in the gas occurrence estimates for the
tight-formation gas, geopressured aquifers, etc, no attempt has been made to
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assess ultradeep gas. The reservoir and geologic characteristics prerequisite to
ultradeep gas-bearing rock are simply not understood.

SUMMARY OF NATURAL GAS RESOURCES Table 7 summarizes assessments of
the regional distribution of conventional and unconventional natural gas occur-
rences. As in the case of oil, Categories I-lll correspond to the estimates of
Masters et al for conventional reserves and resources (see Table 5). The ratio-
nale and procedure for the calculations of quantities in Categories IV-VIII are
as described in the previous section. Again, the recoverable portion of these
natural gas occurrences will be a function of the degree of future technolog-
ical progress, the overall evolution of the energy system, and prevailing and
anticipated energy market conditions.

Coal

Estimates of proved recoverable reserves of coal have hovered just above the
1000 Gt mark ever since the first worldwide inventory of world coal resources
was presented at the International Geological Congress held in Toronto in 1913.
Fluctuations in reserves periodically reported by national bureaus appear to
have offset each other without notably affecting the world total. National
reserve revisions have colluded with energy market price trends: With lower
prices, reserve estimates decline; with higher price expectations, they rise.
Coal resources have generally been estimated to exceed reserves by one order
of magnitude, i.e. their occurrences surpass 10,000 Gt (9, 44, 45).

Although there is no internationally accepted convention for the demarcation
between different ranks of coal, many institutions group coal occurrences into
two major classes, hard coal and brown coal. Hard coal usually consists of
anthracite and bituminous coal; brown coal usually consists of lignite and sub-
bituminous coal. The dividing line between these two macro-categories is
determined by the coal’s carbon, moisture, volatile material, and ash contents.
Typically, the heating value of coal tends to increase with greater amounts of
carbon and lesser amounts of moisture and ash per unit of coal mass. Heating
value is often used to differentiate between hard and brown coal deposits. The
heating value of hard coal is greater than 25 MJ/kg and can be as high as 36
MJ/kg; the heating value of brown coal is less than 25 MJ/kg and can be as low
as 4-5 MJ/kg for lignite.

In order to put the energy relevance of coal reserve and resource quantities
into perspective with those of oil and natural gas, the heating values of various
carbonaceous deposits must be known. Because the chemical composition of
coal varies widely even within a deposit, coal resource surveys often report
only the physical quantities in place or the coal characteristics that are spe-
cific to one location and cannot be easily generalized. The Bundesanstalt f~
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Geowissenschaften und Rohstoffe (BGR) is one of the few institutions that
publish their coal reserve and resource estimates in physical and energy units
(22)1* This assessment adopted the BGR coal reserve data, and the country-
specific average heating values were applied to the physical coal resource esti-
mates of WEC (23). BGR reports two reserve categories—proved recoverable
reserves and proved additional reserves—as well as one resource category—total
coal resources. WEC's coal reserve and resource estimates are grouped as
follows: proved amount in place, proved recoverable reserves, estimated addi-
tional amount in place, and estimated additional reserves recoverable. Depend-
ing on which reserve classification is applied, aggregate world coal reserves,
i.e. proven recoverable and proved additional reserves, vary between 606 and
1003 Gtoe. Ultimately recoverable coal occurrences amount to 6200 Gtoe.

Viewed through the lens of conventional energy reserves, coal is clearly the
world’s most widely available fossil energy source. Given this large reserve
base, it is not surprising that the coal industry generally focuses on short-term
coal market prospects and very little on resource exploration. Moreover, coal
deposits tend to extend continuously and laterally over extended distances,
which reduces coal exploration requirements and increases the geological as-
surance of most coal deposits.

SUMMARY OF COAL RESOURCES Table 8 depicts the allocation of coal occur-
rences. Hard and brown coal resources are each distributed over five resource
grades. Grade A corresponds to proven recoverable reserves, Grade B to addi-
tional recoverable reserves, and Grade C to additional identified reserves. The
remaining occurrences or additional resources were divided 20:80 and allocated
to Grades D and E.

