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Abstract Policy-makers of some fossil fuel-endowed countries wish to know if a given fossil
fuel supply project is consistent with the global carbon budget that would prevent a 2 °C
temperature rise. But while some studies have identified fossil fuel reserves that are inconsis-
tent with the 2 °C carbon budget, they have not shown the effect on fossil fuel production costs
and market prices. Focusing on oil, we develop an oil pricing and climate test model to which
we apply future carbon prices and oil consumption from several global energy-economy-
emissions models that simulate the energy supply and demand effects of the 2 °C carbon
budget. Our oil price model includes key oil market attributes, notably upper and lower market
share boundaries for different oil producer categories, such as OPEC. Using the distribution of
the global model results as an indicator of uncertainty about future carbon prices and oil
demand, we estimate the probability that a new investment of a given oil source category
would be economically viable under the 2 °C carbon budget. In our case study of Canada’s oil
sands, we find a less than 5% probability that oil sands investments, and therefore new oil
pipelines, would be economically viable over the next three decades under the 2 °C carbon
budget. Our sensitivity analysis finds that if OPEC agreed to reduce its market share to 30% by
2045, a significant reduction from its steady 40–45% of the past 25 years, then the probability
of viable oil sands expansion rises to 30%.
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1 Global carbon budgets and expansion of fossil fuel production

Most of the world’s coal, oil, and gas reserves must not be converted into carbon dioxide
(CO2) emissions if humanity is to prevent the average global temperature from increasing
more than 2 °C by 2100, implying a “carbon budget” that limits fossil fuel use (Meinshausen
et al. 2009). Over two decades of international negotiations, however, have failed to achieve a
global agreement to stay within this budget. The most recent instance is the Paris 2015
agreement, where the sum of national commitments significantly exceeded the 2 °C global
carbon budget (Rogelj et al. 2016).1

This ongoing failure has created a dilemma for governments of fossil fuel-endowed countries
as they consider major infrastructure projects that would expand the production and transport of
fossil fuels. Project proponents and independent analysts argue that such projects should be
approved because, in the absence of a global limit, reduced fossil fuel production in one country
would be offset by increased production in another. Although Faehn et al. (2017) find that one
country’s unilateral restraint on fossil fuel production—Norway’s oil in the case they explore—
can slightly decrease net global emissions for a limited time, theworld’s potential reserves of fossil
fuels are enormous and innovations continuously lower their exploitation costs (Jaccard 2005;
Aguilera and Radetzki 2015). There are many potential sources of coal, oil, and natural gas to
replace reduced output of a given fossil fuel supplying country.

One proposed response to continued international failure is for climate-concerned countries
to act as “climate clubs,” together reducing their GHG emissions and fossil fuel investments
while trying to motivate other countries to join them (Victor 2011). Thus, when US President
Barack Obama rejected the Keystone XL pipeline from the Canadian oil sands in 2015, he
linked his decision to an appeal for greater climate policy coordination between the USA and
Canada (Obama 2015). Soon after, in 2016, Canada and the USA agreed to prohibit oil drilling
in the Arctic (Canada-U.S. 2016). Canada also committed to assess each major “project’s
potential impact on Canadian and global emissions” when conducting future environmental
reviews of fossil fuel investments (Environment and Climate Change Canada 2016).

The Canadian oil sands have frequently been the focus of North American climate debates.
While production is localized in the province of Alberta, where expansion has public support,
the necessary new pipelines involve other regions of Canada and the USA. Some environ-
mental activists and academics have argued that new pipelines to the oil sands should not be
allowed precisely because they foster increased output and a GHG emissions path that is
inconsistent with the global carbon budget (Palen et al. 2014; Erickson and Lazarus 2014).

But the relationship between a specific fossil fuel project and the carbon budget is difficult
to determine. Some fossil fuel development can still occur as humanity reduces total emissions
to safe levels. In the case of oil, it will take decades for electricity, biofuels, and perhaps
hydrogen to completely replace gasoline and diesel under the carbon budget, so some
investments in oil production and delivery infrastructure may be justified while staying within
the carbon budget.

