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Chapter 1

Introduction

With a leading share of 33% in the global primary energy mix and 94% in global trans-

portation (IEA, 2010), oil is still the most important fossil fuel today, and is also the most

vital source for mankind’s much needed energy requirements. Heavy dependence on oil,

however, causes much concern more especially as regards to, (i) its scarcity, (ii) energy

security, and (iii) the climate change impacts of its use.

Scarcity relates to oil as a nonrenewable resource and its perceived availability as the

most limited of all three major fossil fuels (oil, coal, and natural gas)1. The extraction of

an additional barrel today implies comparatively less of it will be available for tomorrow’s

consumption. Accordingly, with increased depletion, the wedge that may arise between

oil supply and demand — and hence energy supply and demand — could have potentially

drastic consequences for economic growth and stability. Energy security, on the other

hand, concerns the concentrated location of oil resources in a few2 countries that are

perceived as unstable and unable to guarantee security of supply. Dependence on these

countries not only exposes importing countries to geopolitical vulnerabilities, shocks, and

price manipulations, but also engenders international rivalry and conflict over limited oil

resources. Climate change impacts relates to growing consensus that accumulation of

atmospheric carbon dioxide contributes to global climate change. This climatic and envi-

ronmental problem becomes even worse when considered in the context of unconventional

oil — such as tar and bituminous sands and oil shale — that are known to be more carbon

intensive (Brandt and Farrell, 2007) and yet are becoming a major part of the global oil

profile.

A leading concern for governments around the world, therefore, has been to find so-

lutions that will attenuate the potentially calamitous effects that are likely to arise from

1A simple measure of scarcity that is often used is the reserve to production ratio. It indicates the
numbers of years of consumption worth that are left of a resource’s proven reserves. Of all three major
fossil fuels, oil, coal and natural gas, oil has consistently had the lowest reserve to production ratio of 43
while gas has generally been above 60, and coal above 100 (BP, 2011).

2As of 2010, 80% of nearly 1400 billion barrels (bbls) of globally proven oil reserves were held in ten
(mainly OPEC) countries (BP, 2011).
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heavy dependence on oil. The transition to a low carbon economy would presumably

tackle all the three pressing problems simultaneously.

1.1 The transition to a low-carbon economy

In a low carbon economy, non-carbon intensive fuels will be the key energy carrier. Re-

newables will extensively be used to generate electricity, and whereas fossil fuels could still

be used in the initial stages of the transition, taxation of carbon emissions, and carbon

capture and sequestration would have to play important roles in limiting the emission of

greenhouse gasses. Ultimately, the transition to a low carbon economy could lead to the

realization of an economy primarily based on a mix of hydrogen, biofuels, and electricity

generated from both nuclear and renewables. Whereas nuclear faces serious concerns such

as operational safety, disposal of nuclear waste, and proliferation of nuclear weapons, and

the expanded production of biofuels could induce high food prices3; hydrogen and electric-

ity generated from renewable resources currently appear to provide the better promise for

the transition to a low-carbon energy system (Abbott, 2010; Lattin and Utgikar, 2007).

However, given the high economic costs of producing hydrogen and electricity from

renewable resources and the high costs of various low carbon technologies, technological

breakthroughs appear critically necessary if the transition to the low carbon economy is

to be enhanced (Ball and Wietschel, 2009; Marban and Valdés-Soĺıs, 2007). For example,

the cost of fuel cells would have to decline further, cheaper and more cost effective ways

of making and storing hydrogen would have to be found, and lighter and longer lasting

batteries would have to be produced for use in electric vehicles. Moreover, consumer

awareness programs could be pivotal in ensuring that low carbon technologies are actu-

ally adopted. In this case, a technology push would be the driver in accentuating the

transformation in the energy system. Factors that could further help facilitate this tech-

nology push include certainty in future carbon pricing, regulation aimed at phasing out

carbon intensive technologies, and subsidies for research and development of low carbon

technologies (Popp, 2006; Gerlagh, 2006).

Besides the technological push, sustained escalations in the global oil price, due to

physical and economic depletion of oil reserves, is likely to be a principal factor in making

low carbon technologies even more competitive. For instance, with the current payback

period for most hybrid vehicles being at least four years more than their gasoline coun-

terparts (IEA, 2010; Sankey et al., 2009), substantial increases in the world oil price are

necessary in order to make hybrid cars as competitive. Moreover, the oil price will have

to remain high so as to support the large scale commercialization of other low carbon

3This applies specifically to first generation biofuels (e.g., corn ethanol), rather than to second gener-
ation biofuels that are based on woody feedstock and plant material that do not compete directly with
food.
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technologies. High oil prices due to depletion could also help induce changes in consump-

tion habits in favor of low carbon technologies, and attract investments away from costly

carbon based technologies.

To support high oil prices, a carbon tax may also be used. This has two advantages.

Firstly, as already mentioned, it will make low carbon technologies relatively cheaper.

Secondly, the tax revenues could be used to provide the much needed funds for research

and development of low carbon technologies. Despite these clear advantages, consensus

has generally been lacking on what the“true”cost of carbon emission is (Tol, 2008; Anthoff

et al., 2009; Tol, 2005; Böhringer et al., 2009), and this has made it difficult for resolutions

to be reached on both the level and implementation of a carbon tax. On the one hand, if

carbon prices are set too low, economic actors might not do enough to reduce greenhouse

gas emissions. On the other hand, if set too high, this could suppress the economic use

of oil that might aid and ease the transition to a low carbon energy system4 (Murray

and King, 2012). With growing awareness, however, some, (e.g. Parry and Bento,

2000; Gerlagh and van der Zwaan, 2006), have argued that at least some level of carbon

tax is better than no tax at all because even if the tax is set too high, it should still

be productive as long as it is revenue-neutral. More recently, the possibility for carbon

mitigation policies failing to reduce (near-term) emissions — i.e. the green paradox — has

also taken center-stage (Sinn, 2008; Smulders et al., 2012; Grafton et al., 2012). This is

still a new area of research. The evidence presented so far, however, suggests that carbon

mitigation policies could at least curb long-term emissions, if not short-term emissions

(Gerlagh, 2011; van der Ploeg and Withagen, 2012b; Michielsen, 2011; Grafton et al.,

2012).

Given the above considerations and the long-term nature of energy transitions, this

thesis seeks to design an empirical model for the oil market, that generates realistic long-

term oil price and supply scenarios, under divergent assumptions about various uncertain

inputs (e.g., ultimate recovery of crude oil resources, demand growth, energy intensity,

etc.,) and climate change policy. The generated oil price and supply paths are intended to

inform the debate on the transition to a low carbon economy by delineating the potential

role of oil price escalation and climate change policy on global oil markets.

Compared to (pre)existing models, the designed oil market model takes into account

a wide range of driving factors; such as geological constraints, technical progress, OPEC

behavior, and substitutes to conventional crude oil that may influence future oil supply

and prices. The choice to model the global oil market is because of oil’s leading share in

the primary energy system and its dominant use in transportation. Developments in the

global oil market are therefore, key for the transition to a low carbon economy.

4Historically, there has been a high correlation between oil supply and global economic growth. If oil
supply growth stagnates, the implication usually is that the economic growth tends to slow down.
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1.2 Drivers of oil prices

Global oil supply and demand are the prime movers of oil prices (Hamilton, 2009). Both,

however, are influenced by short and long-term factors. Whereas short term factors such

as political conflict, speculative trading, exchange rate fluctuations, natural hazards, etc.,

tend to induce momentary spikes in prices, long-term factors generally lead to gradual

shifts in the price level. As seen in Figure 1.1, in the short-term the oil price has often

spiked following more or less a random process. In the long-term, however, two discernible

linear trends can be observed. One that is declining until the 1970’s, and another that is

rising thereafter. Since the interest here is the long-term oil price, we focus our modeling

on quantifying the impact of those factors that induce changes in the long-term oil price

path. In what follows, we list some of these and explain their mechanisms.

1860 1880 1900 1920 1940 1960 1980 2000
0

20

40

60

80

100

Year

 

 

Figure 1.1: Global oil prices per barrel in 2005 US dollars, 1861 to 2009.
Source: BP, 2011

I. Demand: Whenever the demand for oil increases, ceteris paribus, the oil price

must increase and vice versa (Chapman, 1993; Tsoskounoglou et al., 2008). Induc-

ing significant changes in demand patterns are changes in population, income, the

number of uses oil can be put to, efficiency, and the price of substitutes. Growth in

population and income, and(or) an increase in the number of uses oil can be put to,

increases demand, in turn raising oil prices. However, if efficiency improves, then

price increases may fail to materialize leading to stable or even declining prices.

Substitutes to oil, such as natural gas and biofuels, can also influence the demand

for oil. For instance, it has been observed in the past that declines in gas prices

lowered the demand for, and the price of oil as gas replaced oil in peak load power

generation (Brown and Yücel, 2008). In the future, a sizable penetration of battery

operated cars (an example of substitute to oil-based engines) could lead to massive

declines in the demand for oil ultimately lowering the oil price.
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II. Technical constraints: These ultimately set the supply level and hence the going

oil price. Such constraints are determined by the quality of crude oil; and the

depth, temperature, permeability, pressure differential and porosity of a reservoir

(Nystad, 1987). As crude oil reservoirs get progressively deeper and(or) reservoir

pressure falls because of depletion, it becomes increasingly difficult to extract crude

oil. This in many cases results into increased extraction costs and reduced output,

both with a combined effect of increasing the oil price. In the initial stages when

these constraints can be overcome through exploration and technological progress,

aggregate production (resp. price) may increase (resp. decrease) for a while before

declining (resp. increasing). This gives rise to a bell-shaped production path which

has in many cases been modeled using the famous Hubbert (1956, 1962) curve.

III. Exploration: Exploration is mainly carried out with the aim of augmenting cur-

rent reserve holdings, overcoming geophysical constraints, and learning about the

unexplored resource base. If exploration indicates that reserves are abundant, fossil

fuel prices normally decline because of: (i) an information effect that lowers the

perceived scarcity of the resource (Arrow and Chang, 1982), (ii) a reduction in pro-

duction costs as a result of finding cheaper deposits to extract (Pindyck, 1978b), and

(iii) the revelation of new sites for extraction that could in turn increase aggregate

production as these new sites are commissioned (Livernois and Uhler, 1987; Holland,

2008). On the contrary, if more exploration results into fewer and fewer discoveries,

then, this is ultimately reflected through increased oil prices and increasing average

exploration costs.

IV. Technological progress: Technological progress occurs when unit costs of extrac-

tion and exploration decline through technical learning, or as a result of innovation

and research (Slade, 1982). In the oil industry, accumulated experience has refined

knowledge about reservoir reconnoitering and led to more efficient reservoir man-

agement techniques (Seifritz, 2003). Innovation and research has also led to the

development of better systems and equipment that are used to locate and extract

oil. For example, 3D seismic technology has considerably lowered oil exploration and

prospecting costs by enabling the discovery of small pools and pockets of oil reser-

voirs that were previously difficult and expensive to locate. Moreover, horizontal

and lateral drilling has improved recoverability and lowered extraction costs by lim-

iting the drilling of additional vertical wells (USGS, 2000a,b) that would be required

to extract pools at the margins of the reservoir. In the future, technical progress

will most likely continue to improve recoverability and lower fossil fuel extraction

costs. These cost declines might, however, be obscured by depletion effects.

V. Rents due to market power: These are any earnings that are above the full
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marginal cost5 of oil extraction. They accrue from limited competition in the market,

as determined by the number and size of producers operating in it. In case the

number is small and producers are large, the market is said to be concentrated and

producers are believed to be more effective at raising prices and hence at increasing

profits. With relatively few large producers, the international oil market has been

described as a typical case of asymmetric oligopoly (Yang, 2008; Benchekroun et al.,

2009), with the dominant players being the OPEC countries and non-OPEC being

the competitive fringe. Action by OPEC producers to withhold supply are therefore

considered influential in setting and raising global oil prices, while action by non-

OPEC producers is normally considered to be passive. As more non-OPEC regions

get depleted, the influence of OPEC producers is set to grow. Ultimately, this could

lead to higher oil prices, as OPEC demands larger mark-ups on their full marginal

cost of supplying oil.

VI. Scarcity rents: These are also known as Hotelling rents, economic rents, or

marginal profits. Scarcity rents accrue to a producer as a result of having their

oil reserves extracted rather than leaving them in situ. This feature is particular to

oil and other non-renewable resources because of their finiteness. As initially shown

by Hotelling (1931), resources that are finite command a rent, which he demon-

strates rises at the rate of interest. The intuition behind this result is that oil can

be viewed as a financial asset. By leaving the whole resource in the ground un-

touched, the producer hopes to earn more from future extraction. On the contrary,

by extracting all the resource today, the producers suppresses price so much that it

would be unprofitable to sell. As a consequence, in order to maximize profits over

the present and future, the producer chooses a path that creates indifference about

when to extract. The extraction path that satisfies this condition is one in which

marginal profits (which is also the scarcity rent) from extracting an additional unit

rise over time at the rate of interest. On such a path, the producer is compensated

for foregone future benefits that would have been attained if oil was left unextracted.

In the oil market, the role of the scarcity rent has reportedly been meager if not

nonexistent. However, as noted in Hamilton (2009), scarcity rents may have started

to influence oil prices in a substantial way as new reserves fail to offset production

declines.

The time path for the long run oil price is highly likely to be determined a combination of

the above six major factors. Therefore, to design a model that generates plausible long-

term scenarios for oil prices and supply, these factors need to be integrated into a single

model. In this thesis, we build such a model and dub it, “the Integrated model for oil

5Full marginal costs refers to marginal costs related to oil production including scarcity rents.
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PRices and Oil SuppliEs”(IPROSE). It is an integrated model because it accounts for both

geological as well as economic factors that influence oil production. This is unlike many oil

models that either emphasize economic factors (e.g. Yang (2008); Alsmiller et al. (1985);

Berg et al. (2002)) ignoring geological factors, or those that over emphasize geological

factors (e.g. Hubbert (1962); Mohr and Evans (2007, 2008); Berg and Korte (2008)) with

limited to no representation of economic factors. Although other models, such as Rehrl

and Friedrich (2006); Aune et al. (2010), that are in the literature can also be seen as

integrated, our model is unique in its representation of geologically induced production

profiles since these are not exogenously prespecified but arise as an interaction between

geological constraints and economic forces. The proposed model also accounts for more

varied representations of OPEC behavior than other contemporary models. In particular,

it considers the traditional cases of oligopoly and cartel including an intermediate outcome

of imperfect cartelization in OPEC.

IPROSE accounts for all producers in the global oil market with influential producers

represented as singletons and smaller players grouped into well defined regions. All major

alternatives for conventional oil resources; oil sands, tar sands, oil shale, coal to liquids,

gas to liquids, and biofuels are represented in IPROSE. These are considered to be perfect

substitutes to one another. Prices and supply are generated from the base year 2005 to

2065, as expressed in real 2005 US dollars. Price and output can be optionally generated

under diverging assumptions about carbon prices, biofuel subsidies and biofuel blending

mandates. As stated before, short term and highly erratic events such as geopolitical

shocks, speculation, and periodic booms and recessions are not modeled in IPROSE.

Though essential to the temporary formation of oil prices, their impact on the long-term

oil price path, as has been in the past, is likely to be marginal (Hamilton, 2009). Indeed,

Lee et al. (2006) econometrically examines real prices for eleven mineral commodities —

including oil prices — over the period 1870 to 1990 and reports that these can be modeled

as stationery around deterministic trends.

1.3 Thesis objectives

The ultimate goal of this thesis is to theoretically design and empirically calibrate a

model that generates plausible, alternative long-term scenarios for oil supplies and price

under widely diverging input assumptions concerning available resources, climate change

policies, oil demand, and available substitutes. The designed model is set up as a top-

down partial equilibrium model. The top-down approach implies that we describe oil

extraction dynamics using functional forms at relatively aggregated levels. This is as

opposed to bottom-up models that are usually data rich with detailed representations of

production technologies and producing fields. Our choice for top-down, as opposed to

7



bottom-up, is because feedbacks and interactions between agents are better investigated

using top-down, rather than bottom-up models that are more focused on technological

richness (McFarland et al., 2004). The partial equilibrium, in contrast to the general

equilibrium approach, is adopted so as to allow us to concentrate on fully and precisely

describing the dynamics that are most essential to the formation of oil prices. Variables

like the growth in Gross Domestic Product (GDP), that are only partially related to oil

production are therefore introduced exogenously.

Through out the process of building the model, the driving research question is:

Key question: How will oil prices and supplies develop in the long term, under diver-

gent assumptions about geophysical constraints, demand development, technological

progress, and climate change policy?

To answer this question, four sub-research questions are formulated:

Sub questions:

I. Which geological, economic, and technological factors have influenced, and are most

likely to influence the supply and price of oil in the coming decades?

II. How can we best represent these factors in a long-term model of oil depletion,

combining elements of economic theory and oil engineering?

III. How and to what extent will climate change policies influence global oil production

and the global oil price?

IV. What is the range of uncertainty in the level of the future global oil price and supply,

associated with key model assumptions?

1.4 Thesis overview

To explore our point of departure and to obtain an overview of the different elements of

model design, chapter 2 reviews the literature on long-term6 oil depletion models. Curve

fitting (Hubbert type), inter-temporal optimization (Hotelling type), and heuristic simu-

lation (Forrester type) models are discussed in detail. Inter-temporal and heuristic sim-

ulation models are found to be better suited for modeling the global oil market because

of their ability to richly account for both economic and geophysical variables. This is as

opposed to curve fitting models that barely account for economic variables due to their

reliance on prespecified mathematical curves that do not incorporate economic informa-

tion. A fourth class of models, hybrid models, that combine elements from more than two

modeling paradigms is also discussed.

6Long-term here refers to projections that are made for at least 30 years into the future.
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Chapter 3 proposes and calibrates a prototype inter-temporal model for the global

crude oil market. It is assumed that OPEC oil producers act either as an ineffective cartel

(oligopolies) or effective cartel (multi-regional monopoly) that is rivaled by a competitive

non-OPEC fringe in supplying global oil demand. The model is used to investigate the

impact that future reserve additions and OPEC behavior might have on future global

crude oil supplies. Results indicate that oil production in the mature regions (North

America, Western Europe, and Asia and the Pacific) will be severely constrained by levels

of reserve additions and influenced less by OPEC behavior. OPEC production, on the

contrary, is found to be dependent on both cooperativeness within the cartel and on the

size of non-OPEC reserve additions. Simulations suggest that increased reserve additions

in non-OPEC may induce OPEC countries to increase rather than reduce production. This

could provide a short-term solution to oil scarcity. In the long-term, however, a move to

less dependence on crude oil say through the use of more energy efficient technologies or

increased dependence on more sustainable sources of energy such as, solar, wind, etc.,

appears to be the most effective means of offsetting high crude oil prices. The prototype

model also points us to two aspects that require better modeling and understanding (i) the

nature of geological constraints in oil extraction, and (ii) the nature of OPEC cooperation.

Chapter 4 investigates the nature of geological constraints — as dictated by reser-

voir pressure and rock porosity — on extraction. These geological constraints, coupled

with increasing marginal costs, are shown to coherently explain the stylized facts about

oil extraction (bell shaped production profiles, and U-shaped prices and scarcity rents).

Calibration of this extended model vis-à-vis a typical Hotelling type model extended for

exploration, to the world oil market, generates some interesting results. Among these,

whereas larger producers (e.g. Saudi Arabia) cutback production because of geophysical

constraints on extraction, some marginal producers (e.g. Brazil, and South and Central

America excluding Venezuela and Ecuador) are induced to expedite their process of re-

serve additions so as take advantage of higher prices that are induced by the constraints.

Accounting for geological constraints, therefore, not only makes the model consistent with

the stylized facts, but also generates potentially realistic behavior on the part of smaller

producers that is not captured in classic Hotelling-type models.

Because OPEC behavior substantially influences global oil production, and yet most

models (including the model of chapters 3 and 4) account only for non-cooperative or fully

cooperative behavior, both of which Smith (2005) argues do not accurately fit OPEC, a

model for imperfect cooperation in OPEC is thus proposed in chapter 5. This allows

us to capture two aspects of OPEC behavior. Firstly, that OPEC behavior at any one

moment may neither fit perfect cooperation nor non-cooperative oligopolistic behavior,

and secondly, that OPEC behavior may change over time depending on the prevailing

economic situation. The proposed model is calibrated to the global oil market. Simulation
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results confirm that OPEC members are much more than oligopolies, but less than a

monopolistic cartel, and that OPEC behavior changes depending on several important

factors such as the GDP level, the level of income elasticity, the price elasticity of oil

demand, and the extent of resource depletion.

Like chapter 3, chapters 6 and 7 take on a more applied tone. In chapter six, a

complete description of the full IPROSE model, as guided by investigations in chapters 3

through 5 is given and an application to study the impact of biofuel mandating undertaken.

In particular, the implications of biofuel mandating, in inducing what has come to be

known as the green paradox, as popularized by Sinn (2008), is investigated. Given the

characteristics of the crude oil market, we find little evidence to indicate that the recently

announced EU/US 2020/2022 biofuel mandates will induce a quantitatively significant

green paradox, much less a green paradox. Instead, we find that the peak in conventional

crude oil production — that will plausibly occur by 2020 — poses a great risk to climate

change due to the increased extraction of unconventional crude oil that proceeds during the

post-peak phase. This latter point is particularly relevant since recent policy discussions

have overly focused on the green paradox, neglecting the potential benefits that could

accrue from implementing well designed carbon mitigation policies, or biofuel mandating

schemes as is considered in the chapter.

With the full IPROSE model in hand, chapter seven designs an imperfect foresight

version of the model, and using both the original IPROSE (i.e., perfect foresight IPROSE)

and the imperfect foresight version, the chapter focuses on examining the uncertainty that

surrounds the long-term oil price. It is found that oil price could rise three to fivefold by

2065. Crude oil production is found to remain more or less at plateau before peaking in

2020 at 87.7 million barrels daily. The main drivers of uncertainty in the long-term oil

price are identified as demand and resource uncertainty. While uncertainty in long-term

oil prices as induced by uncertain estimates for remaining ultimately recoverable reserves

is difficult to resolve, the uncertainty in price as induced by uncertain future demand can

substantially be reduced through energy efficiency measures. Chapter eight concludes the

thesis by giving an overview of the theoretical contributions and policy recommendations

in relation to the main thesis research question, and gives areas for further research.
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Chapter 2

Models of oil price and supply

Several models that explain and predict the development of oil prices and supply have been

proposed in the literature. These models vary in their scope, objective, and methodology.

In this chapter we review the methodology applied in some of these models so as to make

a wish-list of features to be accounted for in IPROSE. There are five basic paradigms

for designing oil models: (i) curve-fitting, (ii) inter-temporal optimization, (iii) heuristic

simulation, (iv) bottom-up, and (v) econometric. Of these, the first three are better suited

for designing long-term models because of their focus on long-term structural relationships

and dynamics. Because of our focus on the long-term oil price, we only discuss the long-

term oriented modeling paradigms (curve-fitting, inter-temporal, heuristic) including a

fourth class, hybrid models, that integrates elements from the three. A review of the

other two more short-term oriented methodologies (bottom up and econometric) can be

found in (Brandt, 2010).

2.1 Curve fitting models

In these models, production, usually under the influence of geological constraints is pre-

sumed to follow a predetermined set of paths that can be modeled using an exogenously

prespecified mathematical curve. The curve used is perceived to indicate the physical

limits to oil extraction, and the sum of the area under the curve is such that it gives

the size of ultimately recoverable reserves. The most well-known of these curves is the

Hubbert (1956, 1962, 1967) logistic curve which is shown in Figure 2.1, fitted to US lower

48 states crude oil production. The curve’s peak year coincides with that for production,

1970.

Hubbert (1956) like other geologists of his time (e.g., Eugene (1953); Davis (1958))

observed that production within a field would start from initially low levels, then, as

more wells were drilled, rise quickly to peak before finally declining as pressure within the

reservoir fell. Aggregated production would as consequence exhibit a peaked shape, with
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Figure 2.1: The Hubbert (1956) fitting to US annual oil production in billion barrels a
year, 1900 to 2050.

smoother and more prolonged periods of ascension and descension since extraction often

moves to new fields as older fields get depleted. By plotting historical crude oil production

for the US lower 48 states on graphing paper, while assuming a peak production of 3

million barrels daily (mbl), and 200 billion barrels (bbl) of recoverable oil, Hubbert back

in 1956 predicted a peak date of 1970 for the US lower 48 states production. Given the

surmised nature of this original approach, Hubbert (1962, 1967) improved his method by

explicitly relying on logistic curves (as represented in Figure 2.1) and linking the profile

for production to that of discoveries.

With the success of Hubbert’s lower 48 states prediction, Hubbert’s curve was subse-

quently fitted to other regions where it had not been applied before. Unfortunately, the

curve did not fare as well in these cases (Lynch, 2002; Brandt, 2007). Today, Hubbert’s

discipline of projection has been expanded to include a host of other curves or direct mod-

ifications to the original Hubbert curve (see in: Mohr and Evans (2008, 2007); Brandt

(2007); Deffeyes (2006, 2008); Campbell and Laherrère (1998); Laherrère (2001, 2003)).

The underlying idea behind these curves and extensions, however, still remains the same:

that because geologic and engineering factors predetermine supply, a prespecified mathe-

matical curve can be used to describe oil production, over its life cycle, as a function of

time and the ultimately recoverable reserves.

Because of this simplified approach to describing oil production, curve fitting models

have failed to predict production accurately in cases where economic variables play an

important role. For example, the Hubbert curve or any curve fitting model at that,

completely fails to predict OPEC oil production (see in Rehrl and Friedrich (2006)). This

has led several authors to question the robustness of the Hubbert approach as a means

for projecting oil production and others, e.g. (Kaufmann and Cleveland, 2001; Pesaran
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and Samiei, 1995), have through econometric investigation concluded that Hubbert (1956,

1962) was simply fortuitous in his predictions.

The main weakness of curve fitting methods, therefore, is their failure to include and

account for economic variables such as price and technical progress that normally alter

incentives for production, innovation, exploration, and substitution (Black and LaFrance,

1998). Indeed, this failure explains why as seen in the later years of Figure 2.1, and as

argued by Lynch (2003); Watkins (2006); Brandt (2007), the curve fitting approach may

overstate depletion effects. Despite attempts to introduce economic variables in curve

fitting models, e.g. as in Kaufmann (1991); Pesaran and Samiei (1995); Berg and Korte

(2008), the scope for their inclusion has been rather limited and ambiguous (Berg and

Korte, 2008; Pesaran and Samiei, 1995). Moreover, the somewhat mechanical nature

of curve fitting models implies that predictions are limited to predetermined production

profiles, as dictated by the characteristics of the prespecified curve. This as argued by

Lynch (2002, 2003), eliminates the original appeal of these models as means of actually

accounting for geophysical constraints on production. Moreover, the focus on the date of

peak that comes with these methods tends to draw attention away from other fundamental

issues such as the development of the oil price, the impacts of substitutes on oil prices,

and the implications of oil scarcity on economic growth.

2.2 Inter-temporal optimization models

These kinds of models seek the Pareto optimal level at which production — or any other

activity essential to the extraction of oil — proceeds so as to maximize profits (or welfare)

over a foreseeable future. Producers in these models are typically assumed to have perfect

foresight regarding the future, behave in a rational manner, and also have perfect infor-

mation regarding demand development, resource levels, etc. Since the future is inherently

linked to the present, current prices in these models are set up to reflect opportunity costs

of today’s actions on future outcomes. In resource economics, these models find their

basis in the seminal papers of Gray (1914) and Hotelling (1931) and are more generally

referred to as neoclassical models of nonrenewable resource depletion.

In his paper, Gray was generally concerned with the formulation of policies that would

contribute to the conservation of exhaustible natural resources. Hotelling, on the other

hand, was more explicitly concerned with understanding how non-renewable resources

would be extracted over time under competitive vis-à-vis monopoly markets. By assum-

ing that agents had full knowledge of their remaining resource stocks, Hotelling showed,

in what has come to be known as the “Hotelling rule,” that producers will extract an

exhaustible resource so that the in situ (in ground) value of the resource rises at the rate

of interest. To see this more formally, let us assume for simplicity that the producer (in
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this case a mine operator) seeks extraction levels that maximize total profits over time.

Let us define p (t) to be the unit price in a period, t; c, the unit extraction costs, and, δ,

the discount rate. It follows that for a chosen production level to be optimal in a period,

t, that level must be selected so that marginal profit is given by π̃ (t) = p (t) − c. Since

decisions reached by the producer must create indifference about when to extract, it must

be that marginal profits for the any two periods in question must equalize. This simple

condition ensures that the producer does not earn any higher profit by shifting production

from one period to another. For π̃ (t) the marginal profit earned in the first period t and

π̃ (t+ 1) the marginal profit earned in the second, it follows that, π̃ (t) = π̃ (t+ 1) e−δ(t+1).

We discount future marginal profit so as to make it comparable to current marginal profit.

By taking logs and solving, it’s easy to see that, logπ̃ (t+ 1)− logπ̃ (t) = δ (t+ 1). Since

the log difference gives the growth rate, it follows that the producer must extract the

resource so that marginal profit rises at the rate of interest. When marginal profit rises at

the rate of interest, the producer will be indifferent about when to extract, thus ensuring

that decisions reached are Pareto optimal over time.

Following Gray (1914) and Hotelling (1931), several studies that adopt this framework

of analysis have emerged. All follow the same underlying idea: decisions are inherently

linked through time; current prices should therefore reflect the opportunity costs of to-

day’s actions on the future. These subsequent studies, however, usually relax some of the

restrictive assumptions of Hotelling’s original model. For example, Nordhaus (1973); Heal

(1976); Tsur and Zemel (2003) introduce substitutes into the traditional Hotelling model,

Solow and Wan (1976) introduce resource degradation so as to account for the fact that

reserve quality often degrades with cumulative extraction leading to increasing produc-

tion. Pindyck (1978b); Livernois and Uhler (1987); Holland (2008) introduce exploration

to explain peaked production profiles, Campbell (1980); Cairns (1998) introduces capacity

constraints to explain why production may not necessarily decline monotonically as pre-

dicted by the basic Hotelling model. Slade (1982) introduces technical progress to indicate

that prices could follow a U-shape rather than rise monotonically as predicted by the basic

Hotelling model. Salant (1976); Hnyilicza and Pindyck. (1976); Salant (1982), introduce

market power and game theory to explain OPEC behavior. Herfindahl (1967) introduces

the concept of extraction from multiple deposits of different grades, while Kemp (1976);

Pindyck (1980) introduce uncertainty in demand and resource endowments.

Despite the above improvements and the explicit accounting for economic factors and

relationships, these models have generally not fared better than curve fitting models

(Huntington, 1994; Lynch, 2002). This is due to three main factors. Firstly, their over

emphasis on equilibrium conditions and assumptions of perfect foresight and information

that do not necessarily correspond with the realities of the oil industry (Adelman and

Watkins, 2008; Watkins, 2006). Secondly, the specification of relationships and behav-

14



iors at highly aggregated levels using simplified functional forms that ignore the actual

complexities and non-linearities that are characteristic of oil production. Thirdly, the

treatment of geological constraints on extraction is generally lacking (see for example in

Yang (2008); Egging et al. (2010)). In spite of these shortcomings, Hotelling-type models

remain popular tools for generating scenarios that aid policy analysis and formulation

because of their strong grounding in rational economic principles. Moreover, the ability

with which they can be straightforwardly amended to capture new concepts, as seen in

the previous paragraph, is a case in point for their popularity.

2.3 Heuristic simulation models

Sometimes referred to as behavioral, evolutionary, engineering, or recursive simulation

models (Radzicki and Sterman, 1994; Powell, 1990), these adopt a descriptive approach to

modeling the oil market emphasizing and explicitly representing feedbacks, non-linearities,

delays, as well as the more complex economic and geophysical phenomena that drive

oil prices and supply. In contrast to optimization models that emphasize the role of

equilibrium inducing inter-temporal (Hotelling) rents, decisions in heuristic simulation

models are arrived at on the basis of the past and present but not future and these are

driven by rules of thumb that are arguably derived from empirical observations rather

than theory (Powell, 1990). Opportunity costs for today’s actions on the future are

therefore typically absent and assumptions of bounded rationality, imperfect information

and imperfect foresight are natural to such models. These are used to capture the notion

that consumers and producers do not strive for optimal (like in inter-temporal models), but

satisfactory results since they often act on the basis of limited information and knowledge.

Unlike curve fitting models that rely on prespecified mathematical curves to model peaked

production profiles, such profiles when taken into account in these models, are designed

to endogenously emerge from the mechanisms that are represented. This class of models

find its roots in systems dynamics (Forrester, 1961).

To illustrate the importance of feedback, loops, and delays, a stock and flow diagram

for oil extraction is shown in Figure 2.2. Each arrow represents a quantitative/functional

relation between stock and flow variables. Observe that the total stock of the remaining

resource is a sum of proven reserves and the stock of undiscovered resources. Total re-

source stock falls with extraction. Falling reserves raise prices, leading to substitution and

boosting exploration, both of which react with delays. In depletion loop B3, as exploration

activity identifies more of the resource, the productivity of current exploration activity

falls. The lower the productivity of exploration activities, the lower the expected return to

exploration will be for any given price, so future investment in exploration drops (cost es-

calation loop B4) (Sterman, 2002). Heuristics representing stocks and flows in such models

15



John D. Sterman: Reflections on becoming a systems scientist 515

narrow model boundaries. Models that consider only the price system or only
geological factors omit important feedbacks, provide a poor guide to the future,
and offer harmful policy advice.

A better model is shown in Figure 5. Here the total stock of resource
remaining is the sum of proven reserves and the stock of undiscovered
resources. For clarity the diagram omits many relevant feedbacks and aggregates
resources into the two stocks shown. (See Davidsen, Sterman, and Richardson
1990 for a model in which the resource base is disaggregated into the
standard categories used by the USGS, and with a full range of economic,
technological, and geological feedbacks.) The total stock of resource in place
falls with extraction.7 Falling reserves raise prices, leading to substitution
and boosting exploration, as in the simplistic economic model (though with
delays). However, as exploration activity identifies more of the resource, the
productivity of current exploration activity falls (the Depletion loop B3). The
lower the productivity of exploration activity, the lower the expected return
to exploration will be at any given price, so future investment in exploration
drops (the Cost Escalation loop B4).

System dynamics models that integrate these geological, economic, and
technological feedbacks date at least to the early 1970s (see Behrens 1973
and other models in Meadows and Meadows 1973); Sterman and Richardson
(1985), Sterman, Richardson, and Davidsen (1988), and Davidsen, Sterman,
and Richardson (1990) develop models for US and world petroleum resources
integrating depletion and market forces with explicit, endogenous technology
for exploration and recovery. These models show that extraction often grows
rapidly and real prices often fall in the first part of the resource lifecycle as
new discoveries and improving technology build proven reserves and lower
exploration and extraction costs. As production grows, however, the stock of

Fig. 5. Improved
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resources, integrating
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Figure 2.2: Representation of a recursive simulation model of the oil market.
Source: Sterman (2002).

range from very few (as in the above case) to numerous, with each activity possibly broken

down into a distinct modules (e.g. in Davidsen et al., 1990). Because of this, such models

are often quite complex. To induce convergence, several rules of thumb, that are some-

times difficult to validate empirically, have to be used. For example: (i) an assumption

that OPEC targets a certain capacity utilization rate or a certain level of export revenue

so as to set the oil price (Powell, 1990; Gately, 2004). (ii) An assumption about how long

a field spends in the several stages of its life so as to induce a hump shaped production

profile (Finn Roar Aune and Rosendahl, 2005). Or, as in Bardi (2005), a prespecified

Hubbert-based probabilistic relationship that indicates how discoveries evolve overtime.

Because of such descriptive treatments, several rules of thumb and common use of lags,

equilibria in Heuristic simulation models are temporary and unstable. As a consequence

models tend to indicate how prices evolve from equilibrium to another equilibrium, rather

than how production follows an equilibrium path.

Within the modeling community, the attraction to such models has been their “(at

least superficial) realism” (Powell, 1990). In fact Huntington (1994) reports that these

model have fared better at projecting prices as compared to inter-temporal optimization

models. As Powell (1990) notes, however, the overriding weakness of such models is their

lack of a “clear theory or empirical evidence that specifies precisely which heuristic a

given decision-maker will use in a specific situation”. Moreover, the relatively huge data

requirements that are due to several specified functional forms and correlations at times

results into substantial prediction errors if functional relationships and parameters are not

satisfactorily verified or are even slightly misspecified. Other notable examples of such

models can be found in Greene et al. (2006); Brandt et al. (2010); de Castro et al. (2009).
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2.4 Hybrid models

This class of models freely borrows concepts from any of the three approaches described

above; for example, the ‘LOPEX model’ of Rehrl and Friedrich (2006) which is a hybrid

between Hubbert and Hotelling type modeling. In LOPEX, non-OPEC supply is modeled

using Hubbert curves while OPEC supply is modeled using a Hotelling monopoly that

supplies world demand net of non-OPEC supply. OPEC sets the global oil price which in

turn determines the economically extractable portion of non-OPEC resources. The non-

OPEC Hubbert curves are in this sense extended to incorporate economic information

concerning the size of ultimately recoverable reserves.