Summary of Reserves, Resources, and Occurrences

Table 9 summarizes this assessment of global hydrocarbon reserves, resources,
and occurrences. Table 9 also contrasts the estimated quantities with their past
cumulative consumption and present rates of utilization, respectively. Conven-
tional hydrocarbon reserves are estimated to be in excess of 1600 Gtoe. This
guantity is five times larger than the cumulative fossil-resource consumption
since the beginning of the coal era in the mid-nineteenth century. Theoretically,
present fossil reserves could fuel the world for another 160 years at the present
level of global primary energy use of almost 10 Gtoe per y&&oal accounts

The WEC Survey of Energy Resources no longer reports coal resources in units of tonnes of
coal equivalent (45).

12The close to 10 Gtoe of global primary energy use are made up of 7.4 Gtoe of fossil sources
(see Table 9), 0.6 Gtoe of nuclear power, 0.2 Gtoe of hydro power, and 1.4 Gtoe of renewables
such as non-commercial biomass, etc.
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Table 9 Aggregation of global fossil energy sources—all occurrences, indGtoe

Consumption Resource  Additional

1860-1994 1994 Reserves Resoutces basé occurrences

Qil
Conventional 103 3.21 150 145 295
Unconventional 6 0.16 183 336 519 1,824
Natural gas
Conventiondl 48 1.87 141 279 420
Unconventional — — 192 258 450 387
Clathrates — — — — — 18,759
Coal 134 2.16 1,003 2,397 3,400 2,846
Total fossil
occurrences 291 7.40 1,669 3,415 5,084 23,815

8Sources: Historial consumption (46). Reserves, resources, and occurrences, see Tables 2-8.
— = negligible volumes.

bReserves to be discovered or resources developed to resources.

“Resource base is the sum of reserves and resources.

dincludes natural gas liquids.

for the majority of fossil reserves (60%), while crude oil and natural gas reserve
guantities are practically identical (i.e. 20% of total reserves).

Fossil resources are estimated at twice the amount of reserves. Reserves and
resources combined create a total resource base of 5000 Gtoe. The uncertainty
of future recovery is more a function of techno-economic considerations than
of geological availability. For example, a resource base of some 5000 Gtoe is
also corroborated by the IPCC-SAR (47).

Additional occurrences beyond the resource base are so numerous that fossil
energy appears almost unlimited. Regardless of the degree of speculation sur-
rounding the existence of such occurrences, today’s techno-economic consider-
ations make it unlikely that more than a miniscule portion of these occurrences
will become available in the course of the twenty-first century. The assessed
guantities of methane hydrates dwarf all other fossil occurrence estimates, sug-
gesting that methane may be the most abundant form of hydrocarbons in the
Earth’s crust (46). The sheer size of the fossil resource base, even without these
occurrences, makes fossil sources an energy supply option for many centuries to
come. Numerous factors will determine the long-term rate of fossil resource uti-
lization. The same factors that could advance their techno-economic availabil-
ity may well become barriers to fossil resource utilization. Technical progress
may improve non-fossil energy sources to the point where they substitute for
the currently dominant fossil sources on a purely techno-economic performance
basis, and fossil sources may well play only a subordinate role by the end of the
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twenty-first century. In addition, the question of whether continued large-scale
use of fossil energy is compatible with the environment at large will need to be
resolved.

MODELING ENERGY SOURCES

The quantitative assessment of regional energy resource availability is an es-
sential prerequisite for the development of future regional energy demand and
supply scenarios. However, in an analysis that covers more than half a century
the application of reserve and resource volumes based on the static concept of
present technology and cost regimes is insufficient. Given the current oil and
gas reserve-to-production ratios of 43 and 65 years, respectively, the prospects
of a growing world population, and the aspiration of the developing world to
substantially improve their standard of living, it is obvious that these reserves
will be depleted long before the end of the study horizon.

The nature of this study calls for a dynamic resource concept, i.e. a concept
that accounts for factors that affect existing and future conditions bearing on
the reclassification of resources as reserves. In essence, this reclassification is
the rate of mobilization of resources (48) based on both anticipated technology
advances and undetermined technical breakthroughs. The latter definitely play
a major role in the commercialization of unconventional resources (49, 50).

Given the relative long-run constancy of the reserve-to-production ratio, re-
serves can be viewed as stocks continuously replenished from resources. The
guestion, then, is what fraction of the reserve replenishment is price induced
(i.e. the result of higher market prices) and what fraction is technology induced
(i.e. the result of technological progress). The latter is of particular interest
because of its long-term energy price-capping effect, which is similar to that of
a backstop technology.