And because coal, oil, and natural gas provide multiple energy services (electricity gener-
ation, steel production, transportation, etc.), estimating the effect of the 2 °C constraint on each
of these fossil fuels is complicated. It requires the application of global energy-economy-
emissions (EEE) models that estimate the demand for each source of energy as a function of a

1 The Paris agreement also set 1.5 °C as an aspirational limit, but we restrict our analysis here to the 2 °C limit,
the target that has stimulated most analysis.
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cumulative CO2 emissions limit, the costs of CO2 reduction in different sectors and regions,
and the demand-supply dynamics of energy markets (Krey et al. 2014). In general, these
models show that a global carbon price must rise rapidly by 2050 to meet the 2 °C constraint,
causing emissions to decline in all sectors, albeit faster in electricity generation than
transportation.

To our knowledge, only three global EEE modeling studies have assessed the economic
prospects specifically for the Canadian oil sands under a global carbon budget. Chan et al.
(2012) considered a CO2 emissions limit less stringent than the 2 °C target, and nonetheless
found that this would reduce oil sands output by the year 2035. Surprisingly, the oil price in
their model stayed above US$100 per barrel to 2035, well above the break-even price for oil
sands investments.2 In contrast, the International Energy Agency (2013a), with an oil price of
US$100 in 2035, estimated a 50% increase in oil sands output from 2012 levels. This
expansion resulted, however, from the assumption that all approved projects would be
constructed regardless of their economic prospects.3 Finally, McGlade and Ekins (2015)
showed oil sands output declining to 2050, but did not report the oil price.4 These three
studies do not, however, transparently demonstrate that oil sands expansion is inconsistent
with the 2 °C carbon budget because they fail to provide an explicit comparison of the future
market oil price with the future production costs of competing categories of oil sources.

In this article, we apply a novel method to address this challenge by creating an oil price
and climate test model. As a case study, we assess the effect of the 2 °C carbon budget on the
long-run prospects for investments to expand Canadian oil sands production and thus on the
associated pipeline expansion that this would economically justify.

The next sections detail the model and report the results from simulating the oil price and
production cost effects of the rising carbon price and a declining oil demand from global EEE
models. Under our base case assumptions, we find that oil sands expansion is inconsistent with
the 2 °C carbon budget. When we test uncertainties, as reflected in the range of assumptions
and outputs from the EEE models, we still find it improbable that oil sands expansion, and new
associated pipelines, are economically viable under the 2 °C carbon budget.

2 Research on the oil price’s long-run determinants

As noted, EEE models estimate future carbon prices and oil demand, but do not reveal real-
world oil prices. Yet oil prices have been studied intensively since the price shocks of the
1970s (Aguilera and Radetzki 2015). Economists note that, as with other commodities, the oil
price exhibits short-run volatility due to temporary supply-demand imbalances. This volatility
is accentuated with oil because it is a highly valued economic input whose production is
concentrated in a politically unstable region, the Middle East. While the price can spike and
fall in the same year, such as when Iraq invaded and was expelled from Kuwait in 1990–1991,
it can stay high for longer periods, as in 1973–1985 and 2003–2014.

But an extended period of higher prices motivates efforts to find new oil reserves and
develop substitutes to conventional oil, such as oil sands, heavy oil, and light tight oil.5 During

2 Except where a different date or currency is indicated, oil and carbon prices are in 2012 $US.
3 As explained by one of the report’s authors in a personal communication.
4 In a personal communication, one author explained that, being the result of an optimization procedure with
foresight, their model’s oil price does not attempt to depict the real-world market oil price in each period.
5 Following industry practice, we use the more encompassing term light tight oil instead of shale oil.
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the latest period of high prices, oil sands production in Canada increased from 0.6 mbd to over
2 mbd and US light tight oil from near-zero to over 4 mbd.6 This growth in higher cost supply,
if not matched by increases in demand, can intensify competition among oil suppliers,
eventually triggering price declines, as occurred in 1986 and 2015.

