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Abstract We investigate uncertainties about conventional petroleum resources and
substitutes for conventional petroleum, focusing on the impact of these uncertainties on
future greenhouse gas (GHG) emissions. We use examples from the IPCC Special Report
on Emissions Scenarios as a baseline for comparison. The studied uncertainties include,
(1) uncertainty in emissions factors for petroleum substitutes, (2) uncertainties resulting
from poor knowledge of the amount of remaining conventional petroleum, and (3)
uncertainties about the amount of production of petroleum substitutes from natural gas and
coal feedstocks. We find that the potential effects of a transition to petroleum substitutes
on GHG emissions are significant. A transition to low-quality and synthetic petroleum
resources such as tar sands or coal-to-liquids synfuels could raise upstream GHG
emissions by several gigatonnes of carbon (GtC) per year by mid-century unless mitigation
steps are taken.

1 Introduction

Scenarios of future climate change must necessarily project future fossil fuel use in order to
estimate anthropogenic carbon dioxide (CO2) emissions. However, the future of fossil-
based energy is full of uncertainties – observed patterns of energy consumption rarely
match prior expectations, which, in any case, vary among forecasters. One important set of
uncertainties includes the amount of conventional petroleum remaining and the possible
substitutes for conventional petroleum. These uncertainties are vigorously debated, but a
transition to substitutes for conventional petroleum is inevitable, whatever the timing and
whether motivated by geologic, economic, environmental, or political difficulties (Adelman
1995; Odell 2004; Deffeyes 2005; Huber and Mills 2005; Kunstler 2005; Simmons 2005).
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This paper investigates how uncertainties about conventional petroleum supplies and
substitutes for conventional petroleum may affect estimates of CO2 emissions in
greenhouse gas (GHG) emissions scenarios. We use the IPCC Special Report on Emissions
Scenarios (SRES) results as a baseline for comparison because these scenarios are detailed
and widely known (Intergovernmental Panel on Climate Change 2000).

To evaluate these uncertainties, we consider the development of fossil-fuel-based
substitutes for conventional petroleum (which we will call SCPs). Because petroleum
dominates the transportation fuel sector and most petroleum is itself consumed in the
transport sector, we focus on liquid transportation fuels. Also, because these fuels have
nearly equivalent emissions of CO2 at the point of use (i.e. nearly all of the differences are
upstream of the refinery gate), we focus on upstream emissions from these fuels

We first compare estimates of the remaining conventional oil to the modeled petroleum
production in three SRES scenarios, as projected by three different SRES modeling teams.
Because SRES projections for liquid fuels production from petroleum are larger than
estimates of remaining conventional oil in nearly all of our studied cases, a transition to
SCPs is implicitly required in the scenarios studied, whether or not it is explicitly described.
To understand these substitutes for conventional petroleum, we compare conventional
petroleum and SCPs on the basis of cost, carbon emissions, and amount of resource. We
then use this information to investigate three uncertainties in GHG emissions caused by a
transition to petroleum substitutes:

& uncertainty caused by poorly defined emissions factors for SCPs
& uncertainties resulting from lack of knowledge of the amount of conventional petroleum

remaining
& uncertainties due to the possibility of production of SCPs from natural gas and coal

feedstocks, which are not included in all SRES models

2 Background

2.1 Conventional petroleum and possible fossil-based substitutes

The US Energy Information Agency (EIA) reports that petroleum accounts for about 40% of
global energy supply today and about the same fraction of CO2 emissions. This amounts to
about 3.2 GtC (gigatonnes of carbon) per year. Petroleum production in the year 2004 was
approximately 80.2 million barrels per day, or 29.2 Gbbl (gigabarrels) annually (British
Petroleum 2005). Over 95% of this is conventional petroleum (Energy Information
Administration 2004).

The longstanding interest in the future of petroleum production has recently been re-
invigorated. Understanding these efforts, and associated uncertainties, depends critically on
nomenclature. Two key terms that must be differentiated are reserves and resources (Klett
2004). Reserves represent oil that has been identified and is producible with current
technology and prices. Resources, on the other hand, are concentrations of hydrocarbons in
the earth’s crust, a portion of which will become economic over time due to discovery,
technological progress, or changing prices and market conditions. Reserves are a small
subset of resources, and estimates of both have increased over time due to advances in
knowledge. Technological innovation has allowed us to locate more resources, and has
allowed an ever-greater fraction of resources to be economically extracted. Another key
term is estimated ultimate recovery (EUR), which is an estimation of the total amount of
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conventional petroleum that will be able to be produced economically over all time. EUR is
necessarily a larger measure than reserves, as additional oil will be discovered and
production technology will expand boundaries of current reserves, but it is necessarily
smaller than resources. Some projections of EUR represent EUR by a certain date, such as
the USGS World Petroleum Assessment 2000, which provides estimates for recoverable
volumes by 2030 (US Geological Survey World Energy Assessment Team 2000).

Failing to pay appropriate attention to differences among these terms can create a great
deal of confusion. This is particularly important for climate change scenarios, because
reserve estimates focus on potential production in the near-term under existing conditions,
while climate scenarios are long-term and must allow for the exploitation of resources that
are currently considered uneconomic (Intergovernmental Panel on Climate Change 2000).

Given these considerations, there is a wide variety of opinion regarding future petroleum
availability. Cumulative production from 1859 to the end of 2004 was approximately
954 Gbbl (US Geological Survey World Energy Assessment Team 2000; British Petroleum
2005). Current reserves are about 1,200 Gbbl (British Petroleum 2005). If we sum
cumulative production to date, current reserves, and estimated future additions to reserves,
we arrive at a value equivalent to EUR, several estimates of which are shown in Table 1.

Although not directly comparable, Table 1 also includes an estimate by Rogner (1997) of
the remaining portion of the total petroleum resource. Rogner’s estimates are the basis for
the petroleum resource estimates used in all six of the IPCC SRES models. Rogner’s
estimate is meant to count hydrocarbons broadly defined and “without immediate reference
to recoverability” and so is very large. A detail of Rogner’s estimates is shown in Fig. 1,
with the amounts in each petroleum resource category shown. By using Rogner’s estimates,
all of the SRES teams allowed for the adoption of unconventional oil after the depletion of
conventional oil.