Despite the novelty of the approach Rehrl and Friedrich (2006) proposes, the use of

Hubbert curves to model largely unproduced unconventional oil resources is prone to

misspecification of parameters. As noted by Hubbert (1962, 1967), curve fitting is only

appropriate when nearly half of the ultimately recoverable reserves have been produced.

Indeed, in LOPEX, the use of possibly misspecified Hubbert curve parameters shows

through overstated growth rates in the extraction of non-OPEC unconventional resources,

as compared to projections by IEA (2010); Greene et al. (2006); Brandt (2010). This

shortcoming from the use of Hubbert curves is difficult to resolve, especially in the oil

market where oil production is experiencing a transformation with newer resources and

technological innovation playing a greater role. Thus, although Hubbert curves could be

integrated into models of oil production seeking to trace out the decline of older resources

such as conventional oil, they may not be appropriate for newer unconventional resources.

Even so, explicitly using prespecified curves to model oil production, as in LOPEX does

not resolve problems associated with curve fitting as identified in section 2.1.

Another hybrid model is that of Reynolds (1999). Reynolds (1999) uses a thought

experiment to argue that Hubbert curves can be seen as a means through which knowledge

and depletion effects interact to determine the supply path. The buildup of knowledge,

he argues, leads to a decline in extraction costs over time, but sooner or later, depletion

effects start to dominate leading to increasing costs. By explicitly capturing these changes

in cost using an inverted Hubbert curve integrated into a heuristic simulation type model,

Reynolds shows that the path for production will be bell-shaped. The shortcoming here

is the method’s heavy reliance on the Hubbert curve. Even though the extraction process

can indeed be viewed as an interaction of information and depletion effects, it is not

necessary to use a Hubbert curve to capture this phenomenon. Moreover, there is no

guarantee that the Hubbert curve is the right curve for the job. Somewhat similar to

Reynolds is Bardi (2005) who introduces the Hubbert curve as a probabilistic function

to capture the buildup of knowledge and depletion effects. Bardi’s model although more

sophisticated, falls prey to the same problems.

Black and LaFrance (1998) also propose, not a hybrid model per se, but what would
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more suitably be called an integrated1 model. To capture the effects of geological con-

straints in oil production, Black and LaFrance derive a cost function that is based on the

‘maximum efficient recovery’ hypothesis2 (Arps, 1945). They then, introduce this more

complicated cost function into a Hotelling model and show through econometric estima-

tion that models integrating both geological and economic variables explain prices better

than models that either rely purely on geological constraints alone or only on economic

variables. They do not use their model for applied modeling. Finally, the model of Dees

et al. (2007) which nests theHubbert curve into an econometric model of crude oil pro-

duction is yet another hybrid model. This model, however, heavily relies on econometric

methods that are widely known to perform poorly in making distant-future out-of-sample

predictions (Brandt, 2010).

2.5 Choices on IPROSE design

The choice of model paradigm used influences data requirements, design, and results.

Whereas curve fitting models account for no economic variables with Ultimately Recov-

erable Reserves (URR) being the only independent variable, inter-temporal and heuristic

simulation models are more data driven, typically requiring a multitude of independent

variables. Inter-temporal and heuristic models also have broader requirements for func-

tional forms, which in turn tends to call for a deeper understanding of the processes being

modeled. Moreover, because inter-temporal optimization and heuristic simulation models

can accommodate both economic and geophysical information, they are more suited for

economic analysis and analysis of transitions that involve the interplay between different

types of resources (e.g., conventional oil, unconventional oil, and renewables in the oil

market).

Given that IPROSE (the Integrated model for oil PRices and Oil SuppliEs) should

generate both price and supply trajectories, we are left with the following choices, either

build an inter-temporal optimization or heuristic simulation or hybrid model. Our choice

is to set up IPROSE as an inter-temporal model, but one whose foundations are fully

consistent with the stylized facts about oil extraction3 and comprehensively accounts

for the geophysical constraints on oil extraction. This is why we refer to IPROSE as

an integrated model. The geophysical constraints that are introduced into the model

1Integrated here refers to a model that harmoniously combines geological and economic information,
as typically captured by the different modeling approaches, into a single model. Classic hybrid mod-
els, however, may successfully combine geological and economic information, but at least two modeling
approaches will be distinctively identified in the general model.

2This hypothesis states that production per unit time declines exogenously at a rate determined by
the physical characteristics of the field.

3As mentioned in chapter 1, these are (i) bell shaped production profiles, (ii) possibly trend-less oil
prices, and (iii) possibly declining scarcity rents.
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IPROSE are (i) extraction costs that increase with depletion, (ii) reservoir pressure and

rock porosity constraints, and (iii) capacity constraints.

An advantage of the inter-temporal optimization approach is that it provides well-

established economic theory from which to base IPROSE. This theory Powell (1990)

argues, “can in fact be regarded as an actual representation of concepts and behaviors, at

least on a significant part of actors in the oil market.” The other advantage is that inter-

temporal optimization models, through the use of shadow prices, allow us to capture the

indirect effects of an agent’s actions that could possibly be missed if the model were set up

as a heuristic simulation model. To see this, note that in heuristic simulation models, all

relations and feedbacks are user specified and as a consequence some indirect feedbacks,

of say a climate policy, or effects of depletion in influencing the extraction path, could

be left out. This is not the case with inter-temporal optimization models where these

indirect feedbacks are explicitly captured using equilibrium inducing rents. The challenge

with inter-temporal optimization models, however is to ensure that the rents generate

predictions that are concordant with the empirical evidence. In our design of IPROSE,

we show that geological constraints combined with extraction-exploration decisions can

help explain why marginal profits (commonly known as the Hotelling rent), may fail to rise

at the interest as seminally predicted by Hotelling (1931). This has been a long-standing

issues for which empirical evidence has failed to corroborate the theory (Livernois, 2009).

2.5.1 Features accounted for by IPROSE

To achieve our goal of designing an integrated model for the oil market, the following

features are explicitly modeled in IPROSE:

I. Depletion and reserve development (from chapter 3 onwards): Whereas many mod-

els assume that producers have an ultimately fixed size of reserve stock from which

they extract, our approach is to distinguish between extractable reserves (devel-

oped reserves) and the rest of the resource stock (undeveloped reserves). Overtime,

extractable reserves are augmented through development, and depleted through

extraction. This approach provides a means of capturing the life cycle nature of

extraction-exploration decisions. I.e., that during initial years, discoveries could

initially outpace production leading to growing reserves and hence production. In

later years, however, as discoveries start to decline, production sooner than later

also declines.

II. Geophysical constraints: A broader view of geophysical constraints is considered.

These are modeled through country and region specific depletion cost curves (from

chapter 3 onwards), maximum depletion rates (chapter 4 onwards) and through ca-

pacity constraints (chapter 5 onwards). In most inter-temporal optimization models,
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regional differences on how marginal costs rise with depletion of high quality reserves

are usually specified at highly aggregated levels (e.g. Berg et al., 2002; Chakra-

vorty et al., 1997), or not specified at all (e.g. Egging et al., 2009; Yang, 2008). In

IPROSE, cost escalations due to the depletion of high quality reserves are explicitly

accounted for, moreover at country and regional levels. Maximum depletion rates

are also introduced to account for reservoir pressure constraints on oil extraction,

while capacity investment is introduced to account for capital requirements that pro-

ducers must make if they are to expand production. The use of maximum depletion

rates in particular, to capture the impacts of reservoir pressure constraints remains

largely unpursued in inter-temporal optimization models. This novel feature, when

considered in the context of an extraction-exploration model, allows IPROSE to

coherently integrate several stylized facts about oil extraction.

III. OPEC behavior: In the literature, two treatments of OPEC dominate. Modeling

OPEC as an oligopoly or as a perfect cartel. In the former, OPEC producers

are assumed to act independently of each other whereas, in the latter, they are

assumed to act as fully cohesive unit, assigning quotas so that production quotas

go to the most economical and efficient producers (that is, they follow the same

price raising rule by ensuring that marginal revenue is the same across members).

Empirical evidence, however, indicates that OPEC fits neither model (Smith, 2005;

Kaufmann et al., 2008). Our approach therefore, is to model imperfect cartelization

as introduced chapter 5. The proposed model for OPEC cartelization is such that

each OPEC producer, through a bargaining process, selects a price raising rule that

is in its own best interest while recognizing the interdependence of its own production

to the individual choices of the other cartel members. This is as opposed to the

perfect cartelization outcome that only accounts for the interests of the group as a

whole, or the oligopolistic outcome that only accounts for an individual member’s

interests. In our proposed model, OPECs optimal market structure is generated

endogenously.

IV. Substitution and energy efficiency: From chapter 4 onwards, it is assumed that sub-

stitutes to conventional oil (unconventional crude, synfuels and biofuels) are supplied

simultaneously and therefore compete with conventional oil on the basis of price.

The ultimate share of each in the oil mix is, therefore, more realistically determined

by the relative differences in costs of production at any moment in time. This is

in contrast to some inter-temporal optimization models (e.g. Yang, 2008; Hartley

and Kenneth, 2008; Berg et al., 2002) that assume a maximum price for oil at which

a backstop becomes infinitely and abundantly available. In these models, conven-

tional crude oil and its substitutes are typically consumed sequentially rather than
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simultaneously. Our approach is thus more descriptive of the oil market. Moreover,

energy efficiency is also introduced into our model starting from chapter 3. This is

done so as to account for the impacts of declining oil intensity overtime.

V. Endogenous technological progress (introduced in chapters 6 and 7): Since several

unconventional oil resources, which are still costly to produce, are modeled; we as-

sume that their unit costs will decline. We model endogenous rather than exogenous

progress. This captures the notion that learning curves improve productivity with

cumulative production and investments, which again feeds back into cost declines.

With endogenous progress, upfront investments have to be made for costs to de-

cline. The effect of this is that the market penetration of unconventional resources

and technologies will depend on the price of conventional oil and how it changes

overtime. This gives a more realistic approach to modeling the likely penetration

rate of new technologies as compared to an exogenous specification of the path for

technological progress.

VI. Imperfect foresight (introduced inchapter 7): Inter-temporal optimization models

usually assume that producers when making extraction, exploration and investment

decisions have perfect foresight into the infinite future. By contrast, casual evidence

would suggest that oil producers normally have foresight for only a few periods

ahead, and for each new period they will revise their plans to incorporate new

information. This is repeatedly done until the infinite future is reached. Such a

view to modeling oil supply is based on the premise that the far future is quite

uncertain so much that producers just ignore it; and that production, investment,

and exploration plans are drawn for a few periods only and then revised, on the

basis of new information. In this thesis a model of partial foresight that intends

to capture the myopic aspects of decisions made by oil producers is introduced in

chapter 7. This allows us to comprehensively examine the projections for long-term

oil prices, and also to compare and contrast how these different assumptions about

foresight, might help explain the time path for the future oil price and supplies.

The above features are what distinguish IPROSE from contemporary models in the liter-

ature.

Because IPROSE accommodates for strategic behavior on the part of OPEC pro-

ducers, the information structure that is available to an OPEC member when setting

production decisions — and decisions on other control variables — is essential to the

IPROSE design. This information structure specifies what the strategic OPEC producers

will know about each other and their non-OPEC rivals, at the moment of planning their

trajectory of decisions (Dockner and Neck, 2008). In modeling strategic n (n ≥ 2) player

games, two information patterns are commonly used: open-loop and Markovian informa-
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tion structures. In section 2.A, we detail the nature of these strategies. Through out this

thesis, open loop information patterns will be relied upon because of their computational

tractability and less stringent informational requirements.

In the next chapter, we develop a prototype IPROSE model and use it to study the

significance that reserve additions in mature crude oil provinces could have in attenuating

peak oil. We also use the model to identify those parts of IPROSE that will require more

elaborate development.
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2.A Open-loop versus Markovian strategies

Open-loop refers to strategies in which players announce their controls at the start of the

game as a function of the initial state of the game and time alone. Because of making

announcements on controls in the initial period, producers using open-loop strategies are

required to have the ability to commit to their announced profile of controls (Dockner and

Neck, 2008). This can be achieved through credibly binding agreements4, or through the

requirement that the equilibrium is (weakly) time consistent. Time consistency for an open

loop non-cooperative game requires that if no producer has deviated from their announced

strategy in the past (in other words, played off equilibrium strategies in the past), then

no producer should have any incentive whatsoever to deviate from their announced future

actions (Karp and Newberry, 1993). By contrast, Markovian strategies do not require

commitment from producers because rather than announcing a time path of actions,

producers announce the decision rule to be used for all possible states of the game (Salo and

Tahvonen, 2001; Dockner and Neck, 2008). Thus, Markovian strategies are by construction

robust to perturbations that result into off equilibrium strategies, and for this reason, are

generically (strongly) time consistent (or dynamically consistent or sub-game perfect)

(Karp and Newberry, 1993). Strong time consistency means that producers’ current and

future set of actions continue to be an equilibrium, even if producers have pursued off

equilibrium strategies in the past.

Because of strong time consistency, Markovian strategies are generally desirable over

open-loop strategies. They are, however, more difficult to compute (see for example in:

Engwerda, 2005; Feichtinger and Jørgensen, 1983). Moreover, Markovian strategies (as

opposed to open-loop strategies) require larger informational requirements. In particular,

information on their own states and those of other players at every point in time are

required in order to ensure that players attain their best replies. Markovian strategies thus

demand more sophisticated cognitive abilities from the players, than open-loop strategies

which only depend on state information at the initial decision point and time. For the

oil market, informational requirements imposed by Markovian strategies would appear

to be rather restrictive since even simple state information such as capacity and reserve

levels, that would typically be used by producers to compute their Markovian decision

rules, are usually not common information amongst producers. Furthermore, many small

producers may not have the technological sophistication to process all the “current state”

information when making their extraction decisions even if they had such information.

Instead, it appears more plausible that producers may adopt far simpler strategies that

involve commitment to a desired level of production given an initial state of reserves and

capacities. Besides, Markovian strategies have been shown to coincide with open-loop

4For example, because of legally binding contracts, reputation, fines, etc.
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strategies in some special cases (see: e.g., Benchekroun and Withagen, 2012; Hartwick

and Brolley, 2008; Eswaran and Lewis, 1985; Bacchiega et al., 2010).

Therefore, in designing IPROSE, open-loop strategies are used. In section 2.B, the

generalized open-loop game is defined and the respective necessary and transversality

conditions for an optimum are stated.

2.B Necessary conditions for an open-loop Nash game

First we define the general structure of an optimal control differential game that will

be used in the thesis. We follow Dragone et al. (2009). Let i = 1, ..., n denote the

firms being considered in the game, t ∈ [0,∞) the time, δ ∈ [0, 1] the discount rate,

x (t) = (x1 (t) , ..., xn (t)) ∈ X ⊂ Rn
+ a bounded and open set of the vector of state

variables, u (t) = (u1 (t) , ..., un (t)) ∈ U ⊂ Rm
+ , m ≥ n the bounded and open set of the

vector of open-loop control variables5 — for which ui (t) = (ui1 (t) , ..., uiυi (t)) is the vector

of controls related to the i’th player, υi being the number of controls belonging to player

i so that m =
∑n

i=1 υi. Additionally, let the objective to be optimized be designated

πi (x (t) , u (t) , t). It follows that the problem for the i’th player can then be represented

as:

max{ui(t)}πi =

∫ t=∞

t=0

πi (x (t) , u (t) , t) e−δt (2.1)

s.t.

ẋi(t) = gi (x (t) , u (t) , t) (2.2)

xi (0) = xi0 (2.3)

where xi (0) is the vector of initial conditions on states gi (•) ∈ C2 (X × U × t ∈ [0,∞)).

Pontryagin’s maximum principle for the open-loop differential games requires con-

structing the current value Hamiltonian, H (•), as follows:

H (•) = πi (x (t) , u (t) , t) + λii (t) · gi (x (t) , u (t) , t) +
∑
i 6=j

λij (t) · gj (x (t) , u (t) , t)

where λij (t) is the vector of co-state variables associated by player i to the state vari-

able, xj (t). Omitting arguments for brevity, the related first order conditions for the

5For the case of feedback or closed-loop control variables, the reader is referred to (Starr and Ho,
1969a,b)
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simultaneous game problem of Equations (2.1)-(2.3) are:

∂H (•)
∂ui

= 0 =
∂πi
∂ui

+ λii (t) ·
∂gi
∂ui

+
∑

λij (t) · ∂gj
∂ui

(2.4)

−∂H (•)
∂xi

= λ̇ii (t)− δ · λii (t) (2.5)

−∂H (•)
∂xj

= λ̇ij (t)− δ · λij (t) , ∀i 6= j (2.6)

∂H (•)
∂λii

= ẋi(t) (2.7)

By the maximum principle, the transversality conditions limt→∞ e
−δtλij(t) ≥ 0,

limt→∞ e
−δtλij(t)xij(t) = 0, ∀i, j are also necessary conditions for optimality.

The above make up the necessary conditions for an open-loop dynamic game. The

sufficient conditions for an optimum are similar to those of an optimal control problem;

an extensive treatment of these conditions is given in Léonard and Long (1992); Dockner

et al. (2000)
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Chapter 3

IPROSE basic: with application to

reserve additions in mature crude oil

provinces

In this chapter1, a prototype of the IPROSE model is designed and calibrated to the global

conventional crude oil2 market . The model is used to investigate how reserve additions

in mature crude oil provinces3 might influence future conventional crude oil supply. The

impact of OPEC behavior on both non-OPEC and global conventional crude oil supply is

also investigated. Although potential conventional crude oil resources may seem abundant,

we find that OPEC strategy could cause substantial crude oil reserve depletion in non-

OPEC countries by 2050 (or even earlier) given likely depletion rates. Notwithstanding,

results also indicate that lowering reserve decline rates in mature crude oil provinces,

say through opening up new areas for exploration, has the potential to sustain global

conventional crude oil supply in the short-run, and may also induce OPEC producers to

increase rather than withhold supply as might naturally be expected. However, over the

long run, energy efficiency appears to be the most effective way of offsetting high crude

oil prices.

1Based on: Okullo and Reynès (2011a).
2In this chapter, where the word “crude oil” has been used for brevity, it refers to “conventional crude

oil.” The definition for conventional crude oil in this chapter excludes natural gas liquids, and refinery
and processing gains.

3By mature crude oil region, we refer to a region for which there is: a) falling average size of discoveries
and development, b) declining production, c) falling reserve to production ratios, and d) declining explo-
ration interest (Kemp and Stephene, 2005). These regions are also characterized by a very low reserves
to production ratio. With these criteria, regions that can be classified as mature are: Europe (The North
sea basin), North America, and Asia and the Pacific.
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3.1 Introduction

The debate on the availability of crude oil and generally fossil fuels between mainly ge-

ologists — e.g. Campbell and Laherrère (1998), Mohr and Evans (2008), and Hubbert

(1956)) — on the one hand, and mainly economists — e.g. Lynch (2003), Adelman and

Watkins (2008), and O’dell (2004) — on the other, has often been vehement. While the

geologists report an imminent peak in global oil production, the economists predict that

oil prices will readjust supply and demand so as to ensure the availability of oil in the

future.

To predict oil supply, most geologists, who are also sometimes referred to as pessimists,

rely on methods that assume crude oil production within a reservoir or a geologically ho-

mogeneous region can be approximated using a mathematical curve, symmetric or asym-

metric, e.g. the Hubbert curve. The assumption that a bell shape can predict oil supply

is based on historical observations that oil production when aggregated over a geologically

homogeneous region initially rises slowly, increases exponentially, reaches a peak and then

declines inexorably thereafter4. Beyond the peak, there is an immense difficulty for pro-

duction to be increased as abundant and cheap reserves are not only lacking, but, reserve

additions are also difficult to make. Historically, some leading non-OPEC oil producers

have broadly exhibited this pattern of production, for example the USA, Norway, the UK

and Mexico.

The economists, sometimes referred to as optimists, argue that there are flaws in the

methods used by geologists. By ignoring the interaction between demand and supply, and

the role of technology, geologists have ignored the tendency for reserves to grow and costs

of production to decline with improved information. Because of this, past predictions

have been rather fortuitous (Kaufmann and Cleveland, 2001) and future predictions are

likely to fail (Lynch, 2003). In the oil industry, however, it is increasingly being recognized

that a peak in global conventional oil production is inevitable by the year 2030. The IEA

(2008a) predicts that unless investments are made in building capacity in OPEC coun-

tries, global conventional oil production will either peak or plateau before 2030. A 2009

report published by the United Kingdom Energy Research Council (UKERC), ”Global Oil

Depletion: an assessment of the evidence for a near term peak in global oil production”,

also notes that out of fourteen recent forecasts of global conventional oil production, nine

predict a peak in global oil production by 2030 whereas only five do not.

With such widely diverging views about future oil supply, it is imperative that we un-

derstand how crude oil production could evolve in the coming years. From a geoeconomic5

4The decline in production is often associated to the decline in pressure within the reservoir (see:
Brandt (2010), and discussion in section 2.1).

5Here, geoeconomic refers to economic opportunities for oil production given the geophysical con-
straints.
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modeling perspective, we attempt to answer the following questions in the current chap-

ter: What is the quantifiable impact of an optimistic and pessimistic reserve additions

scenario from the mature crude oil provinces, on global conventional crude oil production?

Can the expected levels of reserve additions from mature crude oil provinces help sustain

future world oil consumption? To what extent will reserve additions in the mature regions

influence OPEC action? And lastly, what role could energy efficiency play? The model

used to answer these questions calculates optimal OPEC and non-OPEC supplies under

divergent assumptions about OPEC behavior. Compared to other contemporary models

of oil depletion that assume exogenous increases in OPEC production, or do not take

into account OPEC strategy, or assume that non-OPEC does not earn a rent on their

resources but sell at marginal cost (see: e.g (Greene et al., 2006; Brandt et al., 2010)), our

proposed model takes all these into account. In addition to the more empirical questions

just listed, the analysis performed in the current Chapter is also used to delineate the

structural aspects of a global oil market model that require better understanding and

development, so as to build a realistic model of long-term oil price formation.

The study in this chapter more closely follows that of Yang (2008). Major differences,

nevertheless, do exist; first, in the geographical scopes of the respective studies and second

in several modeling aspects. Geographically, whereas Yang studies the impact of crude oil

exploration in the Arctic National Wildlife Refuge (ANWR), we consider a much wider

geographical area: all the mature regions. With regard to modeling, i) we model non-

OPEC as a competitive fringe, Yang models non-OPEC as an oligopoly, ii) Yang models

OPEC when in collusion as a monolithic cartel, we model OPEC as a heterogeneous

group that agrees to the same price raising rule. iii) Yang exogenously sets the additions

to the proven reserve base, we, on the other hand, partly endogenize reserve additions

by assuming that they are related to the level of production, and iv) whereas Yang uses

a linear demand function we use an isoelastic demand function. As we shall see, the

nature of the demand function potentially implies a different reaction by OPEC, from

that observed in Yang (2008), to additions in reserves in the mature regions.

From the simulations, we establish that between 1100 to 1300 billion barrels (bbls)

of crude oil are likely to be consumed between the years 2005 to 2050. Of this, OPEC

production represents 45% to 50%. Given that proven reserves at the end of 2008 were at

approximately 1200 barrels of which OPEC possessed 80%, it is indicative that substantial

reserve growth will be required in non-OPEC regions (more especially the mature regions)

if an accelerated decline in global crude oil production is to be avoided. Furthermore,

basing on recent trends for reserve additions, simulations indicate that global crude oil

production may have actually already reached a peak. Nonetheless, the impact of probable

reserve additions appears substantial. First they attenuate declines in production in

mature crude oil regions, helping sustain near-term global oil supply, and second, they

28



may induce OPEC countries to increase their production. Regarding the structural aspects

of model design, we find that geological constraints on oil extraction and OPEC behavior

need to be understood and modeled better.

In the next section, we discuss the concept of reserve additions. Section 3.3 then

presents the proposed model for the production of conventional crude oil whereas section

3.4 discusses the empirical calibration of the model. Section 3.5 discusses the simulation

results and section 3.6 concludes.

3.2 Reserve additions

Additions to crude oil reserves occur when (i) new oil fields are discovered through explo-

ration, (ii) discoveries and extensions are made within existing fields (hereinafter referred

to as ‘extensions’), and also when (iii) previously discovered resources are moved from

the speculative to the highly certain category (i.e. revisions). Of these three, additions

coming from exploration are the most dominant during the early phases of developing a

crude oil region. Extensions and revisions, on the other hand, become more significant as

a region matures6 (USGS, 2000c; Farzin, 2001).

Despite the substantial role that extensions and revisions could play as crude oil pro-

ducing regions mature, the data strongly suggests a declining trend in total reserves added,

more especially for the mature regions and other leading non-OPEC regions. For a period

of 47 years (1961-2007), global crude oil production and net additions7 to proven reserves

are shown in Table 3.1. During the initial periods, 1961 to 1980 and 1981 to 2000, global

additions significantly exceed global crude oil production, indicating a more-than-sufficient

replacement of produced crude oil reserves. This pattern, however, contrasts with that of

the the later period, 2001 to 2007, where instead, global crude oil production marginal

exceeds additions to global proven reserves, symbolizing the general difficulty producers

have recently had in replacing produced reserves. By considering individual producers, it

can be seen that leading non-OPEC producers such as China, USA, Mexico, Norway and

Canada have increasingly experienced negative net additions to their proven reserve base

(and thus negative percentages). That is, they have increasingly produced more than they

can replace. Only the Former Soviet Union (FSU) has managed to consistently experience

positive net additions.

Given that non-OPEC countries historically represent 50-70% of global oil production,

a continuation of such declining trends in net reserve additions in the future may have dire

6 Considering the US for example, a leading mature crude oil producing region, extensions and revisions
accounted for the largest share (nearly 94%) of the 25 bbls of new reserves added during the period 1978 to
1987 (a period of 10 years). Similarly, over the period 1998 to 2007 (also a period of 10 years) extensions
and revisions yet again contributed the largest (80%) of new reserve additions.

7Defined as total additions less production, in any given period.

29



T
ab

le
3.1:

T
otal

cru
d
e

oil
p
ro

d
u
ction

(P
n
)

an
d

n
et

reserve
ad

d
ition

s
N

et
A

d
d
)

in
b
illion

s
of

b
arrels.

1
9
6
1
-1

9
8
0

1
9
8
1
-2

0
0
0

2
0
0
1
-2

0
0
7

P
n

N
e
t

A
d
d

P
n

N
e
t

A
d
d

P
n

N
e
t

A
d
d

O
P

E
C

1
6
2
.4

2
1
9

1
6
4
.6

4
1
4

7
6
.6

8
7
.9

of
w

h
ich

S
au

d
i

A
rab

ia
23.4%

52.3%
29.7%

22.9%
28.5%

1.6%

Iran
15.9%

10.6%
13.0%

10.0%
12.7%

41.6%

U
A

E
4.4%

13.8%
7.7%

16.2%
7.7%

0.0%

V
en

ezu
ela

13.7%
0.5%

9.6%
13.8%

9.7%
25.6%

N
o
n
-

O
P

E
C

1
6
0
.7

1
3
2
.7

2
6
1
.2

3
3
7
.8

9
9
.5

2
5
.6

of
w

h
ich

F
S
U

33.4%
29.6%

27.1%
90.0%

26.3%
136.1%

U
S
A

38.7%
-1.4%

20.9%
-23.0%

14.0%
-2.8%

C
h
in

a
3.3%

1.0%
7.7%

-0.2%
9.0%

-0.5%

C
an

ad
a

5.4%
-2.3%

3.6%
-22.85%

3.6%
-2.3%

M
ex

ico
2.8%

35.6%
7.5%

-67.6%
8.3%

-49.7%

N
orw

ay
0.5%

3.7%
5.0%

18.9%
6.9%

-11.1%

G
lo

b
a
l

3
2
3
.2

3
5
1
.7

4
2
5
.9

4
4
7
.8

1
7
6

1
1
3
.6

*
N

et
a
d
d

itio
n

s
a
re

d
efi

n
ed

a
s

th
e

su
m

o
f

n
ew

p
ro

v
en

reserv
es

in
a

g
iv

en
y
ea

r
less

th
a
t

a
m

o
u
n
t

w
h
ich

is
p

ro
d

u
ced

.
(N
eta

d
d

=
(R
eser

v
es(t)−

R
eser

v
es(t−

1
))−

P
r
o
d
u
ctio

n
(t)).

A
n

eg
a
tiv

e
p

ercen
ta

g
e

in
d

ica
tes

th
a
t

th
e

reg
io

n
in

q
u

estio
n

fo
r

a
g
iv

en
p

erio
d

p
ro

d
u

ced
m

o
re

fro
m

its
reserv

e
b

a
se

th
a
n

th
e

n
ew

reserv
es

it
a
d

d
ed

.

S
ou

rce:
(O

P
E

C
,

2011)

30



consequences for the global crude oil market. The failure by non-OPEC countries, more

especially the mature regions to sustain a level of reserve additions that is commensurate

with near term oil demand could lead to a strong decline in global crude oil production,

an early peak, and escalations in oil prices.

3.3 The model

Since the oil market is characterized by several players who essentially exhibit non coop-

erative behavior, we base our core modeling concept on the non-cooperative Nash solu-

tion concept. Additionally, we assume that producers compete in quantities (Cournot or

Stackelberg oligopoly) rather than prices (Bertrand oligopoly) because of general consen-

sus among analysts that there is some form mark-up of pricing on the global crude oil

market8 (Askari and Krichene, 2010; Yang, 2008; Smith, 2005).

For the strategy profile, we adopt the simplifying assumption that producers make

their long-run extraction decisions in the initial period conditional on initial stock levels.

That is, we model an open loop equilibrium rather than a Markovian equilibrium — see

discussion in section 2.5. To ensure that the equilibrium is non-degenerate, we set up the

model up as an open loop non-binding contracts Cournot-Nash model, that is known to

be time consistent, rather than the open loop non-binding contracts Stackelberg model

that is generally not time consistent (Groot et al., 2003, 1992). As defined by Epple and

Londregan (1993), time consistency requires that in the absence of binding contracts, and

if no agent has reneged in the past, nor is expected to renege in the future, then no agent

should have any incentive whatsoever to renege on their announced extraction path.

In the model, the ability to influence price by each producer is determined by the

producer’s market power, which is given by the producer’s share in total production. We

assume that only OPEC producers exercise market power. Firstly, because mainly a few

large and State controlled companies tend to operate in these countries, and secondly,

because production quotas allocated to OPEC members do potentially restrain members

from following an overly competitive pattern of extraction. These two features are in

contrast to non-OPEC countries where (i) a higher number of private companies tend

to operate alongside each other, and (ii) the making of production decisions, that are

independent of a cooperation agreement, implies that supply is more freely determined so

as to align more with competitive behavior.

To accommodate for the possibility of divergent behavior that may be observed in

8Because producers in a Betrand oligopoly compete on the basis of price. Each producer attempts
to set a price that undercuts a rival producer’s price. This continues up to the point where price is set
equal marginal cost, hence the marginal cost pricing rule. This is contrary to Cournot-Nash oligopoly
models where producers earn a mark-up because of setting quantity rather than price. Typically Cournot
producers earn higher profit by restricting output, whereas in Betrand models producers earn more by
increasing output.
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OPEC, we assume that OPEC producers may collude. When they collude, we refer

to the cartel as OPEC effective. Under effective OPEC collusion, members pool their

production together and benefit from a higher market power. Consequently, they operate

along a steeper (less elastic) demand curve, which allows them to receive a larger mark-up

on each barrel that is produced. Compared to Yang (2008) who represents an effective

OPEC as a monolithic producer, we postulate that when in effective collusion, OPEC

members coordinate their production so as to follow the same price raising rule, i.e., OPEC

producers act as distinct production units of a multi-regional monopoly, or in terms of

conjectural strategies, they change their production in the same proportion. Consequently,

at the optimal production level, marginal revenues are equalized across all members. This

approach to modeling the OPEC cartel enables us to retain the heterogeneous geophysical

characteristics that members have even when in effective collusion.

We set up the extraction program as a standard Hotelling optimization model that

accounts for degradation of reserve quality. This modifies the Hotelling rule such that

each producer selects an optimal production trajectory under the inter-temporal arbitrage

condition that the resource rent (net price) grows below the rate of interest9. The program

is as follows. Suppose country, i, is one of n oil producers in the global conventional crude

oil market that extracts an amount of oil, q, in a period, t, and that the producer faces a

cost Ci(•) that varies in the amount of oil extracted and the remaining proven reserves, Rt.

Also suppose that the producer faces exploration costs Wi(•) that vary in the exploratory

effort, Et. Then, the producer’s inter-temporal extraction (or production) problem can

be represented as:

max{qit,Eit}πi =

t=∞∫
t=0

(P (Qt, Yt, t) qit − Ci (qit, Rit)−Wi (Eit)) e
−δtdt (3.1)

s.t.

Ṙit = (αit − 1)qit (3.2)

Ṡit = αitqit (3.3)

Yt, Sit, Rit, Eit, qit, αit ≥ 0; i = 1, ......, n; t ∈ [0,∞) (3.4)

Dropping time and producer indices where no confusion arises, it follows that P (•) is

the crude oil price, Y the projected Gross Domestic Product (GDP), S the cumulative

reserve additions, and Q the total amount of crude oil that is supplied at a time, t. δ is

the discount rate, in which case, a higher discount rate gives more preference to current

9See e.g. Sweeney (1993) for more details on Hotelling type models.
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profits (and hence production).

Equation (3.1) is the objective function. It shows that the producer maximizes the dif-

ference between revenues and total costs from production and exploration. Equation (3.2)

describes the proven reserve dynamics, (3.3) the dynamics for additions and (3.4) the non-

negativity constraints. αit, the reserve replacement rate is assumed to be function of the

exploration effort and the cumulative reserve additions, i.e., αit = f (Eit, Sit). We assume

that, αit, increases in Eit, but declines in Sit. In practice, αit, could in the short-term be

additionally influenced by price fluctuations, unexpected discoveries, technological break-

throughs, etc. Adding these to our reserve replacement function will, however, complicate

the analysis without bringing much additional insight since our primary interest is in as-

sessing the impact of a change in the long-term trend of reserve replacements, on crude

oil supply.

From Equation (3.3), it can be seen that cumulative reserve additions are not limited

to an exogenously predetermined amount, but are instead determined as a function of

production and the reserve replacement rate. This particular representation for reserve

additions has been chosen so as to emphasize that the ultimate size of reserves additions

will be determined by both economic and geological conditions, and should therefore not

be considered ultimately fixed (Adelman and Watkins, 2008; Adelman, 1992; Pindyck,

1978b; Berg et al., 2002; Lynch, 2003). The economic and geological factors influence

reserve additions as follows. The reserve replacement rate depends positively on effort,

but negatively on cumulative additions; by increasing effort the producer attempts to

ultimately increase the size of additions, irrespective of the geological restrictions. With

increasing depletion, however, it generally requires more effort to find an additional barrel

of new reserves. Moreover, by multiplying the reserve replacement rate by production,

we capture the fact that additional reserves are typically easier to make in areas that are

already richly endowed (Aguilera et al., 2009b, p 148). So, we generally expect that less

mature crude oil provinces and relatively larger producers will make comparatively larger

additions for the same relative effort1011. Ultimately, the level of reserve additions will

decline as production declines and also as effort declines. In fact, as the terminal period is

approached, effort (and hence reserve replacement rates) must decline towards zero since

any further additions will be of no value to the producer — see section 3.A for a discussion

on the models transversality conditions.

10Alternatively, the link between reserve additions and production can also be seen as (i) a revenue
effect or (ii) a knowledge effect. The revenue effect implies that by producing more, a producer earns
more funds, which can be re-invested in reserve augmentation. The knowledge effect, on the other hand,
implies that by producing more, the producer gets to learn more about the reservoir, which knowledge
in turn allows the producer to make relatively larger additions.

11Note that by not limiting the amount of reserves that can be added, the type of market structure
will influence the total additions that are made. In our representation, more competitive markets will
generally make more additions to their reserves because of their initially higher levels of extraction.
Scenarios that have a higher level of demand and hence of price will also have similar implications.
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To determine the optimal output and price level, the set of Equations (3.1) to (3.4) is

solved for first order and adjoint conditions using the current value Hamiltonian — refer

to section 3.A. From Equation (3.5), the optimality condition for production requires

that each producer extracts at the point where the oil price equates to the composite cost

(marginal cost plus shadow prices) plus a mark-up on the composite cost, as determined

by the producers share in the global oil market:

P (Qt, Yt, t) = (1 +mit) (Cq (qit, Rit, t) + µit (1− αit)− λitαit) (3.5)

µ (> 0) is the shadow price on remaining reserves, λ (< 0), the shadow price on cumulative

reserve additions, m =
(
|ε|
ϑ
− 1
)−1

is the mark-up, with, ε, representing the price elasticity

of demand
(
∂Q
∂P
∗ P
Q

)
, and ϑ the producer i’s global market share, i.e., qi

Q
. The mark-up

captures the producers ability to influence price. For a perfectly competitive producer,

the mark-up m is zero because the producer does not have the ability to influence price.