Because the production cost of oil differs greatly from one oil source and region to another,
low-cost producers like Saudi Arabia earn long-run surplus profit in the form of “differential
rent.” This is the difference between their cost of production and production cost of “marginal
producers”—the highest cost producers in the market.

While marginal producers do not earn differential rents, they may earn other forms of
surplus profit. One form is short-run windfall profit, such as during the temporary high prices
in 1973–1985 and 2003–2014.

But all oil producers may earn two additional forms of long-run surplus profit. First,
because oil is a non-renewable resource, the market price may include a premium, called
“scarcity rent,” to reflect expectations of rising value with increasing scarcity. Second, if key
producers collude to restrict supply, their market power may sustain the price above the
production cost of marginal producers, generating “oligopoly rent.” If these are important
determinants of the oil price, scarcity rent and oligopoly rent should be accounted for in long-
run oil price models.

However, efforts by economists to detect scarcity rents have been inconclusive (Livernois
and Thille 2015). While oil prices have risen significantly above marginal production costs
during the two high-price periods noted above, the supply disruptions causing these high
prices were short-run in nature, resulting from revolution, war, or economic sanctions. With
enough time for producers to react, a lot of oil can become available, as the new supplies
triggered by the high prices eventually demonstrated. Thus, producers were more likely
earning short-run windfall profits, with buyers paying a risk premium to secure some higher
cost oil from outside the volatile region, such as North Sea oil, Russian oil, Canadian oil sands,
US light tight oil, Brazilian offshore oil, and Venezuelan heavy oil. These higher cost sources
captured a growing market share until competition eventually forced low-cost producers,
primarily members of the Organization of Petroleum Exporting Countries (OPEC), to accept
lower prices to conserve their market share, first after 1985 and again after 2014. And the
emergence of these multiple oil sources has convinced some analysts that oil prices will remain
low for the next decades, even without a climate-induced carbon budget (Aguilera and
Radetzki 2015).7 If true, scarcity rent will not be a long-run determinant of the price of oil.

Researchers have, however, had more success attributing a long-run role to oligopoly rent.
As a producers’ cartel, OPEC tries to influence the oil price by collectively restricting its
members’ supply availability. While its short-run efforts to restrict output in order to stabilize
the oil market have not been particularly effective, it has had a long-run price influence by not
expanding production (Smith 2009). With Saudi Arabia’s enormous low-cost resources, it
could double its 10% market share to the detriment of higher cost producers. But this would
involve a trade-off between a higher market share and lower revenues per barrel, since the
effect of such a strategy would be a lower oil price. This decades-long underinvestment by
Saudi Arabia and other low-cost OPEC members, whether strategic or inadvertent, keeps the

6 Output continued to grow even after a significant decline in oil prices.
7 Even if some scarcity rents exist, the “green paradox” hypothesis suggests that climate policy would force
producers to lower oil prices from concern that demand would fall faster than consumption would deplete
supplies (Sinn 2012). Of course, if scarcity rents are negligible, as the research literature suggests, the green
paradox is of little importance.
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long-run price of oil higher than it would be in a perfectly competitive market, indicating that
long-run oligopoly rents are being captured by all producers.8

3 Assumptions of our oil price and climate test model

The key objective in designing our oil price and climate test model is to simulate the long-run oil
price over a period of several decades, the time during which humanity seeks to rapidly reduce
CO2 emissions to stay within a carbon budget. Although ephemeral market disruptions, and their
short-run price effects, can be significant, we do not try to model these unpredictable events.

In constructing our model, we assume that scarcity rent will be negligible over the next few
decades. Supply additions over the past five decades have exceeded oil consumption such that
the ratio of global oil reserves to annual production has steadily risen (OPEC 2016; BP 2016).9

With the 2 °C carbon budget requiring total oil consumption to decline instead of increase,
scarcity rent would be even less likely. Thus, while depletion of specific reserves may be a
concern for some oil companies and regions, depletion of the broad categories of oil sources is
not a concern at the aggregate level at which our oil price and climate test model operates.