Rogner explains that petroleum resources occupy a spectrum of varying quality and ease
of extraction, and he divides petroleum resources into eight categories. Ultimate recovery

Table 1 Selected estimates of reserves, estimated ultimate recovery (total and remaining), and resource
endowment

Source and date Type of estimatea Amount (Gbbl)

British Petroleum (2005) Reserves 1,188
Campbell and Sivertsson (2003) EUR (remaining EUR) 1,825 (871)b

Deffeyes (2001) EUR (remaining EUR) 2,100 (1,146)
US Geological Survey World
Energy Assessment Team (2000)

EUR (remaining EUR) 2,193/3,021/3,843
(1,239/2,067/2,965)c

Odell (1999) EUR (remaining EUR) 3,000/6,000 (2,046/5,046)d

Rogner (1997) Remaining resource 2,162/19,336d, e

a Remaining EUR is EUR less cumulative production until the end of 2004. Cumulative production to date is
summed from US Geological Survey World Energy Assessment Team (2000) and British Petroleum (2005),
and equals 954 Gbbl.
b Excludes petroleum from shale, coal, bitumen, heavy oil, deepwater and polar regions, as well as natural
gas liquids. Note that the remaining portion of Campbell and Sivertsson’s EUR figure is less than current
reserves. This is because they view some current reserves as falsely stated, particularly from OPEC nations.
c 95% likely/mean/5% likely
d Conventional/conventional plus unconventional
e Remaining resource endowment from Rogner is from 1997. This estimate, of course, has been lessened by
production since 1997.
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will be limited by the decreasing economic viability of low-quality resources, due to
increasing capital and energy costs of extraction, or by increasing environmental
externalities, such as the increased carbon intensity of low-grade resources. Rogner
constructs production cost estimates for his eight resource categories, and these are used in
the SRES models. However, Rogner does not discuss the carbon emissions increases
associated with the utilization of unconventional petroleum resources.

2.2 Comparison with SRES petroleum production estimates

The Special Report on Emissions Scenarios is the collective effort of six modeling teams.
These teams produced six models which project emissions of GHGs in scenarios based on
four broad storylines (Intergovernmental Panel on Climate Change 2000). For this study,
the IMAGE, MESSAGE, and MiniCAM models were studied. Only these models were
studied because of the complexity involved in analyzing the methodology of each model.
Therefore, conclusions drawn should not be extrapolated to the other three SRES models.
For each model, we studied the “A” scenarios (A1B, A1F, A2), as the “B” scenarios
represent more environmentally benign futures that are not compatible with significant
adoption of low-grade oil (although it should be noted that all four SRES scenarios
preclude policies meant to stabilize the climate). Cumulative oil production for the years
2000–2100 is shown in Fig. 2 for the scenarios studied.

Fig. 1 Global petroleum resource, all resource categories (Rogner 1997). Notes: Categories I–III represent,
approximately, “proved and probable reserves” as well as the potential for additional discovery of
conventional oil. Category IV represents enhanced or tertiary recovery techniques. To use oil industry jargon,
Categories I–IV are roughly equivalent to reserves, expected reserve growth, and expected new discoveries of
conventional oil. Categories V–VIII are an amalgamation of tar sands, extra heavy oil, and oil shale. The last
two categories (VII and VIII) are lower-grade resources, including oil that is irretrievably contained in
depleted reservoirs. Category VIII is “not expected to be technically recoverable or economically feasible
before the end of the twenty-first century” (Rogner 1997)
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By comparing Table 1 and estimates of petroleum production in the three studied SRES
models (see Fig. 2), we see that petroleum production modeled in all nine SRES scenarios
exceeds conservative estimates of remaining EUR from Table 1, and all but one scenario
(MiniCAM A2) exceeds the mean USGS EUR forecast. And, for the most fuel intensive
scenario (A1F), all three models project production far above the least-likely USGS
estimate and well into Rogner’s unconventional resources category (cat. VI). Clearly, if oil
production reaches these projected values, we will require significant amounts of
unconventional oil by the end of the century. These amounts are on the order of or larger
than total cumulative conventional oil production to date. Because of this, it is important
that we understand the nature of these unconventional oil resources.

2.3 The properties of fossil-based substitutes for conventional petroleum

In this paper we study only fossil-based substitutes for conventional petroleum (SCPs).
These can be classified into two groups: synthetic crude oils, currently produced primarily
from low-grade petroleum resources, and synthetic liquid fuels (synfuels) created through
gasification and catalytic reforming. Synfuels can be made by gasifying and reforming one
of the other primary fossil fuel types, such as coal or natural gas, or even from gasified

Fig. 2 Comparison of projected petroleum production in three studied SRES models in three scenarios (A2,
A1B, A1F) to two estimates of remaining petroleum resources. Notes: Projected production for IMAGE from
IMAGE (2001), and for MESSAGE and MiniCAM from Intergovernmental Panel on Climate Change
(2000). Values for Rogner and USGS are from Fig. 1 and Table 1. Rogner’s categories explained in Fig. 1,
USGS categories are 95% likely to be achieved (low estimate), mean probability, and 5% likely to be
achieved (high estimate). Note that projected production in the SRES models is significantly higher in the
high-consumption scenarios than even the low-probability USGS estimates for remaining conventional oil,
and are much higher than Rogner’s estimates of remaining conventional oil (categories I–III). This implies
production of significant amounts of unconventional oil (Rogner’s categories IV–VIII, or unconventional
resources not estimated by USGS)
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low-grade petroleum resources or biomass. For the purposes of the rest of this paper
“SCPs” will refer specifically to the SCPs studied in this paper, which consist of: enhanced
oil recovery (EOR), tar sands and extra-heavy oil, gas-to-liquid synfuels (GTLs), coal-to-
liquid synfuels (CTLs), and oil shale.

SCPs are already produced in significant quantities. EOR represented about 10% of total
US oil production in 2004 (Moritis 2004). Production of oil from Canada’s tar sands
reached 1 Mbbl/d, or about 1.25% of global production, in 2004 (NEB 2004). Production
from Venezuela’s extra-heavy oil reached about 0.6 Mbbl/day in 2000 (Williams 2003). In
addition, approximately 150,000 bbl/day of synthetic fuels are produced, primarily from
coal (Fleisch et al. 2002). Synthetic crude oil produced from oil shale is only produced in
minor quantities around the world in small facilities, with total world output estimated at
10,000–15,000 bbl/day (Bartis et al. 2005).

Heavy and extra-heavy oil are very viscous and require the injection of steam (or another
source of thermal energy) to reduce the viscosity and allow flow out of the reservoir, and
they must also be chemically upgraded and often cleaned of impurities such as heavy
metals and sulfur before use. Tar sands are currently produced by either mining or steam
stimulation, with the former being more common. In tar sands mining, the mined tar sand is
washed of its bitumen content, which is upgraded into a synthetic crude oil that can be
refined along with conventional oil. Tar sands production requires large energy inputs for
three major activities: transport of oil sands and waste material; separation of bitumen and
sand, commonly with warm water and detergent; and upgrading of the resulting
hydrocarbon. These steps result in the additional carbon emissions associated with tar
sands production (NEB 2004).

It is often thought that oil shale, a very low-grade resource, is a “backstop” for
conventional petroleum production because the resource endowment is large. Oil shale is
sedimentary rock that contains a hydrocarbon-like substance, and it is thought to be the
same material from which oil was naturally created (Rattien and Eaton 1976). However, oil
shale must be processed in a retort to produce usable hydrocarbons, which involves
crushing and heating the oil shale and disposal of the waste material. These steps consume
energy and therefore add cost and carbon emissions. Retorting of oil shale can also release
inorganic CO2 from carbonate minerals present in the shale, possibly resulting in very high
emissions (Sundquist and Miller 1980; Sato and Enomoto 1997). A new process developed
by Shell Oil, wherein the shale is heated in place without mining, promises to produce
synthetic crude oil from oil shale at significantly reduced cost and emissions compared with
mining-based oil shale production processes. However, this technology is still in the
development stages and quite uncertain. For these reasons, emissions from the Shell oil
shale process are not included, and cost estimates are included only as a lower bound
(Bartis et al. 2005).