Such a producer chooses their own level of production while taking price as given. In the

proposed model, this is the case for non-OPEC producers. For an imperfectly competitive

producer, however, m is greater than zero (m > 0), signifying the producers ability to

restrict output so as to raise price. We allow, m > 0, for OPEC producers. When OPEC

producers collude, they observe a single share in the global oil market; ϑ is therefore given

by qc

Q
, where qc is the sum of production by all OPEC members.

Equation (3.5) combines four important determinants of crude oil supply and price:

(i) the marginal cost, which captures the cost producers face in extracting crude oil: the

higher the marginal cost of production the higher the price of oil; (ii) the marginal profit,

(µ (1− α)− λα), which captures the change in benefits from producing an extra barrel of

crude oil, (iii) the own-output elasticity, which captures the producer’s ability to influence

the crude oil price by restricting production: the larger (smaller) a producer’s output, the

higher (lower) the increase in price; and lastly, (iv) the purchasing power of consumers,

which determines the influence consumers have on the price (and hence the supply) of

crude oil: the higher per capita income and the population growth, the higher the crude

oil price.

3.4 Model Calibration

Considering that the proposed model is calibrated to region specific cost functions and

rates of reserve replacement that describe the physical difficulties of crude oil extraction

for each specific region, we opt to refer it as a geoeconomic model for crude oil extraction.
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The functional form for each producer’s cost is:

C(qit, Rit, t) = c̄i
(qit)

2

βi

(
ln

((
Ri0 −Rit

Ri0

)−1

− 1

)
− ζi

)
(3.6)

R0 is the initial reserve level; ζ, depicts the relative difference in cost among producers,

i.e., the lower ζ is for a particular producer, the lower the cost of extracting a barrel of oil;

β indicates the rate at which costs increase as the crude oil resource gets depleted; and c̄

is the scaling parameter that calibrates/initializes the model to the base year production.

For each producer, ζ and β are calibrated to empirical data by fitting the cost function

to the fifth and ninety fifth percentile reserve extraction cost data given in Chakravorty

et al. (1997) adjusted to 2005 dollars.

The cost function (3.6) is driven by the production level, qit, and the own state of

depletion,
(
Ri0−Rit
Ri0

)
. In the short run, their could be a shortage of trained drilling crew or

drilling machinery, we thus assume that marginal costs of production increase in the level

of production, for any given period. Increased depletion, gives rise to higher production

costs: the logistic function is used calibrate this rate of change12 (also see: Rogner, 1997;

Brandt et al., 2010; Greene et al., 2006).

To capture the demand-price relationship, we specify the isoelastic demand function

as in Equation (3.7). Compared to a linear demand function, such an isoelastic function

allows us to easily study the properties of the model by varying other elasticities while still

being able to keep the price elasticity constant. For instance, we can carry out a sensitivity

analysis on income elasticity without worrying that the price elasticity is changing.

Qt = AY
(η∗ωt)
t P ε

t (3.7)

A represents the portion of crude oil demand that is affected neither by income nor price.

η is the income elasticity of demand for oil: it captures the responsiveness of demand to

changes in income. ε is the price elasticity of demand for oil. Ideally, the crude oil price

should be endogenously influenced by the price of its substitutes. Endogenously modeling

substitutes and the possible cost reductions in substitute technologies is, however, beyond

the task of the current chapter. For simplicity therefore, we use the link between oil

consumption and income in the demand function (3.7), to exogenously introduce two

important effects that are likely to influence crude oil demand in the future.

12Note that with such a cost function, if reserves at t exceed initial reserves, there is no solution since
the natural log is undefined for negative numbers. This problem appears here only for the FSU which is
the only producer having an expected rate of reserve addition higher than 100% in the initial years (see
Table 3.2). For this producer, we corrected the cost function such that the minimum of either the initial
or the current reserves is selected. This correction implies that FSU will have non increasing costs during
the initial periods. After a certain period of time, however, cost will increase since the rates of reserve
replacement declines over time.
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The first is that oil intensity (i.e., the amount of oil used per unit of GDP) falls as

GDP grows. This effect is taken into account by using an income elasticity of less than

one. Such a specification is more consistent with economic development than alternative

specifications that introduce an Autonomous Energy Efficiency Indicator (AEEI) in A,

while constraining η to one. The reason for this is that in our chosen approach, energy effi-

ciency is intrinsically related to investment and capital accumulation and thus to economic

growth (see Webster et al. (2008) for a discussion). The second effect, meant to capture

the possible impacts of climate change policies and the widespread use of oil substitutes is

introduced by stipulating the decoupling of crude oil consumption from GDP over time13.

This is done by introducing an energy efficiency indicator, ωt = exp (B(Y0−Yt)/Y0), that re-

duces income elasticity as GDP increases; the parameter, B, sets the rate of decline of the

energy efficiency indicator. Associating increasing energy efficiency to higher GDP levels

is consistent with anecdotal evidence that the ability to switch to greener technologies will

be highly related to wealth since more relative wealth gives greater capability to invest in

green technology.

In the simulations, we assume a long run price elasticity of demand (ε) of -0.6, an

income elasticity (η) of 0.8, and an oil efficiency parameter (ω) that decreases elasticity

to 0.6 in 210014 . Global GDP data — at market exchange rate — for the period 2005-

2014 is obtained from the IMF, these are then concatenated with projections from the

US Department of Agriculture to 2030, after which, a growth rate of 2.715 is assumed so

as to prolong the data to 2050. This gives a GDP of 149 trillion dollars in 2050 which is

comparable to projections in Poncet (2006).

The simulation horizon for the model is 2100. By contrast, the reporting period is

restricted to 45 years (2005-2050). The reporting period of 45 years is chosen so as to

allow us compare total crude oil production, as simulated by the model, to actual proven

reserve holdings, which are estimated to last a period of about 45 years. We choose a

simulation horizon of 2100 because it is the shortest time period for which a 2005 to 2050

stable trajectory for crude oil extraction, can be established for each producer.

Based on the level of conventional crude oil production, level of exports, the size of

reserves, the geographical location of the oil producer, and the most likely production

13Also note that through the sensitivity of the oil price to oil consumption, i.e., through the price
elasticity of demand, the model to some extent endogenously accounts for the fact that high oil prices
will encourage consumers to switch to less oil intensive technologies such as biofuels and electric vehicles.
In section 3.5, we report a sensitivity analysis on the possible impacts that different elasticities will have
on crude oil supply.

14Fattouh (2007); Krichene (2002) report price elasticities and income elasticities of demand for crude
oil that lie in the range of -0.0 to -0.8, and 0.5 to greater than 1, respectively. An earlier study by Dahl
and Sterner (1991) also reports elasticities that are more less in the same range.

The largest declines in the efficiency parameter are in the initial years because GDP growth is higher
in these periods.

152.7 is also the average annual growth rate in GDP over the period 1975-2009 as estimated from the
USDA data: http://www.ers.usda.gov/Data/Macroeconomics/ (retrieved: 15/02/2010).
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policy, we specify 11 oil producers: (i) OPEC I16 which consists of: Saudi Arabia, Kuwait

and the United Arab Emirates (UAE), (ii) OPEC II (Iran, Iraq and Qatar), (iii) OPEC

III (Libya and Algeria), (iv) OPEC IV (Angola and Nigeria), (v) OPEC V (Venezuela

and Ecuador), (vi) NAM (United States, Canada, Mexico and Greenland), (vii) ASP,

Asia-Pacific, (viii) LAM (Latin America excluding Venezuela, Ecuador and Mexico), (ix)

Europe (EUR), (x) The Former Soviet Union (FSU), and (xi) OTMA which includes

Middle East and Africa who are not members of OPEC, e.g. Egypt, Mauritania, Chad,

Oman, Syria, among others.

To properly calibrate the reserve replacement process specified in Equation (3.3), we

require good quality reserve additions cost data. Such data, however, are hardly published,

at least not in a manner that allows for the correct calibration of the reserve replacement

function at the required disaggregate levels. Consequently, we exogenize the rates of

reserve replacements. We delineate three alternative scenarios for the reserve replacement

rate, (i) benchmark (BM), (ii) low (LOW), and (iii) high (HIGH). These are explained

next.

We estimate the benchmark (BM) rates from IEA (2008a) 2030 projections, using

Equation (3.2) reformulated as17:

αi =

(
CUi +∇Ri

CUi

)
(3.8)

CUi, is the cumulative crude oil production by a producer i over the period 2005 to 2030

and ∇Ri is the change in proven crude oil reserves over the same period. Since Equation

(3.8) yields an average rate of reserve additions for the period 2005 to 2030, we specify

in the simulations that this rate decline by 0.15% annually after 203018. This allows

us to capture the depletion effects that make finding new oil increasingly more difficult,

as the size of ultimately remaining resources declines. The benchmark assessments for

the period 2005 to 2030 are shown in Table 3.2, in the column labeled BM. From these

rates, it is clear that all regions with the exception of the FSU are projected to undergo

reserve depletion, with Asia-Pacific and Europe facing the highest depletion rates. Indeed,

16OPEC I countries, also referred to as OPEC core in Gately (2004), often act in concert. They are
considered to be price setting “swing” producers and are characterized by their abundant oil reserves and
relatively small populations.

17Due to insufficiently disaggregated data, we had to make several assumptions. From the IEA (2008a)
we were able to infer data for eight regions whereas the model distinguishes between 11 regions (produc-
ers). We therefore had to assume that some regions shared the same rate of reserve additions. This is the
case for OPEC I and OPEC II, OPEC III and OPEC IV, and OPEC V and LAM, whose rates are for
the whole Middle East, Africa, and Latin America, respectively. In some instances, we had to combine
two regions from the IEA (2008a) to obtain the rate for one region in our model: the rates for ASP and
OTMA are the weighted rates of Asia and the Pacific, and of Africa and the Middle East, respectively.
The weight used is the production share projected for the period 2007-2030 by the IEA (2008a).

180.15% was initially used by Höök et al. (2009) to investigate how IEA (2008a) projections change if
a variable rather than a fixed field decline rate is used. The rate is merely indicative and is used to stress
the impact of declining reserve addition rates on production.
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the IEA (2008a) projects that Europe, Asia-Pacific, and North America will continue to

experience inexorable declines in production through to 2030. The FSU, on the other

hand, is projected to experience increasing reserve additions and increasing crude oil

production due to growing reserves in Kazakhstan.

We again use Equation (3.8) to calculate rates based on historical data (see column

labeled HIST in Table 3.2). Then, from the benchmark (BM) and historical (HIST) rates

(Table 3.2), we infer rates for the other two scenarios: the low rates (LOW) scenario and

the high rates (HIGH) scenario. To obtain the low rates, we compare BM and HIST rates

for the three mature regions, NAM, ASP, and EUR. We then select the smaller of the two

rates for each of the mature regions and combine with benchmark rates from the other

regions to make up the LOW scenario. The ‘HIGH’ rates scenario in Table 3.2 is also

inferred using the same procedure as the ‘LOW’ rates except that the higher rate of the

HIST and BM is chosen for each of the three mature regions.

In GAMS software, the model is set up as a Mixed Complementarity Problem (MCP).

The model is solved for alternative OPEC market structures and assumptions on rates

of reserve additions in the mature crude oil regions. In all cases, an optimal equilibrium

outcome for the oil price and supply is obtained. Given the open loop nature of the

maximization problem, the solutions obtained are time consistent. Moreover, since the

objective function of the problem set is strictly concave and the constraint set convex, the

solution obtained is the unique solution to the producer’s problem.

3.5 Results and discussion

For all simulations, we assume a real discount rate of 3%19. We report the results selec-

tively concentrating on OPEC, non-OPEC, and mature regions’ outputs and reactions to

the assumed market structure and rate of reserve additions. We then report some results

from a sensitivity analysis. To differentiate between the two cases of OPEC market struc-

ture, we label OPEC Effective (OPEC E) as the case where OPEC producers collude, and

OPEC Ineffective (OPEC I) as the case where OPEC producers act non-cooperatively. We

label each trajectory for price and output with respect to the prevailing market structure

and reserve additions scenario. For market structures, OPEC E and OPEC I, and LOW,

BM, and HIGH, as reserve addition rates, a complete trajectory for extraction and price

is defined. For example OPEC E: LOW refers to the case of effective OPEC collusion and

a low rate of reserve additions. OPEC I: HIGH, on the other hand, refers to ineffective

19There is generally no consensus on the appropriate discount rate that should be used. Most often,
real discount rates that are within the interval (2-7)% are commonly chosen — see for example Pindyck
(1978b); Chakravorty et al. (1997); Rehrl and Friedrich (2006). It is on the basis of this interval that
we select our discount rate. By re-simulating the model with 5% and 7% rates of discount, simulation
outcomes were marginally affected, and thus our conclusions remained unaltered.
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OPEC collusion and a high rate of reserve additions.

3.5.1 Simulations
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Figure 3.1: Crude oil price per barrel.

Crude oil prices in 2005 dollars are shown in Figure 3.1.20 Irrespective of the market

structure, the lower the rate of reserve additions, the faster the crude oil price escalation.

Compared to official IEA (2008a, 2009) projections, our simulations give rise to prices

that are lower, by at least $5 in 2030. Projected prices rise monotonically mainly due

to a strong demand for crude oil and increasing costs of extraction. As expected, prices

are higher when OPEC is assumed to be an effective cartel. Moreover, the uncertainty

around the range of the future oil price path is also greater in this case. Indeed, in 2050,

the gap between prices for the optimistic and pessimistic scenarios is $32 when OPEC is

effective. This is much higher than the $16 observed when OPEC is ineffective.

Marginal profits (not shown for brevity) generally rise or fall depending on whether

the producer is far or close to exhaustion by the terminal period21. In the case that a

producer’s resources are nearly exhausted by the horizon, that producer’s marginal profits

generally rise over time, otherwise they generally fall. Since resources in the mature regions

are exhausted much faster when rates of reserve additions are low, in these instances,

marginal profit for these producers rises much faster and this puts pressure on the oil

price to rise faster.

In Figure 3.2, trends in global crude oil production are shown. In all simulations, the

initial slump in production is due to the fall in demand associated with the recent economic

20Because of our focus on the long-term, our model is not suited for explaining short-term erratic
movements in the oil price that may be due to speculation, geopolitical shocks, and demand uncertainties.
Our price path should therefore be merely seen as the underlying crude oil price that is driven by long-term
economic fundamentals.

21Note that in our model, it is always unprofitable to extract the last unit since marginal profit reaches
zero.
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Figure 3.2: Global conventional crude oil production.

crisis. After the crisis, however, production increases gently up to a peak that arises

between the years 2025 and 2035, depending on the scenario. The scenario that is most

consistent with IEA (2008a, 2009) projections is the OPEC I: BM scenario. Production in

this scenario reaches 76.4 millions barrels per day (mbd) in 2030 which is close to the 75.2

and 76.7 mbd that is projected by the IEA (2008a) and IEA (2009), respectively. In most

other scenarios, production is lower. OPEC E: PES gives rise to the lowest production

with production in 2030 occurring at the same level as that in 2005, 72 mbd.

Results from Figure 3.2 predict that the timing of the peak in global conventional

crude oil production is much earlier and occurs at a much lower level when both reserve

replacement levels in the mature regions are lower and when OPEC acts as an effective

cartel. Low levels of reserve replacement in mature crude oil provinces give an effective

OPEC a much stronger influence on price and production than in the ineffective case.

Notably, an effective OPEC withholds output, giving rise to a peak that is three years

earlier in the pessimistic (OPEC E: PES scenario, as compared to the OPEC I: PES

scenario), and one year earlier in the optimistic scenario (OPEC E: OPT scenario, as

compared to the OPEC I: OPT scenario). The corresponding production peak levels

are also 3 mbd and 1.5 mbd lower, respectively. Collectively, these results suggest that

higher rates of reserve additions can help sustain future crude oil supply and mitigate the

consequences of OPECs withholding strategy.

Conversely to Yang (2008) who finds that the market structure has a much stronger

influence on US crude oil supply than additions to reserves, our results indicate that both

market structure and rates of reserve additions are important for determining global crude

oil production. Two reasons for this difference are (i) the geographical scope and (ii) the

total amount of reserves added, in our model. Whereas Yang’s model only considers the

US oil market, ours considers a global market, with more resources and more producers.

Additionally, the assumption in our model that reserve additions occur as a proportion
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of production — and not as an exogenously fixed amount as in [Yang, 2008] — does not

a priori limit the amount of resources that can be added. This gives non-OPEC, through

their choices on the production level, a stronger ability to influence OPECs supply level.
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Figure 3.3: OPEC conventional crude oil production.

From Figure 3.3 we find an interesting result: more reserve additions in mature crude

oil provinces induce OPEC countries to increase rather than to reduce production when

OPEC is an effective cartel (refer to gray lines in Figure 3.3); this in turn helps to further

attenuate declines in global crude oil production. This result is in contrast to Yang (2008)

where OPEC always decreases production when more resources are found from ANWR

exploration irrespective of whether the cartel is effective or not. In our simulations, only

an ineffective OPEC reduces production when reserve additions in the mature crude oil

provinces are increased (refer to black lines in Figure 3.3). As we show analytically in

Appendix B and as confirmed by numerically re-running the simulations of Figure 3.3

with a linear demand function, the explanation for this difference in result comes from

the specification of the demand curve. With a linear demand (as used in Yang (2008)), the

derivative of OPEC’s marginal revenue with respect to non-OPEC production is always

negative. This implies a reduction in OPEC production when the reserves (and thus the

production) of the non-OPEC producers increase. By contrast, with an isoelastic demand,

the sign of this derivative is positive and production increases if OPEC has considerable

market power — as in the OPEC effective case — and sufficiently large reserves.

Table 3.3 shows the BM model projections for OPEC crude oil production, and official

projections from the IEA (2008a, 2009); EIA (2009), and OPEC (2009). Overall, the BM

simulations are consistent with these official projections, more especially with those from

the IEA (2009) and OPEC (2009). Our results, nonetheless indicate a more substantive

role for non-OPEC production. In 2015, BM simulations indicate a level of production

for OPEC that is between 32.2 mbd to 34.2 mbd. This falls within the range range of

32 mbd and 37.3 mbd projected by OPEC (2009) and EIA (2009), respectively. In 2030,
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Table 3.3: Projections for OPEC crude oil production, mbd.

2015 2020 2025 2030

IEA (2008a) 36.2 N/A N/A 38.8

IEA (2009) 32.6 N/A N/A 41.4

EIA (2009) 37.3 38.8 40.2 42.3

OPEC (2009) 32.0* 34.3 37.4 41.1

OPEC E: BM 32.2 33.3 34.1 34.6

OPEC I: BM 34.2 35.8 37.2 38.4

* Although the OPEC (2009) projection for 2015 is the lowest (32 mbd), projected production capacity by the same study

is estimated at35 mbd.

BM projections are more pessimistic than all the official projections. Having previously

seen that the OPEC I: BM scenario for global crude oil production is consistent with IEA

(2009) projections, and yet, the same scenario under predicts OPEC production by 3 mbd

in 2030, it is indicative that our model gives more weight to non-OPEC production. We

find that FSU, in 2030, extracts 2 mbd more than the 14 mbd projected by IEA (2009).

This signifies the important role that non-OPEC, more especially the non-mature regions,

could play in the oil market in the coming decades.
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Figure 3.4: Conventional crude oil production mature regions.

Figure 3.4 shows total crude oil production from the mature regions. In these mature

regions, the reserves added have a much stronger influence on production than OPEC

market structure does. This contrasts with OPEC where both the market structure and

reserves additions in mature regions are seen to influence production decisions. Lower

reserve replacement levels impose a lower limit on how much crude oil the mature regions

can extract. And given their meager reserves, we see that even for the most optimistic

rates of reserve replacement, production still declines over time.
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Table 3.4 shows cumulative crude oil production, for the various regions over the period

2005 to 2050. Cumulative production in the mature regions (and in general in non-

OPEC regions) is seen to be more dependent on reserve additions. Comparatively, OPEC

producers hardly tap into their unproven reserves. Because of higher depletion rates, non-

OPEC producers extract one and a half to three times their initial proven reserves whereas

OPEC producers extract below or just above their initial proven reserves. Because of lower

reserve replacement levels in the mature regions, non-OPEC producers who are not in the

mature regions (FSU, LAM, and OTMA), increase production so as to take advantage of

the higher prices caused by depletion in the mature regions. Moreover, these producers

increase production whenever OPEC withholds production. However, due to physical

resource constraints, FSU, LAM and OTMA, are unable to offset the production declines

due to either OPECs withholding strategy or due to low reserve replacement rates in the

mature regions.

Sensitivity analysis

Since our results depend on assumptions about elasticities, energy efficiency and decline

rates, we investigate the impact of uncertainty surrounding these parameters on our re-

sults. For brevity we report only results of a one sided sensitivity analysis on the BM

scenarios:

I. Increasing the rate of fuel efficiency (which corresponds to a higher energy efficiency)

such that income elasticity falls to 0.5 in 2100 (instead of 0.6 previously) reduces

the total amount of crude oil extracted by 10% in both the ineffective and effective

OPEC cases. With increased efficiency, producers with larger resources extract less

whereas cumulative production by smaller producers, NAM, LAM is marginally

affected. ASP and EUR who in both assumptions of efficiency are depleted by the

horizon are hardly affected by fuel efficiency.

II. Decreasing price elasticity by 50% (lowering elasticity from -0.6 to -0.9) decreases

cumulative production by about 6% in the case of an ineffective OPEC cartel. The

reduction comes from all producers except ASP and EUR. In the OPEC effective

case, cumulative production declines by about 4%, but only FSU and ROW make

substantial reductions to their production whereas NAM and LAM are marginally

affected. The impact of price elasticity on production is thus dependent upon com-

petitiveness of the market, and producer size. If there is a high degree of com-

petition and if large producers (both OPEC and non-OPEC) observe lower prices

— as caused by a more elastic demand — they respond by decreasing production

substantially. If, however, there is limited competition on the market say due to

effective OPEC collusion, then lower prices — caused by more elastic demand —
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hardly alter the cumulative production of OPEC members. The large non-OPEC

(FSU and ROW) producers in this instance respond by decreasing production.

III. Increasing the rate of decline of the reserve replacement rates by 100% (from 0.15%

to 0.3%) after 2030 marginally influences the total amount of resources extracted

by 2050 (a decrease of less than 1%). In both market structures, NAM, ASP, EUR,

LAM, and FSU gradually reduce their production, indicating that production in

these regions substantially depends on the resources being found. OPEC, however,

varies its response depending on the market structure. In the ineffective case, OPEC

countries compensate for non-OPEC reductions by extracting more from their re-

serve base; in the effective case OPEC responds to the declining production by also

reducing its production, however, marginally.

3.6 Conclusions

We developed an inter-temporal maximization model that integrates four important el-

ements of global crude oil production: (i) the interdependence of crude oil supply and

demand, (ii) the determination of crude oil supply by its regional and geologic avail-

ability, (iii) the strategic considerations of OPEC producers and (iv) the motivation for

producers to exploit their oil reserves, the marginal profit.

Using this model we establish that although cumulative global crude oil production up

to 2050 could match current levels of proven reserves, substantial reserve additions will be

required in mature crude oil regions, partly because of OPEC’s withholding strategy, if

an inexorable decline in global crude oil production by 2030 is to be avoided. The impact

of reserve additions in mature regions is non-negligible. They substantially and directly

attenuate the decline in production that would otherwise lead to the erosion of production

capacity in these mature regions, by 2050 or even earlier. Moreover, we find that reserve

additions in mature regions could discourage OPEC from under supplying the market.

An effective OPEC cartel responds to increasing non-OPEC reserves by increasing its

production rather than reducing it. This action by OPEC not only increases the level

at which a global production peak occurs, but also postpones the date of peak in global

crude oil production.

Yang (2008)’s results are reconfirmed: an ineffective OPEC cartel helps secure short

term crude oil supply. When OPEC behaves ineffectively, they extract much more than

they would if the cartel was effective. Overall, this increases the level of global crude oil

supply and delays the date of peak oil.

Policy responses to securing short term crude oil supply should therefore be twofold.

First, to institute policies that encourage for the exploration of crude oil in mature regions

— and generally non-OPEC regions — and second, to entice OPEC producers to liberalize
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their crude oil industry. More importantly, however, results from the sensitivity analysis

indicate that fuel efficiency can significantly reduce the need to search for new reserves.

This would lower pressure on the environment and in turn secure long-term crude oil

supply. The policy implication here is that research into alternative fuels should be

continuously encouraged and pursued, and the new arising technologies implemented.

From this chapter, two issues emerge that require better understanding and more com-

prehensive modeling: (i) the nature of geological constraints on crude oil extraction, and

(ii) the form of collusion in OPEC. In the next chapter, we focus on geological constraints

as determined by reservoir pressure and reservoir rock porosity constraints. Reservoir

pressure and rock porosity limit the amount of crude oil a producer can extract at any

one given moment. As the analysis will show, introducing these constraints improves our

proposed models ability to explain several stylized facts about the oil extraction.
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3.A Necessary and transversality conditions for an

optimum

To solve for first order and adjoint conditions (FOCs) of the model (3.1) to (3.4) with open-

loop Cournot-Nash strategies, we specify the current value Hamiltonian as (for notational

convenience producer and time indices are dropped):

H (•) = P (Q, Y ) q − C (q, R)− C (E) + µ(f (E, S)− 1)q + λf (E, S) q (3.9)

where µ ≥ 0 and λ ≤ 0 are shadow prices for reserve depletion and cumulative reserve

additions, respectively.

The first order conditions with respect to production and effort is obtained by taking

derivatives with respect to q and E. Solving under the assumption of the Cournot-Nash

equilibrium strategies gives:

P (Q, Y )

(
1 +

q

εQ

)
= Cq (q, R) + µ(1− f (E, S))− λf (E, S) (3.10)

and

CE (E) = qfE (E, S) (µ+ λ) (3.11)

respectively. Condition (3.10) requires that producers either produce nothing or set pro-

duction such that marginal revenues equate to marginal production costs plus the shadow

price on reserves factored by the reserve depletion rate and the shadow price on reserve

additions also factored by the reserve depletion rate. Condition (3.11), on the other hand,

requires that the optimal level of effort be determined such that the marginal cost from

building the reserve base is equal to the marginal return from investing an extra unit of

effort into building the reserve base.

The adjoint equations are:

µ̇ = δµ+ CR (q, R) (3.12)

λ̇ = δλ− (µ+ λ) qfS (E, S) (3.13)

and their respective transversality conditions are limT→∞ e
−δTµT ≥ 0, limT→∞ e

−δTµTRT =

0 and limT→∞ e
−δTλT ≥ 0 limT→∞ e

−δTλTST = 0. Note that since ST > 0, this implies

limT→∞ e
−δTλT = 0, i.e., there is no terminal costs associated with cumulative reserve ad-

ditions. Also note that in the terminal period when extraction ceases, further exploratory

effort is of no value, therefore, ET must be zero. If depletion implies that marginal
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costs do ultimately rise at a faster rate than price, then, some reserves will always re-

main unextracted in the final period and hence limT→∞ e
−δTµT = 0. This means that

any remaining reserves in the terminal period are of no value to the producer. On the

hand, if limT→∞ e
−δTµT > 0, then reserves must be ultimately exhausted. The exact

pattern that emerges will depend on the functional form for production costs. In our case

Cq (q, R) , Cqq (q, R) , CRR (q, R) > 0 and CqR (q, R) , CR (q, R) < 0. These conditions, and

in particular, CqR (q, R) , CR (q, R) < 0 and CRR (q, R) > 0, require costs increase at an

increasing rate in depletion. We therefore expect that marginal costs will eventually rise

at a faster rate than price, forcing the terminal marginal profits to be zero.

The restrictions that characterize the functional forms for the reserve replacement rate

and reserve addition costs are: CE (E) , CEE (E) , fE (E, S) > 0, fS (E, S) < 0. It is also

assumed that with zero effort, discoveries will be zero. I.e., f (0, S)⇒ α = 0. It therefore

follows that reserve additions in the final time period will also be zero since ET = 0.

Consequently as the final horizon is approached, reserve additions must be in decline,

since effort ultimately approaches zero.

For specified cost, demand and discovery functions, and designated initial values, the

Equations (3.2) to (3.4), and (3.10) to (3.13) can be solved iteratively so as to obtain the

optimal solution to the program.

Similar steps can be taken to derive the FOCs in the OPEC effective case. This can

be done in two ways. The first is by modeling OPEC as a multi-regional monopoly,

i.e., a cartel with side-payments. Alternatively, conjectural variations specifying that the

colluding producers change production by the same proportion can be used. That is,
dqj
dqi

qi
qj

= dqi
dqi

qi
qi
⇔ dqj

dqi
=

qj
qi
, i 6= j, i, j ∈ c, where c denotes the OPEC cartel. The two

methods are equivalent.

3.B OPECs reaction to an increase in production by

non-OPEC

Let i denote any producer operating in the oil market and c denote the set of producers i

who form the OPEC cartel. Now supposing market demand is of an isoleastic form, then,

any colluding OPEC producer will face a marginal revenue curve of the form:

MRi =
d
(
P (Q) ·

∑
i∈c qi

)
dqi

= P (Q)

(
1 +

∑
i∈c qi

ε ·Q

)
(3.14)

where ε (ε < 0) is the price elasticity of demand, Q is the total production, and qi is

production by producer i ∈ c. By definition Q =
∑

i qi. Alternatively, if demand is of a

linear form, i.e., P (Q) = a− bQ, then, the marginal revenue curve for a colluding OPEC

producer will take the form:
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MRi =
d
(
P (Q) .

∑
i∈c qi

)
dqi

= P (Q)− b
∑
i∈c

qi (3.15)

For convenience, let qc =
∑

i∈c qi, and q−c =
∑

i/∈c qi.

To investigate the reaction of an OPEC producer to an increase in production by

non-OPEC producers, we calculate the derivative of the marginal revenue function (3.14),

(3.15) with respect to a change in non-OPEC production. That is, dMRi
dq−c

, assuming that
dqi

dq−c
= 0 since in a Cournot-Nash model, OPEC producers take the production choices of

non-OPEC as given.

In the case of a linear demand function, the marginal revenue curve for an OPEC

producer shifts downwards if non-OPEC producers increase their production. This can

be seen from dMRi
dq−c

= −b < 0. This downward shift in the marginal revenue curve, requires

that OPEC producer decrease production. Thus, in the case of a linear demand, OPEC

always decreases production, if non-OPEC producers increase their production.

For an isoelastic demand function, on the other hand, we have:

dMRi

dq−c
=
P (Q) .qc

−εQ2

(
1− Q

qc
− 1

ε

)
(3.16)

Contrary to the previous case, the derivative of an OPEC producer’s marginal revenue

function with respect to non-OPEC production can be positive if OPEC producers have

a large enough market power. In this case, the upward shift and rotation in OPECs

marginal revenue curve, induced by non-OPEC increasing production implies that OPEC

producers must increase production. More precisely, if qc

Q
> |ε|

1+|ε| , where |ε| is the absolute

value of the price elasticity of demand, OPEC increases its production. With the price

elasticity used in the current chapter (ε = −0.6), OPEC increases production as long its

market share is larger than 37.5%. Since this condition is satisfied when OPEC is effective

and since OPEC has sufficiently large reserves, an effective OPEC increases production

when more reserves are found in mature regions22. When OPEC is ineffective, no producer

has a share higher than 37.5%. Consequently, OPEC reduces their level of production

when mature regions increase their production.

22With an isoelastic demand function, dMRi

dqc = P (Q).qc

εQ2

(
Q
qc + 1

ε + Q−qc
qc

)
. Sufficiency conditions for the

existence of an optimum require that dMRi

dqc < 0⇒ qi

Q < |ε|. This condition is checked for, in our OPEC
E simulations, and it is found to always hold.
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Chapter 4

Peak oil and the geological

constraints on oil production

To capture one aspect of the geophysical constraints on crude oil extraction, the preceding

chapter relies on costs that increase with depletion to indicate that high quality low

cost crude oil reserves generally get extracted first. In this chapter1, we extend the

interpretation of geophysical constraints on extraction to include geological constraints

as induced by reservoir pressure and rock porosity in producing wells. For a stationary

demand, it is analytically shown that such constraints, in combination with initially small

reserves and strictly convex exploration costs can coherently explain bell-shaped peaks

in natural resource extraction, and hence U-shapes in price and marginal profit. Having

IPROSE explain these stylized facts is vital as it helps substantiate the models design.

A numerical application of this extended model to the world oil market shows that the

geological constraints have the potential to substantially increase the future global crude

oil price. While some marginal non-OPEC producers are found to increase production

in response to higher oil prices induced by the geological constraints, most producers’

production declines, leading to a lower peak level for global oil production.

4.1 Introduction

Nonrenewable resource models of the Hotelling (1931) tradition are a powerful class of

models for examining how economic variables and producer behavior can shape produc-

tion and price profiles. Predictions from these models, however, are largely at odds with

stylized facts (Holland, 2008; Pindyck, 1978b; Slade, 1982) that (i) production profiles

usually exhibit bell-shaped peaks, and that (ii) nonrenewable resource prices are often

non-increasing over a substantial part of a resource’s productive life. Although extensions

have been proposed to reconcile Hotelling-type models with the stylized facts (Holland,

1Based on Okullo et al. (2011); revise and resubmit Resource and Energy Economics.
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2008; Cairns, 1998; Campbell, 1980), these extensions ignore the possible impacts of ge-

ological constraints on crude oil extraction profiles. As emphasized in the engineering

literature (e.g. Ahmed, 2010), geological constraints as driven by reservoir pressure and

porosity/permeability of the producing rock, limit the amount of oil a producer can ex-

tract from a reservoir at any particular point in time. To overcome such constraints,

the producer might be induced to explore for new reserves so as to grow his production

level. Nonetheless, since resources are ultimately limited, aggregate production may in-

crease only for a while before declining. Such a view of increasing then decreasing oil

production, due to the impacts of geological constraints, is consistent with peak oil mod-

els that follow the Hubbert (1962) curve-fitting paradigm. Curve fitting models, however,

inherently fail to provide an obvious way of dynamically accounting for producer behav-

ior and economic variables (Berg and Korte, 2008; Kaufmann, 1991; Pesaran and Samiei,

1995), and are thus of limited help in enhancing our understanding of how economics,

expectations, and geology interact so as to shape crude oil production profiles.

The aim of this chapter therefore is to investigate how geological constraints, integrated

into a Hotelling type model, might alter the producer’s optimal extraction decision under

different assumptions about reserve size and cost. We propose a model for the exploitation

of a nonrenewable resource that introduces a standard engineering representation of reser-

voir pressure constraints as the geological constraint. With this model we show, without

relying on demand shifts, technical progress, cost reducing exploration, or endogenous

spatial extraction and additions2, that for a finite resource base, a bell-shaped peak in

production and hence a U-shape in price occurs provided initial reserves are small, and

exploration and reserve development costs are strictly convex. If, however, initial reserves

are large, production is found to decline monotonically and price to rise monotonically, as

in the basic Hotelling model. The introduction of these constraints also generates some

interesting implications for marginal profit (marginal revenues less marginal extraction

cost), which in the literature is often seen as a relevant measure of scarcity. Our principal

model indicates that rather than marginal profit rising monotonically at the rate of dis-

count — as is the case with typical Hotelling models — it declines (rises) as production

rises (falls)3. The inclusion of geological constraints into the Hotelling model therefore

allows for the reconciliation of the the classic theory of non-renewable resource extraction

with the stylized facts of oil extraction.

In a recent paper, Venables (2011) also finds that geological constraints alter the

properties of typical Hotelling models. The way geological constraints are modeled, and

2Refer to (Holland, 2008) for an in depth treatment of how these factors may induce peaks in natural
resource extraction.

3Whereas other papers indicate that the marginal profit may decline as production increases (see e.g.,
(Farzin, 1992; Cairns, 2001; Arrow and Chang, 1982)), none of these has explicitly shown how geological
constraints might induce this outcome.
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the focus of this chapter is, however, different. Whereas Venables investigates the reaction

of supply under the influence of geological constraints to exogenous changes in price and

demand, we instead characterize all possible production (and hence price) trajectories

when supply is geologically constrained. To model geological constraints, Venables uses

“iceberg” extraction costs4. In our model, geological constraints are an explicit constraint

on the production level. We introduce these in two ways. First, by assuming that the

producer is restricted not to extract above the geologically recommended rate, say on

the advice of reservoir geologists; this guarantees no loss in reserves. We then relax

this assumption, allowing the producer the choice of extracting above the geologically

recommended rate, but in turn suffer reserve loss. We show that the producer only extracts

above the geologically recommended rate if the marginal benefit of current extraction is

at least as great as the marginal value of lost reserves. This commonly occurs as the

resource comes to the end of its productive life.