Explicit assumptions about the rates of technology change and of advance-
ments in knowledge must also be included in the analysis. Including them
means that the construction of curves of resource-to-reserve mobilization must
be a function of time, the proxy applied here for technology change. The final
result is a two-dimensional representation of resource availability versus pro-
duction costs. In this analysis, a productivity gain in the upstream sector of
1% per year is assumed. This increase is close to the average of historically
observed ratéd Assuming that history is a guide for the future, a resource

13In the short run, historically observed productivity gains have been much higher than 1% per
year (49, 51-54). Periods of two-digit growth rates are often followed by periods of zero or negative
increases. Because data are consistently poor and have limited availability, estimating productivity
gains over extended periods of time is a risky undertaking. Hence, there could be a wide margin
for error around this productivity estimate. The projection of a long-term 1% per year growth rate
may well prove too conservative (or too optimistic).
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that presently commands production costs of, for example, $40 per barrel of
oil equivalent (boe) would, over a period of 50 years, drop gradually to $24.
The assumed productivity growth will not occur autonomously as a function
of time. Rather, such growth will be a function of actual investments in the re-
covery of initially $40/boe hydrocarbon deposits. Only cumulative experience,
i.e. through actual investments, will move costs down the so-called learning
curve and allow for productivity gains. Second, by assuming a 1% annual
productivity growth rate, it is explicitly assumed that investors are willing to
spend $40,000-$50,000 per barrel per day of oil capacity (bpd) associated with
$40/boe oail.

The point of departure for the construction of quantity versus cost curves
is an appraisal of the existing quantity-cost relations, especially for unconven-
tional resources. Numerous studies (48, 55, 56) estimate current production
costs for the bulk of unconventional oil and gas resources at $30-$45 per boe.
Based on the information in the literature, the various unconventional resources
are regionalized and classified into several distinct production cost categories
starting with $15 per boe for heavy oil in Venezuela or $23 per boe for the tar
sands of Alberta, Canada and ranging up to $50 or more for various shale oil
projects. This sparse information on the current cost of unconventional resource
extraction was applied analogously to the regional unconventional reserves and
resources.

The quantity-cost allocation for this study is based on the historical marginal
resource development and production cost profiles shown in Figures 4 and
5. In Figure 4, the resource development curve depicts the cost spread of
the accumulated petroleum reserve additions for the United States during the
1980s'* The United States is considered the best-explored region in the world,
and one would expect that most of the low-cost oil, i.e. that less than $10 per
boe, had long been developed. Instead, more than 90% of the hydrocarbon
reserves newly developed during that period occurred at costs of less than $10
per boet> Similarly, the North Sea hydrocarbon operations are considered

Madelman (49) calls this approach “fruit salad” becaustife numerator includes both explo-
ration and development costs, although these activities are different and therefore have different
economic returns andy) oil and gas are aggregated in the denominator. Adelman argues that oil
and gas have varying relations to each other with respect to costs, prices, and reserve values, which
invalidate any comparisons of finding costs per boe. In this analysis, however, the generic shape
of finding costs is of prime interest and not the detailed cost, return, and price calculations.

15The following has been argued correctly about the United Statdddst of the oil and gas
developed during the last decade was discovered before 19780 @giant oil fields (500 million
to 5 billion barrels) have been found since 197€).The additions to reserves in the United States
have been, to a large extent, the result of reappraisals of existing plays (5, 20, 52). What is often
left unmentioned is the explicit role that changes in technology play in the reappraisal of previous
discoveries or already developed fields.



252 ROGNER

US $(1990)/boe US $(1990)/boe
40 40

35— L35

30_ ................................................................. _30

2B L 0B

DO 2

T3 15
T g 10
B L5
0 I I I I % I { { % 0

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percent of newly developed crude oil and natural gas

Figure 4 Margina petroleum development costs in the United States, 1980-1993. Cost curve
based on 343 observations and 34.3 billion boe of oil and gas developed. (Adapted from Refer-
ence57.)

US $(1990)/boe
16

14_ .....................................................................

12
10_ ....................................................................

0 10 20 30 40 50 60 70 80 90 100
Percent of Production (119 Mtoe)

o N b~ OO
I

Figure5 United Kingdom North Sea oil production costsin 1987. (Source: Reference 22.)