We focus therefore on the interplay of global oil demand with the production cost of
different categories of oil sources, while accounting for the ability of OPEC, led by Saudi
Arabia, to influence the oil price to garner oligopoly rents for all producers. We assume that
OPEC will accept price declines when needed to prevent erosion of its market share, as it
demonstrated in 1986 and 2015. And, consistent with the analysis of Smith (2009), we assume
that Saudi Arabia will not exceed its historical market share, and will succeed in pressuring
most other OPEC members to behave similarly, thereby achieving a higher long-run oil price
than would occur in a purely competitive market.

This assumption is consistent with OPEC’s behavior in recent decades. The decline of
OPEC’s market share in the early 1980s motivated Saudi Arabia in 1986 to abandon its effort
to sustain high oil prices, as these prices induced innovations and investments that rapidly
increased the market share of non-OPEC oil sources. Since recovering to 40% in the early
1990s, OPEC’s market share has remained remarkably stable at 40–45% of global oil
production for 25 years.10 We assume, therefore, that OPEC, led by Saudi Arabia, will act
strategically to sustain this market share, even though this means deliberately reducing its total
output as the carbon budget causes a falling demand for oil. A constraint in our model holds
OPEC’s market share of total oil production between 40 and 45%. If our assumption is
incorrect, and OPEC and other low-cost producers try to sustain their current output, even
while total oil consumption falls under the carbon budget, future oil prices will be even lower,
as we show in our sensitivity analysis.11

8 Aguilera and Radetzki (2015) attribute this underinvestment primarily to the “resource curse”—rent-seeking
behavior within oil-endowed countries, and their state-owned oil corporations, that undermines the prospects for
productive investments to expand capacity. Smith (2009) suggests that the underinvestment might to some extent
also be a deliberate strategy. And, there have been sanctions that prevented low cost supply expansion in Iran.
Regardless of the dominant underlying cause, the overall effect is the same: a higher oil price and a smaller share
of global oil production for individual OPEC producers than would occur under a purely competitive global oil
market.
9 See Figure S1 in supplemental materials.
10 See Figure S2 in supplemental materials.
11 As one reviewer noted, we could have equally designed our model as an OPEC profit maximization model,
with exogenous oil demand as a constraint. The oil price outcomes would be similar.
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A key aspect of our model is its detailed representation of the complexity at the high-cost
margin of the current oil market. In the textbook ideal of a non-renewable resource, humanity
would consume lower cost resources first, gradually shifting to higher cost resources as needed.
Until the 1970s, the oil industry more closely reflected this ideal. But the short-run disruptions that
led to higher oil prices initially in 1974–1985 and then again in 2003–2014 attracted simultaneous
investments in higher cost conventional and unconventional sources outside of the Middle East,
resulting in the current market with its wide range of production costs. If demand is increasing and
prices are high, this situation can endure. But if supply additions outpace demand growth, price
competition can undermine the economic prospects for the higher cost sources.

To reflect this production cost diversity in the current oil market, our model operates at the
level of annual rather than cumulative oil production. Thus, it replaces the conventional global
oil supply curve, which depicts the total possible output and production cost of each oil source,
with a current oil production curve, which depicts the output of each category of oil source,
ranked from lowest to highest long-run production costs. In this sense, our model is designed
to combine the real-world current market with key factors that will transform that market as
climate policies drive up carbon prices and drive down oil demand, both of which affect the
long-run economic prospects of competing categories of oil supply.

Figure 1 presents our production supply for 2015. In the upper middle of the figure is an
expansion of the highest cost oil sources operating in the market that year. The width of each
column indicates the average daily production in 2015 for each category of producer. Thus,
light tight oil, mostly from the USA, was about 3 mbd. The height of each column indicates the
range of long-run production costs for each category, as estimated from new investments
needed to offset annual depletion. There is a range of projected production costs from different
oil sands projects.12

The expansion of the high-cost marginal producers in Fig. 1 shows two oil sands production
methods. In early years, oil sands production was dominated by surface “mining” of oil-laden
sand and its transport to a processing facility to isolate the bitumen. More recently, projects
involve bitumen extraction via steam injection that causes oil to flow into capture wells, a
process called steam assisted gravity drainage (SAGD). In general, oil sands mining has a
higher production cost but a lower emissions intensity than SAGD. Since most new investment
is in SAGD, the emissions intensity of oil sands production has risen in recent years.