The rest of this chapter is organized as follows. The next section reviews models in the

literature that try to account for the stylized facts; the section is used to point out that

although these models do explain how production might peak and why prices may follow

U-shaped paths, none of these reviewed models looks at the likely impacts of geological

constraints. Also provided in section 4.2 is the foundation for modeling geological con-

straints as adopted in this chapter and remainder of the thesis. Section 4.3 presents the

proposed geological constraints model and derives its optimality conditions. Section 4.4

characterizes the model’s equilibrium, while section 4.5 discusses alternative specifications

and their impacts on the equilibrium. More specifically, impacts of (i) reserve destruction

due to extracting above the geologically recommended depletion rate, (ii) spatial extrac-

tion and endogenous field opening, and (iii) reserve degradation are discussed. In order

to quantify the impact of geological constraints on prices and production, section 4.6

presents comparative results from a numerical simulation using a global oil market model

that accounts for the geological constraint and another model that does not. Over the

period of interest, it is seen that geological constraints induce higher oil prices and alter

the production profile in favor of increased production from currently marginal producers:

Brazil, other South and Central America (excluding Venezuela and Ecuador), and other

smaller producers in the global oil market labeled “Rest of the World”. Finally, section

4.7 concludes.

4These are used to indicate that extraction uses up more reserves than is actually extracted. The
hypothesis leads to a concave relationship between the rate of depletion chosen by the producer and the
actual amount of resource extracted.
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4.2 Explaining stylized facts: related literature

To explain the stylized facts of a bell-shaped production profile and price that declines over

part of a resource’s productive life, Pindyck (1978b) and Slade (1982) rely on reductions

in production costs. Pindyck shows that if producers carry out exploration with the aim

of finding lower cost reserves, then production will exhibit a bell-shaped peak (and prices

a U-shaped path) if initial extraction costs are high. In this instance, the producer’s

optimal strategy is to first invest in exploration. Then, as new less costly reserves are

found, production costs are lowered, in turn increasing production and reducing prices.

Nonetheless, since low cost reserves get increasingly difficult to find, extraction costs

soon start to rise, discovery effort declines, production declines, and in turn price rises.

Extraction finally ceases when marginal profits on the last unit extracted are choked off.

Similarly, Slade (1982) shows in a model without exploration that if the rate of exogenous

technical progress is sufficiently high, lower future costs will entice producers to shift their

production forward in time, causing production to peak (and prices to trough) later . In

Slade’s model, production starts to decline when the scarcity rent begins to grow faster

than technical progress. Production eventually ceases when the resource gets ultimately

exhausted.

Despite the relevance of Pindyck’s model to the peak oil literature, the effects of

reserve degradation as implemented in his extraction-exploration model are contestable

since deposits of lower cost tend to be found and extracted first. Accordingly, Livernois

and Uhler (1987) and Holland (2008) propose alternative extraction-exploration models

that explain the stylized facts. They show that if producers explore for reserves in new

locations — the extensive margin — so as to offset cost increases (Livernois and Uhler,

1987) (resp. depletion (Holland, 2008)) in old deposits — the intensive margin — then

production will initially increase, and hence prices will fall, if the number of new deposits

(Livernois and Uhler, 1987) (resp. the size of new deposits (Holland, 2008)) is sufficiently

high/large so as to offset cost (Livernois and Uhler, 1987) (resp. rent (Holland, 2008))

escalations and production declines in old deposits.

Another means of explaining how bell shaped peaks in resource extraction can arise,

is given by Campbell (1980) and Cairns (1998, 2001). These authors consider the impact

of capacity constraints: by building capacity from initially low levels, Cairns shows that

producers will match increases in production to the increase in capacity. This happens

up to the point where sufficient capacity is held, whereafter, production remains constant

for a while before declining, if capacity does not depreciate, or declines immediately, if

capacity depreciates. Production as a consequence exhibits a bell shaped peak and for a

defined stationary demand function, price in turn exhibits a U shape.

Finally, another attempt at explaining the stylized facts is by Chapman (1993) who

relies on demand side implications. In his model, a positive demand shift leads to an initial
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increase in production, but since resources are ultimately limited, and, if the scarcity rent

eventually grows faster than demand, then production must reach its peak and decline

thereafter. Unlike the previous models, price in Chapman’s model rises monotonically

over time.

Clearly, the above models provide various plausible explanations of the stylized facts

with the first four — (Pindyck, 1978b; Livernois and Uhler, 1987; Holland, 2008; Slade,

1982) — relying on cost reductions either at the intensive or extensive margin, the next —

(Cairns, 2001) — on capacity constraints, and the last — (Chapman, 1993) — on a positive

demand shift. None of these models, however, explains the peak on the basis of geological

constraints. Yet, geological constraints are argued by Hubbert curve proponents to be

an important, if not the main determinant of crude oil production profiles. Geological

constraints, as set by the reservoir pressure and porosity/permeability of the reservoir

rock (Chermak et al., 1999; Ahmed, 2010), are indeed influential to oil and gas extraction

decisions. Unlike capacity constraints that bind only in the initial stages of resource

extraction (Holland, 2003a; Campbell, 1980; Holland, 2003b; Cairns, 2001), geological

constraints influence how oil and gas reserves are extracted at each point in time of their

productive lifetime (Ahmed, 2010). Accounting for geological constraints is therefore of

paramount importance for understanding resource extraction profiles. However, since

fully representing geological constraints can beget rather complex models (see: e.g. Black

and LaFrance, 1998; Chermak et al., 1999; Ahmed, 2010), we will instead adopt a stylized

representation that has the advantage of combining realism and analytical tractability.

Based on the oil and gas engineering literature, we represent geological constraints using an

exponential decline production curve5 (Arps, 1945; Brandt, 2007; Ahmed, 2010; Adelman,

1990; Nystad, 1987; Cairns and Davis, 2001).

The exponential decline production curve symbolizes that production of oil or gas from

a reservoir, or aggregation of reservoirs, more or less declines at a constant and predictable

rate (Cairns and Davis, 2001; Nystad, 1987; Adelman, 1990). This rate, usually referred

to as the decline rate, is largely constant and predictable because producers, out of ‘good

economics’ and engineering practice, generally maintain the pressure differential between

the average reservoir pressure and the bottom hole pressure at its maximum and fairly

constant rate. Maintaining a high pressure differential is equivalent to maintaining a low

decline rate and has the following advantages: (i) it maximizes total recoverability of oil

or gas from a reservoir6 and (ii) helps keep long-term extraction costs low by delaying

5Other production decline curves include the Harmonic and Hyperbolic (see Ahmed (2010, pp 1237
)). In optimization models, these are, however, more difficult to work with analytically, because of their
explicit dependence on time.

6In the case of oil, for example, maintaining high average pressures in the oil well prevents the for-
mation of gas. Gas in the reservoir can inhibit oil flow and thus limit ultimate recovery. Additionally,
high pressure in gas wells allows for enhanced and cost effective recovery of valuable liquids such as
lease condensate that normally liquify if reservoir pressure (the depletion rate) is low (high) — see:
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the deployment of costly artificial lift mechanisms that are usually required to enhance

recovery (Ahmed, 2010; Adelman, 1993, pp 484-487). For the exponential decline produc-

tion curve, the decline rate — the rate at which production declines relative to a defined

reference level — can be shown to be equivalent to the depletion rate — the rate at which

reserves are extracted relative to the (ultimate or remaining) reserve base — of which

the latter (the depletion rate) can easily be used to capture and illustrate the effects of

geological constraints.

To show this, let us denote the production level for a producer i, at time t, by qit,

the decline rate by γ̄, and the remaining developed reserves by Rit. We can write the

relation between production, the decline rate, and remaining developed reserves, for the

exponential decline production path, as: Rit =
∫∞
t
qite

−γ̄(τ−t)dτ , for τ > t. Solving the

integral gives, qit
Rit

= γ̄, which shows that a fixed share of the remaining reserves is always

extracted by the producer at any moment in time. Observe that this share is in fact the

depletion rate, which, as reported by Leach et al. (2011), the producer may control on the

basis of choices on pressure levels in the reservoir. For γ̄ a prespecified maximal depletion

rate that is recommended on the advise of a geologist, a producer making geologically

efficient extraction decisions must then choose the optimal production level such that the

implied depletion rate is at most as great as the geologically recommended depletion rate,

i.e., qit
Rit
≤ γ̄. This is done, so as to maximize profits, given that total recoverability is also

maximized.

In the next section, we introduce the restriction qit ≤ γ̄Rit into our representative pro-

ducer’s optimization program so as to investigate how geological constraints may influence

a producer’s optimal extraction decision. Later, in section subsection 4.5.1, we modify the

constraint to allow the producer the choice of extracting above the geologically efficient

depletion rate but in turn suffer reserve destruction/loss. This latter approach investi-

gates how trade-offs that producers often make in real life, on whether or not to accelerate

depletion despite the geologists recommendations, modify the production profile. Both

representations of geological constraints (geologically efficient and accelerated depletion

policies) are realistic and capture the main idea about geological constraints, while still

keeping the model tractable to analysis.

4.3 The model

Consider an oil producer, i, who owns an initial amount of yet to be developed reserves,

Si0 (Si0 > 0), and developed reserves, Ri0 (Ri0 ≥ 0), where both amounts are known with

certainty. Due to exploration7 and development, the producer’s yet to be developed

http://www.coutret.com/Improved rec.htm, for more details; retrieved 11/08/2011.
7We use the word exploration in the context of identifying the location of reserves, rather than as a

process of learning about the size and cost characteristics of the unexplored resource base. The latter
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reserves (hereafter referred to as ‘resources’), Sit, decline by the size of additions, xit,

made to the developed reserve base (hereafter referred to as ‘reserves’), Rit, which in turn

decline by the amount, qit, that is extracted. It follows that at any time t, the producer’s

remaining reserves and resources can be obtained using the following equations:

Ṙit = xit − qit (4.1)

Ṡit = −xit (4.2)

The first equation states that the change in reserves in any period will be given by the

difference between additions and extraction. If additions are greater than extraction,

reserves will grow, if equal, they will remain constant, or otherwise, they will decline. The

second equation gives the resource dynamics; it states that resources over time decline by

the size of additions that are made to reserves.

Since production, as argued in the previous section, is constrained by geological and

engineering factors, we assume that the rate of extraction at any point in time is ultimately

limited by a share, γ̄ (0 < γ̄ < 1) of reserves8, i.e.:

qit ≤ γ̄Rit (4.3)

γ̄, an exogenous parameter, which for simplicity is taken to be equal across producers,

represents the geologically recommended depletion rate. It prescribes the largest portion

of reserves that an engineer/geologist would advise the producer to extract at any point in

time so as to stay within a geologically efficient production path (see discussion in previous

section). When the constraint is binding, the inverse of γ̄, is the reserve to production

(R/P) ratio, in which case its values can directly be assessed from empirical data. Data

from leading mature oil provinces such as the US and North Sea basins indicate that γ̄

hardly ever exceeds 20% (corresponding to an R/P ratio of 5).

Let us assume an oligopolistic (possibly asymmetric) market, and define the producer’s

decision problem as one of finding optimal levels of production and additions9 that max-

imize inter-temporal profit. For a producer i, we formally write the decision problem

as:

requires the explicit treatment of uncertainty which is beyond the scope of this thesis.
8The case γ̄ = 0 is uninteresting since production will always remain at zero. Similarly, the case γ̄ = 1

is uninteresting for analyzing the impacts of geological constraints as it does not limit the producer from
extracting the whole reserve base. The essence of geological constraints is that the producer is ultimately
constrained to extract only a portion of the reserve base at any point in time.

9The assumption that one can select the optimal level of additions is a simplification. In reality,
producers select optimal effort levels, Et, and then additions arise as an interaction between the discovery
factor, yt, and the efforts expended (e.g. as in Jakobsson et al. (2011)). Additions in this instance would
be given by xt = Etyt, where yt could potentially follow a stochastic process. In our case however, we
assume that yt = 1 and there is no uncertainty. This in turn dictates a one-one relationship between
additions and effort, and simplifies the model.
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max{qit,xit}πi =

∫ ∞
0

(P (Qt) qit − Ci (qit)−Wi (xit)) e
−δtdt (4.4)

where, P (Qt), for Qt =
∑

i qit , is the market price of oil. Ci (qit) is the cost of extraction,

and Wi (xit) the cost of building the reserve base. For expositional convenience, we assume

that C (x
it

) = Ci (xit) and W (x
it

) = Wi (xit). To capture the tendency for costs to

increase at an increasing rate with production or reserve development, we assume strict

convexity in both extraction and additions, i.e., Cq (qit) , Cqq (qit) ,Wx (xit) ,Wxx (xit) > 0,

unless otherwise stated. For now, costs are assumed to be independent of reserve and

resource degradation; in subsection 4.5.3, however, this assumption is relaxed.

Defining revenues as,Ri (qit, P (Qt)) = P (Qt) qit, and again assumingR (qit, P (Qt)) =

Ri (qit, P (Qt)) for expositional convenience, we have by assumption thatRq (qit, P (Qt)) >

0 andRqq (qit, P (Qt)) ≤ 0. The condition,Rq (qit, P (Qt)) > 0, requires marginal revenues

to be positive, while, Rqq (qit, P (Qt)) ≤ 0, requires marginal revenues to be non-increasing

in the producer’s production. For small oligopolistic producers who act more or less

competitively, we have Rqq (qit, P (Qt)) = 0, while for large producers who can influence

price, we have Rqq (qit, P (Qt)) < 0. For the large producers who influence price, we

assume that each selects extraction and reserve addition levels on the basis of an open-loop

Cournot-Nash strategy. Small producers by contrast, select their time path of extraction

and reserve additions taking the price path as given (see also: Benchekroun et al., 2009;

Salant, 1976). In the rest of the analysis we drop the producer indices, where no confusion

arises.

Assuming the existence of a solution, the current value Lagrangian to the producer’s

problem is:

L = R (qt, P (Qt))− C (qt)−W (xt) + νt (xt − qt)− λtxt + µt (γ̄Rt − qt) (4.5)

and the subsequent first order optimality conditions and adjoint equations are given as:

Rq (qt, P (Qt))− Cq (qt)− νt − µt ≤ 0 ⊥ qt ≥ 0 (4.6)

−Wx (xt)− λt + νt ≤ 0 ⊥ xt ≥ 0 (4.7)

ν̇t ≤ δνt − γ̄µt ⊥ Rt ≥ 0 (4.8)

λ̇t ≤ δλt ⊥ St ≥ 0 (4.9)
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µt (γ̄Rt − qt) = 0 (4.10)

for λt, µt, νt ≥ 0.

Optimality condition (4.6), requires that extraction/production occurs at the point

where marginal profit is equal to the composite scarcity rent which comprises the shadow

price on reserves, νt, and that on the extractable reserve base (geological/depletion con-

straint), µt. νt measures scarcity relative to the availability of reserves and tracks how

much a producer is willing to pay to develop an extra unit of reserves. When additions lead

to reserve growth, νt, is interpreted as the value of added benefits from acquiring an extra

unit of reserves, whereas, when reserves decline because of extraction, it is interpreted as

the value of foregone benefits from a unitary decrease in reserves. νt grows (resp. declines)

when the shadow price on the geological constraint is small (resp. large), i.e., when re-

serves are abundant (resp. scarce). In contrast to νt which is based on the whole reserve

base, µt indicates the value of added benefits from expanding the extractable reserve base

in any given period. From the envelope theorem, we know that as the extractable reserve

base expands (resp. declines), µt declines10 (resp. grows).

Optimality condition (4.7), requires that the optimal size of additions be determined

where marginal exploration and development costs are equivalent to the difference between

added benefits from a unitary increment in the reserve base, νt, and foregone future

benefits from not leaving that additional unit of resource extracted, in situ, λt. The

dynamics for, λt, the shadow price on the resource, are such that it grows at the rate of

discount. Considering condition (4.10), one of the following must hold at every instant:

i) if µt > 0, then Qt = γ̄Rt, otherwise, ii) if µt = 0, then γ̄Rt ≥ qt. The first case occurs

when the geological constraint commands a positive (shadow) price. In this instance,

the reserve base is small relative to the desired extraction level and hence extraction is

always bound to the geological limit. On the contrary, if reserves are abundant relative to

the desired extraction level, production could lie below the geological bound, and hence

the geological constraint would command a zero (shadow) price, as in the second case.

Moreover, in the special case that µt = 0 ∀t, and γ̄ = 1, the producer faces an extraction-

exploration problem similar to that in the classic Hotelling extraction-exploration problem

— that is, extraction without the geological constraint 4.3.

On an interval where both extraction and additions are positive, the rent from resource

and reserve depletion can be obtained by substituting Equation (4.7) in (4.6) to give:

Rq (qt, P (Qt))− Cq (qt)−Wx (xt) = λt + µt (4.11)

10Let V (q, x) = P (Q) q − C (q) − W (x); by the envelope theorem: dV (q∗,x∗)
dR = dL

dR = γ̄µ; dµ
dR =

1
γ̄
d2V (q∗,x∗)

dR2 < 0. The superscript ‘∗’ denotes the optimal value of the associated variable.
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Note that λt grows at the rate of interest, whereas µt changes instantaneously depending

on the size of extractable reserves. Equation (4.6) and (4.11) both define marginal profit,

however, in different ways. The first, simply as marginal revenue less marginal extraction

costs, while the second additionally subtracts marginal exploration costs. For the sake of

comparison with the classic Hotelling (1931) model, and since we are primarily interested

in the time path for extraction, it will prove more convenient to use the definition of

Equation (4.6), i.e. simply as marginal revenues less marginal extraction costs.

Terminal constraints associated with the above defined problem are: (i) limt→∞ e
−δtλt ≥

0, limt→∞ e
−δtλtSt = 0 and (ii) limt→∞ e

−δtνt ≥ 0, limt→∞ e
−δtνtRt = 0. Note that

limt→∞ e
−δtλtSt = 0 holds with complementary slackness, as does limt→∞ e

−δtνtRt = 0.

Since the horizon is set to infinity, we shall expect resources to get exhausted, i.e., that

limt→∞ St = 0, implying that limt→∞ e
−δtλt > 0. Similarly, if reserves were to get ex-

hausted, then limt→∞ e
−δtνt > 0. However, when the depletion constraint is binding

(µt > 0), we see from the restriction limt→∞
Qt
Rt

= γ̄, that reserves will only get exhausted

asymptotically and hence extraction only ceases when limt→∞ e
−δtνt = 0.

4.4 Equilibrium dynamics

To analyze production and exploration dynamics, we distinguish between two major cases:

classic Hotelling and geologically constrained production. In the case of classic Hotelling

production, the geological constraint (4.3) is excluded from the producer’s optimization

program, and for expositional purposes, we now explicitly introduce the complementarity

slackness condition ψtRt = 0 into the associated Lagrangian (please see: section 4.A),

where ψt is the shadow price on the reserve level.11 The condition ψtRt = 0 captures the

fact that either of two sub-cases could arise: the first where ψt > 0, and hence reserves

are strictly maintained at zero — this means that the exogenously given initial reserves

are also set to zero — and the second where ψt = 0 such that Rt ≥ 0. In the former,

resources could generally be hard to find, such that anything that is found, is extracted

immediately. The latter case, however, features relatively large reserve holdings from

which extraction proceeds. The necessary conditions for the classic Hotelling extraction-

exploration problem are similar to those in Equation (4.6)-(4.9), but with µt = 0, (4.8)

modified to read as ν̇t = δνt − ψt, and of course the complementarity slackness condition

ψtRt = 0. For the sake of clarity, the first order optimality conditions for the classic

Hotelling extraction-exploration problem are summarized in section 4.A.

The second major case, geologically constrained production, is characterized by µt >

0, ⇒ qt = γ̄Rt; in this case, the geological constraint commands a positive shadow price

11This complementarity constraint was not introduced in the model of geological constraints described
in section 4.3 because the case ψt > 0⇒ Rt = 0 is always trivial.
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indicating that the extraction level that the producer desires to reach is higher than geo-

logical constraints can permit. This case is more interesting than the Hotelling case since

it allows us to examine the impacts of geological constraints on a producer’s extraction

and exploration decisions. Notwithstanding, the sub-case µt = 0, ⇒ qt ≤ γ̄Rt is also

feasible under a geologically efficient production path. The sub-case, however, is not as

interesting, since geological constraints are observed to impose no opportunity costs on

the producers’ extraction decisions. Moreover, if considered to be the only sub-case to

hold over all t, it emanates as an optimal profile only when γ̄ = 1, in which case it simply

corresponds to the classic Hotelling production case. To simplify the ensuing analysis, we

shall assume that any single (sub)case that is considered, will be the only (sub)case to

hold over all t ∈ [0,∞) — i.e., we shall not consider mixed (sub)cases.

Case I: Hotelling production

This case can also be referred to as geologically unconstrained production. Compared

to the Lagrangian of (4.5), the Lagrangian to this model is modified to take the form

L = R (qt, P (Qt))−C (qt)−W (xt) +νt (xt − qt)−λtxt+ψtRt. The first order conditions

are the same as those in Equation (4.6)-(4.9), but with µt = 0, and condition (4.8)

modified to read as ν̇t = δνt − ψt (please see: section 4.A for the problem definition). We

refer to the model as the classic Hotelling extraction-exploration model. The following

proposition characterizes the two main sub-cases that arise here.

Proposition 1. In the classic Hotelling extraction-exploration model, with the associated

non-negativity constraints :

i) If R0 = 0 ⇒ Rt = 0, ∀t > 0 ⇒ ψt > 0, ∀t, then both production and additions

strictly decline, moreover at the same rate, and marginal profit (marginal revenue less

marginal extraction cost) rises at a rate lower than the rate of discount.

ii) If Rt > 0, ∀t ⇒ ψt = 0, ∀t then production strictly declines, additions strictly

increase, and marginal profit rises at the rate of discount.

Proof. Part i): Starting with initially no reserves, the producer in this specification derives

no benefit from ever holding reserves. In this case, observe that Ṙt = 0⇒ qt = xt ⇒ q̇t =

ẋt. Taking time derivatives of Equation (4.11) (but with µt = 0; also see section 4.A) we

have that: q̇t = ẋt = δλt
Rqq(qt,P (Qt))−Cqq(qt)−Wxx(xt)

< 0. This indicates that both extraction

and additions decline, moreover at the same rate. Since production is declining, we can

infer from the time derivative of Equation (4.6) (but with µt = 0), that marginal profit

(marginal revenues less marginal extraction costs) will rise overtime. However, since
ν̇t
νt

= δ − ψt
νt
< δ, we see that it rises at a rate below the rate of discount.

Part ii): The requirement that ψt = 0 due to Rt > 0, implies from ν̇t = δνt − ψt,

that ν̇t = δνt. To show that production is strictly declining, we take time derivatives
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of Equation (4.6) (but with µt = 0) to give q̇t = δνt
Rqq(qt,P (Qt))−Cqq(qt) < 0. To show that

additions rise monotonically, we differentiate Equation (4.7) with respect to time and

substitute ν̇t for δνt, λ̇t for δλt, and for Wx (x) using Equation (4.7) itself to obtain ẋt =
δWx(xt)
Wxx(xt)

> 0. This indicates that additions are strictly increasing overtime. To complete

this part of the proof, it is important to show that additions are in fact positive. To see

this, observe that as long as extraction takes place and reserves get exhausted at some

future date, then νt > 0, ∀t. Hence, with reserves commanding a positive shadow price,

by Equation 4.7 we can infer that it will be profitable to make additions. From ν̇t
νt

= δ, we

can then conclude that marginal profit (marginal revenues less marginal extraction costs)

rises at the rate of discount.

The above proposition derives outcomes for the classic Hotelling (1931) model ex-

tended for exploration and reserve development. We see that production always declines

monotonically and that marginal profit (marginal revenues less marginal extraction costs)

must always rise overtime, however, not necessarily at the rate of discount. Additions

grow or decline, depending on reserve holdings. If producers cannot hold reserves, say

because exploration does not yield significant levels of additions for every other period,

then producers resort to extracting whatever is explored in that very period. Production

thus declines at the same rate as additions, and marginal profit (marginal revenues less

marginal extraction costs) grows at less than the rate of interest. By contrast, if producers

can extract from their proven reserves without immediately relying on new discoveries,

then it is optimal to postpone the major part of exploration and development activities

into the future, concentrating more on extraction in the present. In this case, marginal

profit rises at the rate of interest.

In sum, the basic Hotelling model, even when extended for exploration, clearly cannot

explain the stylized facts of oil extraction. As we show next, a geological constraints

model easily explains these facts consistently.

Case II: Geologically constrained production

In this case, the shadow price on the geological constraint is positive for all t, i.e., µt >

0, ∀t, and thus production at every point in time is always limited to a fixed proportion

of reserves, as set by the geologically recommended depletion rate, that is, qt = γ̄Rt, ∀t.
The active geological constraint leads to more intricate dynamics for extraction and

additions. In fact, additions can either grow or decline depending on the magnitude of

µt. This is evident from Equation (4.12), which is obtained by solving for time derivatives

of (4.7) with ν̇t substituted for (4.8), λ̇t for (4.9), and for Wx (xt) using (4.7) itself.

Equation (4.12) shows that for high short term scarcity — the case where, µt � 0, which

corresponds to a situation where the geologically constrained extractable reserve base is
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relatively small compared to the desired extraction level — additions will decline. On the

other hand, for low short term scarcity, additions could grow.

ẋt =
δWx(xt)− γ̄µt

Wxx(xt)
(4.12)

Since the production level is determined by qt = γ̄Rt, taking time derivatives of this

expression gives the dynamics for extraction:

q̇t = γ̄Ṙt = γ̄ (xt − γ̄Rt) (4.13)

The expression dictates the relationship between changes in production, the levels of

additions, and the size of the extractable reserve base. For comparably large (small)

additions relative to the extractable reserve base, production increases (declines).

Suppose producers could make a significant amount of additions in the initial period,

we see from Equation (4.13), that production will likely decline monotonically. Indeed,

as shown in section 4.B, production declines monotonically if marginal exploration and

development costs are constant, since in such circumstances the producer easily amasses

large reserve holdings in the initial period(s). In reality, however, one expects exploration

and development costs to be strictly convex for several reasons, for example, due to the

limited supply of skilled drilling crew, machinery, and even land to explore (Uhler, 1976;

Farzin, 1992). For these reasons, it is more appropriate to characterize exploration costs

as strictly convex in additions.

With strictly convex exploration costs, producers will build up reserves gradually since

large initial additions are constrained by marginal exploration and development cost in-

creases. From Equation (4.13), this implies that with an initially small reserve base and

relatively large additions, production will grow and will only come to decline after reserves

have sufficiently risen and additions are comparatively small. As we see from Figure 4.1,

these observations are verified. This figure is a phase portrait for possible trajectories of

production as determined by different initial conditions on reserves and additions.

To draw the phase portrait, we use dynamic conditions (4.12) and (4.13). The isocline

ẋt = 0 is downward sloping because larger reserve holdings diminish the need to make ad-

ditions12. This isocline indicates the path along which additions remain constant; above it

additions grow, while below it additions decline. Similarly, production and hence reserves

are unchanged along the isocline q̇t ≡ γ̄Ṙt = 0 — which is a 45 degree line since xt = qt —

while above it they grow and below it they decline. Because of the strict relation between

production and reserves, i.e. qt = γ̄Rt, production for any known reserve level can be

calculated, hence the reason why we represent both production and reserves on the same

horizontal axis. The phase portrait is divided into four regions that each impose unique

12Note that µt and Rt are inversely related because of the complementary slackness condition 4.10.
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Figure 4.1: Equilibrium for additions against reserves.

dynamics on the path for reserves (and hence production) and additions as indicated by

the sets of perpendicular arrows. Paths that start in Region I or III will make their way

into either region II or IV. Paths that have entered regions II and IV or that commence

in these regions will not leave; these regions are therefore the terminal quadrants. For

a nonrenewable resource that exists in finite quantities, we expect production and hence

reserves to ultimately decline. Terminal region II therefore is of most interest to the task

at hand since paths that terminate in this region form the stable trajectories.

We see in the figure and in reference to path “A,” that production will exhibit a peak if

initial reserves are small and resources are relatively large. Large resources allow producers

to make comparatively large additions in the initial periods. Since these additions continue

for a while to exceed extraction for a while, reserves grow in turn increasing production.

Eventually a point is reached where additions are just equivalent to the production (on the

isocline Ṙt = 0). At this point production peaks. Depending on how much time is spent

along this isocline, production will be seen to exhibit either a sharp or flat peak before

declining towards zero additions and zero reserves. If on the other hand initial resources

are small so as not to permit for large initial additions, additions, production, and hence

reserves could decline monotonically as in path “B”. By contrast, for substantially large

initial reserves, additions could grow initially before declining while production would

decline monotonically as indicated by path C. In these instances where production declines

monotonically (paths “B” and “C”), the shadow price on the geological constraint rises

monotonically.

For constant marginal extraction costs (Cqq (qt) = 0), production can still follow paths

such as “A,”“B,” or “C.” The difference with the case of increasing marginal extraction

costs is that production rises to peak much faster, peaks at a higher level, and declines
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faster from peak. To see this, note that the production level is determined by the relation

qt = γ̄Rt, and note that the dynamic Equations (4.12) and (4.13) still hold, even for

a case of constant marginal costs. Marginal extraction costs therefore merely act to

either increase or reduce the level of production at any particular point in time. Given

that producers discount the future, they prefer to produce as fast as possible. But,

since production is directly increasing in the level of reserves, this actually implies that

producers must build up reserves (make additions) as fast as possible. With increasing

marginal extraction costs, however, holding increasingly larger reserves leads to larger

cost escalations, that are absent when marginal extraction costs are constant. Constant

marginal extraction costs, therefore, allow producers to hold a comparatively larger reserve

base sooner, and hence extract more initially. It follows that with trajectories such as “A,”

the peak in production will come earlier and at a higher level if marginal costs are constant

in extraction.

The above discussion leads to the following proposition.

Proposition 2. For strictly convex exploration costs and a finite resource base, there is

at least one production path where:

i) Production grows to peak before declining. In this instance initial reserves must be

small and initial additions sufficiently large.

ii) Production peaks in the initial period. Here initial reserves are relatively large

compared to the initial resource endowment.

Proof. Refer to Figure 4.1.

Corollary 1. When marginal extraction costs are non-increasing in production, produc-

tion peaks at a higher level and in the case of a bell shaped production path, at an earlier

date, as compared to the case where marginal extraction costs increase in production.

What happens to marginal profit (marginal revenues less marginal extraction costs)

as production increases or decreases? By taking time derivatives of Equation (4.6), it is

clear that the time path for marginal profit is symmetrically opposite to that followed by

production. Literally, as production increases, marginal profits decline and as production

declines marginal profits increase. Producers essentially schedule their production with

respect to changes in near-term scarcity. This result is in contrast to models of Slade

(1982); Livernois and Uhler (1987); Chapman (1993); Holland (2008) that explain bell

shaped peaks but cannot explain why marginal profits could fail to rise at (or close to)

the rate of interest. Moreover the results are also in contrast to the classic Hotelling

extraction-exploration model that neither explains bell-shaped extraction paths, nor the

U-shaped price path, nor possibly declining marginal profits. Marginal profit in our pro-

posed geological constraints model declines because µt declines with the growing reserve

base. As near-term scarcity declines, producers are more willing to increase production.
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On the contrary, as it increases, producers cut back on production. Note that for the

proposed model, the Hotelling rule may only hold for an instance: when production is on

its decline trajectory.

4.5 Extensions

In this section, we make specific extensions to the principle model to see how its predictions

are modified. In particular, we ask: (i) How does the time path for production change

when producers can, for economically optimal reasons, extract above the geologically

recommended depletion rate γ̄, but face reserve losses/destruction as a consequence of

undertaking such action? (ii) What happens when the model is extended for spatial

exploration and extraction? (iii) How is the time path for production and additions

altered when the model is extended to account for increasing extraction costs due to the

depletion of high quality reserves? We restrict the analysis to the case where the geological

constraint is binding for all t, i.e., where µt > 0 ∀t.
Although the extensions do make the principal model more realistic and in fact more

complex, we find that the main result about geological constraints inducing bell-shaped

paths for production, U-shaped paths for prices, and U-shaped paths for marginal profits

still hold.

4.5.1 Reserve destruction

To capture the fact that producers may find it economically optimal to accelerate deple-

tion while caring less about the ultimate recoverability of reserves, we write the prevailing

depletion rate as the sum of the economically optimal excess rate, γ̃t, and the previ-

ously defined geologically recommended depletion rate, γ̄. We refer to this depletion

rate, γ̃t + γ̄, as the economically optimal depletion rate. While the geologically recom-

mended depletion rate maximizes both profit and total recoverability, the economically

optimal depletion rate focuses mainly on profit. Under economically optimal depletion,

the geological restriction on extraction (4.3) is modified to read as qt ≤ (γ̃t + γ̄)Rt, where

0 < (γ̃t + γ̄) < 1. Observe that when γ̃t = 0, producers find γ̄ sufficient and hence do

not accelerate depletion. In this case, the model completely collapses to the geological

constraints model analyzed in section 4.4, if γ̃t = 0, ∀t. By contrast, whenever γ̃t > 0

for some t, producers accelerate depletion and as a consequence must loose some reserves

over these time periods. We refer to this as reserve destruction. To capture this effect,

we rewrite Equation (4.1) as:

Ṙ = xt − qt − f (γ̃t)Rt (4.14)

66



f (γ̃t)Rt represents lost (destroyed) reserves as a result of extracting above γ̄. We spec-

ify the functional form for the rate of reserve destruction, f (γ̃t), such that f (0) =

0, f (γ̃t) , fγ̃ (γ̃t) , fγ̃γ̃ (γ̃t) > 0. These conditions require that with zero accelerated de-

pletion, no reserves should be lost; and that reserves are lost at a positive and ever in-

creasing rate as the producer increases γ̃t. Writing the Lagrangian for the problem, which

also constitutes the problem of finding the optimal production and reserve additions level,

and differentiating for the optimal γ̃t gives13:

− fγ̃ (γ̃t) νt + µt ≤ 0 ⊥ γ̃t ≥ 0 (4.15)

The condition says that it is optimal to accelerate depletion when the marginal benefit

from current extraction, µt, equals the marginal value of lost reserves, fγ̃ (γ̃t) νt. Note that

the marginal value of lost reserves is a cost to the producer since it is a foregone future

benefit from not holding onto reserves.

At what point of the extraction cycle is the producer likely to pursue an accelerated

depletion program? As Equation (4.15) indicates, this is likely to occur for large values of

µt, i.e., when extractable reserves are small compared to the desired level of extraction.

This situation (in most cases) can be narrowed to the initial stages of extraction and

(or) when extraction is coming to a close. In other cases, however, for example when the

geologically recommended rate of depletion is too low, giving rise to sufficiently high values

of µt, ∀t, then the producer will pursue an accelerated depletion program through out

the life of the resource. By contrast, if the geologically recommended rate is high enough

(leading to sufficiently low µt, ∀t ), then the producer may not pursue the accelerated

depletion program at all. Some other factors that will influence the producer’s decision

to accelerate depletion include: the discount rate, extraction and exploration costs, and

the size of reserves that are lost if the program is pursued; these factors influence the

producer’s choice indirectly through νt.

If producers are pursuing an accelerated depletion program (γ̃t > 0) as extraction

draws to a close, then, the prevailing rate of depletion and hence the rate of reserve de-

struction will be strictly increasing. To see this, note that terminal conditions require that

if extraction is drawing to a close and reserves are getting exhausted only asymptotically,

then νt → 0, while µt → Rq (qt = 0, P (Qt = 0)) − Cq (qt = 0). For Equation (4.15) to

continue holding with equality, therefore, this requires that fγ̃ (γ̃t)→∞, i.e., the rate of

reserve destruction (and hence the depletion rate) must increase.

Lemma 1. For γ̃t > 0 and reserve getting exhausted only asymptotically, then the deple-

13Note that since we are considering the case qt = (γ̃t + γ̄)Rt. The problem can be written in only two
choice variables, γ̃t and xt. In which case, it can easily be seen that by choosing γ̃t the producer actually
sets the production level. Accordingly, γ̃t can be seen as choices on water and CO2 injection that are
used to sustain, enhance, or speed up recovery (see for instance: Leach et al., 2011).
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tion rate is strictly increasing as extraction draws to a close.

The intuition behind the above lemma is as follows. As a resource comes to the end

of its productive life, producers attach an increasingly lower value to in situ reserves. But

since extracted reserves still command a market value, producers find it more profitable

to extract the most of what is left rather than leave it in situ. This is what induces them

to accelerate depletion, caring less about lost reserves and total recoverability. Practical

situations that could induce producers to attach lower weight to remaining reserves and

in turn accelerate depletion within a finite time scope include: the threat of climate policy

and the threat of expropriation of reserves, among others. Climate policy is particularly

interesting since its aim is to induce producers to extract less of the polluting resources at

any particular point in time. As we see in this case, however, a climate policy that induces

producers to devalue inground reserves, could induce producers to accelerate depletion.

In the literature this is labeled the green paradox (e.g. Sinn, 2008; Hoel, 2010; Gerlagh,

2011).

Even for accelerated depletion, we still generate the same trajectories as in Figure 4.1

under more or less the same conditions. To see this, note that accelerated depletion does

not remove the producers geological constraint; it simply allows the producer to increase

production, but at the cost of reserve loss. At any point in time therefore, the producer

chooses between increasing production through reserve destruction or through exploration.