HYDROCARBON RESOURCES 253

among the most complex and costly worldwide. Still, in 1987 production costs
of less than $10 per boe were the norm rather than the exception (see Figure 5).
The shapes of these curves appear commonplace and quite stable over time.
What may vary between regions, and particularly over time, is the exact location
ofthe actual curve in the cost-quantity plane. Inanideal world, market prices are
determined by marginal production costs. Consequently, price-induced explo-
ration activities are driven by a very small fraction of total production/demand.
In contrast, non-price induced technology changes, such as learning-curve ef-
fects, are determined by cumulative production volumes, i.e. these effects occur
in the absence of any price movements and are solely the result of replacement
or expansion investments in similar activities. The development of regional
guantity-costs relations, therefore, is based on the assumptions of a perfect
world and perfect foresight with respect to future rates of technology ch&nge.
The following points summarize the underlying rationale and the principles
applied for the estimations of resource occurrences and the development of
regional quantity-cost relations:

1. The resource base quantities reported in Table 9 represent the maximum oc-
currences of oil, natural gas, and coal derived from the literature. Whenever
ranges of estimates were found, the highest plausible value was adopted.
This is contrary to the usual practice of assuming the most conservative es-
timate. Here, the objective was to assess the ultimately available resource
base beyond short-term techno-economic recovery limitations.

2. Hydrocarbon resource exploration, development, and production is subject
to a compounded productivity gain of 1% per year. This 1% productivity
growth rate approximates the average long-term historically observed rates
in the hydrocarbon upstream sectors.

3. All conventional and unconventional reserve and resource categories are
valued as if all future productivity gains (i.e. their future production cost
profiles) were realized immediately.

6perfect foresight is prediction, which is not the objective of this analysis. Instead of developing
a series of quantity-cost relations for a larger range of future rates of technology change, a single rate
derived from historical observations was selected (the conservative “dynamics-as-usual” assump-
tion). The uncertainty associated with the actual realization of the rates assumed then was reflected
within the energy supply modeling part of the IASA-WEC study. First, the resources allocated
to each scenario differed in terms of volumes (i.e. in terms of accessible resource categories and
grades) with quantity-cost curves based on the “dynamics-as-usual’ expectation. Alternatively,
scenarios with accelerated technological learning and improvements in resource extraction, or sce-
narios testing a policy preference with regard to a particular hydrocarbon source, incorporated
different quantity-cost relations.
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Table 10 Estimates of fossil resource extraction economics for the IIASA-WEC 8tudy

Resource

category | 1l 1l [\ \% \/| VI VIII
Oil <12 12—19 19—25 25—35 35—38 38—52 52—62 62—160
Gas <10 10—16 16—25 25—29 29—34 34—42 42—50 50—145
Grade A B C D E

Coaf 1—9 9—-11 11—-16 16—24 2436

8Production cost ranges in US$ (1990) per barrel of oil equivalent (boe). The resource
categories I-VIII for crude oil and natural gas correspond to the categories shown in Tables 4
and 7. Likewise, the coal grades A through E correspond to those of Table 8. Adapted from
(5,22,44,48,52,56, 58-60).

PHard and brown coal.

4. From the quantity-cost relations calculated in this way, a single aggregate
resource cost curve per source and region is developed. This means that the
dimension of time is taken out of the resource quantity-cost representations.
Table 10 and Figure 6 summarize the various quantity-cost relationships for
oil, natural gas, and coal.

5. This approach valuates all of the presently identified conventional oil re-
serves at production costs of less than $12 per boe. Obviously, not all the
identified reserves are presently available at that cost. This quantity-cost
relation is an artifact and results from dropping the time dimension from the
analysis. The data in Table 10 and Figure 6 must be interpreted as integrals
of the impact of technical change on resource economics. In other words,
for each resource category a quantity-cost relation is assumed whose shape
resembles the curve introduced in Figure 4. Hence, there will be low-cost
production from unconventional occurrences of the higher resource cate-
gories as well as high-cost production of lower resource categories. The
cost ranges per resource category shown in Table 10 are calibrated so that
the aggregates over all categories of all similar cost volumes correspond to
the resource volumes of specific categories.

6. The dimension of time is reintroduced in the actual modeling of resource
extraction. Here a quantity-cost profile similar to the one shown in Figure
4 is imposed on annual production volumes. This guarantees that not all
production occurs in the lowest categories and that truly marginal cost signals
are provided to the downstream sections of the energy system.