4 Key functions of our oil price and climate test model

Our oil price model is driven by the carbon price and oil demand produced by the global EEE
models in their simulation of the 2 °C carbon budget. The rising carbon price must be paid by
producers for any of their production emissions. Our model simulates their investments in
reducing production emissions when the cost of doing so is cheaper than paying the carbon
price. With SAGD oil sands, for example, as the carbon price rises above approximately $50/
tCO2, it triggers investments that reduce production emissions, thereby avoiding some carbon
payments by (1) replacing some of the thermal energy input with solvents that help extract the
oil or (2) capturing and storing CO2 emissions from the combustion of fossil fuels that produce
the thermal energy for oil extraction. With a rising carbon price, more such investments are
made until, at some point, production emissions are zero. Carbon prices above this threshold

12 Detailed data used to construct the cost estimates are in the supplemental material accompanying this article.
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have no further effect on production costs since there are no longer any production emissions.
However, because current oil sands extraction processes have relatively high emissions, the
rising carbon price increases their cost of production more than that of other oil sources.

The following equations explain this relationship between the carbon price in each period
(CCt) and the cost of production of each category of oil producer (Cit), that cost being the
average of the high-cost (CiHt) and low-cost (CiLt) values (the columns in Fig. 1).

Cit ¼ CiHt þ CiLt

2

The production cost increases with the rising carbon price as oil producers select in each
period the cost-minimizing combination of abatement effort and carbon emission payments.
The following equation shows this effect of the carbon price on an oil source’s production cost.
Non-CO2 production cost (NCPC) represents all operating and capital costs unaffected by the
carbon charge. Ai is the marginal cost of emissions abatement and eit the emissions intensity
for each category of producer. Producers reduce emissions intensity as necessary to minimize
production costs in each period.

Cit ¼ min
eit

eit*CCt þ Δeit*Ai þ NCPCf g

The effect of this function is to shift upward the columns in Fig. 1 with increases in the
carbon price. At the same time, the falling oil demand from the EEE models lowers the price of
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oil and this squeezes out “marginal” producers, mediated by a market power constraint which
keeps OPEC’s share of oil production between 40 and 45%.

Given the cost complexity of today’s oil market, our model does not identify a single
marginal producer but instead simulates the probability that each category of producer will
become “extra-marginal”—meaning that they are “priced out” of the declining oil market as
the carbon price increases their production costs while the oil price falls. Thus, the output Qi(P)
of each category of producer depends on its range of production costs, as depicted by the
height of its column in Fig. 1. For all oil prices (Pt) above CiHt, producers providing this
category of oil will achieve their total current output in Fig. 1, TQi.

Qi Pð Þ ¼ TQi for all Pt > CiHt

But for all oil prices below CiLt, this category of producers becomes extra-marginal for new
investments, so its production would fall to zero over the long run.

Qi Pð Þ ¼ 0 for all Pt < CiLt

When the oil price is between CiLt and CiHt for a given category of producers, its production
cost has a probabilistic influence on the price of oil that depends on the size of its production
relative to that of other marginal producers. For this calculation, we define F(P) as the
cumulative distribution function of a distribution with mean μ and standard deviation σ.
The standard deviation is defined so that the normal distribution associated with each producer
captures 99.7% of the range between CiLt and CiHt. For each category of producer i in period t:

Qi Pð Þ ¼ Fi Pð Þ*TQi for all CiLt≤Pt≤CiHt

where Fi(P) is defined by:

μit ¼
CiLtþ CiHt

2

σit ¼ CiLtþ CiHt

6

Fi Pð Þ ¼ 1

2
1þ erf

P−μ
σ

ffiffiffi

2
p

� �� �

As the oil demand declines, the model finds the oil price in each period (Pt) that equates
total supply with total demand, while satisfying the OPEC constraint that maintains its share of
global production between a minimum of 40% and a maximum of 45%.