In addition to synthetic crude produced from low-grade or unconventional petroleum
resources, synthetic liquid fuels can be produced, typically either from natural gas or coal.
These fuels are currently manufactured in two steps: first, a syngas comprised mainly of
CO and H2 is created through catalysis (in the case of GTL) or gasification and reforming
(in the case of CTL); and, second, the syngas is converted into liquid fuel using the
Fischer–Tropsch process, a catalytic process that “chains together” the carbon atoms from
the CO and can produce a variety of hydrocarbon products depending on the catalyst and
operating temperature. CTL synfuels are more costly than GTL synfuels because of the
difficulty in handling and processing the coal for gasification (Dry 2002). Also, the higher
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carbon to hydrogen ratio of coal causes more emissions of carbon from CTL production
than GTL production. GTL synfuels are currently produced in Malaysia and South Africa,
with significant capacity under construction in Qatar and Nigeria. CTL synfuels are
produced in South Africa (Wilhelm et al. 2001; Fleisch et al. 2002). Given current
production capacity and great interest in the technology in nations such as China, future
energy systems that include GTL and CTL seem feasible (Williams and Larson 2003).
Indeed, GTL and CTL may be a less expensive backstop to conventional petroleum
production than oil shale.

Also, GTL and CTL synfuels are amenable to carbon dioxide capture and sequestration
(CCS, Parson and Keith 1998; Anderson and Newell 2004). A large fraction of the emissions
from low-grade oil production result from dispersed processes such as mining, transport of
oil-bearing material, or steam generation. However, emissions from GTL and CTL production
are from a single source and are already concentrated, because the syngas produced from the
feedstock fuel must be cleansed of excess CO2 before entering the Fischer–Tropsch reactor.
This process rejects concentrated CO2. This eliminates the expensive CO2 separation phase of
CCS. (CCS is also possible in conjunction with enhanced oil recovery, in which CO2 is
injected into petroleum formations to boost recovery.)

Williams and Larson (2003) note that for indirect coal liquefaction (the process
described above, and the most viable CTL production process), CO2 could be captured,
transported and stored at costs between $24 and 31/tC for dimethyl-ether production, a type
of CTL synfuel. Williams and Larson go further and suggest even lower costs might
be possible, given co-capture and co-storage of CO2 with acid gases such as H2S that
must be disposed of in any case. Interestingly, such estimates are lower than many of those
cited in the literature for carbon capture in electricity generation: Johnson and Keith (2001)
suggest that in a dynamic model of the electricity market, CCS technologies are not built
until the cost of carbon is $60 per tonne and 50% carbon capture does not occur until
the carbon price is $100 per tonne. There is another important distinction; because
electricity is a carbon-free energy carrier while CTLs and GTLs are not, these fuels
result in significant anthropogenic CO2 emissions at the point of use, while electricity does
not. Therefore the introduction of CCS could dramatically lower GHG emissions below
“business as usual” in the electricity sector, whereas its application in GTL and CTL
production would only address the additional emissions beyond those associated with
production of transportation fuels from conventional petroleum. Whether such a reduction
changes business as usual estimates depends on how (or if) the additional upstream
emissions are represented to begin with.

3 Materials and methods

3.1 Construction of a cost and carbon emissions supply curve

We collected from the open literature estimates of the production costs and full fuel-cycle
carbon emissions for all SCPs described above. Costs are given in units of dollars per barrel
(corrected for inflation to 2000). Carbon emissions are calculated in units of grams of
carbon equivalent emitted per mega-joule of refined product (gCeq./MJ). Nearly all of the
additional CO2 emissions occur in the production and refining stages. The total GHG
burden over the full fuel cycle is compared between SCPs using a normalized emission
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parameter, which compares the full fuel-cycle emissions of SCPs to those of conventionally
produced petroleum.

These cost and emissions results are used, in part, to build an aggregated supply curve
for conventional petroleum and the SCPs considered in this paper. The supply curve is
constructed as a “supply curve” with two dependent dimensions: it considers the supply of
petroleum substitutes available at a given monetary cost as well as the supply available at a
given carbon emissions “cost.”

3.2 Calculating uncertainty in emissions from petroleum substitutes

After constructing the supply curve and table of emissions properties, we use this
information to study three uncertainties in CO2 emissions caused by a transition to SCPs:

& uncertainty caused by poorly understood emissions factors for SCPs
& uncertainties resulting from poor knowledge of the remaining amounts of conventional

petroleum
& uncertainties due to the possibility of production of SCPs from natural gas and coal

feedstocks

We first review how each of these uncertainties were accounted for in the three SRES
models studied (IMAGE, MESSAGE, MiniCAM). Then, for each of these uncertainties,
calculations are performed using the IMAGE model projections as the baseline. This should
not reflect poorly on the IMAGE model, but instead results from the accessibility of
IMAGE documentation and data, as well as the cooperation of the IMAGE modeling team.

3.2.1 Calculation one – uncertainty resulting from poorly understood emissions factors
for SCPs

Most methods of producing SCPs emit more GHGs than production of conventional oil.
But, because of the variation in the resource base of each SCP, uncertain technologies, and
the early stage of development of many of these technologies, emissions factors from these
processes are uncertain. Because the transition to SCPs is but one detail among many facing
the SRES modelers, it is not modeled in great detail in the SRES models, although some,
like MESSAGE, vary the emissions for each of Rogner’s eight resource categories. To
calculate the magnitude of additional carbon emissions possible because of the adoption of
SCPs, and the potential amount of uncertainty involved, calculations were performed using
the IMAGE data as a baseline.

For the baseline emissions estimate, a globally averaged emissions factor is calculated
from IMAGE model output for each year of the model (2000–2100). The data used from
IMAGE include the emissions from production of oil as well as the amount of oil refined,
as refining emissions are significant. The baseline emissions are compared to emissions that
would result if Rogner’s resource categories were consumed in order and our detailed
emissions factors were used.