7. The resource quantities for coal as applied in this study are summarized
in Table 8. Coal reserves are modeled in less detail than oil and natural
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Figure 6 Aggregate quantity-cost curves for global fossil resources. The quantity-cost curve for
natural gas excludes methane hydrates.

gas. Global coal reserves are plentiful and relatively inexpensive compared
to oil and gas. However, on a regional basis, coal production costs vary
significantly. For example, Germany and the United Kingdom have high-
cost coal production. Traditional coal-producing regions (with little or no
subsidy) are all producing within cost Category |, Grade A with production
costs of less than $44 per tonne of coal equivalent ($8.6/boe or $1.5/GJ).
This cost level approximates the long-run production costs within these
coal-producing countries (52). In order to simulate marginal production
costs, a quantity-cost curve similar to the curves for oil and natural gas was
constructed across all coal resource grades (see Figure 6). In the short run,
steep increases in coal demand will have to be met by partial production
from higher-cost grades.

The quantity-cost relations for the recovery of global fossil-energy sources
displayed in Figure 6 are aggregates of the regional resource occurrences shown
in Tables 4, 7, and 8 for crude oil, natural gas, and coal, respectively, and the
production costs of Table 10. Compared to the fossil reserve assessments and
production cost estimates routinely performed by hydrocarbon industries and
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government agencies, the resource quantities identified in this study are gigan-
tic, while the recovery costs remain relatively low for a fair portion of these
guantities. The extension of the conventional reserve concept to include re-
sources and unconventional occurrences explains the considerably larger fossil
resource base of some 5000 Gtoe identified in this study. In fact, the proba-
bility of their geological existence is remarkably high. Uncertainty enters any
long-term resource outlook as soon as the essential question of future recovery
is addressed. Assumptions regarding future rates of technical change become
critical scenario parameters, and the contrariety of recovery costs, especially of
unconventional oil and natural gas, among different studies can be reduced to
differences in the assumptions concerning future technological progress.

Regardless of the eventually realized rate of technology change, long-term
resource recovery will most likely be governed by a supply cost curve with a
shape similar to the quantity-cost relation curve shown in Figure 4. In terms of
the two-dimensional McKelvey box, innovation and technology change push
the boundary between the reserve and resource areas continuously along such
an implicit quantity-cost curve (see Figure 7).

Not economic

/' /
Submarginal / 7/

Subeconomic

Paramarginal /
/

Decreasing degree of economic feasibility

Economic
Proved |Probable [Indicated| Inferred | Hypo- Speculative
thetical
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e ndaiscovere
Identified

Decreasing degree of geological assurance

Figure 7 McKelvey box and the quantity-cost relationship of hydrocarbon resource recovery.
(Modified from Reference 8.)



HYDROCARBON RESOURCES 257

The regional guantity-cost relations for crude oil, natural gas, hard coal,
and brown coal developed in the previous sections are both descriptive and
normative. They are descriptive in that the underlying average productivity
growth rates are historically observed estimates. They are normative in that the
recovery technologies will require drastic specific technology improvements
with implicit improvement rates several times the historically observed aver-
age. Because normative elements shape the quantity-cost relations, a range of
technology improvement rates rather than quasi-deterministic point estimates
should have been applied. As a result, one would obtain a series of cost curves
per fossil source and region reflecting alternative images of how the future
might unfold. In the joint IASA-WEC study, a different approach was used
in which alternative scenarios encompassed different resource categories. For
example, the allocation of additional oil resource categories thus mirrors ac-
celerated rates of innovation in the oil upstream sector and in the chemistry of
converting unconventional oil to synliquids. In contrast, limiting oil to Cate-
gories I-ll (see Table 4) assumes low rates of technical change in the oil sector,
which then shifts the focus of technology change to other energy sources, such
as coal, nuclear, or renewables.

CONCLUDING REMARKS

The global fossil resource base is abundant and is estimated at approximately
5000 Gtoe. Compared to current global primary energy use of some 10 Gtoe
per year, this amount is certainly sufficient to fuel the world economy through
the twenty-first century, even in the case of drastic growth in global energy
demand. However, the geological existence of hydrocarbon occurrences alone
does not guarantee energy supply stability or supply security. First of all,
supply uncertainties concern the costs of resource recovery and conversion to
usable fuels. The recovery of more-difficult-to-access conventional and, espe-
cially, unconventional hydrocarbon occurrences requires additional technology
development. Additionally, production cost reductions will not materialize