Pt ¼ argmin
P

∑
N

i¼1
Qi Pð Þ−Dt

� �2

s:t:0:4≤
QOPEC Pð Þ
∑N

i¼1Qi Pð Þ ≤0:45 for all t

Figure 2 summarizes the steps of our oil price and climate test model. Global EEE models,
with regional, sectoral, and energy industry detail, simulate the energy-economy evolution
over several decades in response to a carbon price that rises so that CO2 emissions stay within
the 2 °C carbon budget. The rising carbon price triggers investments to abate CO2 among oil
sources. These investments increase with the rising carbon price until, at some price, all
production emissions are eliminated. The carbon payments and CO2 abatement costs are
added to production costs to produce the total life-cycle production cost for each category of
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oil source. With the rising carbon price, higher emission sources, such as the oil sands, see their
total production costs rise relative to lower emission sources.

Simultaneously, the global EEE models forecast the rate at which the demand for oil
declines due to the rising carbon price, as governments apply a carbon tax on gasoline, diesel,
and other refined petroleum products. This declining oil demand combines with the rising
production costs of oil producers to determine the price of oil in future periods according to a
formula in our model that reflects: (1) the heterogeneity of production costs and multiplicity of
marginal producers in the current global oil market and (2) the ongoing upward effect on oil
prices (oligopoly rents) due to underinvestment by lower cost producers, notably OPEC led by
Saudi Arabia. The resulting oil price produced by our model is a real-world version of the
implicit oil price in the EEE models.

If the cost of production of a given oil source exceeds the oil price in some future year, that
source is deemed to be economically unviable, meaning that new investments will not occur and
output will decline as currently exploited fields are depleted. We assume that long-lived invest-
ments associated with increased output, such as new oil pipelines needed to support oil sands
expansion, are economically unviable if their need would disappear within the next two decades.

We note that ours appears to be a partial equilibrium model in that it does not simulate the
effect of our oil price, once determined, back upon the global oil demand. This is because the
oil demand is determined endogenously within the global EEE models, whose internal oil
price adjusts simultaneously with all other prices to match oil supply and demand under a
rising carbon price. Thus, the global EEE models simulate the total-system equilibrium
response to a rising carbon price, with energy and non-energy GHG abatement increasing as
the carbon price rises, and with regionally differentiated changes in economic structure and
total output. The global oil demand is one output from these models, as is the carbon price path
to satisfy a GHG constraint.

The limited contribution of our model is to convert the rising carbon price and falling oil
demand from the global EEE models into a real-world oil market price that would enable
governments to assess the probability that a given oil source would be a profitable investment
under the 2 °C carbon budget. For this, we combine data on the range of production costs of
each oil source, the production emissions of each source, and the costs of abating CO2

Fig. 2 Summary of oil price and climate test model
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production emissions from each source. Our model thus calculates a rising cost of production
for each oil source as the carbon price rises, approximating the production cost adjustments
calculated inside the global EEE models under the carbon budget. In estimating the future
price of oil, our model includes assumptions, based on our oil market research, on the relative
importance of long-run scarcity and oligopoly rent, and the likely strategy of OPEC during a
period of declining oil demand. Finally, to minimize the risk that differences in cost assump-
tions in our model and the global EEE models would be significant, we reviewed data sources
and assumptions of the global EEE models and tried to match these as closely as possible.

5 Simulating our oil price and climate test model

With their requirements for large data sets and team modeling capacity, global EEE models
tend to be operated by energy and climate research centers, who occasionally compare their
methods and results by producing multi-model studies under a common set of assumptions.
There are several EEE multi-model studies of the 2 °C carbon budget, including the IPCC
Fifth Assessment Report (IPCC 2014), the European Union-funded studies called AMPERE
(Kriegler et al. 2015) and LIMITS (Van der Zwann et al. 2013), and the EMF 27 study of
Stanford University’s Energy Modeling Forum (McCollum et al. 2014). We contacted the lead
authors of each of these studies to learn more about their data and key assumptions, and then
decided to limit our analysis to the results from EMF 27 as it included the largest set of models
and the lead author could provide us with easily accessible data from all of the models.