For our alternate emissions estimates, the amounts of petroleum produced in the three
IMAGE baseline scenarios are used, but we vary the emissions factors based on the type of
resource. In this calculation, we assumed the resources were consumed from Rogner’s
categories in sequential order (that is, all of resource cat. IV is consumed before cat. V is
consumed), and that synthetic fuels are not produced. Composite emissions factors were
computed for each of Rogner’s resource categories using the makeup of each category and
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Table 2 Emissions from fuels produced from conventional and unconventional petroleum and synfuels

Emissions (gCeq./MJ of refined product)

Gasolinea Diesela Tar sands/extra heavy oil
Low emissions High emissions

Upstream emissions 5.6 (22%) 4.4 (17%) 9.3b (31%) 15.8c (44%)
Combustion emissions 20.1 (78%) 21.1 (83%) 20.1 (69%) 20.1 (56%)
Total emissions 25.7 (100%) 25.5 (100%) 29.4 (100%) 35.9 (100%)
Normalized emissions 1.00 1.00 1.14 1.4

Enhanced oil recoveryd Oil shale
Low emissions High emissions Low emissions High emissions

Upstream emissions 6.1e (23%) 10.6e (35%) 13 (39%) 50 (71%)
Combustion emissions 20.1 (77%) 20.1 (65%) 20.1 (61%) 20.1 (29%)
Total emissions 26.2 (100%) 30.7 (100%) 33f (100%) 70f,g (100%)
Normalized emissions 1.02 1.19 1.28 2.72

Gas-to-liquidsm Coal-to-liquidsm

Low emissions High emissions Low emissions High emissions
Upstream emissions 7.1h (26%) 9.5j (32%) 20.7 (50%) 28.6 (59%)
Combustion emissions 20.2I (74%) 20.2i (68%) 21.1 (50%) 20.1 (41%)
Total emissions 27.3 (100%) 29.7 (100%) 41.8k (100%) 48.7l (100%)
Normalized emissions 1.07 1.16 1.64 1.89

a These figures are provided by the GREET model, which calculates upstream emissions from petroleum
production, as well as 0.4 gCeq./MJ emissions from natural gas leakages, 0.16 gC/MJ from natural gas
flaring, and refining emissions that vary based on the product produced (Wang 1999, Volume 2, page 8).
b These emissions are reported by the Syncrude (2004), which reports 5.03 gCeq./MJ upstream emissions per
barrel of synthetic crude oil produced. To this, refining emissions are added. Wang (1999) reports the emissions
from refining of gasoline and diesel to be 4.2 and 3.0 gCeq./MJ respectively. The emissions from refining
gasoline are used here. Estimates are also available from Suncor, another tar sands producer (Suncor 2003).
c The National Energy Board (2004), Canada notes that the upstream emissions to produce a barrel of
synthetic crude oil are reported at 11.54 gCeq./MJ, of which over half are methane emissions. Refining
emissions are added to this as in note b.
d Because these scenarios assume no climate policies, CCS through CO2-induced-EOR is not included here.
The amount of CCS capacity available through EOR projects is highly field-specific and still a matter of
debate. Stevens et al. (2001) cite CO2 injection ratios of 0.3 tonne CO2 per bbl of EOR output. However,
much of this CO2 is recycled in the production process, so all of it does not stay sequestered. A better figure
is provided by Kovscek (2002), who notes that the volumetric density of carbon as CO2 at typical reservoir
conditions is about one fourth that of oil (164 vs 686 kgC/m3 for oil). This suggests that approximately 5 g
of carbon per MJ of oil produced through EOR can be stored in the same volume that the oil originally
occupied (one fourth the C content of the produced oil).
e Green and Willhite (1998) cite numerous thermal enhanced oil recovery projects in California, Canada and
Venezuela. If oil is used as the steam generating fuel, incremental emissions for thermal EOR range from
between 0.34 and 7.2 gC/MJ of crude produced. If natural gas is used, emissions will be approximately 25%
lower, if coal is used, approximately 25% higher. These emissions are highly variable depending on the
characteristics of the project. As a low-end estimate, a 0.5 gC/MJ penalty over conventional oil production is
used, and as a non-extreme high-end estimate, a 5 gC/MJ penalty over conventional production is used.
f Emissions from oil shale are highly uncertain. These figures are from Sundquist and Miller (1980), and Sato
and Enomoto (1997) corroborate the order of magnitude. To these emissions 4.2 gC/MJ are added for
refining to gasoline (see note b). The low end of the range is for low-temperature retorting, and the high
estimate is high because of emissions of CO2 from decomposition of carbonate minerals contained in the
shale, which occurs at high temperatures sometimes achieved in the retorting process (above 550°C). Sato
and Enomoto (1997) also see some inorganic carbon release at low temperatures in bench-scale experiments,
meaning the low estimate of emissions may be too low.
g This figure is the high-end emissions estimate for high-grade oil shale resources. Sundquist also estimates
emissions from low-grade oil shale resources, which are cited as 104 gC/MJ, or over four times the total
emissions from conventional oil and approximately 16 times the upstream emissions(!)
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the emissions factors from Table 2. For example, Rogner’s category VI is 53% oil shale and
47% tar sands and heavy oil, and thus the composite emissions factor is weighted by these
percentages. For each of Rogner’s categories, a composite emissions factor is computed
using the low and high emissions factors from Table 2, as well as the mean of the low and
high emissions factors.

3.2.2 Calculation two – uncertainty resulting from variable estimates of EUR

All of the SRES models use Rogner’s estimate of the remaining resource of conventional
oil. As was shown in Table 1 above, however, there is considerable disagreement over the
amount of conventional oil remaining. If we instead have a different amount of
conventional oil remaining, the transition to the fossil-based SCPs studied here would
certainly occur at a different time. How would using a different estimate for remaining
conventional oil affect the emissions we project over the coming century?

In this calculation we calculate the sensitivity of emissions to the amount of
conventional oil remaining. We compare the effect of using four estimates of remaining
conventional oil: Rogner’s estimates of categories I–IV, as used in the SRES models, and
the three USGS EUR estimates. Rogner’s category IV (EOR) is included because EOR is
included in the USGS assessment. Rogner’s estimate for remaining oil in categories I–IV is
3,172 Gbbl. This value is slightly higher than the remaining portion of the USGS low,
mean, and high probability estimates (2,995, 2,097, and 1,269 Gbbl, respectively).

The emissions consequences of this uncertainty are calculated in an analogous fashion to
calculation one above. We again use IMAGE data as a baseline, and IMAGE petroleum
production projections for the years 2000–2100 were used and assumed to be consistent
across all cases. In this case the mean of the emissions factors from Table 2 for each SCP is
used. Cumulative emissions over the years 2000–2100 are then calculated using the four
EUR estimates described above, under the assumption that Rogner’s resource categories are
consumed in sequential order.