Consider the case where production is rising to peak. For whichever depletion rate the

producer initially chooses, this rate will be non-increasing as reserves grow since increasing

reserves reduce the incentive to increase production through reserve destruction. In fact

for certain levels of the geologically recommended depletion rate, the positive deviation, γ̃t,

could eventually become zero. On the path where production is declining, the depletion

rate will also be non-increasing (and possibly zero) as long as reserves are still large.

As reserves increasingly decline, however, leading to a sufficient rise in µt, Lemma 1,

implies that only then will the depletion rate start to rise. For a sufficiently convex

reserve destruction function production will continue to decline even as the depletion rate

increases.

4.5.2 Spatial extraction and exploration

In this case, we assume that producers have a fixed land area to explore. The producers

problem then becomes one of demarcating the optimal land/field size to be explored,

optimal discoveries to be made, and optimal extraction to be carried out. For each

demarcated field, producers commit to an exploration program until all resources have

been found. For resources that are found in a given field, i.e. discoveries that are made,

these are developed and classified as reserves from which extraction is carried out.
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For such a program, it is possible to show that the optimal field size demarcated

for exploration is declining over time (Holland, 2008). It also follows straightforwardly

that for Sj0, representing any single field, the analytical results derived in the preceding

section are generalizable over each field j. As illustrated using numerical simulations14

(see: Figure 4.2), this implies that the life cycle of an extraction-exploration process for

the described disaggregate model is as follows: (i) aggregate production exhibits a bell-

shaped peak, (ii) marginal profits follow a U-shaped path that is symmetrically opposite

to that followed by production, (iii) prices exhibit a U-shape, (iv) additions (sum of new

discoveries) increase and then later decline, and (v) the optimal land size to be explored

declines monotonically over time. Following the analysis in the previous section, (vi)

production in each field exhibits a bell shaped production peak since initial reserves are

zero in each field.
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Figure 4.2: Trajectory for aggregate production, marginal profit (marginal revenues less
marginal extractions), and price when additions are from multiple fields.
Observe that production exhibits a (asymmetric) bell-shaped peak while the composite rent and price initially decline before

rising to the backstop price. Optimal field size demarcated for exploration and development declines monotonically, while

additions (sum of new discoveries) rise to peak, and then decline. When there are no more fields to explore, additions decline
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Additions increase because discoveries from new fields initially offset declines in dis-

coveries in old fields. As fields for exploration become ever limited, additions soon reach

peak and then start to decline when new fields cannot offset declines in discoveries in old

fields. This is in contrast with the principal model in which additions increase because

incentives for exploration are initially low. Notably, predictions from the principal model

about the nature of the production path and marginal profits path are upheld even in the

spatial model.

14The authors thank Stephen Holland for making available the Stata code used as a basis for developing
the GAMS code used in this simulation.

69



4.5.3 Reserve degradation

As high quality reserves get depleted, costs often rise with depletion. To capture this,

the cost function can be modified to vary in both the level of remaining reserves and the

stock of remaining resources, i.e. C (qt, Rt, St), with the restriction that CR (qt, Rt, St) =

CS (qt, Rt, St) < 0 (For details, see: Swierzbinski and Mendelsohn, 1989; Boyce, 2003).

Substituting for this extraction cost function in Equation (4.4), in the case of a binding

depletion constraint, the equation describing production dynamics remains the same as

that in Equation (4.13), while that for discoveries becomes:

ẋt =
δWx (xt)− γµt + 2CR (qt, Rt, St)

Wxx (xt)
(4.16)

Since CR (qt, Rt, St) is decreasing in reserves, the isocline of Equation (4.16) still takes the

same form as that of Equation(4.12). This means that the same extraction paths as those

in Figure 4.1, are observed even for this case of depletion dependent costs. The shapes of

the trajectories, however, differ since the isocline of Equation (4.16) is to a large extent

flatter than that of Equation (4.12). Therefore for trajectories such as “A,” the decline in

additions will be faster and thus the peak in production will occur earlier. It can also be

easily verified that although marginal profits no longer follow a path that is symmetrically

opposite to the production path, they must, however, first decline if production is to

increase. Moreover, they continue to decline for a while even after production has peaked.

4.6 Modeling the world oil market

To measure the real world quantitative impacts of the above results, we numerically test

the effect of the reserve depletion constraint (4.3) in a model for global oil15 production.

The model is set up to emphasize the dominant nature of OPEC in the oil market, and for

simplicity does not account for reserve destruction. We base the model on Equation (4.1)

to (4.4), and assume that OPEC producers16 act as a perfectly collusive cartel — they

make joint production decisions and thus share a common market power — that supplies

global oil demand residual of non-OPEC oil supply. In OPECs residual demand curve,

we specify a supply elasticity of 0.1 for total non-OPEC oil supply (Horn, 2004). Non-

OPEC, on the other hand, is disaggregated into seven producers17 who are all assumed

to act competitively. They are assumed to set their production levels taking output and

price set by OPEC as given (also see: Salant, 1976, 1982).

15The model accounts for crude oil, natural gas liquids, and tar and bituminous sands.
16These are: Angola, Algeria, Ecuador, Kuwait, Iran, Iraq, Libya, Nigeria, Qatar, Saudi Arabia, United

Arab Emirates (UAE) and Venezuela. Venezuela and Ecuador are modeled as a single producer.
17These are: North America, Brazil, Other South and Central America, Asia and the Pacific, Former

Soviet Union, and Rest of the World.
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In line with preference for current extraction, both OPEC and non-OPEC producers

are assumed to discount future revenues at the same rate of 5%. Additionally, for each

producer, costs are specified to increase with cumulative production as estimated using

regional costs curves given in Chakravorty et al. (1997). Resource endowments used in

the simulation are taken from USGS (2000c); WEC (2007)18, whereas, reserve estimates

are from BP (2009); OPEC (2011). Since not all proven reserves are developed reserves,

we assume that as of 2005 (the base year) all producers only have 50%19 of their 2005

proven reserves in the developed reserves category while the rest are added to the yet to

be developed reserves. In our model, these yet to be developed reserves are what we refer

to as resources.

On the demand side, an isoelastic demand function adapted from Okullo and Reynès

(2011a) is used for two modeled regions: OECD and non-OECD, each with an assumed

demand elasticity of -0.7 and -0.4,20 and income elasticities of 0.56 and 0.53 (Gately and

Huntington, 2002, Table 7). Income elasticity is assumed to change with gross domestic

product21; this allows us to account for the impact of energy efficiency on dampening oil

demand over time (see Medlock and Soligo, 2001, for a detailed explanation). Additional

assumptions are also made on backstops — e.g. biofuels, gas to liquids, coal to liquids,

and oil shale — that will increasingly become part of the liquid fuels supply profile. We

assume that their percentage, as modeled through a Gompertz curve gradually rises from

1% in 2005 to 45% of total liquid fuels supply in 2100. The model is simulated in ten year

time steps until the year 2100, however, only results up to 2065 are reported.

Figure 4.3 shows global oil production disaggregated into Saudi Arabia, other OPEC,

and non-OPEC production in the case that the reserve depletion constraint is absent,

i.e. the classic Hotelling extraction-exploration model. We refer to this simulation setup

as “Hotelling”. We see in this case that the oil price rises from US $55 in 2005 to US

$147 in 2065. Prices increase monotonically because of a growing demand for oil —

which initially induces production to increase — but grow even faster because of the

ever increasing extraction costs and the Hotelling depletion rents. Over the horizon,

oil production is dominated by non-OPEC producers who increase production so as to

compensate for OPEC withholding supply. Non-OPEC production, however, soon starts

18We use the high end (most optimistic) resource estimates.
19We adopt this simplified assumption because coherent data for a country by country assessment on

the share of developed reserves are publicly unavailable. The lower (higher) this value is, the more (less)
constraining geological constraints initially are. Thus, this value has an influence on the observed price
and production paths. With the assumed rate of 50% and the depletion rates used in the analysis, most
producers are observed to have positive shadow prices on their geological constraints right from the base
year, i.e., µt=2005 > 0 or by 2015 (the second model period). This allows us to appropriately capture the
constraining effects of geological constraints.

20Weighted by 2005 consumption shares, this gives a world oil demand elasticity of 0.58.
21Gross domestic product data projections are taken from IIASA (2009); medium level growth projec-

tions are used for the simulations.
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Figure 4.3: Global crude oil production profile and price path in the classic Hotelling
extraction-exploration problem (i.e., The “Hotelling” model).

to decline because of increasing depletion and the penetration of the backstops. Saudi

Arabia, on the other hand, marginally increases its production despite increasing demand

and increasing resource depletion in non-OPEC. Such a production profile is consistent

with a conservationist extraction policy by the Kingdom that is exercised in line with the

market power that the cartel holds. Unlike Saudi Arabia, other OPEC producers initially

increase their production, before the onset of a decline due to depletion from the smaller

OPEC producers. The peak in global oil production comes in the year 2035 at nearly 98

millions barrels per day (mbd).
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Figure 4.4: Difference in global oil prices for two depletion rate constrained production
paths relative to the “Hotelling” production path.

Compared to the “Hotelling” scenario, the impact of the depletion constraint is to sub-

stantially raise prices (see Figure 4.4). The figure shows the price difference for two geo-
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logically constrained production paths (γ̄ = 0.1 and γ̄ = 0.05)22 relative to the “Hotelling”

price path that is depicted in Figure 4.3. Notably, the more binding the depletion con-

straint, the higher prices are. This points to the significance of accounting for reservoir

engineering constraints, in particular, in the context of increasing global oil depletion.

Note that in the initial years, when production is not as constrained due to the ability

for producers to augment reserves, prices in the γ̄ = 0.1 and γ̄ = 0.05 scenarios are more

or less similar. However, as reserve additions diminish, the opportunity cost that the

constraints impose on production leads to faster growing prices in the γ̄ = 0.05 scenario

with a stronger divergence observed after 2035. In 2065, these prices differ by US $11.

Moreover, the price in the γ̄ = 0.1 scenario — which generates the lower price of the

two — is US $8 higher than the Hotelling price. The impact of the depletion constraint

is therefore unambiguous. It leads to higher prices by imposing an opportunity cost on

current extraction.
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Figure 4.5: Oil production by Saudi Arabia in the “Hotelling” scenario; and when the
depletion rate is constrained to 0.1 and to 0.05.

Geological depletion constraints also substantially affect producers extraction profiles.

For most producers, this leads to more conservative levels of production than is predicted

by the Hotelling model, which in turn gives rise to lower levels of global oil supply. Gen-

erally, the more binding the geological constraint, the earlier is a producer’s peak date

and the lower their level of peak production. Taking for instance Saudi Arabia’s produc-

tion profile (refer to Figure 4.5), in the γ̄ = 0.05 scenario, its production is limited at

just above 11 mbd and a peak is observed to occur by 2015. By 2035, Saudi Arabia’s

production declines by 1.7 mbd relative to the 2005 levels. This is as opposed to the

“Hotelling” path where production peaks in 2035, at a level of 13.17 mbd. Recall that

22The former corresponds to a minimum reserve to production ratio of 20 and the latter to 10. For
those producers whose reserve to production ratios were lower than 20 or 10 in 2005, their individual
R/P ratios was used to calibrate the depletion rate.
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in the “Hotelling” case, production is only influenced by (i) an exogenously changing de-

mand path, (ii) increasing extraction costs, and (iii) marginal profits that rise at more or

less at the rate of interest. In the geologically constrained case, however, production is

additionally influenced by the opportunity cost of building the extractable reserve base.

This opportunity cost slows the rate at which a majority of producers can extract their

reserves.
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Figure 4.6: Oil production by currently marginal producers in the “Hotelling” scenario,
and when the depletion rate is constrained to 0.1 and to 0.05.

For some currently marginal producers, however, the effect of the opportunity cost in

raising the crude oil price induces them to build their reserve base faster. This allows them

to increase their production level more rapidly than in the “Hotelling” scenario. Among

these include Brazil, other producers in South and Central America (excluding Venezuela

and Ecuador), and producers in the group Rest of the World. From Figure 4.6, we see

that the sum of their production in the γ̄ = 0.05 scenario rises from 7.5 mbd to 8.4 mbd in

2035 before declining to 7.1 mbd in 2065. This is as compared to that in the “Hotelling”

production path where their peak occurs in 2025, and at a lower level of 7.7 mbd. Given

the small size of these producers, however, their increase in production is not sufficient

to offset the general reduction in supply by the other major producers. This, as seen in

Figure 4.7, results into lower global oil supply and a lower level for the global peak in oil

production, when the depletion constraint is more binding.
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Figure 4.7: Global crude oil production in the“Hotelling”scenario and when the depletion
rate is constrained to 0.1 and to 0.05.

4.7 Conclusions

This chapter adds to the literature by proposing an additional framework through which

peak oil can be studied. By first assuming that geological constraints impose an upper

bound on the amount producers can extract, and that producers find it optimal not to ex-

ceed this bound, we sought to characterize the optimal paths for production. Relative to

the Hotelling model that does not account for this constraint, we find that the constraint

substantially alters the optimal behavior of a producer. In the case that a producer is

initially endowed with large reserve holdings, production is found to decline monotoni-

cally and marginal profits rise monotonically, however, at an ever increasing rate. In the

alternative case where the producer initially has small reserves, production initially rises

as producers build their reserves but later declines as new reserves fail to sustain the high

production levels. As production increases (decreases), marginal profits decline (increase)

as if to reflect a period of declining (increasing) scarcity.

Three extensions were made to the principal model. Allowing for accelerated extrac-

tion, which implies that producers can extract above their geologically optimal rate, but

in turn face reserve destruction, is found to be optimal in certain circumstances, e.g., when

extraction is coming to a close. Although accelerated depletion does influence the level of

production, it still induces the same production profiles as in the main model, moreover

under more or less the same conditions. Extending the main model for endogenous field

opening reinforces the result that the life cycle of resource exploitation can be described as

one with a bell-shaped peak, and marginal profits and price that could decline over a large

part of the resource exploitation horizon. Allowing costs to rise with depletion of reserves

still leads to the same basic paths as in the main model, discoveries however decline faster,
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leading production to decline faster overtime, and in the case of a bell-shaped peak, to

peak earlier. Marginal profits in this case continue to decline even after production has

peaked and an initial decrease (in marginal profits) is necessary so as to induce a phase

of increasing production.

In the final part of the chapter, we compare projections for global crude oil prices

and production when the numerical model accounts for the geological constraint (i.e., ge-

ologically constrained extraction paths) and when the constraint is absent (i.e., Hotelling

extraction paths). Prices from the geologically constrained model are found to be substan-

tially higher than those from the Hotelling model. Moreover, by comparing scenarios for

production, it is observed that whereas the Hotelling model predicts that Saudi Arabia’s

production could start declining in 2035, the depletion constrained model indicates de-

clining production starting from 2015. For smaller producers such as Brazil, however, the

higher prices induced by the depletion constraint allows them to build up their reserves

faster, and in turn extract faster than in the Hotelling production path. Their increase in

production is, however, insufficient to offset declines from major oil producers.

In the context of model building, this chapter shows the importance of paying atten-

tion to, and modeling the geophysical aspects that have been so far underrepresented in

economic models. As in our case, the simple but tractable representation of geological

constraints substantially improves the theoretical model’s ability to explain industry styl-

ized facts. Moreover, our simulation using real world data suggest that the impact of

geological constraints is non-negligible, having observed their effects on prices and pro-

ducers’ production profiles. Accounting for geological constraints can thus improve the

reliability of applied models as tools for influencing policy. As concerns climate change

programs, our model extended for accelerated depletion, is consistent with findings in

the green paradox literature that poorly crafted programs — in our case programs that

lead producers to devalue their inground reserves as the policy is enforced — may entice

producers to accelerate depletion.

The study in this chapter can benefit from a number of extensions. Empirically testing

whether producer rents actually decline with reserve growth, and to what extent they

do, would be useful in indicating the significance of additions in explaining trendless oil

prices over the past century. In addition, studying accelerated depletion in the context

of interconnected (shared) reservoirs, and more deeply, in the context of climate policy,

might shed more light on differences in extraction patterns between producers globally,

how best to package climate change instruments, and which climate change instruments

might be most effective in offsetting greenhouse gas emissions.

To have an even more exhaustive coverage of the geophysical constraints faced in crude

oil extraction, the next chapter introduces capacity constraints as yet another aspect of

the constraints on crude oil production. This allows us to model the required capital
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investments that producers have to make in order to expand their production capacities.

More importantly, however, the chapter focuses our understanding on how OPEC behavior

can best be modeled since the evidence suggests that it neither fits that of a perfect

cartel, nor that of a non-cooperative oligopoly (Smith, 2005; Griffin, 1985; Kaufmann

et al., 2008). After examining the payoffs from different OPEC cooperation strategies, the

approach that is proposed is a sequential decision making process that evolves bargaining

on cooperation coefficients that implicitly determine OPEC members’ quota allocations.
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4.A First order necessary conditions for the classical

Hotelling extraction-exploration model

The Lagrangian to this problem is L = R (qt, P (Qt)) − C (qt) −W (xt) + νt (xt − qt) −
λtxt+ψtRt. Finding the optimal solution to the problem with respect to qt, and xt implies

the following necessary conditions:

Rq (qt, P (Qt))− Cq (qt)− νt ≤ 0 ⊥ qt ≥ 0 (4.17)

−Wx (xt)− λt + νt ≤ 0 ⊥ xt ≥ 0 (4.18)

ν̇t = δνt − ψt ⊥ Rt ≥ 0 (4.19)

λ̇t ≤ δλt ⊥ St ≥ 0 (4.20)

ψtRt = 0 (4.21)

4.B Proving that production declines monotonically

if marginal exploration costs are constant

From Equation (4.7), constant marginal exploration costs imply that ν̇t = λ̇t, which in

Equation (4.8) implies that δλt = δνt− γµt ⇒ δWx (xt) = γµt. Since Wx (xt) is constant,

µt will remain constant for as long additions are positive. Now to show that production

will be in decline even when additions are positive, we take time derivatives of Equation

(4.6) and solve knowing that µ̇t = 0. We then see that q̇t = δλt
Rqq(qt,P (Qt))−Cqq(q) < 0.

Production therefore declines monotonically even when additions are positive. On the

interval where additions are zero, it is straightforward to see that production will be in

decline.
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Chapter 5

Imperfect cartelization in OPEC

How should OPEC behavior be modeled: non-cooperative oligopoly, imperfect or perfect

cartelization? This chapter1 develops a calibrated model where OPEC countries may

coordinate their production decisions. OPEC producers are modeled as dominant players

who supply global oil demand residual of non-OPEC supply. We investigate whether

there are positive incentives to imperfect OPEC cartelization. Our analysis indicates

that heterogeneity between OPEC members and the supplies of the non-OPEC fringe

provide substantial incentives for imperfect cartelization in OPEC. Additionally, we show

that when oil demand is elastic (rather than inelastic) perfect cartelization is less likely

to be sustained in OPEC. Finally, by endogenously solving for the negotiation outcome

on cooperation decisions, we find that OPECs optimal supply strategy is indeed less

restrictive than that of a perfect cartel, but substantially more stringent than that of a

Cournot-Nash oligopoly.

5.1 Introduction

Because of an explicit agreement to coordinate production strategies, control of 60% of

the worlds internationally traded crude oil and ownership of 80% of the worlds proven

crude oil reserves (OPEC, 2012), OPEC action could have a substantial impact on rais-

ing the global crude oil price. Econometric evidence, however, increasingly suggests that

OPEC power is quite limited and that OPEC behavior cannot be regarded as that of a

perfectly colluding cartel (see e.g., Almoguera et al., 2011; Smith, 2005; Kaufmann et al.,

2008). Indeed, while economic theory prescribes that perfect cartels must assign quotas so

that marginal revenues (alternatively, full marginal costs) are equalized across members

(Schmalensee, 1987), OPECs actual quota allocation scheme plausibly diverges from this

rule. Technically, equalization of marginal revenues requires that the less efficient (i.e.,

high cost and low reserve) producers cut their production by more, so as to accommodate

1Based on Okullo and Reynès (2011b)
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for relatively higher production shares from more efficient producers. The reverse, how-

ever, has been observed in OPEC, where the less efficient (i.e., the small and generally

high cost) producers, actually acquire larger than proportionate production shares (Grif-

fin and Xiong, 1997; Libecap, 1989). As shown in Polasky (1992), such a quota allocation

scheme conforms to non-cooperative oligopoly behavior than perfect cartelization.

The objective of this chapter is to gain an understanding of the nature of collusion

in OPEC, of some factors that drive it, and suggest a collusion model for OPEC. This

model admits the idea that full cooperation, in the absence of side-payments, may fail

to generate superior outcomes for every cartel member. Accordingly, cartel producers

may coordinate their actions over intermediate degrees of collusion up to the point where

Pareto optimal gains are attained for individuals members of the cartel, rather than

the cartel as whole. To summarize the outcome of cooperation, we use coefficients of

cooperation (Cyert and DeGroot, 1973; Geroski et al., 1987; Lofaro, 1999; Symeonidis,

2000). Based on these coefficients, we search for points that lie between, and include,

non-cooperative oligopolistic behavior and perfect cartelization without side payments to

determine whether OPEC members might prefer, non cooperative behavior, imperfect, or

perfect collusion. In essence, we try to find what OPEC’s optimal market structure is.

Despite the substantial influence that price, demand elasticity, and non-OPEC supply

elasticity appear to have on OPEC cooperation, our simulation results provide evidence

to allow for the conclusion that OPEC is an imperfect cartel. Although Smith (2005)

draws the same conclusion through econometric evidence on compensating changes in

output between OPEC members, our work differs from his in the following respects: (i)

methodologically, we employ a numerical simulation model calibrated to empirical world

oil market data, and (ii) our approach permits us to explicitly asses how the different at-

tributes (e.g. reserve holdings and production capacity) uniquely influence each members

ability to cooperate.

In the literature, studies that estimate OPEC’s payoffs to cartelization using empir-

ically calibrated simulation models include Pindyck (1978a); Griffin and Xiong (1997);

Berg et al. (1997).2 These authors do this by comparing long-term net present values for

a monolithic OPEC against those that would be obtained if the cartel was to dissolve

and act competitively. They find that OPEC enjoys moderate to substantial gains from

cartelization. More specifically, Pindyck (1978a) finds gains of 50% to 100%, Griffin and

Xiong (1997) finds 24%, whereas Berg et al. (1997) finds gains of 18%. While these ag-

gregate estimates are indicative of the influence OPEC might have in raising prices and

2Other studies such as Salant (1976); Ulph and Folie (1980) use analytical approaches to investigate
the benefits to producers when a segment of the market colludes. While Salant (1976) shows that the
fringe benefits more, Ulph and Folie (1980) by contrast show that when the cartel enjoys a significant
cost advantage, it possible that the cartel itself gains the most. These analytical studies, however, rely
on changes in exhaustion rents to draw their conclusions rather than on present value profits as is done
in this paper.
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hence gains for its members as a whole, these unfortunately do not tell us whether gains

are distributed such that every member is left better off than if they had collude imper-

fectly. Understanding the distribution of each OPEC member’s gains, over the different

cooperation possibilities, is key to understanding the form of collusion in OPEC and hence

the extent of OPEC’s eventual impact on the oil price.

Using our proposed model, we point out that the more elastic the demand curve,

the more likely OPEC producers are to perfectly cartelize. This result is not specific

to OPEC, but is a general result. While Lofaro (1999); Selten (1973) show that the

number of producers in the cartel, Salant et al. (1983) the size of the cartel relative to

the fringe, and Hyndman (2008); Rotemberg and Saloner (1986) the level of demand

will influence cooperation in a cartel, to the best of our knowledge, no study shows how

demand elasticity influences the level of cooperation in a cartel. Indeed, it is generally

perceived that cartels are more likely to form in cases where demand is inelastic. While

this could be true because of the higher profits that low (absolute) elasticities induce

when producers withhold supply, it is not necessarily the case that the cartel will be a

perfectly colluding one. The intuition here is that since gains from cartel formation are

less substantial with high (absolute) demand elasticities, producers in such a market must

make more significant cuts in production if they are to be successful at raising prices and

hence their gains. This requires higher degrees of collusion.

The remainder of our results are as follows. We find that all OPEC countries have

positive gains from perfect cartelization, and in turn the cartel (cartel gains are 25%).

Heterogeneity within the cartel is, however, another important factor that impedes full

cooperation since for plausible demand elasticity estimates, most members’ profits (and

the cartel as a whole) initially increase because of collusion, but then begin to decline as co-

operation approaches perfect cartelization. This decline is accentuated by the non-OPEC

fringe that increases its production whenever the cartel withholds. In fact, non-OPEC

producers are generally the biggest gainers from OPEC’s attempts at stronger collusion.

Because of the non-OPEC “free rider” problem and the heterogeneity between OPEC

members, we find the perfect cartelization approach inadequate in capturing the intri-

cacies of OPEC behavior. As our simulations suggest, OPEC plausibly sets production

where it ensures the highest price for its members, while at the same time crowding out

non-OPEC production; this point does not have to correspond with perfect cartelization.

The rest of the chapter is organized as follows. In the next section, we describe the

structure and features of the global oil market model used, including the concept of co-

efficients of cooperation. We then define the scenarios for OPEC cooperation and detail

the data used to parametrize the model. Section 5.3 presents the results from analyz-

ing OPEC’s cartelization gains for exogenously parametrized coefficients of cooperation

and elaborates on the impacts of demand elasticity on cartel cohesion. The model with
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endogenous coefficients of cooperation is described in section 5.4 and the simulation re-

sults for the different OPEC strategies presented. Section 5.5 discusses and concludes the

chapter.

5.2 The Model

So far, the designed model has the following as the major features relative to the initial

design of chapter 3:

5.2.1 Current model features:

I. Apart from conventional crude oil, the model is extended to include tar sands and

natural gas liquids. This has been done so as to account for the growing impact

that unconventional sources of oil will have in meeting future oil demand.

II. Capacity installation is introduced into the model. Producers periodically install

capacity, which capacity is assumed to be available instantaneously. Nonetheless,

so as to conform with tendency for capacity to grow slowly, limits are imposed on

periodical capacity growth.

III. Depletion rates that account for natural decline in reservoir productivity are also

introduced (Adelman, 1990; Cairns and Davis, 2001; Nystad, 1987; Okullo et al.,

2011). These, in addition to capacity constraints, impose reasonable upper bounds

as dictated by geological constraints, on the proportion of reserves that are ex-

tractable in any given period.

IV. The reserve build up process is fully endogenized. It is assumed that producers

know with full certainty the size of their initial reserve and resource endowments.

Producers, however, must first develop these resources before adding them to their

developed/proven reserves.

V. As represented in Figure 5.1, the number of players is expanded. The current model

accounts for each OPEC producer individually except for Venezuela and Ecuador

who are still modeled as one. In the case of non-OPEC, Brazil is now modeled as a

single producer. In total there are seven non-OPEC producers: Asia and the Pacific,

Brazil, Europe, Former Soviet Union, North America, South and Central America,

and Rest of the world. The grouping “Rest of the World” consists of producers from

Africa and the Middle East who are not in OPEC. On the demand side, the model

is expanded to account for two demand regions, OECD and non-OECD.
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[236; 1781; 2693]

[R;     S1;    S2] in billion barrels

[11; 15; 70][11;   15;      70]
[145;  2270; 2512]
[13;    58;     127]
[27;    47;     112]
[18;     21;     40]
[40 28 48]

[225;   1016; 1319]

[40;     28;     48]
[42;     56;     127]
[10;     21;     38]
[34;     58;     110]

[142;   134;    229]
[117;   137;    212]
[102;   65;      96]
[38;     21;      32]
[287;   357;    567]

R = proven reserves, S1 = USGS medium estimate resources less proven reserves, S1 = USGS high estimate resources less proven reserves 
billi b l

[100;   71;      105]

[51;     71;      168]

Total = [1639; 6227; 8606]

billion barrels

Figure 5.1: Crude oil producing regions represented in the model, and their respective
crude oil (conventional crude oil + natural gas liquids + tar and bituminous sand) en-
dowments as per 2005.
Source USGS (2000c); BP (2011)

VI. Traders who buy oil from producers and sell it to consumers at marginal cost are also

represented in the current model. These traders arbitrage oil spatially between the

demand regions that we model (OECD and non-OECD) until prices with exclusion

transportation costs in the two regions are equal. The inclusion of traders enables

us to capture the integrated nature of the global oil market where crude oil prices

between distinct demand regions more or less differ only by transportation costs. If

traders were not included in the model, prices would differ between the two demand

regions by more than transportation costs as price setting producers exploit the

segregated markets, to charge different prices.

5.2.2 Model description

The general mathematical description of a producer i’s extraction (qi), capacity invest-

ments (Ii), and reserve additions (xi) problem is as follows:

max{qit,Iit,xit,}πi =

t=∞∫
t=0

(P (•) qit − Ci (•)) e−δtdt (5.1)
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s.t.

Ṙit = xit − qit (5.2)

K̇it = Iit − dKit (5.3)

Ṡit = −xit (5.4)

Kit ≥ qit, γRit ≥ qit, bKit ≥ K̇it (5.5)

Ri0, Si0 ≥ 0, Rit, Sit, Iit, Kit, q
i
it, xit ≥ 0; i = 1, ......, n; t ∈ [0,∞) (5.6)

Equation (5.1) is the objective function that maximizes a producers inter-temporal net

profits, for δ the discount rate, P (•) the oil price, and for convenience C (•) = Ci (•)
the total costs that include: extraction costs, capacity investment costs, and exploration

and reserve developments costs. i and t represent the producer and time indices, respec-

tively. In the remainder of the article, we drop these indices where no confusion arises.

It follows: R, represents proven/developed reserves (simply reserves hereafter); K, the

installed capacity; S, the remaining undeveloped resources3 (simply resources hereafter);

γ̄ the depletion rate; ψ the capacity depreciation rate; b is the maximum rate by which

capacity can be expanded in any single period, and Ri0 and Si0 are a producer i’s initial

reserves and initial resources, respectively.

Equation (5.2) indicates the dynamics for reserves. Reserves decline through extrac-

tion, but are augmented through additions. Equation (5.3) gives capacity dynamics.

Capacity grows because of investment, but then declines because of depreciation4. The

dynamics for the resource are given by Equation (5.4) which indicates that resources de-

crease by the amount that is developed (added to proven reserves) in a given period.

Equation (5.5) presents a set of instantaneous constraints: the first requires that produc-

tion not exceed installed capacity, the second that production is always constrained to

a proportion of reserves because of geological constraints, and the third that new capac-

ity as a percentage of existing capacity in any single period does not grow too fast as

observed from historical data (see e.g., in Brandt et al., 2010). Lastly, Equation (5.6)

gives the non-negativity constraints on selected variables in the model. Notice that total

ultimately recoverable reserves per producer (i.e., Ri0 + Si0) are assumed to be known

with full certainty, and are divided in two categories, reserves that are already developed

and ready for extraction, and resources that must first be converted to developed reserves

before they are extracted.5

3The initial level of remaining resources is computed as remaining ultimately recoverable reserves less
proven reserves as per the base year.

4Note that because investment in capacity is costly, producers cannot continue expanding capacity
after extraction ceases. In fact, investments in capacity expansion cease before extraction ceases.

5As demonstrated in Okullo et al. (2011), modeling both the extraction and reserve development
process, combined with the instantaneous constraint γRit ≥ qit in Equation (6.5) allows us to account
for the impacts of geological constraints on production and price profiles. In particular, over the interval
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Producer behavior in the model is as follows. Non-OPEC producers are non-strategic

(perfectly competitive) players. They set their controls (i.e., production, investment,

and reserve development choices), taking the crude oil price path as given (Salant, 1982;

Huppmann and Holz, 2012). OPEC producers when setting their controls, take the output

choices of the non-OPEC fringe as given. However, since we allow for cooperation within

OPEC, each OPEC producer is assumed to select its production level, taking into account

the strategic interdependence of its output choice on the output choices of the other cartel

members (Symeonidis, 2000; Lofaro, 1999; Cyert and DeGroot, 1973; Geroski et al., 1987).

That is, OPEC members select production while adhering to a given rule on sharing the

market, residual of non-OPEC supply.

As earlier mentioned, we use coefficients of cooperation, ϕit, i ∈ c where c represents

the OPEC cartel, to summarize the degrees of strategic interdependence between OPEC

producers’ outputs. These coefficients, we assume, are determined through haggling in an

initial stage game and embed the market sharing rule. To elucidate how the cooperation

coefficients relate to an explicit agreement to share the market, define ϕit =
∂qc−it

∂qit
· qit
qc−it

,6

where qit is production by OPEC member i, qc−it the cartel’s production excluding that of

OPEC member i, and
∂qc−it

∂qit
the slope of the reaction function for all other OPEC members’

outputs relative to that of i. We can rewrite the expression as qit = qct (zit/(1+zit)), where

zit = ϕit.
∂qit
∂qc−it

. In a game where oil is extracted subject to explicitly negotiated market

shares, we see that zit/(1+zit) gives the market share constraint that OPEC member i must

adhere to when selecting its production level. That is, while the cartel jointly select qct ,

individual shares in total cartel output will be given ratio zit/(1+zit). Thus, a game based

on selecting ϕit > 0, has correspondence to one based on selecting zit/(1+zit) > 0. There

are structural differences, however, that make the one based on ϕit easier to work with.

A game based on explicit market share constraints involves three distinct stages while

that of cooperation coefficients summarizes such a game to two stages. In the former,

each OPEC producer first makes a binary choice about those periods in which it intends

to act as cartel member7. In the second stage, cooperating OPEC producers haggle over

market shares, and in the third stage, (joint) production choices are made subject to

the assigned market share constraints. In the latter, since we define ϕit ∈ [0, 1], where

where qit = γRit, production traces a geologically constrained extraction path, allowing us to amicably
explain stylized facts such as bell shaped production paths together with prices and rents that have
declined or risen below the rate of discount, but may eventually rise at rates above the rate of discount.

6To arrive at this expression, we assume that because of pregame communication and the explicit
decision to cooperate, all other cartel members will select their production in function of what cartel
member i selects. That is, qc−it = f (qit). The other cartel members take i’s supply function as given,
but not the output choice. Taking total derivatives and multiplying by qit

qc−i
t

on both sides, we obtain

∂qc−i
t

∂qit
· qit
qc−i
t

= f ′ (qit)
qit
qc−i
t

≡ ϕit. This expression tells us the percentage change in all other cartel members

production when i changes its production by a percentage.
7Gabon, Ecuador and Indonesia, joined OPEC only to exit in 1994, 1992, and 2009, respectively.

Ecuador rejoined in 2007.
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ϕit = 0 captures non cooperative oligopolistic behavior by any OPEC member (i.e., an

OPEC producer opting out of the cartel arrangement) and ϕit > 0 captures collusive

behavior, with ϕit = 1 indicating perfect cartelization; it follows that by using coefficients

of cooperation, we summarize in two stages, a broader game of market sharing, making

the cooperation game more computationally tractable. Values of ϕit closer to zero indicate

that a producer i has a more powerful bargaining position, and thus acquires a larger than

proportionate market share in the cartel. By examining values of ϕit that would accrue to

different OPEC members, we can say something about OPECs actual ability to influence

price.

At this point, we (re)clarify that our use of the term imperfect cooperation, i.e.,

ϕit ∈ (0, 1), does not refer to producers cheating on their assigned quotas, but rather

output quotas that diverge from what perfect cartelization theory would predict. Our

model and analysis thus abstracts from issues related to cheating on quotas, punishment,

and grim-trigger strategies; Griffin and Xiong (1997) provide an extensive treatise of

these issues with relation to OPEC. Our focus in the current paper is on simply trying to

understand the form of cartelization in OPEC, the willingness for different OPEC members

to engage in the collusive arrangement, and examining how divergent factors influence

OPEC cooperation. In this section and the next, we simply take ϕit to be exogenously

given and thus do not elucidate the initial stage game. The case of endogenous ϕit is dealt

with in section 5.4. It is important that ϕit is endogenously chosen since it will in this

case tell us the optimal market sharing rule that should be adopted, given the individual

attributes of the different players.

Because of the strategic influence that each OPEC producer is assumed to have, we

also need an assumption on what an OPEC producer knows about the other players states

(that is, information on other players’ dynamic variables such as resource stock, reserve

size, and capacity) at the time a decision is made. We adopt an open-loop rather than

Markov perfect information structure (Long, 2010; Dockner et al., 2000). This means

that announced decisions are dependent only on state information available at the start

of the game and time (i.e., path dependent strategies), not on state information available

at every point in time of the game (i.e., decision-rule strategies). This assumption of

path dependent strategies is realistic for the global oil market, since in the real world,

OPEC oil producers may not have sufficient information to base all their decisions on

other producers states every time a decision is taken(see also: Benchekroun et al., 2009).8

8Open loop games are also more analytically and computationally tractable to solve and unlike Markov
perfect games, more often result into unique equilibria. It must be noted that in cases where property
rights are well defined, it has been observed that the deviation between the open-loop and Markov
perfect games is often small and in some cases the solutions coincide (Eswaran and Lewis, 1985; Boyce
and Vojtassak, 2008; Reinganum and Stokey, 1985; Benchekroun and Withagen, 2012).