In EMF 27, models were aligned with respect to several major assumptions, such as cumu-
lative greenhouse gas emissions to 2100 for the 2 °C carbon budget, global population, economic
output, and the approximate cost and emission attributes of some key technologies. All models
allowed the adoption in the electricity sector of some carbon capture and storage, which enables
oil use in transportation to remain at a higher level. But only a few models allowed large-scale
adoption of biomass with carbon capture and storage, a negative emissions option. These models
could achieve the 2 °C emissions constraint while allowing oil use to remain at even higher levels,
but it is highly uncertain if this option can achieve a global-scale impact. These and other
differences explain the distribution of results from the EMF 27 models.13

Although the EMF 27models were simulated to 2100, we limited our oil price and climate test
analysis to 2050 because the next few decades are critical for current decisions to expand fossil
fuel infrastructure. All models in EMF 27 applied a global carbon price to achieve the 2 °C
constraint, simulating its effect on energymarkets and economic output. Given the diversity of the
models, the estimated carbon price varied considerably. Eleven models situated it between $100
and $600/tCO2 in 2050, with a mean value below US$400. Most models showed a significant
decline in oil demand, with the mean value in 2050 falling below 65 mbd. We focus on the mean
values in the rest of this section, addressing the wider range of values in our uncertainty analysis.

We calibrated our model to the EMF 27 study by assuming the carbon price is zero in 2015
and oil demand is 90 mbd.14 With these inputs, our model estimated a 2015 oil price of $64/
barrel.15 This is somewhat higher than the 2015 average price, but we note that our model is

13 See McCollum et al. (2014) for details on the global EEE models used in EMF 27, whose key algorithms
range along a continuum from optimization to simulation, and which vary in their regional and technological
resolution.
14 We needed this calibration because the start year for EMF 27 simulations is 2010.
15 Assumed to approximately reflect the West Texas Intermediate benchmark oil price.
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designed to approximate the long-run market oil price, and is not meant to align exactly with
the price in a given year—which the usual short-run market oscillations.

By 2025, with the mean carbon price reaching $81/tCO2, our model predicts a rising oil
price that reaches $71/barrel. During this decade, oil demand declines only slightly to 85 mbd
while the rapidly rising carbon price has an upward effect on production costs. The net effect is
the modest increase in the long-run oil price in the period 2015–2025.

This effect is reversed in subsequent decades. Production cost increases caused by the rising
carbon price are more than offset by falling oil demand, which lowers the oil price and forces higher
cost producers out of themarket. This elimination ofmarginal producers would happen even faster if
not for OPEC reducing its output to sustain a near-constant share of declining global oil production.

Figure 3 summarizes the base case results in panels representing 2015, 2025, 2035, and
2045.16 At the top of each panel is the carbon price, which climbs to $306 by 2045. During this
time, oil demand falls to 69 mbd, as shown by the leftward shift of the vertical, black line. The
oil price calculated by the model falls from $71 in 2025 to $46 in 2035 and $42 in 2045. The
oil price would be even lower, but by this time, all producers have higher production costs that
reflect the additional cost of preventing or capturing most production CO2 emissions.

From the rising columns in the graph, one can see how the production costs of producers rise
with the carbon price. Only for producers whose production emissions have fallen to near-zero
does the rising carbon price no longer affect production costs. Thus, producers of conventional
low-cost and low-emission oil, such as most OPEC producers, see their production costs rise
initially with a rising carbon price. But once they have made investments to capture most CO2

emissions, subsequent increases in the carbon price have negligible effect on their cost.
OPEC’s production declines from 34 mbd in 2025 to 31 mbd in 2045 while its market share

increases from 40% in 2025 to reach the upper limit of 45% in 2045. Competition for the
declining oil market lowers the oil price and gradually eliminates the higher cost producers.