There is an unavoidable difficulty with this calculation. If the amount of remaining
conventional oil were less than that cited by Rogner and used in the IMAGE model, there
would be an earlier transition to the higher-cost unconventional resources. This would
dampen demand if all else is held equal and result in less consumption. Unfortunately,

h This datum calculated from Wang et al. (2001), figure ES-1.4, page 10, using central estimates for Non-North
American FT-diesel. Wang’s estimate of emissions from GTLs includes credits for co-produced electricity,
which might not always occur. See further critiques of the GREET method in Greene (1999, pp. 28–29).
i Greene (1999) states that “On the basis of the energy equivalent of a gallon of petroleum-derived diesel fuel,
GTL diesel should have about 4.4% less carbon.”Wang’s estimate of the carbon content of diesel (see note a)
is decreased by 4.4%.
j Greene (1999) cites two estimates of upstream emissions. These upstream emissions are for 1995 GTL diesel.
k Datum from Marland (1983), for Sasol type F-T process. It should be noted that Williams and Larson
(2003) cite lower emissions when credit for electricity co-production is given to the production of methanol
or dimethyl-ether (DME).
l Datum from Williams and Larson (2003), from Bechtel/Amoco estimates, for direct coal liquefaction.
Refining emissions were added from Wang (1999) as in note b above, because direct CTL produces a
synthetic crude, not a synthetic fuel. There is uncertainty with the high-end emissions from CTL processes.
For example, Marland (1983) describes the Mobil methanol-to-gasoline (MTG) process. MTG emissions are
comparable to this estimate if all energy products produced are counted, but emissions per MJ of gasoline
delivered are much higher (64.69 gC/MJ of gasoline).
m GTL and CTL processes are amenable to CCS, which would reduce emissions by about 90%. This
potentiality is not included here but is discussed in detail by Williams and Larson (2003).
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because of the non-linear nature of the model, the size of such dampening effects cannot be
determined except by re-running the IMAGE model with new input data. Thus, the estimates
from this calculation should be considered only as an upper bound on potential emissions.

3.2.3 Calculation three – petroleum substitutes from other fossil feedstocks

Another source of uncertainty in future emissions is the potential for the use of synthetically
produced liquid fuels in place of low-grade petroleum. The IMAGE model structure does
not allow for the conversion between coal and natural gas to liquid fuels, but the
MESSAGE and MiniCAM models do allow for the production of synfuels. Because the
IMAGE model does not allow the development of synfuels, we perform basic calculations
to determine the potential magnitude of emissions increases above IMAGE projections that
would result from development of synfuels.

To obtain an estimate for petroleum demand, primary production of petroleum is
extracted from the IMAGE scenarios. The production projections for each of the IMAGE
scenarios are adjusted to minimize the error between actual world production from 2000 to
2003 and IMAGE modeled production from those years (British Petroelum 2005).

Data from Hallock et al. (2004) are utilized to model production of conventional oil.
Hallock et al. (2004) project the course of conventional petroleum production for the case
where recoverable conventional oil is equal to the USGS high estimate. The USGS high
estimate is very close to Rogner’s estimate of resources available from categories I–IV, so
these Hallock projections are used as a proxy for production of conventional oil in the
comparison. The Hallock et al. (2004) projection is also adjusted to match actual production
of all fuels from 2000–2003, so that IMAGE and Hallock projections are normalized in the
years 2000–2003.

The adjustment procedure performed with the Hallock et al. (2004) data amounts to an
assumption that the share of unconventional oil production remains at the current
percentage, because BP data include unconventional oil. Thus, the question we are able
to ask with these data is: “if production of unconventional oil remains only at today’s
percentage of total oil production, how much synfuel would needed to meet IMAGE
demand, and what would the carbon consequences of this be?” This question is, of course,
somewhat artificial in the context of modeling, but it can illustrate the potential
consequences of using synthetic fuels in a hypothetical case where low-quality oil
production remains at today’s comparatively low rates.

The difference between the adjusted Hallock et al. (2004) production curve and
the three adjusted IMAGE demand scenarios represents a shortfall that can be filled
with synthetic fuels. The magnitude of the shortfall is reduced by 10% to account for the
fact that 1 barrel of synfuel represents a finished product, whereas one barrel of oil
converted to diesel or gasoline loses 9–14% of the energy content in refining (Wang et al.
2004). If this shortfall is filled with synfuels, we can analyze an “envelope” of potential
emissions effects for each IMAGE scenario. The lower edge of this envelope is given by
100% adoption of GTL synfuels, while the upper edge of the envelope is given by 100%
adoption of CTL synfuels. These emissions are compared to IMAGE projected emissions
from petroleum production.

Although demand could potentially decline with the introduction of synfuels (see
discussion in calculation two), this effect is not as important for this uncertainty as
compared to that in calculation two because synfuel production is not significantly more
expensive than production of a mix of tar sands and oil shale (the category V resources it
is replacing).
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4 Results

4.1 Supply curve with cost and carbon emissions

The GHG emission factors for the SCPs considered in this paper are shown in Table 2. The
constructed supply curve, with both monetary and carbon dimensions of “cost” included, is
shown in Fig. 3. This supply curve should be seen as the total potential for liquid fuels
production, and does not represent what we believe is a likely amount of liquid fuel
production. For each segment of the supply curve, a range of variability (for current
technologies) and uncertainty (for current and future technologies) in cost of production
was determined. These cost ranges are represented by the vertical dimension of the curve.

Also in Fig. 3, the uncertainty in the amount of each resource is represented by the color
intensity of the horizontal dimension. The dark portion of each segment represents a
conservative estimate, typically reserves, while the lighter portion represents a generous
estimate, such as resources (see the notes for Fig. 3 for specific sources and definitions).
Thus, the actual amount of each resource able to be produced will likely fall between the
dark and light portions of each segment, and a conservative estimate can be made by adding
only the dark portions of each curve.

Note that the GTL and CTL portions of the curve assume that all natural gas and coal reserves
or resources are converted to liquid fuels, so these portions of the curve represent the upper
bound on GTL and CTL potential. Note that these values account for the energy lost in
processing. Clearly, the production of the entire resource represented (up to nearly 19,000 Gbbl)
is very unlikely, but instead represents a general upper bound on liquid fuel development. Note
that in Fig. 3 the traditional, very-high cost backstop (oil shale) is now displaced to the right by
large (but uncertain) estimates of potential GTL and CTL production. See also that potential
volumes of CTL synfuels are larger than volumes of shale, which has been traditionally
thought of as the most plentiful petroleum substitute. Thus, the dollar-denominated supply
curve is longer and flatter than many that have been constructed in the past without these fuels.

Also of importance is the role of resource aggregation in construction of the curve and the
order of extraction.Within each of our resource categories are a number of resources that have
varying emissions and costs associated with their production. For example, a significant
portion of the tar sands resource will not be accessible by mining due to the depth of the
resource. This deep tar sands resource will have a different emissions and cost profile than
near-surface tar sands, as a different process will be required for extraction. The aggregation
of resource types we performed results in a curve with large steps, while a more detailed
supply curve would have smaller steps within each of our large categories.

We must also emphasize that this supply curve is not meant to imply that these resources
will be consumed in order. As stated above, significant amounts of SCPs are currently
produced, and many non-economic factors will influence the order of extraction. Some SRES
models, such asMESSAGE, account for some of this uncertainty, although the documentation
available does not offer details of how the model operates to account for this behavior.

4.2 Calculations of uncertainty due to petroleum substitutes

4.2.1 Calculation one – uncertainty resulting from variable emissions factors
for unconventional oil

The SRES models differ in their approach to modeling emissions from different classes of
petroleum, but none of them evaluate this uncertainty in detail.
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Fig. 3 Global supply of liquid hydrocarbons in dollars (top) and carbon emissions (bottom). Note that lightly
shaded portions of the graph represent less certain resources, so a more conservative estimate is available by
counting only the dark portions of each resource category. Notes d through o correspond to the horizontal
width of the bars and apply to both curves

Notes for Fig. 3:
a – Costs of production represent crude oil or crude oil equivalent costs:
Conventional oil – High estimate is from Energy Information Administration (2005), and is the sum of

finding and lifting costs reported for “worldwide”. Low estimate combines a lower estimate for
development costs for Middle East producers (Stauffer 1994) combined with the lifting costs for the
Middle East from Energy Information Administration (2005).