Open-loop strategies are generally not strongly time consistent, i.e., sub-game perfect. Producers
are therefore required to have a means of credibly committing to their announced set of controls. In
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In section 5.4, we show that in the continuation of collusion from t onwards, the solution

to the OPEC bargaining game is (weakly) time consistent (i.e., provided that no colluding

member deviated from the decision to collude before t, no player will have the incentive

to deviate thereafter) (see e.g., in Haurie, 1976; Zaccour, 2008; Yeung and Petrosyan,

2012, for time consistency in cooperative games).

Formulating the Lagrangian (refer to section 5.A) for the producers problem and tak-

ing derivatives, we get Equation (5.7) as an OPEC producer’s first order optimality con-

dition for production (q).

P (•)
(

1 +
qit

εot · qct

(
1 +

∂qc−it

∂qit

))
= Cqit (•) + µit + νit + κit (5.7)

εot = (εw−εn)
qct

Qt + εn is the demand elasticity that OPEC producers face at t, for εw (< 0)

the global price elasticity of demand9 for oil, εn (> 0) the price elasticity of supply for

non-OPEC oil, and Q, global oil production. Cq is the marginal production cost, while

ν, µ, and κ are the shadow prices on extractable reserves, proven reserves, and capacity,

respectively. While one may object to using
∂qc−it

∂qit
6= 0 in a non-cooperative game, we

reiterate that we are modeling a cooperative game, where
∂qc−it

∂qit
enables us to summarize

the outcome from the market sharing game.

Observe that the first order condition (5.7) represents OPEC producers as price set-

ters who supply global oil demand residual of non-OPEC supply. OPEC producers thus

determine production where marginal revenue is equal to full marginal costs. A similar

first order condition (i.e., a first order condition on q) for producers in the non-OPEC

competitive fringe is obtained when price (not marginal revenue) is equated to the full

marginal costs10.

To introduce coefficients of cooperation, we rewrite Equation (5.7) as:

P (•)
(

1 + ϕit
1

εot
+ (1− ϕit)

qit
εotq

c
t

)
= Cqit (•) + µit + νit + κit (5.8)

where ϕit =
∂qc−it

∂qit
· qit
qc−it

. For any ϕit > 0 share assignments are implied, while ϕit = 0

corresponds to a particular OPEC producer opting out of the cartel arrangement at a

time t, and playing non-cooperatively. Because marginal revenues are equalized across

OPEC producers when ϕit = 1, OPEC producers in this instance follow the same price

the absence of binding agreements, producers strategies are to be at least weakly time consistent (see:
Karp and Newberry, 1993; Groot et al., 2000; Dockner and Neck, 2008, for a detailed discussion on
subgame perfection and time consistency in dynamic games). Weak time consistency requires that if
no producer has reneged on their announced controls in the past, then no producer should have the
incentive, whatsoever, to renege on their future commitments. In dynamic games, weak time consistency
is an acceptable alternative to strong time consistency.

9Since two demand regions are modeled, εw is computed by weighting the demand elasticity of the
two regions, OECD and non-OECD, by their optimal consumption levels.

10This condition is not shown for brevity and since we are primarily interested in OPEC behavior.
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raising rule and share a common market power; this is the perfect cartelization case.11

For most of the ensuing analysis, we shall for simplicity assume ϕi to be identical among

OPEC producers. This will allow us concentrate our analysis on simply trying to under-

stand whether OPEC behavior fits more of a perfect cartel or more of a non-cooperative

oligopoly, and on disentangling the drivers of the observed behavior. Nevertheless, in

section 5.4 we also present the case where OPEC producers have different ϕi in order

to examine how bargaining power may be biased between cartel members. Note from

Equation 5.8, that as long as ϕit = ϕjt < 1, i 6= j; i, j ∈ c, smaller colluding producers

will follow more expansionary production policies because of having more elastic marginal

revenue curves. In the ensuing discussion, we shall drop time and producer indices on ϕit

where no confusion arises.

5.2.3 Additional model attributes

To complete the model, the following are defined:

I. The demand function used in the model is of an isoelastic form: Q = AP εY (η+η1logY ),

where Q is consumption in any single period, A is the autonomous demand, Y is the

Gross Domestic Product (GDP), ε (ε < 0) the elasticity of demand, η (η > 0) the

income elasticity, and η1 (η1 < 0) a coefficient for energy efficiency. For details on

this specification, see Medlock and Soligo (2001). The demand function is separately

calibrated for each of two demand regions ( OECD and non-OECD) modeled.

II. For each oil producer (eighteen in total), the following cost functions are used:

C (q,Φ) = c̄ ∗ q2 ∗
(
α + Φ (1− Φ)

1/β
)

for production costs, C (I) = c̃ ∗ I for in-

vestment costs, and C (x) = ĉ ∗ x2 for finding and development costs. c̄ is the

coefficient used to initialize the producer’s simulated base year production to actual

base year production. Φ tracks the producer’s state of depletion12, and α (α > 0)

and β (β < 0) are the coefficients that set the producer’s initial costs of production

and the speed at which production costs rise with depletion, respectively. c̃ is the

producer’s marginal cost of investment which is also equivalent to the average in-

vestment costs, whereas ĉ is a coefficient used to calibrate the producer’s discovery

costs.

11Equation 5.8 can be derived in equivalence using weights on side payments as in (Cyert and DeGroot,
1973; Geroski et al., 1987; Lofaro, 1999; Symeonidis, 2000). Our choice, however, is as outlined above.
This explicitly reduces the model to one without side payments. Whereas both the side payments and
the market sharing model, for the same ϕit, do give the same production level, profits are higher in the
former because of the revenue transfer scheme (also see: Schmalensee, 1987).

12Φit = Rio+Sio−(Rit+Sit)
Rio+Sio

. Notice that the state of depletion (and hence extraction costs) rises only
when reserves are extracted, not when resources are developed and added to reserves. This expression
expression will rise from 0 to 1, allowing us to introduce into the extraction cost function costs that rise in
increased depletion or cumulative extraction. Note that in our model, the ultimately recoverable resource
base is assumed to be known with certainty.
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5.2.4 Scenarios, data and algorithm

To estimate OPEC gains from cartelization and to investigate the effects of cooperation on

OPEC producers’ profits, the following market structures are formed on the basis that non-

OPEC producers are always acting competitively: (i) Competitive (COM); in this market

OPEC producers supply competitively without any market power. This market is used as

the benchmark against which OPEC’s gains to cartelization are computed. (ii) Oligopoly

(OLI); here OPEC producers act independently (non cooperatively). They influence price

on the basis of their individual market share, i.e. ϕi = 0, ∀i ∈ c. (iii) Imperfect collusion 1

(ICOL1); OPEC producers in this instance partially collude with a low level of cooperation

(ϕi = 0.2, ∀i ∈ c). (iv) Imperfect collusion 2 (ICOL2): in this case, the coefficient of

cooperation is set to a higher level allowing OPEC producers to operate closer to the full

cartel’s marginal revenue curve (ϕi = 0.8, ∀i ∈ c). (v) Perfect collusion (COL); OPEC

producers in this instance operate solely along the cartel’s marginal revenue curve, i.e.,

ϕi = 1, ∀i ∈ c.
Data used in the simulations are as follows. Elasticities are taken from the literature

(Krichene, 2002; Gately and Huntington, 2002; Dahl and Sterner, 1991): long-term OECD

demand and income elasticities are set to -0.7 and 0.56, respectively, whereas non-OECD

demand and income elasticities are set to -0.4 and 0.53, respectively. Non-OPEC’s elas-

ticity of oil supply is set to 0.1(Horn, 2004). For energy efficiency, we set η1 to -0.2 and

-0.1 for OECD and non-OECD respectively. These energy efficiency estimates have been

chosen to correspond with estimates from (Medlock and Soligo, 2001). GDP projections

used are taken from (IIASA, 2009);13 they correspond to the medium growth estimates.

Base year production and proven reserves14 estimates are taken from (BP, 2009; OPEC,

2011), while, remaining resources are computed from USGS (2000a) mean estimates of

ultimately recoverable reserves. Data on production, investment, and exploration costs

are taken from Aguilera et al. (2009b); Brandt (2011); EIA (2011a).15 Following Salant

(1982); Griffin and Xiong (1997); Pindyck (1978a) the same discount rate of 5% is used

for all players; assuming equal discount rates is standard in such analysis.

The model is solved in first differences as a Mixed Complementarity Problem (MCP)

13Because of the long-term nature of our projections, IIASA (2009) series were more suitable because
of their forecast length to 2100. This unlike the projections from the IMF (2011a), that were only up to
2020.

14In order to capture the effects of geological constraints as explained in Okullo et al. (2011), we assume
that all producers have only 50% of their base proven reserves in their developed reserves. The rest is
added back to resources.

15A detailed description of how the production cost function is calibrated for each region is given in
Okullo and Reynès (2011a). Because of difficulty in acquiring investment costs data, the same average
investment costs per barrel of capacity per year is used for all producers in each respective oil resource
category; this data on average investment costs is from Brandt (2011) Table 3.10. The data for exploration
costs is obtained from EIA (2011a) Table 11 where it is given as finding costs. This data is at regional
levels. For any producers that fall in the same region, the same exploration cost profile is assumed.
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using the GAMS PATH complementarity programming solver16 (Ferris and Munson,

2000). For a range of plausible elasticity estimates, the programmed algorithm is first

checked for validity, robustness, and consistency by (i) assigning any two players the same

initial conditions and (ii) altering the order of players in the model. In the first case,

two producers with similar initial conditions are observed to attain the same extraction,

investment, and reserve additions profiles. Then, by changing the order of producers

when solving for the optimized profiles, the algorithm always converges to the same pro-

file for the all producers irrespective of the players order. These exercises confirm the

validity, robustness and consistency of our algorithm. To validate the uniqueness of the

solution, widely diverging initial values are assigned to the decision variables, each time

the algorithm iteratively converges to the same solution.

Although the algorithm is solved for the period 2005 (the base year) to 2100, in

order to minimize distortions to profiles as a result of using a finite (rather than infinite)

planning horizon, the reporting period is limited to 2065. Additionally, to moderate

computational complexity, each model period is set equal to ten years; thus, the model

solves for production every 10th year, starting with the base year. As a caveat, note that

because our model is designed to capture long-term trends, the simulated results cannot

explain short term movements mainly characterized by erratic random-walk like jumps

in the oil price. For example, our model is not intended to explain why crude oil prices

rose from US $55 per barrel in 2005, reached US $150 per barrel in 2008, dramatically

fell to US $ 30 per barrel in 2009, and recently stabilized at about US $80/$90 per barrel,

but rather intends to asses the underlying long-term trend in oil prices (or escalation in

oil extraction costs) under different assumptions about resource depletion, and producer

behavior. However, since output is less erratic than oil prices, our output projections may

be seen as being more consistent with future oil supply.

5.3 Results: gains to cartelization

Figure 5.2 shows the global oil price and oil production profile when OPEC producers are

oligopolies in the residual demand market (OLI). In the initial years, a steadfast increase

in OPEC production is observed; this increase is primarily driven by a strong demand for

oil and declining production in non-OPEC countries. More specifically, Saudi Arabia is

seen to initially follow an expansionary production policy: it increases production from

about 10.8 mbd in 2005 to 14.8 mbd in 2035. However, due to geophysical17 constraints

and a slower growth in global oil demand18, its production declines to 13.2 mbd in 2065.

16The optimality (first order and transversality) conditions used to implement the model’s algorithm
are given in section 5.A

17Geophysical refers to the interaction of geological and capacity constraints.
18 A declining global oil intensity leads to a slower growth in global oil demand
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Figure 5.2: Global crude oil production profile and global crude oil prices, 2005 to 2065.

Other OPEC producers are seen to follow an even more expansionary policy as compared

to Saudi Arabia: by 2035 (other OPEC peak year), their production is observed to increase

by 10 mbd relative to 2005 levels before declining by 3.3 mbd to a production level of

30.7 mbd in 2065, due to the impacts of geophysical restrictions and resource limitation

in smaller countries such as Algeria and Libya. Production in non-OPEC countries, but

the Former Soviet Union, Brazil, and the group Rest of the World, monotonically declines

from its 2005 levels due to geophysical constraints and resource limitations.
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Figure 5.3: The difference in production, and price, between the full collusion (COL) and
oligopoly (OLI) scenarios.

Compared to the oligopoly outcome, the impacts of OPEC collusion are substantial

on the oil market. We see from Figure 5.3 that perfect cartelization (full collusion) by

OPEC leads to significant reductions in output by Saudi Arabia, but even more for the

other OPEC countries. These reductions engender an increase in oil prices which in turn

induces non-OPEC countries to increase their production. Nevertheless, because non-
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OPEC countries have meager resources, the cuts by OPEC countries more than outweigh

their increase in production, ultimately leading to substantially higher prices in the OPEC

full collusion outcome as compared to the OPEC oligopoly outcome. Indeed, the oil price

in the COL outcome is 9 dollars higher than OLI prices in 2005 and close to 93 dollars

higher in 2065.

5.3.1 Incentives for perfect collusion

Table 5.1: OPEC and non-OPEC Net Present Values (NPV) in 2005 trillion US$ and
resource extraction under alternative scenarios of OPEC cohesion.*

COM OLI COL

NPVs (Tn. $) Total 28.69 31.14 (9%) 41.37 (44%)

OPEC 14.86 16.15 (9%) 18.61 (25 %)

non-OPEC 13.83 14.98 (8%) 22.76 (65 %)

Cum. Extraction (bbls) Total 1838.67 1783.20 1510.72

OPEC share 58% 56% 40%

*In brackets is the percentage increase in OLI, COL relative to COM

The reductions that OPEC makes to its extraction bring positive gains to the cartel.

As Table 5.1 shows, full cartelization increases OPEC gains by 25% relative to the compet-

itive outcome. This gain of 25% is in line with estimates by Griffin and Xiong (1997); Berg

et al. (1997). A possible explanation for this congruence, despite the higher prices that

are observed in the oil market nowadays is that an increase in extraction, development,

and exploration costs may have limited the increase in OPEC gains. Indeed, Energy In-

formation Administration data indicates that over the period 1999 to 2007, average crude

oil lifting costs (and finding costs) increased steadily to nearly double (respectively, triple)

levels (EIA, 2011a). More importantly, however, by comparing OPEC’s full cartelization

gains of 25% to the 9% that is obtained if the cartel is simply an oligopoly, it is apparent

that OPEC members have strong incentives to collude.

OPECs cooperation generates substantial benefits for non-OPEC producers. Table 5.1

shows that non-OPEC producers increase their profits by 65% compared to the case were

the cartel acts competitively. This increase in non-OPEC oil wealth indicates the challenge

that OPEC faces in the real world. That is, although collusion allows OPEC to increase

its gains, the fact that they also increase non-OPEC gains could entice some members

to renege on their production agreements so as to retain some of the benefits that would

otherwise go to non-OPEC producers. This tendency, has in the literature been referred

to as cheating and is thoroughly investigated by Griffin and Xiong (1997). In this paper,
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we argue that this issue is broader than cheating alone, and that it influences OPEC’s

actual structure: OPEC will be enticed to structure itself as an imperfect cartel, instead of

a perfect cartel, so as to reap more gains from collusion. This explanation is particularly

credible since recent econometric evidence (Smith, 2005; Kaufmann et al., 2008) indicates

that OPEC fits neither oligopoly nor cartel models. We investigate this issue next.

5.3.2 Incentives for partial collusion

Table 5.2: OPEC members’ and Non-OPEC Net Present Values (NPV) in 2005 trillion
US$ under alternative scenarios of OPEC cohesion

Percentage gain relative to COM

COM ICOL1 ICOL2 COL

Algeria 0.50 23% 45% 44%

Angola 0.38 23% 47% 45%

Iran 1.86 19% 26% 22%

Iraq 0.88 20% 21% 14%

Kuwait 1.16 21% 27% 22%

Libya 0.67 23% 35% 30%

Nigeria 0.87 22% 35% 31%

Qatar 0.42 23% 31% 25%

Saudi Arabia 5.21 10% 20% 23%

United Arab Emirates 1.15 21% 27% 22%

Venezuela 1.76 21% 33% 30%

Total OPEC 14.86 17% 27% 25%

Non-OPEC 13.83 18% 53% 65%

Table 5.2 shows OPEC’s net present values, by producer, in the competitive (COM)

outcome — the case in which the OPEC cartel is dissolved and its members have no

influence on price at all — and the percentage increase in gains when collusion is at

ϕ = 0.2 (ICOL1), ϕ = 0.8 (ICOL2), and ϕ = 1 (COL). Notably, by moving from COM to

ICOL1, all OPEC producers gain, and in turn the cartel. Moving even further to ICOL2,

all members still gain and so does the cartel. But on moving further to COL, all OPEC

members, with the exception of Saudi Arabia (indicated in bold), loose relative to the

ICOL2 outcome. Because of these general losses, the cartel as a whole looses.

What these observations indicate is that heterogeneity19 within the OPEC cartel

19Note that heterogeneity between producers in our model is captured through reserve and resource
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greatly influences the benefits OPEC members individually earn from cooperation, which

then influences OPEC’s likely choice for ϕ. Clearly, members collectively gain over a

part of the cooperation values. As the sacrifices from cooperation become greater to

some members, however, these members start to loose. Considering that OPEC quotas

are determined through negotiation, it is more logical that OPEC producers would settle

for ICOL2, instead of COL; first, since more members gain, and second, because for the

parameterized supply and demand elasticities, the cartel as a whole gains by staying at

ICOL2. This suggests that OPEC will not necessarily assign quotas so as to equalize

marginal revenues (as a perfect cartel would do), but will inherently recognize differences

in marginal revenues curves between members when assigning quotas. This is in fact a

plausible reason why econometric testing for OPEC behavior as a perfect cartel has been

in vain.

In support of the notion that members could find it hard to commit to a full cooperation

outcome, we also see from Table 5.2 that the existence of the non-OPEC fringe, and of

course their level of oil supply, further limits the gains that OPEC producers attain from

increased cooperation. To allow for higher profits, the cartel members have to cut their

production far below the level that the fringe can offset; this is the only way OPEC can

induce high prices in the oil market. The more OPEC cuts production, however, the more

profitable it becomes for the fringe to increase production. Indeed, by OPEC moving from

ICOL1 to ICOL2, then to COL, non-OPEC becomes the bigger beneficiary. Why would

OPEC attempt stronger collusion when in effect most of the gains are being eaten away

by non-OPEC countries? Instead, OPEC will most likely choose a level of cooperation

lower than that implied by COL, so as to crowd out more of non-OPEC’s price-dependent

production and retain relatively more profit for its members. Simply put, OPEC will

assign quotas not as a perfect cartel, but instead as an imperfect cartel, especially since

there are no side payment mechanisms in OPEC. Next, we show that OPEC’s optimal

cooperation level (choice for ϕ) will be substantially influenced by demand elasticity in

the oil market.

5.3.3 Changes in demand elasticity

The impact of changes in demand elasticity are not investigated in the studies of Griffin

and Xiong (1997) and Berg et al. (1997). Yet, as Dahl and Sterner’s survey on elasticities

indicates, the uncertainty about demand elasticities is rather large. Therefore, to see

how OPEC’s gains might be influenced if elasticities are incorrectly specified, we double20

endowments, production level, initial level of marginal costs, and steepness of marginal costs as reserves
and resources get increasingly depleted.

20Other than doubling, we can halve these long-run elasticities. Using an isoleastic demand curve in
Equation 5.8 combined with OPECs market share, however, constrains from using combinations of OECD
and non-OECD elasticities that yield a consumption weighted elasticity of absolute value lower than 0.42,
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demand elasticities for OECD and non-OECD to -1.4 and -0.8, respectively. This is

equivalent to availing consumers with more substitutes to which they can easily turn to

for a unit increment in the oil price, and implies that the price path obtained using these

larger elasticities should be lower than that implied by the reference elasticities. The

impact of these new elasticities on net present values is reported in Table 5.3.

Table 5.3: OPEC members’ and non-OPEC Net Present Values (NPV) in 2005 trillion
US$ under alternative scenarios about OPEC cohesion, doubled demand elasticities case.

Percentage gain relative to COM

COM ICOL1 ICOL2 COL

Algeria 0.42 9% 19% 20%

Angola 0.32 9% 19% 20%

Iran 1.41 7% 11% 10%

Iraq 0.67 7% 9% 7%

Kuwait 0.89 7% 11% 10%

Libya 0.54 8% 14% 14%

Nigeria 0.70 8% 14% 14%

Qatar 0.33 8% 13% 12%

Saudi Arabia 3.80 5% 9% 10%

United Arab Emirates 0.88 7% 11% 10%

Venezuela 1.38 8% 13% 13%

Total OPEC 11.34 6% 11% 11%

Non-OPEC 11.77 6% 15% 19%

We see that with larger (absolute) demand elasticities, more OPEC producers benefit

from full collusion than with lower (absolute) demand elasticities. As indicated by the

producers in bold, the number of OPEC members who would favor (or become indifferent

about) full collusion now increases from one to six. The cartel as a whole marginally

gains by moving from ICOL2 (11.32%) to COL (11.36%). Under the threat of ready

substitutes, therefore, the model indicates that OPEC producers are more likely to adapt

if we are to obtain solutions to the OPEC perfect cartelization problem. The behavioral effects of knowing
what happens when absolute elasticity is lower can nonetheless be observed by comparing the results in
the doubled elasticity case to the results in the reference elasticities case. As regards to the profits that
the perfect cartel may earn relative to the competition outcome, we know that the lower the elasticity,
the higher the percentage gains from perfect collusion since the market approaches limit pricing. Though
limit pricing as argued by de Sa et al. (2012) could be relevant for OPEC, for computational and practical
reasons the approach is not considered here. And although using a linear demand function can allow us
to use lower elasticities, its price elasticity of demand can change with price in a manner that may not
be reflective of future market conditions, thus limiting its use for long-term analysis such as ours.

95



a more cooperative outcome. Nonetheless, since half of the cartel still looses by moving

from ICOL2 to COL, it follows that even under these circumstances of larger (absolute)

elasticities, full cooperation will not be the naturally prevailing strategy.

Increasing the elasticity of supply of non-OPEC oil from 0.1 to 0.4 also makes the

elasticity of demand for OPEC oil more elastic. For base year production shares, this

is equivalent to increasing elasticity of demand for OPEC oil from -1.51 to -1.92. We

test the implications of these changes; we rerun the simulations with the reference OECD

and non-OECD demand elasticities, but increase the supply elasticity for non-OPEC oil

as indicated. We find that the cartel as a whole increases gains by moving from ICOL2

(26%) to COL (27%). Individually, the same members that do not loose from full collusion

in Table 5.3, are also found not loose in this instance. Moreover, Iran is now included

in this group, bringing the number of members who could favor (or become indifferent

about) full collusion to seven. Given that four out of the eleven OPEC members still loose

from full collusion, we still reach the same conclusion: full cooperation will not naturally

follow as the prevailing strategy.

The mechanism through which OPEC members become more indifferent about full

cooperation, for an increasingly elastic demand curve, is as follows. The large (absolute)

demand elasticities induce a more elastic marginal revenue curve. This causes the cartel

to increase production leading to lower prices. The low prices more than crowd out non-

OPEC production, allowing OPEC producers to capture relatively more revenue from the

oil market. Crowding out non-OPEC production is therefore a key mechanism through

which OPEC can increase its gains.

Of the past studies on OPEC cartelization — Griffin and Xiong (1997); Berg et al.

(1997); Pindyck (1978a) — no study highlights the possibility for the elasticity of demand

to influence OPEC cooperation in this manner. The reason for this is that OPEC collusion

is often modeled at aggregate levels; moreover, as in the case of Griffin and Xiong (1997),

no sensitivity analysis is carried out on demand elasticities; such changes in profitability

are therefore not envisaged. The way in which elasticity influences cooperation does not

only apply to OPEC or to the case of a non-renewable resource, but is a general result

(see in: section 5.C for an an analytical proof using a simplified model). Although lower

(absolute) elasticities imply high profits due to the higher prices they induce, they do not

necessarily imply more collusive behavior. In fact, our results indicate that cartel members

will collude more strongly when facing more elastic demand curves. In the literature on

industrial organization, it has been shown that size of the cartel versus that of the fringe

(Salant et al., 1983), and the number of members in the cartel (Lofaro, 1999, and the

references therein) will influence the ability to collude. No study that we are aware of

indicates how demand elasticity influences collusion.

96



5.4 Endogenous cartelization

In the preceding section, we relied upon exogenous changes in ϕ to understand how co-

operation influences OPEC gains and how non-OPEC gains change for different levels of

OPEC cooperation. Two major conclusions were drawn, (i) that there is a strong in-

centive for OPEC to structure itself as an imperfect cartel, and (ii) the more elastic the

demand curve, the more likely OPEC is to act more cooperatively. In this section, we

expand on these results with an endogenous coefficient of cooperation. Endogenizing ϕ

is a necessary step for understanding how OPEC producers might actually reach deci-

sions on cooperation, and whether this level of cooperation implies perfect or imperfect

cartelization. Put differently, endogenizing ϕ enables us to assess how cooperating OPEC

producers’ will select ϕ, on their relevant profitability frontiers. In what follows, we first

describe the methodology used to endogenize ϕ, then present the simulation results.

5.4.1 Methodology

We use the Nash bargaining solution (Nash, 1950, 1953) to select ϕit.
21 For brevity, we

describe the set up of the model only in the case where ϕit is identical across OPEC

producers, i.e., ϕit = ϕjt, ∀i 6= j; i, j ∈ c, but later present results for both the case where

ϕi is constrained to be identical and when it is allowed to differ. OPEC producers bargain

over ϕ to find the agreeable cooperation level. Mathematically, the Nash bargaining

problem for the cartel is (see section 5.B for a full description of the model):

max{ϕ}z =
∏
i∈c

(πi (ϕ)− πi (ϕ = 0)) (5.9)

s.t.

πi (ϕ) ∈ Ω, ϕ ∈ [0, 1] (5.10)

OPEC producers select the level of ϕ that maximizes the product of the difference be-

tween their bargaining and disagreement gains, subject to the constraint that gains from

cooperation belong to the compact set of equilibrium strategies Ω. In our model, the

disagreement gains are given by ϕ = 0, which is the Cournot-Nash solution. The set of

strategies over which OPEC producers bargain lie between, and include, the Cournot-Nash

solution and the perfect cartelization (ϕ = 1) solution22.

21Other solutions concepts such as the Kalai and Smorodinsky (1975) and the equal gains Roth (1985)
solution may be used. Nash (1950) is chosen because of its commonality, and tractability. We expect
that with alternative solution concepts, the values of ϕ may diverge from those of the Nash solution. The
major conclusion on the structure of cooperation are, however, expected to remain. This is especially
true since the Nash (1950) solution can also imply an equal gains solution (Zaccour, 2008).

22Note that individual members’ external attributes such as differences in GDP, population, income,
external debt, and dependence on oil exports are influential in OPECs actual bargaining process. These
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OPEC producers select the levels of ϕ that maximizes the product of the difference

between their bargaining and disagreement gains, subject to the constraint that gains

from cooperation belong to the compact set of equilibrium strategies Ω. In our model, the

disagreement gains are given by ϕ = 0, which is the Cournot-Nash solution. The set of

strategies over which OPEC producers bargain lie between, and include, the Cournot-Nash

solution and the perfect cartelization (ϕ = 1) solution23.

Because problem (5.9)-(5.10) contains an objective that is maximized subject to equi-

librium constraints, it is modeled as a Mathematical Program with Equilibrium Con-

straints (MPEC) (Ferris et al., 2005). More specifically, as a bi-level game. The rule of

the game is as follows. When ϕ has been chosen by OPEC producers through the bargain-

ing process, enforceable agreements are implied and the time path for ϕ is announced —

this corresponds to the upper level of the game. Both OPEC and non-OPEC producers

then make their independent production, investment, and reserve development decisions

taking the time path for ϕ as given — this corresponds to the lower level of the game.

Thus, in the upper level of the game, OPEC producers merely decide on how to coop-

erate, whereas in the lower level actual production, investment, and reserve development

decisions are made. As mentioned earlier, we specify an open-loop information structure

for the strategic OPEC producers. Open-loop information requires that prior to pursu-

ing their time path of actions, each OPEC producer must announce its strategy in the

initial period as a function of time and the initial state of the game alone so as to allow

other producers to choose their best replies. Such announcements are required to be time

consistent when credibly binding agreements might not be achievable. In our proposed

model with endogenous OPEC bargaining, three aspects ensure time consistency.

Firstly, it is important that the OPEC cooperation is self-enforcing and hence (weakly)

time consistent.24 Following the definition of time consistency for cooperative games

(Zaccour, 2008), in subsection 5.B.1, we show that once OPEC producers have selected,

ϕ then no member will have the incentive to deviate from the cooperative agreement in

any subgame of the original game since each member always earns at least their non-

can be introduced using exogenous bargaining weights. We, however, exclude these for simplicity and
thus assume that all members have equal bargaining weights ex ante. Alternatively these attributes can
be endogenized into the model. Such a task is, however, beyond the scope of the current chapter/thesis.

23Note that individual members’ external attributes such as differences in GDP, population, income,
external debt, and dependence on oil exports are influential in OPECs actual bargaining process. These
can be introduced using exogenous bargaining weights. We, however, exclude these for simplicity and
thus assume that all members have equal bargaining weights ex ante. Alternatively these attributes can
be endogenized into the model. Such a task is, however, beyond the scope of the current article.

24As defined in Zaccour (2008), time consistency for open loop cooperative games requires that no
cooperating member may have the incentive to renege on the cooperation arrangement, in any subgame
of the original cooperation game. That is, at all points in time, a cooperating member should earn at
least their non-cooperative gains in any ensuing subgame. This is unlike for non-cooperative games where
it is defined in terms of no player having the incentive to deviate from their announced path of actions
in any subgame of the original game (Karp and Newberry, 1993).
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cooperative profits in every subgame25. Secondly, we look at uncontrollability (Xie, 1997)

between the OPEC cooperation game and non-OPEC control choices. Because the control

variable ϕ does not enter into the non-OPEC producers’ first order necessary conditions,

the decisions made at the upper level only influence lower level OPEC decisions. Non-

OPEC producers choices are thus said to be uncontrollable by the bargaining OPEC

producers (Bacchiega et al., 2010; Cellini et al., 2005; Xie, 1997). Uncontrollability helps

induce time consistency by ensuring that the negotiating OPEC producers are not in

position to make profitable re-optimizations at a later instant, against the competitive

non-OPEC fringe, by reneging initial plans and re-announcing a new time path for ϕ.

The third aspect, which is also about uncontrollability, concerns only the lower level

game. Because of simultaneous play and since each producer (OPEC or non-OPEC)

independently selects their best course of action taking as given the actions of the other

producers, best reply strategies are obtained, ensuring that this lower level game is time

consistent. By confirming time consistency for the three unique games that when put

together make up the whole game of the proposed model, we conclude that the entire

model (and its ensuing game) generates time consistent solutions.

Regarding the existence and uniqueness of the solution to problem (5.9)-(5.10), by

Nash (1950), we know that if the strategy space Ω is compact, then, there exists a solution

to the problem (5.9)-(5.10), and if Ω is also convex, then the solution is unique. In our

case Ω is compact, thus a Nash bargaining solution exists. For large models, such as ours

uniqueness of the solution is, however, difficult to analytically verify, numerical solutions

are therefore used to investigate the nature of equilibrium that is reached26. Verification

is done by solving (5.9)-(5.10) several times, each time using diverging starting values of

ϕ. For each solve, the algorithm is found to converge to the same unique time path for ϕ

(including other decision variables). This confirms that the solution is possibly a global

optimum and plausibly unique.

Compared to related Nash bargaining models, e.g., Harrington et al. (2005) and Hny-

ilicza and Pindyck. (1976);27 the novelty of our proposed approach lies in the fact that

the negotiating producers choose only their level of cooperation in the upper level of the

game, whereas production, investment and reserve development decisions are chosen in

the lower level of the game.

25Note that bargaining and disagreement profits-to-go in any subgame (i.e. the bargaining and dis-
agreement profits in the prevailing subgame) are both computed starting at the terminating optimal
collective trajectory of the preceding subgame (Zaccour, 2008). This is important to point as one might
tempted to compute disagreement profits-to-go on the basis of terminating trajectories of the preceding
non-cooperative subgame game, which is not correct.

26GAMS NLPEC, with CONOPT 3 as the subsolver is used for the numerical analysis
27In Harrington et al. (2005), negotiating producers choose production in both the upper and lower

stages of the game, whereas in Hnyilicza and Pindyck. (1976) a coefficient that optimally allocates demand
in a two-block cartel is chosen in the upper level and production in the lower level.
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5.4.2 Results

We first compare three equilibrium strategies for OPEC: (i) Cournot-Nash oligopoly

(ϕ = 0), (ii) Nash bargaining with an optimal and identical ϕ, (ϕ = Optimal & Identical),

and (iii) monopoly (ϕ = 1). We label these, oligopoly (OLI), imperfect cartelization (IC),

and perfect cartelization (PC). The results presented are such that each model is initial-

ized to the base year production data. This, as indicated in subsection 5.2.3 is done by

recalibrating the coefficient c̄ in the producers cost function. Because of recalibrating

the cost functions, net present values here are not a good indicator of the incentive to

cooperate, but ϕ from the Nash bargaining solution is. The ensuing analysis is therefore

not concerned with effects of the level of cooperation on OPEC producers profit, but

rather on how the projected equilibrium for global oil production with optimal coopera-

tion coefficients differs from the traditional Cournot and perfect cartelization equilibria .
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Figure 5.4: Global crude oil prices, 2005 to 2065, in three states of OPEC cartelization:
oligopoly (OLI), imperfect cartelization (IC), and perfect cartelization (PC),.

Figure 5.4 shows the global crude oil price in the three scenarios of OPEC cartelization.

As expected, the price in the perfect collusion (PC) scenario is higher than the price in

the oligopoly (OL) scenario, and the price path implied by the Nash bargaining solution,

IC, lies in between these two extremes. Of the three structures, the Nash bargaining

solution is the only one that gives rise to OPEC’s optimal market structure. Clearly, such

a structure neither implies prices that are as high as perfect cartelization requires, nor

as low as oligopolistic behavior implies. OPEC is best served by a midway strategy: one

that involves cooperation, but not to full levels.

The coefficients of cooperation resulting from OPEC’s optimal strategy, IC, are shown

in Figure 5.5. We see that in the base year, cooperation is at its highest level (at 0.9), it

then reduces gradually, bottoming out at 0.72 in the 2035 to 2055 period before slightly
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Figure 5.5: Optimal OPEC cooperation levels, 2005 to 2065.

rising to 0.74 in 2065.28 This path tells two stories that are in contrast to what is captured

in traditional models. First, that OPEC’s strategies — i.e., the extent to which OPEC

producers coordinate their production levels — cannot be treated as constant over time,

and second, that these strategies are plausibly highly collusive, but insufficient to classify

OPEC as a perfect cartel. To check the robustness of our results, we reran the model

with doubled demand elasticities, we basically obtain nearly the same time path as in

Figure 5.5, but with higher levels of cooperation — the cooperation coefficient is at 1.00

in 2005 and 2015, falling to 0.819 in 2045, slightly rising to 0.823 in 2055 and then falling

to 0.813. This confirms that under a wide range of elasticities, OPEC will still prefer

imperfect to perfect collusion, and, as earlier indicated, that OPEC is likely to attain

higher levels of cooperation when its residual demand curve is more elastic.29

IC has clear benefits: it accrues relatively more of the gains from cooperation to OPEC

than to non-OPEC. To see this, we compare relative differences in OPEC and non-OPEC

net present values for the IC and PC structures. When OPEC acts as a perfect cartel (PC

scenario), it earns US$ 22.48 trillion, and when it acts an imperfect cartel (IC scenario), it

earns US$ 22.45 trillion. The relative difference between these gains is 0.1%. By contrast,

non-OPEC earns US$ 18.52 trillion in the PC structure and US$ 16.75 trillion in the IC

structure, a relative difference of 9.5%. Clearly, non-OPEC looses the most from OPEC’s

choice to imperfectly cartelize (follow the IC scenario) rather than to act as a perfect

28Running the model without the geological constraint, γRit ≥ qit, from Equation (6.5) generates a
time path for cooperation that starts at 0.901 and remains more or less flat before declining slightly
towards the end of the reporting period. Note that although this changes the overall time path of the
cooperation coefficient, it does not change the key implications about OPEC cooperation.

29Running the model without the geological constraint, γRit ≥ qit, from Equation (6.5) generates a
time path for cooperation that starts at 0.901 and remains more or less flat before declining slightly
towards the end of the reporting period. Note that although this changes the overall time path of the
cooperation coefficient, it does not change the key implications about OPEC cooperation. I.e.. that
OPEC is plausibly an imperfect cartel, and that OPECs cooperation levels will vary from time to time.
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cartel. This allows OPEC to accrue relatively more gains to itself, from its attempts at

cooperation.
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Figure 5.6: Difference in production for IC relative to OLI (IC less OLI), and PC relative
to OLI (PC less OLI), 2015 to 2065.