in the absence of investments. Their magnitude and timing may affect the
timing of future access to hydrocarbon resources. The scale of upfront invest-
ment requirements is expected to increase while the economic risk associated
with upstream hydrocarbon projects will likely be higher than for alternative
non-energy investment opportunities (61). Therefore, the quest for short-term
profits may well be a road block to long-term resource development. Secondly,
short-term hydrocarbon development and production decisions often lie with
public sector agencies and therefore are not necessarily driven by market con-
siderations alone. The objectives of energy producers may also differ from
those of the energy users, especially when large-scale energy trade subject to
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international political intrusion is involved. Temporary energy supply short-
ages and volatile market price fluctuations will continue to mark long-term
energy system development. In short, it is unlikely that future energy system
development will be any less volatile than in the past.

Possibly the largest source of energy supply uncertainty is the environment.
Emissions from the combustion and conversion of fossil fuels are substantially
increasing the atmospheric concentrations of greenhouse gases. Higher GHG
concentrations will enhance the natural greenhouse effect, raise the Earth's
average surface temperature and cause global climate change. Hence, environ-
mental considerations may constrain fossil fuel use to below present-day rates
long before global resource scarcity becomes the limiting factor. On the other
hand, the perception that resource scarcity will eventually resolve environmen-
tal problems may be seriously flawed.

If technological progress continues to better upstream productivity as ob-
served in the past, resource constraints are unlikely to drive down hydrocarbon
production during the twenty-first century. While oil production from present
recoverable oil reserves is expected to peak during the early decades of the
next century, this will eventually spur the development of alternatives. In-
vestments in exploration and development will continue to replenish depleted
reserves. The gradual technical progress associated with every replacement
investment will also cause a transformation of presently uncertain conventional
oil or marginal unconventional oil into the conventional oil of the future. Sec-
ondly, in the absence of environmental constraints, the closest long-run alterna-
tive to conventional oil is unconventional oil. One comparative advantage over
other fossil or non-fossil alternatives is the latter’'s downstream compatability
with existing oil-based fuel distribution and end-use infrastructures. The oll
era, therefore, may well last beyond the time frame suggested by ultimately
recoverable conventional crude oil reserves.

Current oil market prices are too low to stimulate investment in energy
technologies with large upfront capital requirements and long-term payback
prospects. With global demand for oil rising and production approaching full
capacity upward, pressure on oil prices can be expected in the longer run. World
oil prices may well encounter at times volatile fluctuations around an otherwise
long-term trend of alternating periods of gradually rising production costs and
stability. Assuming no geopolitical interference, an upward pressure on oil
prices or temporary oil price volatility result from time lags between the market
signals (futures prices, spot prices) of production approaching capacity and the
pointin time when new investments become production effective. Pressure and
volatility are not caused by resource scarcity.

In addition to unconventional oil, there are vast amounts of natural gas and
coal waiting to be recovered from the Earth’s crust. Using the quantity-cost
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Figure 8 Aggregate quantity-cost curve for carbon contained in the global fossil resource base.

relations for oil, gas, and coal shown in Figure 6, it is possible to construct
an aggregate carbon quantity-cost curve for the entire global fossil resource
base (62). Figure 8 displays a supply curve based on the carbon content of
each fossil source and its respective production cost estimates. Recalling that
the production cost estimates incorporate anticipated technical progress over
a hundred-year period, the carbon supply curve may be better understood if
viewed from the vantage of the year 2100. Until then, the oxidation of car-
bon atoms remained the dominant source of world energy supply throughout
the twenty-first century while energy policy continued to be preoccupied with
issues of supply security and economics (meaning “cheap” energy with prices
reflecting only part of the full social cost of energy production and use). Over
that period, mankind may have oxidized and released to the atmosphere some
1700 Gtonnes of carbon (GtC), pushing atmospherig @centrations well
above the 700 ppmv (parts per million by volume) level, i.e. a doubling from
present concentrations (3). The observer in 2100 will almost certainly ex-
perience a different global climate situation than today and may wish that
the fossil resource scarcity perception of the late twentieth century had been
real.
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Resource availability limitations are unlikely to drive the energy system away

from a continued reliance on fossil sources. In the absence of environmental
constraints and full cost pricing, humankind is well positioned to substantially
increase climate-destabilizing and local air quality—assaulting emissions. Most
importantly, if the supply cost curve of Figure 8 is any indication, this can be
done quite cheaply.
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