EOR – This estimate is calculated from Green and Willhite (1998), who provide energy inputs for California
thermal EOR projects. Thermal EOR is currently the most common EOR technique. For oil ($50 per bbl)
burned as steam generating fuel, the additional cost in fuel ranges between $0.6 and $15 per induced
barrel of production, not including additional capital. As this cost is highly dependent on the particular
project, a low-end estimate of $5 per barrel above conventional oil is used, and a high-end estimate of
$10 per barrel is used in this figure. For other types of EOR, Gharbi (2001) found in an optimization
model that optimal chemical inputs in a chemical flood EOR project ranged from $4 to $11 per bbl, and
CO2 EOR required a price of between $10 and $15 per barrel to sustain a profit. Thus a range of $5 to $10
dollars incremental cost is reasonable for EOR in general.
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MESSGE accounts for these differences by dividing resources into “grades,” (equivalent to
Rogner’s categories) which have individual formulas for cost and efficiency of production from
primary fuel feedstock. Carbon is accounted for at the point of primary resource extraction, and
lower-grade resources are made more carbon-intensive by reducing the amount of final fuel
produced per unit of primary carbon extracted (Messner and Strubeggar 1995, 2001). However,
the efficiencies used in MESSAGE are not well documented in the available literature.

MiniCAM has two emissions intensity values, one for conventional petroleum and the
other for unconventional (Brenkert et al. 2003), which allows it to account for some of the
variability in emissions from unconventional oil production.

Tar sands and Heavy Oil – Supply cost for integrated mining and upgrading, converted to US dollars (NEB
2004). Note that other tar sands or heavy oil production techniques have different costs, with slightly
lower costs for cold production and higher costs for cyclic steam stimulation and steam assisted gravity
drainage (NEB 2004). This estimate is in agreement with CERI (2004), who estimate a crude oil
equivalent price at approximately $25 per barrel after accounting for quality.

GTLs – The cost of GTLs is highly dependent on natural gas prices. Estimates are crude oil equivalent prices
(which reflect that GTLs are refined products) from Bechtel (1998). The low estimate is for natural gas
costs of $0.50 per MMbtu, while the high cost is for gas at $2.00 per MMbtu. Note that Greene (1999)
and Corke (1998) estimate costs as low as $16.00/bbl with gas at $0.50 per MMBtu, with $5 per bbl
added for each $0.50 per MMbtu added to the gas price.

CTLs – Low and high costs are crude oil equivalent prices from Bechtel (1998). There is disagreement with
regard to cost of CTL technology: Barbiroli and Mazzaracchio (1995) cite $46–48 per bbl, while using
variable and operating costs from Barbiroli and Mazzaracchio plus the lowest coal prices from Energy
Information Administration (2005)(South African coal at $4.77 per tonne), production costs could
potentially be as low as $28 to $32 per bbl.

Oil Shale – Costs are cited as “$50 and up” in Rogner (1997). Bartis et al. (2005) cites costs of potentially as low
as $25–$30 per bbl for the recently developed Shell ICP process, but they estimate costs from a first-of-a-
kind mine and retort plant at $75–$95 per bbl. Clearly, costs estimates are extremely variable for oil shale.

b – Carbon emissions data from Table 2, sources for each resource explained in notes to Table 2.
c – Already consumed oil is summed from US Geological Survey World Energy Assessment Team (2000) and

British Petroleum (2005), and equals 954 Gbbl.
d – Proven reserves of 1,188 (British Petroleum 2005).
e – Rogner’s (1997) remaining conventional petroleum in categories I–III (2,162 Gbbl, producible with

primary and secondary recovery technologies).
f – Author’s estimate based on applying Rogner’s ratio of primary plus secondary production to EOR production

(about 2:1) to British Petroleum (2005) proven reserves to estimate about 500 Gbbl from EOR.
g – Rogner’s (1997) estimate of production from EOR, category IV (1,011 Gbbl).
h – Rogner’s (1997, Table 3) reserves of heavy oil, plus NEB (2004) proved reserves of tar sands.
i – Rogner’s tar sands and heavy oil resources, except categories VII–VIII, “additional occurrences”. Rogner

states that the “additional occurrences II” category (VIII) is not likely to be exploitable anytime in the
twenty-first century. Because of these uncertainties, categories VII and VIII resources are not included.
Note that Meyer and Attanasi (2003) cite the sum of “technically recoverable” heavy oil and tar sands at
1,085 Gbbl, significantly less than Rogner’s resources in place (about 6,000 Gbbl).

j – British Petroleum (2005) proved reserves of natural gas, converted to synfuels at 58% conversion efficiency
(Greene 1999). Note that this is only to show the potential for GTL synfuels and assumes that all reserves
of natural gas are converted to liquid fuels.

k – Rogner’s (1997) estimate of natural gas resources in categories I–VI. Categories VII and VIII were not
included because they are of dubious economic viability and contain large amounts of methane hydrate
resources, which are very uncertain. Resource is converted to Gbbl of synfuel using 58% conversion
efficiency (Greene 1999).

l – British Petroleum (2005) proved reserves of hard plus brown coal. Converted to GTOE using energy
content of hard and brown coals from British Petroleum (2005). GTOE converted to Gbbl synfuels using
52% conversion efficiency (Marland 1983).

m – Rogner’s (1997) estimate of coal resources, hard plus brown coal for categories A–D. Category E was not
included due to the uncertain economic viability of category E coals. Resource is converted to Gbbl synfuel
using 52% conversion efficiency (Marland 1983).

n – Rogner’s (1997) estimate of oil shale proved reserves.
o – Rogner’s estimate of oil shale resources, except categories VII and VIII. See note h above.
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The most detailed information was available for IMAGE, which uses an emissions factor
from EDGAR (an emissions database) for fugitive methane emissions from petroleum
production for all petroleum types, as well as a minor amount of fugitive emissions from oil
trade (Olivier et al. 1999; de Vries et al. 2001). In addition, emissions from the fuel
consumed in conversion from crude oil to refined products are counted (van Vuuren 2005).
The emissions from petroleum production are valued at between 0.2 and 1.7 gCeq./MJ for
fugitive methane emissions, depending on the IMAGE model region. The production-
weighted global emissions factor is 1.14 gCeq./MJ in the year 2000, and declines to
0.21 gCeq./MJ in 2100. The initial figure agrees very well with other estimates of emissions
from production, such as the GREET model. However, no allowance is made in the
IMAGE model for the carbon intensive nature of low-grade petroleum. Emissions factors
for refining are constant over time.