Figure 5.6 shows by how much OPEC (resp. non-OPEC) production decreases (resp.

increases) when OPEC acts as an imperfect cartel, and also when OPEC acts as a perfect

cartel, both relative to the OLI outcome. In the PC scenario, OPEC reduces its production

by nearly twice as much, as compared to the IC scenario. This intensive decrease in

production by OPEC, however, as indicated by the 0.1% gain in profits (refer to previous

paragraph), does not pay OPEC much. So rather than increase profits through further

cuts in production, OPEC finds it more suitable to supply more so as to ensure that every

member is Pareto indifferent about cooperation. The increased level of supply, more than

crowds out non-OPEC production allowing OPEC to receive an even larger share of gains

in the oil market.

So far we have restricted our attention to the case where ϕ is identical amongst OPEC

producers. What happens when OPEC members can bargain over different values of

ϕ? Our results indicate that the difference in the production profiles for most produc-

ers is marginal (not shown for brevity), and the difference in the price profile moder-

ate (see: Table 5.4 in section 5.D). Concerning the coefficient of cooperation, we see

in Table 5.4 that it is optimal for smaller OPEC producers (e.g., Qatar, Angola, Alge-

ria) to behave less collusively as compared to the larger producers (e.g., Saudi Arabia,

Iran, Venezuela, Kuwait). This allows smaller producers to follow an even more more ex-

pansionary production approach, increasing their production while the larger producers

holdback. This observation is particularly interesting. It indicates that during the negoti-

ation process, the power to acquire larger than proportionate production shares is biased

towards smaller OPEC producers. Empirical support for such behavior within cartels is
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reported in Libecap (1989); Griffin and Xiong (1997).

5.5 Discussion

The question of whether OPEC is an effective cartel or not has been the subject of several

econometric studies. Unfortunately, no consistent answer has arisen from these exercises.

Moreover, of the few numerical simulation studies that have been used to study OPEC,

none investigates the likely structure of OPEC at a level of detail that sheds light on

individual members optimal strategies. In fact, the only study that comes close is that of

Griffin and Xiong (1997). The authors’ focus, however, is on OPEC members’ incentive

to cheat and not OPEC’s market structure itself. In this chapter, we have tried to answer

the question of what OPEC’s preferred market structure is, using a tractable empirically

calibrated numerical model. Of course, true OPEC behavior is influenced by several

political and economic uncertainties that are difficult incorporate in simulation models

such as ours. Nonetheless, this should not prevent us from trying to understand OPEC

behavior on the basis of the best available data. Our results overwhelmingly lead us to

conclude that OPEC is a cartel that is characterized by imperfect collusion. In the words

of Adelman (2002), OPEC is clumsy cartel or in the words of Smith (2005) a bureaucratic

syndicate.

As our results indicate, imperfect collusion arises because the cartel has to balance

both internal and external interests. Balancing internal interests means that the cartel

has to assign quotas in a manner that would not cause some members to exit the arrange-

ment. This as indicated requires giving larger production quotas than would be implied

by effective collusion, more especially to smaller producers. To balance external interests,

OPEC has to ensure that its production is large enough so as to crowd out non-OPEC

supply that thrives under situations of high prices. As was seen, effective collusion gen-

erates high prices. To achieve these prices, OPEC must cut output far beyond levels the

fringe can offset; this increases the cartels gains. Nonetheless, because non-OPEC pro-

duction also thrives under situations of high prices, perfect collusion of OPEC plausibly

benefits the non-OPEC fringe more than it does OPEC. The optimal and most plausible

strategy for OPEC therefore, is one of keeping prices fairly low so as to discourage pro-

duction, investment in capacity, and exploration in non-OPEC countries, but still high

enough to provide positive benefits to members from collusion. This strategy is captured

in the imperfect cartelization arrangement.

Effects of changes in the discount rate, income elasticity, changes in the growth rate

of GDP, and energy efficiency on OPEC cooperation were investigated. These do not

affect our conclusion that OPEC is an imperfect cartel, they nonetheless influence the

time path of the cooperation coefficient. A higher (lower) discount rate leads to lower
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(higher) cooperation levels, a higher (lower) level of income elasticity leads to a higher

(lower) level of cooperation, a faster (slower) GDP growth rate implies higher (lower)

levels of cooperation, and finally a higher (lower) level of energy efficiency results in lower

(higher) levels of cooperation. Results are also checked for robustness by assuming that

the coefficients, c̃ and ĉ, on marginal exploration and marginal investments30 are both

50% lower (higher) than used in the main simulations. Our conclusions about OPEC

being an imperfect cartel are upheld. The effects of on the cooperation level, however,

are ambiguous.

Given the above results, an important contribution of this chapter is the development

of a tractable model that can be used to study cartelization in cases where there is

imperfect collusion between parties. Summarized in our coefficient of cooperation is the

extent to which cooperating producers wish to engage in a collusive arrangement. The

coefficient captures the notion that every collusive arrangement does not always to have

to be perfect. In the case of cartels like OPEC — as we show — imperfectly collusive

arrangements may be beneficial to members, especially since outright competition would

be devastating, and full cooperation infeasible because of the widely divergent attributes

of the members and lack of a transfer payments mechanism.. Some extensions that can be

made to the work pursued in here include (i) endogenizing cartel formation, (ii) extending

the theoretical framework to games with subgame perfect strategies, and (iii) extending

the current model to account for the influence of macroeconomic differences during OPECs

negotiation (quota allocation) process.

In the next chapter, the current model is extended so as to account for synthetic crude

oils: oil shale, coal to liquids, and gas to liquids. Biofuels are also introduced into the

model. The extended model is then used to examine whether the recently announced

EU and US 2020/2022 biofuel mandating targets might induce a green paradox as has

been suggested by Sinn (2008), and if so, assess the quantitative significance of this green

paradox. Additionally, the model is used to assess the impacts that the global peak in

conventional crude oil production might have on unconventional crude oil as compared to

biofuel production. This is done in order to determine whether mandating policy might

in fact be required to help curb the extraction of unconventional crude oil, while at the

same time incentivising the production of biofuels (the clean fuel). The chapter concludes

by contrasting the green paradox results to the implications of peak oil so to determine

the overall usefulness of the EU/US 2020/2022 mandating schemes.

30c̄ the coefficient on marginal production costs is not exogenously varied since it is use is for calibrating
the model to base year (i.e., 2005) production levels.
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5.A Necessary and transversality conditions of the

defined open-loop oligopoly game

The Lagrangian to the problem (3.1)-(3.4) is:

Lit = P (Yt, Qt) qit − C (qit, Rit)− C (Iit)− C (xit) + νit (xit − qit)

+ χit (Iit − ψ ·Kit)− λitxit + µit (γRit − qit)

+ κit (Kit − qit) + ξit (bKit − Iit + d ·Kit)

In the above definition of the Lagrangian, the non-negativity constraints are excluded as

these make no difference in our simulation algorithm. The necessary and transversality

conditions for the game are obtained as :

dL
dq
≡ P (Yt, Qt) + qit

∂P (Yt, Qt)

∂qt
− Cq (qit, Rt)− νit − µit − κit = 0 (5.11)

dL
dI
≡ −CI (Iit) + χit − ξit = 0 (5.12)

dL
dx
≡ −Cx (xit) + νit − λit = 0 (5.13)

ν̇it = δ · νit + CR (qit, Rit)− γ · µit (5.14)

χ̇it = (δ + d) · χit − κit − ξit · (b+ d) (5.15)

λ̇it = δ · λit (5.16)

µit (γRit − qit) = 0; µit ≥ 0, (γRit − qit) ≥ 0 (5.17)

κit (Kit − qit) = 0; κit ≥ 0, (Kit − qit) ≥ 0 (5.18)

ξit (bKit − Iit + ψ ·Kit) = 0; ξit ≥ 0; (bKit − Iit + ψ ·Kit) ≥ 0 (5.19)

including Equations (3.2)-(6.4) (5.20)

lim
t→∞

e−δtλit ≥ 0, lim
t→∞

e−δtλitSit = 0 (5.21)

lim
t→∞

e−δtνit ≥ 0, lim
t→∞

e−δtνitRit = 0 (5.22)

lim
t→∞

e−δtχit ≥ 0, lim
t→∞

e−δtχitKit = 0 (5.23)

By carefully selecting functional forms, we can ensure the concavity of the Lagrangian

and hence the existence of a solution for the defined game (Léonard and Long, 1992, pp.

210-214, 288-289). Note that for OPEC producers, Pq (Yt, Qt) qit, can be manipulated

further to get the coefficients of cooperation, allowing Equation (5.11) to be expressed as

Equation (5.8). For non-OPEC producers, Pq (Yt, Qt) qit = 0.
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5.B Full description of the defined OPEC open-loop

Nash bargaining game

The Nash bargaining game defined in Equations (5.9)-(5.10) can now be explicitly written

as:

max{ϕ}log (z) = log

(∏
i∈c

(πi (ϕ)− πi (ϕ = 0))

)
(5.24)

s.t.

Equation (5.8), (5.12)-(5.23) for both OPEC and non-OPEC (5.25)

πi (ϕ)=
∫ t=∞
t=0

(P (Yt, Qt) qit − Ci (•)) e−δtdt (5.26)

πi (ϕ) ≥ πi (ϕ = 0) , 1 ≥ ϕ ≥ 0 (5.27)

In addition to the first order conditions to be derived for this defined bi-level game, we

also have to impose the following e−δtζtνt → 0, e−δtθtχt → 0, e−δt%tλt → 0 transversality

conditions on selected adjoint variables (Xie, 1997). ζt, θt and %t are shadow prices on the

respective lower level co-state variables, turned state variables in the upper level game.

In our case, we numerically solve the defined bi-level model using the GAMS CONOPT

solver.

5.B.1 Time consistency of the OPEC bargaining problem

Haurie (1976) was the first to precisely state the condition that must hold if the Nash

bargaining problem for dynamic games is to be time consistent. His stability condition

(or optimality principle) for open loop games requires no bargaining producer to have the

incentive to renege on a bargaining agreement, in any subgame of the original open-loop

game. In what follows, we show that our defined cooperation game satisfies Haurie’s

stability condition. We prove the result for the case where ϕ is not constrained to be

strictly identical across producers.31 Nevertheless, the exercise straightforwardly applies

to the case of strictly identical ϕ.

We proceed using the normal form set up of the bargaining problem as in Haurie

(1976), and for convenience assume that all payoffs are discounted a priori. Suppose that

any player considers departing from the initially agreed arrangement at some t ∈ [t0, tf ],

and thus obtains the payoff

31See Zaccour (2008) for a proof that admits side payments between players in order to ensure stability
for Nash bargaining games in general.
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πit ,
∫ t

t0

π̃i (x̃
∗
it, ϕ

∗
it) dt+ π̂i (ϕit = 0, x̃∗it) (5.28)

where x̃∗it represents the vector of terminating paths, for the set of state variables, as

generated by ϕ∗it the vector of the optimal cooperation coefficients that sustained the

bargaining equilibrium up until t. Haurie (1976) states that time inconsistency arises

when for some t ∈ (t0, tf )

πit >

∫ tf

t0

π̃i (x̃
∗
it, ϕ

∗
it) dt (5.29)

We now show using a proof by contradiction that for our defined game, time inconsis-

tency does not arise.

Note that Equation 5.29 can be re-written as:

πit >

∫ t

t0

π̃i (x̃
∗
it, ϕ

∗
it) dt+

∫ tf

t

π̃i (x̃
∗
it, ϕ

∗
it) dt (5.30)

Comparing Equation 5.30 to Equation 5.28, we have that

π̂i (ϕit = 0, x̃∗it) >

∫ tf

t

π̃it (x̃∗it, ϕ
∗
it) dt (5.31)

By virtue of cooperation, and since the bargaining arrangement does not preclude non-

cooperative behavior for any single producer, it follows

∫ tf

t

π̃i (x̃
∗
it, ϕ

∗
it) dt = π̂i (ϕit = 0, x̃∗it) + (π̂i (ϕ

∗
it, x̃

∗
it)− π̂i (ϕit = 0, x̃∗it)) (5.32)

where (π̂i (ϕit, x̃
∗
it)− π̂i (ϕit = 0, x̃∗it)) ≥ 0. But, using Equation 5.32 in Equation 5.31

gives 0 > (π̂i (ϕ
∗
it, x̃

∗
it)− π̂i (ϕit = 0, x̃∗it)), hence the contradiction.

When producers bargain over strictly identical cooperation coefficients, a similar proof

may be used. However, the interpretation for ϕ = 0 is such that for any single producer

that opts not to cooperate for certain time periods, then it must be the case that all other

producers also (identically) find it optimal not to cooperate for those same periods.

5.C Elasticity of demand and the level of cooperation

Here, we analytically show that increasing the absolute value of the elasticity of demand

(making the demand curve more elastic) increases the incentive to cooperate among col-

luding producers. For analytical convenience and to illustrate the generality of the result,

we concentrate on the case of a non-depleting resource and simplify the relations of model

(3.1)-(3.4) so as to concentrate only on extraction decisions. In addition, we assume all
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players, i, i ∈ n (n > 1), are involved in the cooperation game and that these players are

identical.

With these simplifications, the equivalent of Equation (3.5), for a producer i can be

written as:

P (Q) + PQ (Q) ·Q · Φ− Cq (q) = 0 (5.33)

where Φ incorporates the coefficient of cooperation that is defined in the main text,

and is positively related to it32, Q = n · q is the total marketed output, P (Q), is the

market price, and Cq (q) and q are the marginal costs of production, and the production

level for a producer i, respectively. The marginal cost function is restricted such that

Cq > 0, Cqq > 0. Denoting the marginal revenue function as MR (Q,Φ, ε) = P (Q, ε) +

PQ (Q, ε) · Q · Φ, we can find how elasticity influences cooperation by taking the total

derivative of MR (Q,Φ, ε)− Cq (q) = 0. This gives:

MRQ (Q,Φ, ε) dQ+MRΦ (Q,Φ, ε) dΦ +MRε (Q,Φ, ε) dε− Cqq (q) dq = 0 (5.34)

Since Φ = dQ
dq

q
Q

, Equation 5.34 can be re-written as:

MRQ (Q,Φ, ε) dQ+MRΦ (Q,Φ, ε) dΦ +MRε (Q,Φ, ε) dε− 1

Φ
Cqq (q)

q

Q
dQ = 0 (5.35)

First considering the case where, Φ, changes but ε remains constant, we have that:

dQ

dΦ
= − MRΦ (Q,Φ, ε)(

MRQ (Q,Φ, ε)− 1
Φ
Cqq (q) q

Q

) (5.36)

And when, ε, changes, but Φ remains constant, we have:

dQ

dε
= − MRε (Q,Φ, ε)(

MRQ (Q,Φ, ε)− 1
Φ
Cqq (q) q

Q

) (5.37)

For a linear demand function, we know that(
MRQ (Q,Φ, ε)− 1

Φ
Cqq (q) q

Q

)
, MRΦ (Q,Φ, ε) < 0 and that MRε (Q,Φ, ε) > 0.

This implies that dΦ
dε
< 0.

For an isoelastic demand function we have that MRΦ (Q,Φ, ε) < 0 and that(
MRQ (Q,Φ, ε)− 1

Φ
Cqq (q) q

Q

)
, MRε (Q,Φ, ε) Q 0, implying dΦ

dε
Q 0.

For the linear demand function, it can therefore be definitively concluded that in-

creasing elasticity lowers the level of cooperation in the cartel. For an isoelastic demand

32To see this, notice that Φi = qi+ϕq
c−i

Q . Thus ∂Φ
∂ϕ = n− 1 where n− 1 > 0.
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function, the sign will depend on the model parameters. Nonetheless, for a large range of

parameters tested we find dΦ
dε
< 0.

5.D Results when we solve for individual ϕ’s

Table 5.4: OPEC’s coefficients of cooperation and global crude oil prices in the case
where bargaining is on individual ϕ.

2005 2015 2025 2035 2045 2055 2065

Algeria 0.74 0.71 0.64 0.64 0.60 0.52 0.56

Angola 0.69 0.66 0.58 0.58 0.59 0.62 0.38

Iran 1.00 1.00 0.99 0.96 0.92 0.85 0.86

Iraq 0.87 0.86 0.83 0.81 0.77 0.76 0.77

Kuwait 0.98 0.97 0.94 0.91 0.86 0.83 0.81

Libya 0.75 0.75 0.71 0.67 0.62 0.64 0.67

Nigeria 0.88 0.87 0.84 0.71 0.71 0.73 0.77

Qatar 0.53 0.52 0.50 0.48 0.46 0.47 0.48

Saudi Arabia 1.00 1.00 1.00 1.00 0.96 0.80 0.89

United Arab Emirates 0.96 0.96 0.87 0.97 0.85 0.84 0.72

Venezuela (Includes

Ecuador)

1.00 1.00 1.00 0.98 0.90 0.88 0.91

Production weighted

average

0.93 0.92 0.89 0.87 0.83 0.78 0.79

Simple weighted average 0.86 0.85 0.81 0.79 0.75 0.72 0.71

Cooperation coefficient –

identical ϕ*

0.90 0.86 0.77 0.72 0.72 0.72 0.75

Price (US $2005)

–individual ϕ

55.24 75.27 104.07 135.06 159.92 184.19 219.01

Price (US $2005) –

identical ϕ*

55.24 74.34 98.52 123.55 152.31 177.69 208.38

* For ease of comparison, we include these cases for bargaining over an identical ϕ.
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Chapter 6

Biofuel mandating, peak oil, and the

green paradox

Well intentioned climate policies may beget pervasive effects such as the green paradox

(Sinn, 2008). Yet, theoretical analysis of the green paradox as mainly pursued using highly

stylized models is in general inconclusive with respect to its real world occurrence. More

conclusive results on whether the green paradox should in fact concern policy makers

would thus be of high value. Making extensions for biofuel and synthetic crude oil pro-

duction to the oil market model of the previous chapter, this chapter investigates whether

the recently announced EU and US 2020/2022 biofuel mandates may beget the pervasive

green paradox. For plausible parameter values, we find little evidence indicating that

these mandating targets may induce a quantitatively significant green paradox. We in-

stead find that in the absence of any mandating policies, the global peak in conventional

crude oil production poses a serious threat to climate change due to the rapid increase in

unconventional crude oil production, relative to the increase in biofuel production, that

ensues in the post peak phase. Additional results are presented on how the design of

mandates influences the likelihood of the green paradox, and how OPEC producers might

react to the mandates.

6.1 Introduction

In the 21st century, mankind is faced with two intertwined problems that may both in-

fluence economic prosperity and growth for decades to come. The first relates to climate

change impacts from the use of fossil fuels, and the second, to the coming peak in con-

ventional crude oil supply. In this chapter, we investigate how crude oil supply might be

affected by climate change policy (in particular, the recently announced EU/US biofuel

mandating targets), and in turn, how peak oil underscores the urgency for climate change
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policy. More specifically, we assess (i) the quantitative significance of a green paradox1

that could be driven by recently announced EU and US biofuel mandates2 and (ii) whether

a peak in conventional crude oil supply should be a justification for the immediate im-

plementation of effective carbon mitigation policies, so as to curb the emissions that may

result from the increased extraction of unconventional crude oil resources.

For the task at hand, we develop a detailed empirically calibrated game theoretic

model of the global oil market that accounts for geological constraints on oil extraction,

investment in extraction/production capacity, the process of reserve development, and

endogenously solves for OPEC cartelization behavior. The extraction and development

process for the following resources is explicitly accounted for: (i) conventional crude oil,

(ii) tar and bituminous sands, (iii) natural gas liquids, (iv) gas to liquids, (v) coal to

liquids, (vi) oil shale, (vii) bio ethanol, and (viii) biodiesel. Given our model’s synthesis

of the economic and geological determinants of crude oil extraction (See: Okullo et al.,

2011, for details), we believe that it is particularly suited for investigating the likely date

for the peak in oil supply, and peak oil’s consequences for unconventional oil production.

Our results are reported so as to be both quantitatively and qualitatively helpful to policy

makers.

Our main finding is that the green paradox is of smaller concern for climate change than

peak oil. More specifically, we find that the green paradox is a minor secondary influence

that is quantitatively insignificant for plausible parametrizations and model specification.

By contrast, the increase in unconventional crude oil production that occurs as result

of the peak in conventional crude oil production substantially outweighs the increase in

biofuel production, in the absence of any mandating policies. Firstly, this points to the

peril that awaits climate change as a result of failing to mandate in a timely manner —

or more generally failing to adopt timely climate change policies. Secondly, it points to

the real risk of getting further locked into fossil fuels, thus worsening the carbon lock-in

problem the global economy currently experiences. In all, we find that the benefits from

mandating outweigh the green paradox drawback.

The rest of the chapter is organized as follows. The next subsection explains how

the green paradox arises for different carbon mitigation policy instruments. The one after

briefly discusses the concept of peak oil and how it relates to the green paradox and climate

1The green paradox refers to the tendency for carbon resource owners to hasten, rather than delay the
extraction of their carbon resources, due to the anticipation/implementation of carbon mitigation policies
such as carbon prices, renewable fuel standards, and subsidies to clean alternatives. This hastening of
extraction has the effect of increasing greenhouse gasses in the present rather than delaying them as
is usually desired. In the literature, two versions of the green paradox have been identified: a weak
and strong green paradox. The former only concerns producers hastening extraction, whereas the later,
additionally concerns an increase in present value emissions (see e.g., Gerlagh, 2011). In the sequel, we are
concerned with the weak green paradox and shall simply refer to it as “green paradox,” unless otherwise
specified.

2See Ziolkowska et al. (2011) for a detailed review of both EU and US mandating targets.

111



change policy. Section 6.2 presents the model used in the analysis and describes the data

sources. Section 6.3 formulates the scenarios for analysis. Section 6.4 presents results from

analyzing the green paradox effect, and the consequences of peak oil on unconventional

oil extraction and biofuel production. Section 6.5 discusses the findings and concludes.

6.1.1 The green paradox

The green paradox occurs when producers hasten the extraction of carbon-rich resources

in anticipation of a carbon mitigation policy. Sinclair (1992, 1994) was among the first

to explicitly consider the effect of carbon pricing on the extraction of carbon resources.

Simply put, his message was that if carbon taxes rise faster than the rate of interest,

then, producers will be induced to hasten extraction so as to assuage losses in revenue;

this would worsen, rather than mitigate climate change. He therefore proposed that

carbon taxes should be designed to decline over time as this entices producers to keep

their resources inground (also see: (Groth and Schou, 2007; Sinn, 2008)). Sinclair’s result

has been widely scrutinized van der Ploeg and Withagen (2012b); Ulph and Ulph (1994);

Hoel and Kverndokk (1996); Tahvonen (1997); Hoel (2010) and whereas there is no general

consensus on the time path for carbon taxes, there is agreement that unexpected supply

responses by producers should be accounted for when designing and implementing carbon

taxes and other carbon mitigation policy instruments.

Innovation3 in green substitutes is yet another likely driver of the green paradox (Hoel,

2009; Gerlagh, 2011). In the classic Hotelling (1931) model, when it is assumed that the

carbon resource and the green backstop are consumed sequentially, and marginal extrac-

tion costs are constant, Gerlagh (2011) shows that lower costs for the perfect backstop

technology lead competitive mine operators to hasten extraction4. The intuition behind

this result is that because innovation in the backstop lowers the inground value for the

carbon resource, the resource price path is as consequence lowered, prompting mine own-

ers to hasten extraction in order to compensate for the losses in rents. Notwithstanding,

by extending the model to the case of an imperfect backstop and a linear demand form

for the carbon resource, Gerlagh finds that the green paradox no longer occurs. In this

instance, innovation in the imperfect backstop uniformly reduces demand for (and hence

supply of) the carbon resource at every point in time, leading carbon resource owners to

delay rather than hasten extraction.

However, by replacing the linear demand with an isoelastic demand function in the

3This refers to subsidies or technical progress for the clean substitutes.
4van der Ploeg and Withagen (2012b) also show that the price level of the backstop relative to the

marginal cost of carbon resource, at the point of exhaustion, does determine the occurrence of green
paradox result. They find that the green paradox occurs for an expensive and clean backstop such as
solar, but does not occur if the backstop is sufficiently cheap — also see Gerlagh (2011).
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Gerlagh model of an imperfect backstop5, (Grafton et al., 2012) numerically show that it

is in fact still possible for the green paradox to occur. In this case, higher future prices

could induce a larger than proportionate future increase in the supply of the imperfect

backstop, prompting carbon resource owners to hasten extraction as a means of mitigating

the future losses in revenue. Thus, depending on the nature of the elasticity of demand

for the carbon resource and imperfect backstop, the green paradox may or may not occur.

Since the price elasticity of demand for oil is arguably unresponsive to changes in the

oil price, the isoleastic (as compared to the linear) demand function presents a more

interesting case for analyzing the green paradox. Because of the inherent difficulties of

deriving analytical solutions to non-linear functional forms, however, the green paradox

literature has largely neglected evaluating the green paradox in such contexts. Using our

empirically calibrated game theoretical model of the oil market, we endeavor to fill this

gap in the literature.

The green paradox also concerns renewable fuel mandates and standards. Mandates

may be implemented by volume (as in the United States) or as a share of total oil con-

sumed (as in Europe). Technically, these each have different mechanisms through which

they influence oil producers’ decisions; that is, whereas volume mandates require only

subsidies on the renewable fuel, share mandates require a combination of both subsi-

dies on the renewable fuel and taxes on the carbon resource — this issue is explained

in subsection 6.2.3. Thus, while volume mandates impact carbon producers similarly to

innovation in backstops, share mandates capture both the effects of carbon taxation and

innovation in backstops, acting more or less like a feed-in-tariff.

In the literature, some studies (e.g., Chakravorty et al., 2011; Kalkuhl et al., 2011;

Amigues et al., 2012) do investigate the impact of mandating requirements. In a model

of dietary preferences and biofuel mandating, Chakravorty et al. (2011) find that the

recently announced EU and US biofuel mandates are likely to have little to no effect

on decreasing global cumulative carbon emissions. Kalkuhl et al. (2011), on the other

hand, concentrate on welfare losses and argue that a policy that only relies on subsidies

(like quantity mandates) results into substantial welfare losses as compared to one that

combines subsidies with carbon taxation (like share mandates). Finally, Amigues et al.

(2012) using a generalized model of resource extraction and climate change constraints

focus on characterizing and contrasting the equilibrium that is based on share vis-à-vis

that on volume mandates6. They find that both mandating schemes have broadly similar

5A linear demand curve means that the producer can exercise some control over the demand elasticity
that is faced since elasticity is designed to vary with price. This is not the case for the isoelastic demand
curve.

6Amigues et al. (2012) consider the mandates that are implemented right from the initial period. This
is in contrast to our analysis where there is an initial period in which the mandates do not bind, i.e., we
consider an announcement phase followed by the mandating phase. Amigues et al. (2012) only consider
the mandating phase.
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impacts on: (i) the energy price, (ii) the nature of the subsidy on the non-carbon resource,

and (iii) delaying the extraction of the carbon resource. None of these studies is concerned

with the impact of announced mandates hastening the extraction of the carbon resource

before the mandating targets actually come into effect, i.e., the green paradox, which is a

main focus of this chapter.

For the analysis, we have designed our numerical model so as to incorporate features

that may accentuate the green paradox in the real world, such as induced technological

progress in the imperfect backstop that we capture through economies of scale accruing

from the expansion in biofuel production capacity. Moreover, we model several realistic

details about the oil market such as imperfect cartelization in OPEC (Okullo and Reynès,

2011b), geophysical (geological, reserve degradation, and capacity) constraints on oil ex-

traction (Okullo et al., 2011), the exploration-reserve development process, etc. Since the

green paradox likely manifests when demand is of an isoleastic form, yet obtaining closed

form solutions using the isoleastic demand curve is non-trivial; our numerical model with

data calibrated to the global oil market is thus particularly informative. Our calibrated

numerical analysis also fills a gap in the literature by providing vital quantitative in-

sight for an analysis where empirical data that would be required to test the quantitative

significance of the green paradox is gravely lacking.

6.1.2 Peak oil

Peak oil refers to the date when global conventional oil production, due to economic and

physical depletion of reserves, will begin an irreversible decline. Although most economists

are hardly concerned about this event, it does mark an important time of change in global

oil market conditions that will have consequences for the carbon mitigation policy debate.

To see this, note that if conventional crude oil begins an irreversible decline due to peak oil

while energy demand continues to grow, a likely scenario is that mankind will increasingly

turn to dirtier resources — such as tar and bituminous sands, oil shale, coal, etc., — in

order to meet the demand for oil. This, however, would most plausibly worsen climate

change. In contrast, a more optimistic and preferable scenario is one where biofuels and

other clean sources are instead increasingly relied upon to meet oil related energy demand.

To achieve the latter, either (i) oil prices will have to be artificially high relative to clean

technology supply costs because of carbon prices, and/or (ii) cleaner technologies will

have to be subsidized so as to compete favorably with oil. As discussed in the previous

sub-section, however, both these instruments may engender the green paradox.

The probable date of peak oil could therefore mark an important turning point in

the debate about the green paradox in the following sense. Should we implement carbon

mitigation policies now and induce a green paradox? Or avert the green paradox by not

implementing carbon mitigation policies, but stand the risk of accentuating climate change
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through increased reliance on dirtier crude oil resources? It is the aim of this chapter to

provide an answer to these underlying questions. Under diverging scenarios, we investigate

the probable date for peak oil and the market penetration of dirtier crude oil resources

vis-à-vis biofuels (assumed to be clean technology) over to the year 2065. Our results

indicate that after the peak in conventional crude oil production, unconventional fuels

capture a greater share of the oil market, than the cleaner biofuels. For this reason, the

conclusions are largely straightforward: governments could be better served implementing

climate change policies (in our case biofuel mandates) immediately as this (i) delays the

probable date for peak oil and raises the level at which oil supply peaks due to a timely

increase in biofuels supply, (ii) secures long-term oil supply even after the peak date due

to early penetration of biofuels, and most importantly, (iii) helps attenuate the climate

change problem with limited green paradox effects.

In the literature, economists rarely study the date of peak oil because the main neo-

classical model, the Hotelling model, as is well known, is not suited to such analysis. In

Okullo et al. (2011), an alternative model in which production is geologically constrained,

reserves are inventories, and exploration technology is of a decreasing returns to scale

nature, is introduced. As compared to the classic Hotelling model, the model is shown to

offer better and more plausible explanations of the stylized facts about oil extraction: i.e.,

peak oil, declining prices, and possibly declining resource values during part of resource’s

productive life. It is this same model framework that is adopted here to investigate the

date for peak oil and its consequences for carbon mitigation policy. Relative to models

used in the technical literature(Hubbert, 1962; Campbell and Laherrère, 1998; Laherrère,

2003; Berg and Korte, 2008; Mohr and Evans, 2007), the strength of the Okullo et al.

(2011) model is its integration of both economic and geological variables that are essen-

tial to oil extraction. In this chapter the model is extended to account for biofuel, gas to

liquids, coal to liquids, and oil shale production.

6.2 IPROSE: a model for the global oil market

Figure 6.1 shows the feedbacks and interrelationships in the model that is used for the

current analysis. The model has been developed in a series of papers Okullo and Reynès

(2011a); Okullo et al. (2011); Okullo and Reynès (2011b), and is dubbed “the Integrated

model for oil PRices and Oil SuppliEs” (IPROSE). It is an integrated model because it

accounts for several technical as well as economic factors that influence oil production.

In Figure 6.1, the market price is such that it equalizes demand to supply in any single

period, i.e., it is the market clearing price. Thus, no oil is arbitraged inter-temporarily

after it has been produced. A higher market price generally implies higher revenues which

in turn induces increased exploration and reserve development, and increased capital
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Figure 6.1: Overview of feedbacks and relationships in IPROSE. The arrows point to the
direction of influence, “+” indicates a positive relationship between adjacent nodes all
else constant, whereas “-” indicates a negative relationship, all else constant. The dashed
lines indicate feedbacks that are captured exogenously through elasticities. Geophysical
constraints are captured using convex costs, costs that rise with depletion, and constraints
due to reservoir pressure (conventional crude oil) or physical limits to extraction (uncon-
ventional crude oil) in any given period. For simplicity, reservoir pressure and physical
limits to extraction are both represented using maximal amounts on how much of the
developed reserve base can be extracted in a given period.

investments. Increased reserve development and investments in capacity imply that oil

supply should increase as a result of easing the intensity of geophysical constraints on oil

production. At the same time, increased exploration and capital investments lower the

producers revenues. The producer therefore has to find that optimal level of supply that

generates the highest net profits given the constraints that are faced.

At the time that a biofuel mandate (the climate change policy of choice in this chapter)

is in effect, this leads to an increase in biofuel production and has the effect of reducing the

demand and hence the supply of crude oil. The ultimate effect on total oil (biofuel plus

crude oil) supply, however, depends on the type of mandate. Share mandates for instance

typically reduce the total amount of oil consumed because of the tax imposed on crude oil

supply. By contrast, volume mandates tend to simply increase total oil consumption, since

biofuel production increases because of a subsidy component while crude oil production

is left uncontrolled by mandate. On the consumers side, economic growth, population

growth, and the oil price drive the trend in demand. Higher economic growth rates

are assumed to induce higher rates rates of energy efficiency. Energy efficiency has the
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effect of relatively lowering the demand for oil. When oil prices increase due to increased

depletion of crude oil resources, this, through the price elasticity of demand, has the effect

of lowering the demand for oil.

In total, three types of agents are represented in the model: producers, transporters

and consumers. We describe their optimization problems next.

6.2.1 Producers

Crude oil as well as biofuel producers are represented. Crude oil producers engage in the

supply of oil from (i) conventional crude, (ii) natural gas liquids, (iii) tar and bituminous

sands, (iv) gas to liquids, (v) coal to liquids, and (vi) oil shales. Biofuel producers sup-

ply bio-ethanol and bio-diesel. Since we are interested in aggregate developments on the

biofuel market, we do not differentiate first from second generation biofuels. However,

we model declining production costs that are likely to be experienced with increasing

investments in biofuel capacity, i.e., the economies of scale of expanding biofuel produc-

tion capacity, and the possible impacts of learning by doing, and research and develop-

ment. Because of a likely growth in the number of flex fuel vehicles, biofuels are assumed

to be perfect substitutes to oil. The eight oil resources modeled are indexed by h, g:

h ∈ {conventional crude oil, natural gas liquids, tar and bituminous sands, gas to liquids,

coal to liquids, oil shale} and g ∈{bioethanol, biodiesel}. Oil producers, denoted by i, are

aggregated into eighteen crude oil producers7 and four biofuel8 producers. Of all produc-

ers represented, only OPEC oil producers act as price setters: they are dominant players

(as modeled using a price leadership model) who supply the residual oil demand net of

non-OPEC supply (see: Okullo and Reynès, 2011b, for details).

Crude oil producers

A crude oil producer (i) seeks to maximize total net profits over time, t, t ∈ [0,∞), for each

of the crude oil resources (h), by selecting optimal levels of production, qiht, investments

in capacity, Iiht, and the size of new reserves to be developed. The producers9 problem is

formally represented as:

7Eleven OPEC regions: Algeria, Angola, Iran, Iraq, Libya, Kuwait, Nigeria, Qatar, Saudi Arabia,
U.A.E, Venezuela (also includes Ecuador), and seven non-OPEC regions: Asia and the Pacific, Brazil,
Europe, Former Soviet Union, North America, South and Central America, Rest of the World.

8The United States (US), The European Union (EU) (mainly Germany and France), Brazil, and Rest
of the world

9OPEC and non-OPEC producers face similar optimization problems except for the fact that OPEC
producers are price setters (i.e. they are assumed to know the demand function) while non-OPEC
producers take price as given when selecting their production levels.
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max{qiht,Iiht,Xiht,}πi =

t=∞∫
t=0

(
cru

P (•)
∑
h

qiht −
∑
h

(
pro

C iht (•)−
inv

C iht (•)−
dev

C iht (•)
))

e−δtdt

(6.1)

s.t.

Ṙiht = Xiht − qiht (6.2)

K̇iht = Iiht − %ihKiht (6.3)

Ṡiht = −Xiht (6.4)

Kiht ≥ qiht, γ̄Riht ≥ qiht (6.5)

Rih0, Sih0, Kih0 > 0, Riht, Siht, Iiht, Kiht, Xiht, qiht ≥ 0; t ∈ [0,∞) (6.6)

Dropping indices where no confusion arises: R represents developed reserves,
cru

P (•) the

producer price for crude oil,
pro

C (•) the crude oil extraction costs,
inv

C (•) the costs of

expanding crude oil production capacity, and
dev

C (•) the crude oil finding and resource

development costs. Additionally, K, denotes capacity; I, the investments in capacity; S,

the remaining resources (excludes developed reserves); X, additions to developed reserves;

q, production; γ̄, the maximum depletion rate; and %, the capacity depreciation rate.

Equation (3.1) is the objective function which requires that the producer i maximize

inter-temporal net profits (revenues less total costs). Equation (3.2), (6.3), and (6.4),

give the state dynamics for reserves, capacity, and undeveloped resources. Reserves are

augmented through additions, but are depleted through extraction. Capacity grows due

to investments, but declines as a result of depreciation. Undeveloped resources, on other

hand, monotonically decline by the amount that is developed and added to reserves. Given

in Equation (6.5) are the instantaneous constraints that limit production to capacity, and

extraction to a share of reserve holdings. The latter constraint in particular, is used

to capture the impacts of geological constraints — as driven by reservoir pressure and

geology — on production (for details, see in: Okullo et al., 2011). Restrictions on initial

values for reserves, resources, and capacity, and the non-negativity constraints on selected

variables in the model are given by Equation (3.4).