It is noteworthy that the vertical demand line hasmoved so far to the left by 2035, that none of the
high-cost producers are likely to be making new investments to replace annual production, meaning
that the output of these marginal producers would be falling during this decade. By 2030, for
example, even with the OPECmarket share constraint, the oil price is significantly below the lowest
possible long-run production cost for the high-cost marginal producers, including the oil sands
category, especially given the effect of the high carbon price on their production costs.

Thus, this base case suggests that oil sands producers require innovations that eliminate their
production emissions while also reducing their production costs to the level of the lowest cost
conventional oil producers. Absent such a dramatic development, oil sands expansion is uneco-
nomic under a 2 °C carbon budget, as are investments to sustain even the current production levels.
This conclusion is consistent with the findings of Chan et al. (2012) andMcGlade and Ekins (2015),
but differs in that it includes an estimate of the real-world, long-run oil price in order to enable
governments to assess individual fossil fuel projects.

6 Uncertainty analysis and conclusion

While our base case results indicate that oil sands expansion is uneconomic under a 2 °C
future, there are uncertainties that might affect this conclusion.

16 Detailed results and an expanded graph of marginal producers, Figure S3, are in the supplemental materials.
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First, our model does not address the possibility of sustained oil market disruption, such as
a Middle East war. Such disruptions could lead to prices above long-run market equilibrium
for several years, improving the short-term prospects for oil sands and other high-cost oil
supplies. Over the long-run, however, reduced output from low-cost producers needs to be
large and sustained to affect the economic viability of oil sands under the 2 °C carbon budget,
as we show below in our OPEC market share sensitivity analysis.
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Fig. 3 Total oil market: base case carbon price, daily oil production, and oil price
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Second, we assume that global oil depletion, and thus scarcity rents and rising production
costs, will not affect the price of oil over the next three decades. To test this assumption, we
compared the cumulative 40-year consumption of each of the oil source categories with its
total estimated reserves and production costs, and found that scarcity was not a concern for any
of the separate categories of oil producers, even though some individual oil producers might
exhaust their reserves. This is consistent with the findings of Aguilera and Radetzki (2015)
who, moreover, were not assuming a significant reduction in oil demand required by the 2 °C
carbon budget.

Third, we do not test alternative assumptions on global economic growth. We note,
however, that because the carbon budget is the same in all scenarios, different rates of
economic growth would have little effect on the oil market. A higher rate of economic growth
would simply cause the carbon price in the EMF 27 models to rise more rapidly to ensure that
oil demand fell at approximately the same rate, with little effect on the relative competitive
position of different categories of oil sources.

Fourth, our base case simulation uses the mean values for carbon price and oil demand to
2050 from the 11 model results we took from EMF 27. Because these models differ in some of
their abatement cost assumptions, their estimated oil demand in 2050 differs somewhat and
their estimated carbon price differs significantly, the latter from US$100 to US$600/tCO2. To
test the effect of these uncertainties on our primary conclusions about oil sands under the 2 °C
carbon budget, we ran multiple simulations of our oil price model under the different EMF 27
oil demand and carbon price outcomes to calculate the probability of favorable conditions for
oil sands expansion over the next three decades under the carbon budget. We found the
probability of oil sands production maintaining the current output level under the distribution
of EMF 27 oil demands over the next decades to be slightly less than 5%.

Fifth, our base case assumption is that the relative contribution from different categories of
low-cost oil sources will remain similar over the next few decades. As a sensitivity analysis, we
tested two alternative OPEC strategies, one in whichOPEC sustains its output at 2015 levels, such
that its market share reaches 50% by 2045, and another in which it voluntarily cuts its market
share to 30% by 2045. In the former case, the probability of economic viability for the oil sands
falls from 5% down to 2.5%. In the latter case, it rises to 30%. Thus, even in the unlikely event that
low-cost producers agree to reduce their annual output from its current level of 35 mbd to 20 mbd
by 2045, it is still improbable that oil sands investments would be economically viable under the
2 °C carbon budget according to our model’s design and assumptions.
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