We now focus on our calculations performed using IMAGE data for a baseline
comparison. The IMAGE globally averaged emission factor is shown as the dashed line in
Fig. 4. Overall emissions drop over time due to better control of fugitive methane
emissions, but refining emissions stay constant. In all IMAGE scenarios studied, the
fraction of oil refined begins at approximately 67% and decreases to between 45 and 50%
by 2100. This IMAGE emissions factor is compared in Fig. 4 to the emissions that result
from applying the emissions factors in Table 2 to Rogner’s resource categories. The area
between each curve and the IMAGE baseline curve represents the cumulative additional
emissions due to using detailed emissions factors.

Fig. 4 Emissions intensity as a function of cumulative production for baseline IMAGE A1B emissions path
and three calculated emissions paths. Notes: The total additional emissions resulting from including the
emissions factors for unconventional oil are equal to the area between the baseline IMAGE emissions factor
curve and the variable emissions curve of interest. All curves are adjusted for percent of petroleum refined as
given by IMAGE. Note the great uncertainty that arrives with the production of resources from Rogner’s
categories V and VI (last two segments of the three calculated curves). Total production for scenario A2 is
given by the dotted line, while total production in scenario A1F is beyond the scope of the figure
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There is a large divergence in cumulative emissions between IMAGE projections and
our simple model. Part of this difference (about 10 GtC) can be attributed to the difference
in baseline emissions factors for conventional oil production (in Fig. 4, the emissions from
conventional oil are slightly below those of our estimates). Another portion of the

Table 3 Upstream emissions from oil production, three IMAGE scenarios under baseline and variable
emissions factors (cumulative GtC emitted, 2000–2100)a

With IMAGE
emissions factors

With varying unconventional
emissions factorsb, c

Low Mean High

A2 upstream emissions 61 110 168 225
A1B upstream emissions 63 146 246 346
A1F upstream emissions 70 183 329 475

a These estimates use weighted emissions factors (from Table 2). Weights are derived from Rogner’s (1997
p. 235) breakdown of categories I–VI, and all categories use the average value of gasoline and diesel for
refining emissions. Categories I–III contain 100% conventional oil; IV contains 100% EOR oil; V contains
30% oil shale, 70 % tar sands and extra heavy oil; VI contains 53% oil shale and 47% tar sands and extra
heavy oil.
b The low and high emissions factors were derived from the low and high estimates in Table 2, the mean is
the mean of the high and low emissions factors from Table 2.
c These emissions are adjusted according to percentage of oil refined, using percentage refined data from the
equivalent IMAGE scenario.

Fig. 5 Dependence of emissions on assumed amount of remaining conventional oil. Notes: The smaller the
amount of conventional oil, the sooner unconventional resource will be developed. The emissions factor for
conventional oil and EOR (the lowest line segment) is a weighted average of conventional and EOR
emissions factors from Fig. 4 (66% conventional, 33% EOR)
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difference (about 13 GtC in IMAGE A1B) is due to the decrease in methane emissions over
time from oil production as modeled in IMAGE. The largest portion of the difference,
however, results from the radically different emissions factors for unconventional oil. When
Rogner’s category V, which contains the first amounts of oil shale, begins to be produced at
just past 3,200 Gbbl, the emissions factors increase and uncertainty increases greatly.

These estimates of excess emissions are highly dependent on the order of resource
extraction. In our model, Rogner’s categories are exploited in sequential order. This means,
for example, that unconventional reserves (i.e. category V) are exploited before
unconventional resources (category VI). If one instead assumes that the resources will be
exploited by order of resource type, such as strictly along the supply curve shown in Fig. 3,
then excess emissions would be considerably lower, as all EOR would be exploited
before any tar sands were exploited, and oil shale would only be exploited after all other
resources were completely depleted. Currently, tar sands and synthetic fuels are being

Table 4 Emissions variability with respect to varying estimates of ultimately recoverable conventional oil,
using mean emissions factors (cumulative emissions GtC, 2000–2100)

A2 upstream emissions A1B upstream emissions A1F upstream emissions

Rogner (1997)a 170 246 329
USGS 5% probability 187 263 346
USGS mean probability 273 349 432
USGS 95% probability 352 429 511

a Emissions from Rogner’s resource base are calculated using the mean composite emissions factors from
Fig. 4 , not the emissions factors used in IMAGE. This is to separate the effects of calculaltion 1 from the
results of this calculation.

Fig. 6 Hallock et al. (2004) adjusted production projection vs IMAGE demand projections for scenarios
A1B, A1F and A2
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produced while large reserves of conventional oil remain, so a model that moved strictly
up the supply curve could not be considered more realistic than exploitation of Rogner’s
categories in order.

The emissions increases calculated over the twenty-first century are shown in Table 3.
The emissions over this 100 year period are significantly higher in the case where variable
emissions factors are used, and are much more variable than the baseline scenarios. Much
of the emissions burden, as well as the uncertainty, comes from the production of oil shale.
If oil shale is produced in significant quantities with retorting temperatures that cause
carbonate mineral decomposition (as in our high emissions factor), the potential emissions
effects are very large, on order of hundreds of GtC over the twenty-first century.

4.2.2 Calculation two – uncertainty resulting from variable estimates of EUR

This calculation estimates the potential uncertainty resulting from our poor knowledge of
the amount of conventional oil remaining. The mean emissions factors for SCPs (the middle
curve from Fig. 4) were used to calculate emissions paths that vary with cumulative
production. Total emissions over the years 2000–2100 were then calculated for four cases,
each of which uses one of four EUR estimates. Figure 5 illustrates the emissions
consequences of varying the value for EUR. Results are presented in Table 4, which shows
cumulative carbon emissions from the upstream petroleum sector for the years 2000–2100
given the four estimates of EUR.

Fig. 7 Upstream emissions from liquid fuel production in A1B scenario, in a calculation only allowing
synthetic fuels without emission mitigation. Notes: The solid curve represents the baseline, in which all
demand is met with petroleum, using yearly emissions factors from the IMAGE model. The two dashed
curves represent the upper bounds on additional emissions resulting from the introduction of GTLs (lower) or
CTLs (upper). Note that the upper edge of each shaded envelope represents complete adoption of synfuels
(all shortfall is filled with synfuels), and is improbable
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Again, as in calculation one, the cumulative uncertainty over the twenty-first century is
large. In each of the scenarios, if we have only the USGS low estimate of conventional oil
remaining (1,239 Gbbl), as compared to the USGS high estimate (2,965 Gbbl), emissions
increase by approximately 150 GtC. As above in calculation one, this is largely due to the
introduction of oil shale into the fuel mix.

4.2.3 Calculation three – uncertainty due to petroleum substitutes from other fossil
feedstocks

The adjusted Hallock et al. (2004) production projection is shown with the three adjusted
IMAGE demand projections in Fig. 6. The distance between Hallock et al. (2004) and the
IMAGE projections equals the shortfall in oil production that is filled with synfuels in this
calculation. The emissions effects of filling this shortfall with synfuels are shown in Fig. 7,
which shows the potential emissions range given low carbon and high carbon synfuels in
the IMAGE A1B scenario. The edges of the emissions uncertainty envelope were
calculated using the emissions factor for mean-emissions GTL synfuels (low-end), and
mean-emissions CTL synfuels (high-end). The cumulative emissions from 2000 to 2060 are
shown in Table 5 for all three scenarios in the baseline case, with low emissions synfuels,
and with high emissions synfuels.

It can be seen that the emissions consequences of this uncertainty are smaller than the
other two calculations. This is because the modeled time period only goes to 2060, as
opposed to 2100 in the other calculations. This is also because these scenarios only allow
synthetic fuels from coal and natural gas, and do not allow oil shale, which was responsible
for a significant portion of the emissions effect seen in calculations one and two. The total
emissions uncertainty produced by this effect is still on the order of tens of GtC before
2060, and so is still significant.

5 Discussion

The supply curve produced above has two key implications for the current discussion of the
future of petroleum. The first is that, according to the best estimates of sources cited here, it
does not appear that an absolute shortage of hydrocarbon or fossil energy will threaten our
society in the near future. There are significant and important concerns regarding stability

Table 5 Cumulative upstream emissions from liquid fuel production, 2000–2060 for IMAGE scenarios with
shortfall filled with only synfuels and excluding mitigation (Cumulative GtC, 2000–2060)a

IMAGE A2 IMAGE A1B IMAGE A1F

Baselineb 40 51 58
Shortfall filled w/ low emissions synfuelsc 43 61 75
Shortfall filled w/ high emissions synfuelsd 47 81 110

a Calculated to 2060 because data of Hallock et al. (2004) only go to 2060. As calculated these show the
effects of complete synfuel adoption. A more likely outcome is the adoption of some synfuels and some low-
grade oil.
b For conventional production IMAGE emissions factors for upstream emissions from petroleum production
and refining were used (varies yearly, from IMAGE data output).
c For the low emissions synfuel, the mean GTL emissions factor from Table 2 was used (8.3 gC/MJ).
d For the high emissions synfuel, the mean CTL emissions factor from Table 2 was used (24.65 gC/MJ).
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during a transition from conventional oil to SCPs, including issues of politics, investment,
and the speed of infrastructure transition, but absolute resource scarcity appears to be
relatively unimportant. This is particularly the case when we allow the possibility of
production of liquid fuels from coal and natural gas. However, our analysis does not
address concerns that the rate at which investment in the capital needed to produce SCPs
might be needed or the likelihood of such investments being made (Hirsch et al. 2005). This
may be a significant concern and is left for future analysis.

Second, we see from the supply curve that the upstream emissions from SCPs are
significantly higher than those from conventional oil production, assuming no mitigation.
And, the potential emissions from resources that are very uncertain, such as oil shale,
appear both high and highly uncertain. Thus, one of the main consequences of the transition
away from conventional oil, although not discussed often enough, is that it may force us
into production of low-quality carbon intensive fuels.

The three calculations shown here are meant to be illustrative, not projections of future
emissions pathways. These calculations can be thought of as “slices” along three dimensions
of uncertainty in the models in which we attempt to hold all else equal in order to isolate the
potential effect from the each of the three uncertainties. While we are not able to re-run the
models with changed assumptions as would be ideal, these calculations show that the mag-
nitude of the potential emissions effects is undeniably significant.

A few major points of discussion that cut across all three calculations deserve to be
addressed. First and most broadly, this analysis assumes that no climate polices are put into
place, and so might be thought to speak most directly to estimates of “business as usual”
scenarios. Another interpretation is that this analysis begins to indicate the magnitude of
mitigation strategies (e.g. CCS) that would be necessary to deploy SCPs in a carbon-
constrained world. Further analysis of this issue is left for future work.

Most modeling efforts assume least-cost-based patterns of extraction (as do we). This is
a tractable approach, but it cannot capture a number of important factors that govern
resource extraction. Perhaps the most important non-economic factor in determining the
rate and order of resource extraction is politics, most obviously illustrated by the role of the
OPEC cartel. Given that OPEC nations hold a significant amount of the remaining
conventional oil resource, the rates of production chosen by the OPEC cartel will exert
large influence on the rates of extraction of SCPs: if OPEC produces at a lower rate (which
Gately (2004) suggests is likely) and all else is held equal, the world will shift more quickly
to these carbon intensive resources. Indeed, the fact that quite large quantities of SCPs are
currently being produced at high cost, while large amounts of low-cost conventional
resources remain untapped, reinforces that the order of resource extraction is only
approximated by a supply curve such as Fig. 3.

More specifically with regard to the SRES models, one important shortcoming in the
SRES models as a whole was not addressing the variations in estimates of conventional oil.
Given that the amount of conventional oil will strongly govern the rate of transition to
alternatives, and is of general interest to policymakers and others, this parameter should be
explored in detail in future models. An earlier transition to carbon intensive substitutes both
suggests higher cumulative consumption of low-grade petroleum resources and would
allow less time to prepare for their increased carbon intensity. This would result in
significant increases in the level of carbon emissions, on order tens to hundreds of GtC over
the next century.

The issue of technological progress also looms large. In the IMAGE model, the
emissions from conventional oil production decline over time, a result of improving
control technologies. Such progress would likely also affect the SCPs discussed here, and
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would allow for the potential for mitigation of some of their excess emissions. However,
these fuels are physically of lower quality, and exist naturally in less useful form than
conventional oil, and thus are likely to have an excess of emissions even in the presence
of technological progress. This suggests that it is important to develop ways to estimate
how much cleaner unconventional and low-grade resources can be made through
technical progress.

Another area of key importance, and one that should be studied in greater detail, is the
projection of tar sands and oil shale production. While the emissions consequences shown
here for these resources are significant, what is unknown about them is more important.
First, tar sands production is currently significant, but producers have naturally focused first
on production of easy tar sands resources (shallow and high bitumen concentration), the
proverbial “cream” of a large and varied resource pool. Production of hundreds of Gbbl of
tar sands over the next century (as implied by all models studied) would require
development of lower-grade tar sands with potentially different emissions profiles. And,
even more importantly, oil shale is very poorly understood. First, emissions will likely vary
greatly depending on process and operating conditions (in situ vs. mine and retort, as well
as retorting temperature). Second, the oil shale emissions figures cited here are for high
grade oil shale (greater than 25 gal of oil per ton), while development of low-grade oil shale
(less than 10 gal of oil per ton) could emit over 100 gC/MJ (Sundquist and Miller 1980),
almost 50% higher than even the high estimates shown here. Understanding these two
resources in more detail should be part of future analysis.

The possibility of a transition to low-quality and synthetic petroleum resources, such as
tar sands or GTL and CTL technologies, is becoming increasingly likely. Indeed, there is
great interest in these technologies because they may help avoid the unsettling futures that
are sometimes predicted to result from a peak and decline in conventional petroleum
production. However, this comfort must be lessened because the analysis presented in this
paper suggests that unconventional petroleum production could be a significant source of
additional CO2 emissions unless mitigation steps are taken.
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