The functional form for the crude oil producer’s extraction cost is specified as:
pro

C iht (q, R, S,K) = α0ih

(
α1ih · q2

iht · (Kiht/Kih0)
β1ih + α2ih · qiht · Φiht · (1− Φiht)

−1/β2ih
)

where (α1ih, α2ih, β2ih > 0, β1ih ≤ 0). Marginal costs of extraction are specified to in-

crease in the level of production, qiht, and the state of depletion, Φiht.
10 Only for unconven-

10Φiht = Riho+Siho−(Riht+Siht)
Riho+Siho

. Note that
∫ t

0
qihτdτ = Sih0 +Rih0−Siht−Riht. The state of depletion
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tional crude oil resources, are marginal extraction costs additionally specified to decline in

capacity; that is, β1ih = 0 for conventional crude oil, whereas β1ih < 0 for unconventional

crude oil. This restriction has been chosen so as to emphasize the role of induced technical

change in relatively lowering the extraction costs for relatively younger technologies, as

compared to mature technologies (Kahouli-Brahmi, 2008; McDonald and Schrattenholzer,

2001). The investment cost function is specified as
inv

C iht (I) = α3ih · Iiht +α4ih · I2
iht, where

(α3ih, α4ih > 0). It captures the costs to develop and maintain production capacity at

new and existing production sites. We specify these costs as strictly increasing in the size

of investments to capture the effects of capital’s opportunity cost on investment decisions.

Finally, resource development costs are given as,
dev

C iht (X) = α5ih ·Xiht+α6ih ·X2
iht, where

(α5ih, α6ih > 0). These capture the costs of exploratory and development drilling. Given

the limited empirical information available on how depletion and technological progress

influence investment and resource development calibrating these particular aspects is left

for future research.

Biofuel producers

Biofuel producers engage in the production of both bioethanol and biodiesel. Because

biofuel production is likely to be spread across many countries, the exercise of market

power by any single producer is neglected. Biofuel markets are therefore modeled as

competitive markets. The biofuel producer’s problem is to select the optimal time path

for production and the optimal levels of investment to make in processing capacity so as

to maximize net profits over t, t ∈ [0,∞). The ith biofuel producer’s program is:

max{qigt,Iigt}πi =

t=∞∫
t=0

(
bio

P (•)
∑
g

qigt −
∑
g

(
pro

W igt (•)−
inv

W igt (•)
))

e−δtdt (6.7)

s.t.

K̇igt = Iigt − %igKigt, Kigt ≥ qigt (6.8)

Iigt, Kigt, qigt ≥ 0, ; i = 1, ......, n; t ∈ [0,∞) (6.9)

bio

P is the price that producers receive per barrel of oil equivalent (boe). The biofuel

producer maximizes inter-temporal profits by selecting the production level, qigt, and the

level of investments, Iigt, subject to dynamic constraints on capacity (Kigt) development,

instantaneous constraints on production as imposed by the prevailing capacity level, and

captures the fact that increasing depletion, resource extraction gradually shifts to resources of a lower
grade.
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non-negativity constraints on investments, capacity, and production.

The cost of producing biofuels is given by
pro

W igt (q,K) = (Kigt/Kig0)
β3ig ·

(
α7ig · qigt + α8ig · q2

igt

)
, (α7ig, α8ig > 0, β3ig < 0). Like the

case of unconventional crude oil, unit costs of producing biofuels decline because of induced

technological change. In this case though, technological progress does not only influence

the relative ease with which biofuel producers expand production in any given period (i.e.,

technical progress does not only influences the quadratic term in the cost function), but

influences costs as a whole (i.e., both the linear and quadratic terms in the cost function).

For the same learning rate therefore, unit costs of producing biofuels do decline faster

than those for unconventional crude oil with each unitary increment in capacity. The

different specifications of technical progress for unconventional crude oil vis-à-vis biofuels

is used to enunciate that much higher cost declines are generally expected for biofuels

as compared to unconventional crude oil (Mandil and Shihab-Eldin, 2010; IEA, 2011,

2008b). The cost for expanding biofuel processing capacity is given as
inv

W igt (I,K) =

α9ig + α10ig · Iigt + α11ig · I2
igt · (Kigt/Kig0)

β4ig , (α9ig, α10ig, α11ig, β4ig > 0). Observe that

as installed capacity grows, it becomes increasingly difficult and thus more expensive to

ramp up investments in biofuel production capacity. This is the case because it is assumed

that marginal lands on which to grow biomass are expected become more scarce with

growing biofuel capacity (Chakravorty et al., 2011). Moreover, with increased reliance on

second generation biofuels, relatively more sophisticated and expensive technologies will

be required in order to expand capacity.

6.2.2 Transporters

Transporters (Traders), are modeled using a single representative agent who ships oil, s,

from producers i to consumers j. The agent acts competitively and is restricted from

arbitraging oil within periods. Because of the role of the trader, producers cannot price

discriminate demand markets. Price is therefore determined to reflect that oil is traded

in a pool, as is characteristic to the global oil market. The trader’s optimization problem

is as follows:

max
{crus ijt,

bio
s ijt}

π =

t=∞∫
t=0

∑
j

(
cru

P jt

∑
i

cru
s ijt +

bio

P jt

∑
i

bio
s ijt −

∑
i

Zij

(
cru
s ijt +

bio
s ijt

))
e−δtdt

(6.10)
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s.t.

∑
ih

qiht ≥
∑
ij

cru
s ijt ⊥

cru

P t;
∑
ig

qigt ≥
∑
ij

bio
s ijt ⊥

bio

P t (6.11)

cru
s ijt,

bio
s ijt ≥ 0; t ∈ [0,∞) (6.12)

Z
(
cru
s ijt +

bio
s ijt

)
are the costs of transporting oil (crude oil and biofuels) from the pro-

ducing regions to the consuming regions.
cru

P jt

(
resp.

bio

P jt

)
, gives the delivery price for

crude oil (resp. biofuels) as transportation cost plus the producer price of crude oil (resp.

biofuels). The transporters decision problem is to decide how much oil to ship from the

various producers to the various consumers. Since transport costs in oil production form

a negligible part of the crude oil price, we assume for simplicity in our model, that trans-

portation costs are zero. With zero transportation costs, the delivery price will equal

to the producer price; this way, the transporter merely acts as the trading arm of the

producers, forwarding an identical price of crude oil (resp. biofuels) to all consumers.

6.2.3 Consumers

Consumers in region, j ∈ {OECD, non-OECD}, maximize discounted welfare, Wj, from

the use, uj, of oil, which comprises both the consumption of crude oil,
cru
u j, and biofuels,

bio
u j. The consumers problem is represented as:

max
{cruu jt,

bio
u jt}
Wj =

t=∞∫
t=0

Γj

(
cru
u jt +

bio
u jt

)
e−δtdt (6.13)

s.t.

∑
i

cru
s ijt ≥

cru
u jt ⊥

cru

P jt;
∑
i

bio
s ijt ≥

bio
u jt ⊥

bio

P jt (6.14)

bio
u jt ≥

bio
ū jt + Λjt

(
cru
u jt +

bio
u jt

)
⊥ψjt; 0 ≤ Λjt ≤ 1 (6.15)

cru
u jt,

bio
u jt,

bio
ū jt ≥ 0; t ∈ [0,∞) (6.16)

bio
ū jt (resp. Λt) represents the biofuel volume (resp. share) mandate, whereas Γj (•) the

consumer surplus. In the proposed model, biofuels are considered to be carbon neutral.

Since biofuels and crude oil are taken to be perfectly substitutable, we have that ∂Γ(•)
∂
cru
u

=
∂Γ(•)
∂
bio
u

= P (•), where, P (•), is the domestic oil price. The demand function that relates

the domestic oil price to domestic oil consumption for any one region is specified as
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cru
u +

bio
u ≡ u = A · Pε · (y ·N)η1+η2·log(y·N), where A is the autonomous demand, ε (< 0) the

price elasticity of demand for oil, η1 (> 0) the income elasticity, and η2 (< 0) calibrates

energy efficiency overtime for example due to increased use of hybrid vehicles. Note

that energy efficiency is specified to be intrinsically linked to economic growth (see also:

Medlock and Soligo, 2001). Over the long run, domestic oil demand is driven by regional

population, N , regional per capita income, y, and energy efficiency.

ψ denotes the shadow/implied price of the mandating requirement. When ψ > 0

this implies that the mandate is imposed and is binding. By writing the Lagrangian and

differentiating for necessary conditions to the problem, it is straightforward to see that ψ

is the optimal subsidy on biofuel production per boe in the case of a volume mandate.

In the case of share mandates, Λψ is the optimal carbon tax imposed on crude oil and

(1− Λ)ψ is the optimal subsidy that is extended to biofuel producers, both per boe. The

subsidy extended to biofuels makes biofuel production relatively more profitable, allowing

biofuel producers to expand production. The tax has the effect of reducing crude oil

consumption. When volume mandates come into effect, oil use will generally increase, by

contrast, share mandates will lead to a reduction in oil use.

6.2.4 Calibration data

The data used to calibrate the model are as follows. Conventional crude oil, natural gas

liquids, tar and bituminous sands, coal, and natural gas resource data is obtained from

USGS (2000c); IEA (2010); WEC (2010). Oil shale resource estimates are obtained from

(Dyni, 2006; IEA, 2010; WEC, 2010). Crude oil production data, proven reserves data11,

and biofuel production data are obtained from (BP, 2009; EIA, 2012). Conventional

crude oil production costs are obtained from Chakravorty et al. (1997); Aguilera et al.

(2009b), while unconventional crude oil production costs are obtained from (IEA, 2010),

and biofuel production cost data from various sources including IEA (2011); Mandil and

Shihab-Eldin (2010); IEA (2008b, 2007). Investment cost, and exploration and reserve

development cost data is obtained from (EIA, 2011a; IEA, 2010; Brandt, 2011). Base year

capacities are set at 2% higher than the base year production level, depreciation rates for

crude oil (resp. biofuels) are set at 5% (resp. 2%), and the depletion rate for crude oil

11To capture the impacts of geological constraints as explained in Okullo et al. (2011), we calibrate
initial developed reserves, Rih0, such that producers with a proven reserves to production ratio of less
than or equal to 10, as of 2005, have 100% of their 2005 proven reserves in their initial developed reserves.
Those with a proven reserves to production ratio of greater than 10 but less than or equal to 20, we specify
that these have 70% of their 2005 proven reserves in their initial developed reserves, and finally, for those
with a proven reserves to production ratio of greater than 20, these are assumed to have 40% of their
2005 proven reserves in their initial developed reserves. The remaining proven reserves are added back
to initial resources, Sih0. These adjustment are made in order to capture the fact that not all proven
reserves are developed reserves. Moreover, we adopt these simplified assumptions because coherent data
for a country by country assessment on the share of developed reserves are nonexistent and are often
confidential.
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is set to 10%. A uniform discount rate of 5% is used for all producers, transporters, and

consumers.

For simplicity equal learning rates are assumed for both unconventional crude oil and

biofuels. Nonetheless, biofuel production experiences comparatively higher production

cost declines with increasing capacity, because of the different ways through which tech-

nological progress is specified for biofuels vis-à-vis unconventional crude oil. The learning

rate12 is set at 21% (see in: Kahouli-Brahmi, 2008; Kalkuhl et al., 2012). This implies that

with a doubling of capacity, unit biofuel production costs — or for unconventional crude

oil, the difficulty of expanding production in a given period — relatively declines to 79%

of the base year production costs. Conversely, the rate at which the difficulty of expanding

biofuel production capacity increases with a doubling in capacity (i.e. the appreciation

ratio13) is set at 75%. This figure is obtained by calibrating biofuel production in the year

2035, so as to match (IEA, 2011) 2035 projections in their current policies scenario. This

amounts to about 3.4 million barrels daily of oil equivalent (mbdoe) in 2035.

GDP data is obtained from IIASA (2009) medium growth projections, income and

demand elasticity estimates from Dahl and Sterner (1991); Griffin and Schulman (2005),

and energy efficiency coefficients from Medlock and Soligo (2001). Income elasticity,

energy efficiency, and price elasticity are specified as follows: η1 = {0.56, 0.53}, η2 =

{−0.2,−0.1}, ε = {−0.7,−0.4}, with the elements in each curly brackets representing

OECD and non-OECD parameters, respectively. As pertains to OPEC behavior, this is

not prespecified so as to conform to either oligopoly or full cartelization (multi-regional

monopoly), but is such that it emanates endogenously, with typical behavior fluctuating

between between the two extremes of oligopoly and perfect cartelization. This behavior

is modeled using coefficients of cooperation as detailed in Okullo and Reynès (2011b).

Thus, the accruing market structure for OPEC is endogenous to the model. Since OPEC

producers are modeled as price leaders who supply world demand residual of non-OPEC

supply, a supply elasticity of 0.1 is specified in the OPEC residual demand curve for

non-OPEC oil supply.

The designed model is simulated over the period 2005 to 2100 in 5 year time steps. So

as to minimize the effects of the terminal conditions on the optimal paths, the reporting

period is limited to 2065. This allows us to approximate an infinite horizon extraction

path.

12The learning rate (lr) allows us to compute the learning exponents, β1ih, β3ih, (i.e. the elasticities

of learning by doing) based on the formula β1ih, β3ih =
ln(1−lr)

ln(2) . Recall that for the case of conventional

crude oil, we assume that no learning takes place (lr=0%); this is equivalent to having β1ih = 0.
13β4ig = ln(1+Ar)

ln(2) , where Ar is the appreciation rate, i.e., by how much it becomes increasingly more

difficult to invest in additional capacity when installed capacity doubles, and 2β4ig is the appreciation
ratio.
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6.3 Scenarios

This section presents the scenarios for investigating the likelihood of the green paradox

(subsection 6.3.1) and for exploring the impacts of a global peak for conventional crude

oil production on unconventional crude oil vis-à-vis biofuel supply (subsection 6.3.2).

6.3.1 Scenarios and policy simulations for the green paradox

To assess the quantitative significance of the green paradox, seven policy scenario simula-

tions (one non-mandating and six mandating policy simulations) are setup in each of six

alternative model specifications. The policy simulations aim to explore how different de-

signs of biofuel mandating targets might influence the occurrence of the green paradox. In

contrast, the six alternative model specifications, that each contain the seven policy sce-

narios, explore how alternative structural assumptions and parametrizations might drive

the green paradox.

Table 6.1: Policy simulations in each scenario set.

Policy scenario OECD mandate

2020 2035

REF N/A N/A

OECD I — SHR 10% 10%

OECD II — SHR 10% 20%

OECD III — SHR N/A 20%

OECD I — VOL based on OECD I — SHR biofuel volume in 2020

OECD II — VOL based on OECD II — SHR biofuel volumes in 2020 and 2035

OECD III — VOL based on OECD III — SHR biofuel volume in 2035

The seven policy scenarios are shown in Table 6.1. For REF, no mandating targets

are imposed on biofuel production. In this case, the penetration of biofuels on to the

global oil market is determined solely by demand, the oil price, and biofuel production

and investment costs. The REF policy is the benchmark against which we assess the

impacts of biofuel mandating. By comparing crude oil production in the REF simulation

to that in the mandating policy simulations, before the mandates actually come into effect

(and for corresponding time periods), we can examine the occurrence and intensity of the

green paradox. The six mandating policy simulations are labeled“OECD I — SHR/VOL,”

“OECD II — SHR/VOL,” and “OECD III — SHR/VOL.” Share(SHR) mandates specify

the biofuel mandating targets as share of total oil supply, whereas volume(VOL) mandates

specify the biofuel target in terms of volume of biofuels to be produced. These differences
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in language although small, have major technical implications for the way the mandate

is implemented. As explained in subsection 6.2.3, SHR mandates require subsidies for

biofuel production and taxes on crude oil supply in order to achieve and sustain the

desired mandating target. In contrast, VOL mandates only require subsidies on the

biofuel production.

“OECD I — SHR,” focuses on recently announced targets by leading OECD countries.

EU targets specify a minimum share of 7% for biofuels to be used in transportation by

the year 2020; US targets by contrast, specify (approx) 9% to be achieved by 202214. As

a proxy for all OECD countries, a target of 10% by 2020 for biofuels share in OECD oil

consumption is used in the “OECD I — SHR” policy simulation. “OECD II — SHR,”

assumes in supplement to “OECD I — SHR” targets, that OECD countries target a

biofuels share of 20% to be reached by 2035. “OECD III — SHR,” by contrast, excludes

the 10% “OECD I –SHR” targets of 2020, but specifies the 20% “OECD II — SHR”

targets that are to be achieved by 2035. The “OECD III — SHR” simulation is intended

for assessing the impacts of imposing a delayed one-time-off target, rather than a timely

gradual mandating target, on the occurrence and intensity of the green paradox. “OECD

I — VOL,”“OECD II — VOL,” and “OECD III — VOL” specify volumetric targets based

on biofuel production volumes attained using “OECD I — SHR” in 2020, and “OECD II

— SHR” both in 2020 and 2035, and “OECD III — SHR” in 2035, respectively. In all

mandating policy simulations, once a mandating target has been set for a specific level

and target year, we specify the set target (percentage or volume) to remain in place for

all years thereafter. This, however, does not mean that the mandating target will always

be binding, since subsidies/taxes are no longer necessary once the target is economically

self sustaining. In our model, the targets are observed to be self-sustaining on average

within 20 years of the mandating requirements come into effect.

Table 6.2 summarizes the alternative model specifications and assumptions that we

use for exploring the drivers of the green paradox. The specifications are labeled “BASE”

for the BASEline specification, and “AUX1” to “AUX5,” for the AUXiliary specifications.

The BASE specification completely follows the parametrizations set out in subsection 6.2.4

and keeps the model structure as presented so far. The auxiliary specifications, however,

do make some modifications. They intend to exploit three main channels, relative to the

BASE model, that may drive the green paradox: (i) the time preference for oil and biofuel

production (AUX1, AUX2, AUX3, AUX5), (ii) the ease with which crude oil producers

can hasten extraction (AUX4, AUX5), and (iii) the sensitivity of oil demand to changes

in the oil price (AUX5).

Time preference may affect crude oil producers differently than biofuel producers be-

14The US specifies its target in volume: 36 billion gallons of biofuel production by 2022. This approx-
imately translates to 9% of the EIA (2011b) 2022 projected US oil consumption.
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cause of the depletability of crude oil but not biofuels. By increasing crude oil producers’

discount rate, more preference is given to near-term extraction15. As a consequence, the

future increase of biofuel supply will plausibly have a smaller negative impact on crude oil

producers choices, making the green paradox even less likely to occur. Conversely, higher

biofuel discount rates may induce biofuel producers to delay investment (and hence curtail

biofuel production) since the biofuel user cost of capital increases (Lasserre, 1985; Cairns,

2001). Accordingly, “forcibly” increasing biofuel production through mandates would re-

quire substantially higher taxes and subsidies that may ultimately make the green paradox

even more likely. Using a high elasticity (a more elastic demand curve) implies that output

is much more sensitive to price changes; the green paradox could therefore become more

likely under circumstances of high demand elasticities than for low demand elasticities.

The impact from removing geophysical constraints is, however, not so straightforward. If

the removal of these constraints makes it relatively profitable to extract in latter periods,

then, excluding geophysical constraints could make it less likely for the green paradox to

occur.

6.3.2 Scenarios for assessing the impacts of peak oil

The date and level of peak oil and the share of unconventional oil produced will influence

climate change in the long-run. Recent policy discussions have, however, focused mainly

on the possibility that the green paradox occurs, ignoring the potential benefits that may

accrue from carbon mitigation policy. Indeed, although carbon mitigation policies may

cause a green a paradox; in the case of crude oil, such policies might help inhibit the

extraction of dirtier resources such as unconventional crude oil.

Table 6.3: Scenarios for analyzing the quantitative effects of higher conventional crude oil
scarcity on unconventional crude oil extraction, and biofuel production.

Scenario Ultimately
Recoverable
Resources (URRs)

Geological constraints

BASE REF USGS (2000c) high γ̄ = 0.1

BASE REF I USGS (2000c)
medium

γ̄ = 0.1

BASE REF II USGS (2000c)
medium

γ̄ = 0.05

Using the three scenarios presented in Table 6.3, we investigate the rate at which

unconventional crude oil and biofuels enter the global oil market in case of an early

15This a well-know result in resource economics. See for instance in (Perman et al., 2003).
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(and possible lower level) peak in global conventional crude oil production and no biofuel

mandating requirements. A substantially greater market share for unconventional crude

oil is taken as a point in case for mandating as a policy measure to help curb the extraction

of dirty unconventional crude oils. The scenarios are designed to induce an early peak

on basis of two elements, (i) much lower ultimate recovery of conventional crude oil than

assumed in the BASE REF scenario, and (ii) more restrictive geological constraints on

conventional oil extraction. In BASE REF I, we capture the former, while in BASE REF

II we capture both the former and the latter.

Table 6.4: USGS (2000c) assessments for estimated ultimate recovery of conventional
crude oil resources in billion barrels of oil equivalent.

USGS (2000c) high USGS (2000c) medium

OPEC 2169.89 (46%) 1603.15 (48%)

non-OPEC 2561.28 (54%) 1742.14 (52%)

World 4731.17 (100%) 3345.28 (100%)

To place the assumptions of BASE REF I/II into context, Table 6.4 shows estimated

ultimate recovery for conventional crude oil16 under the USGS (2000c) high and medium

assessments. For USGS medium assessments, as calibrated in BASE REF I and II, ulti-

mate recovery is 1385.89 bb lower. Because of this more pessimistic outlook for recovery,

a peak is expected to occur earlier and possibly at a lower level than with with USGS

(2000c) high assessments. With more restrictive geological constraints on crude oil ex-

traction as in REF II, the global peak will plausibly be further hastened and its level

further lowered. γ̄ = 0.1 corresponds to a depletion rate of 10%, whereas γ̄ = 0.05 to a

depletion rate of 5%. In the former (resp. latter) 90% (resp. 95%) of the reserve base

always remains un-extractable, in any given period, due to the constraining effects of geo-

logical constraints. The more stringent geological constraints are, the more conservatively

conventional crude oil resources are extracted.

6.4 Simulation results

The results are presented as follows. We begin with a general description of the results

obtained from the BASE REF scenario. In the first subsection, we then examine the

quantitative significance of the green paradox, and assess how the mandates influence

OPEC cooperation. In the second subsection, we investigate the interrelationship between

16Conventional crude oil is defined as crude oil extracted using traditional pressure methods plus natural
gas liquids.
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the peak in conventional crude oil production17, the extraction of unconventional crude

oil, and the production of biofuels.
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Figure 6.2: Global oil production profile and global oil price in the BASE REF scenario.

Figure 6.2 shows the long-term oil price and production path under the BASE REF

scenario. Growing demand increases the price of oil from US dollars 55 in 2005 to US

dollars 103 in 2065. As a consequence, global oil supply also rises initially, up to a

peak level of 103.1 million barrels daily (mbd) in 2040, before declining due to increasing

efficiency in oil use and increased depletion in Europe, Asia and the Pacific, South and

Central America, Algeria, and Angola. Because of vast holdings of tar sand resources,

crude oil production in North America is found to increase gently as tar sands are brought

on board to replace declining production of North American conventional crude oil. This

significantly increases the share of unconventional crude oil in global crude oil production

from 4% in 2005 to 10% in 2065. Biofuel production also rises overtime, and by 2040 when

global oil supply peaks, it supplies 3.8% of global oil consumption, as compared to just 1%

in 2005. By 2065, the biofuel share further rises to 7.7% of global oil consumption with

bioethanol still providing the larger share of biofuel supplies. The significant expansion

in biofuel production is brought about by declining marginal production costs that are

experienced as result of technological progress.

Changes in market dynamics are observed to influence OPEC cohesion. We see in

Figure 6.3 that optimal OPEC behavior in the BASE REF scenario fits neither that of

a perfect (fully cohesive) cartel, nor that of an oligopoly. Initially, OPEC cooperation

is at a high level. However, because of growing demand and an inability by non-OPEC

countries to increase supply due to the constraining effects of geological constraints, OPEC

17Conventional crude oil includes natural gas liquids. Refinery and processing gains that are normally
included in conventional crude oil by the EIA, are not accounted for in our model.
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Figure 6.3: Optimal OPEC cooperation levels in the BASE REF scenario, 2005 to 2065.

producers are observed to act more competitively so as to meet the now larger residual

demand for their oil (this mechanism is explained in full detail in Okullo and Reynès,

2011b). This more competitive behavior is captured by a decline in the coefficient of

cooperation over the period 2005 to 2035. During this same period, the relatively high

crude oil prices lead to increased accumulation of reserves in non-OPEC countries — most

especially North America and the Former Soviet Union — which culminates into growing

oil supply from these regions. This induces OPEC, after 2035, to somewhat stabilize

cooperation levels as a means of sustaining the growth in the oil price.

6.4.1 Green paradox

First, we provide an overview of the results. We then elaborate upon the quantita-

tive impacts of the mandates on accentuating the green paradox in section 6.4.1, and in

section 6.4.1, the impacts of the mandates on OPEC behavior.

For the most plausible set of parameter values, we find no evidence of a green paradox.

Nonetheless, we find that the result is sensitive to: (i) the rate of time preference for crude

oil and biofuel production, (ii) the strictness of the mandate, and (iii) the elasticity of oil

demand. Minor channels such as the type of mandate, i.e., share or volume mandating,

and the duration prior to the first mandating target are also found to influence the intensity

of the green paradox. The green paradox effect, nevertheless, is generally observed to be

quantitatively insignificant. With regard to OPEC behavior, we find that prior to the

mandates coming into effect, the future targets might induce OPEC producers to behave

less cooperatively. This behaviorally adverse effect increases the intensity of the green
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paradox. The impact of the mandates in inducing more cooperative behavior once the

targets come into effect, however, is observed to be more substantial.

Quantitative impacts of the mandate

In presenting the green paradox results below, we concentrate on the period prior to 2020

as this is the common time period for which no mandating policies are in effect, but crude

oil producers may react to the future targets in a possibly ungreen manner. We refer to

this period prior to 2020 as the anticipation phase.
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Figure 6.4: Crude oil production in the BASE OECD I/II/III mandating scenarios minus
that in the BASE REF non-mandating scenario*.
*Since the model is run every five years, each indicated year should be interpreted as an average for the

periods, 2005 to 2009, 2010 to 2014, 2015 to 2019 . This applies to all results presented.

The change in global crude oil production due to OECD I/II/III mandating targets,

for the BASE simulations, is shown in Figure 6.4 for the period prior to 2020 (i.e., the

anticipation phase).18 Notably, OECD I/II mandates lower (rather than increase) global

crude oil production and hence no green paradox occurs. By contrast, OECD III share

(and volume) mandates induce crude oil producers to hasten extraction. The quantity

that is hastened, however, is rather small (less than 0.026 mbd) and is only observed

for the initial model period (2005 to 2009). As the year in which the announced targets

become effective is approached, the mandates are observed to be ever more effective at

lowering crude oil production even though no subsidies or taxes have been put in place yet.

This occurs mainly because the announced mandates induce early expansions in biofuel

capacity, which help depress crude oil supply.

Figure 6.5 helps explain more the patterns observed in Figure 6.4. Firstly, it is clear

that as the year in which the mandates first come into effect is approached, biofuel pro-

duction continually grows. Since biofuels and crude oil are treated as perfect substitutes,

18The EU biofuel mandating targets were signed into law in December of 2009 whereas US targets
where enacted in 2005. Both enactments lie within our first model period, 2005 to 2009. We thus present
any effects that enacting the mandating requirements may have had, starting with our initial model
period.
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Figure 6.5: Biofuel production in the BASE OECD I/II/III mandating scenarios minus
that in the BASE REF non-mandating scenario.

the increase in biofuel supply continually displaces crude oil production overtime, leading

to less and less crude oil production in the mandating policies as compared to the REF

non-mandating case (Figure 6.4). Secondly, since OECD III mandates come into effect

much later, the initial increase in biofuel production is observed to be much smaller,

explaining the more muted cutbacks by crude oil producers in the OECD III scenario.

Thirdly, observe that although OECD II mandates are progressively more stricter than

OECD I mandates, during the anticipation phase, they induce more or less the same

magnitude of increase in biofuel supply. Figure 6.4 albeit, shows that OECD II mandates

induce less deeper cuts in crude oil production than the OECD I mandates. This suggests

an important indirect mechanism through which expected future pay offs for crude oil

producers are influenced by stricter mandating targets, increasing the likelihood of the

green paradox. This mechanism which is related to the discounted marginal profits, we

argue below can be contained by designing mandates to ensure immediate increases in

biofuel supply.
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Figure 6.6: Crude oil production in the AUX3 OECD I/II/III mandating scenarios minus
that in the AUX3 REF non-mandating scenario.

By only considering BASE OECD I/II scenarios in Figure 6.4, it may empirically

appear that the green paradox is a remote possibility. However, we find three channels

that can induce the green paradox: (i) the rate of time preference (i.e., discount rate),

132



(ii) the strictness of the mandate, and (iii) the elasticity of oil demand. The rate of time

preference especially stands out as it is the most uncertain measure. In the case that crude

oil producers have a high rate of time preference as argued by Adelman (1986), our AUX1

simulations indicate that the green paradox is less likely to occur (graph not shown for

brevity). By contrast, if crude oil producers have a low rate of time preference, the green

paradox strongly manifests as seen in Figure 6.6, for the AUX3 scenario. The explanation

for this result is that if producers are concerned about extracting in the future as much

as they are about extracting in the present, then, the future entry of biofuels into the oil

market will have a more negative impact on their discounted marginal profit, inducing

them to strongly shift their production forward so as to assuage the losses in profit. This,

however, is not the case if crude oil producers have high discount rates.
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Figure 6.7: Crude oil production in the BASE OECD I/II/III mandating scenarios with
supplementary mandates in 2050 (i.e. “new BASE”), minus that in the BASE REF non-
mandating scenario.

The stricter mandates are, the greater the incentive for crude oil producers to shift

production forward, in turn inducing the green paradox. To see this, observe from the

BASE scenario (Figure 6.4), that the progressively stricter OECD II mandates generally

induce smaller cutbacks in crude oil production than the less strict OECD I mandates.

Moreover, observe from Figure 6.6 as well, for AUX3 mandates, that OECD II mandates

induce a much stronger response by crude oil producers to hasten extraction than OECD

I mandates. To confirm this result that stricter mandates are more likely to induce the

green paradox, we re-run BASE OECD I/II/III SHR and VOL mandates presented in

Figure 6.4 with a supplementary mandating requirement: that as of 2050, (approx) 40%

of global oil consumption come from biofuels19. This makes the mandating requirements in

this“new BASE”with supplementary mandating, progressively more stricter than those of

the original BASE (i.e., the BASE without the supplementary mandating) and generally

more stricter because non-OECD consumption is now also mandated. As can be seen in

19More specifically, we set the share for biofuels in global oil consumption at 40% by 2050 for the SHR
mandating schemes. We correspondingly take the 2050 volumes from the SHR scheme, for use in the 2050
VOL mandates similarly to the case of OECD 2020, 2035 VOL mandates as explained in subsection 6.3.1.
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Figure 6.7, we now find that the green paradox arises for OECD I/II/III mandates, both

in the case of volume and share mandating.
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Figure 6.8: Percentage change in biofuel production for the BASE OECD I/II SHR/VOL
scenario with supplementary mandating targets in 2050 (new BASE), as assessed against
production attained in the original BASE OECD I/II SHR/VOL scenario (original BASE).

I.e., Percentage change in biofuel production =
(

new BASE minus original BASE
original BASE

)
×

100%.

What makes (progressively) stricter mandates more likely to induce the green para-

dox? In our model, crude oil and biofuels are perfect substitutes, increasing biofuel supply

therefore has direct consequences on how crude oil is extracted. Examining Figure 6.8

makes it clear that it is not so much the increase in biofuel production during the anticipa-

tion phase (as this is a relatively small increase) that majorly induces crude oil producers

to hasten extraction, but rather it is the substantial future increase after the mandates

come into effect. The substantial future increase in biofuel supply strongly suppresses

future crude oil production, inducing crude oil producers to shift forward extraction so

as to minimize the losses in revenue. Increasing biofuel production can thus be viewed

in two lights; the increase that occurs before the mandates come into effect (generally

a good effect), and the increase that occurs when the mandates are in effect (can be a

pervasive effect). A strong increase in biofuel production before the mandates actually

come into effect is good for mandating policy as it makes the green paradox less likely

by suppressing the hastened increase in crude oil supply. In contrast, a strong increase

increase in biofuel production after the mandates come into effect, without sufficient in-

crease in biofuel production during the anticipation phase, is recipe for the green paradox.

Mandating targets should therefore be designed so as to allow for an immediate, rather
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than delayed expansion in biofuel production capacity.

Indeed, comparing OECD II and OECD III mandates in Figure 6.4, Figure 6.6 and

Figure 6.7, a related result emerges: for any two targets that are ultimately equally ambi-

tious, setting a far in the future target (OECD III mandates) is more likely to induce the

green paradox than a gradual target (OECD II mandates). We see in Figure 6.6 in par-

ticular, that in the initial model period OECD II and OECD III mandates induce crude

oil producers to increase production by more or less the same magnitude. In the third

model period, however, whereas OECD II mandates have successfully cut production well

below the reference AUX3 non-mandating case, OECD III mandates continue to induce

crude oil producers to hasten extraction. This same pattern which can also be seen in

Figure 6.4 and Figure 6.7 as well, suggests that the right approach to mandating — that

is if the mandates ultimately aim to achieve more or less the same targets in the same

year20 — is by setting small, but gradually stricter targets, rather than one-time-off far

in the future large targets. Small but gradually stricter mandating targets induce early

and timely increases in biofuel production, that helps displace crude oil production early,

hence limiting the occurrence of the green paradox.

Does a high discount rate for biofuel production lead to the green paradox? Our AUX2

simulations indicate that the green paradox more likely occurs for a high discount rate for

biofuel production than for a low one (graph not show for brevity). The explanation for

this result is straightforward. A higher discount rate increases capital costs for expanding

biofuel production capacity. As a consequence, the tax and subsidies required to attain

and maintain the mandating requirements must be a substantial magnitude higher than

if the discount rate is lower. The effect of these considerably higher taxes and subsidies

is to suppress future crude oil production by much more, inducing crude oil producers to

move more of their extraction to the anticipation phase.

Yet another interesting result that we find is that when costs do not rise with depletion

and geological constraints do not hinder extraction, the green paradox may possibly not

occur. Figure 6.9 examines this scenario. We see in the figure that the green paradox

does not arise, and in fact, as compared to the BASE set of scenarios of Figure 6.4, it is

less likely to occur. Minimal geophysical constraints imply that crude oil producers can

extract more, relatively economically and easily, even as the state of depletion increases.

Moreover, since imperfect cartelization allows OPEC producers to optimally counter the

negative impacts of the mandates, by acting more cooperatively (we explain this mecha-

nism in detail in section 6.4.1); this strategic reaction can help OPEC producers dampen

20The volume of biofuel production in 2035 in the BASE simulation is 8.67 mbdoe in the OECD II
(the gradual targets) SHR/VOL scheme and 8.41 mbdoe in the OECD III (the one-time-off targets)
SHR/VOL scheme. That attained in the AUX3 simulations is 8.51 mbdoe and 8.17 mbdoe for OECD II
SHR/VOL and OECD III SHR/VOL, respectively. These differences between OECD II and OECD III
are clearly minor.
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Figure 6.9: Crude oil production in the AUX4 OECD I/II/III mandating scenarios minus
that in the AUX4 REF non-mandating scenario.

the extent of the fall in the crude oil price, thus operating profitably even after the the

mandates come into effect. Because of a combination of these two effects (minimal geo-

physical constraints and optimal imperfect cartelization) therefore, we may observe as in

Figure 6.9, that rather than producers hastening extraction due to mandates, they may

actually delay extraction since future losses due to mandating may possibly be countered.

To confirm that behavioral OPEC reaction is a significant driver of why the green paradox

might be less likely in this case, we run the IPROSE model under the AUX4 model specifi-

cation for (i) non-cooperative Cournot-Nash OPEC behavior, and (ii) perfect cartelization

OPEC behavior. Although the green paradox does not occur21, we observe that it is more

likely to occur than in Figure 6.9 and the BASE set of scenarios.

The AUX5 set of simulations mainly seek to test the impact of higher price elasticities

of demand. These simulations reveal that a high price elasticity of oil demand likely

induces the green paradox than a low elasticity (graph not shown for brevity). The

mechanism works as follows. Higher elasticities imply that oil consumption (and hence

supply) is much more sensitive to price changes than for low elasticities. With high

(more negative) demand elasticities therefore, a sizable introduction of biofuels into the

oil market strongly lowers the oil price, which in turn substantially reduces crude oil

producers future profit. Accordingly, crude oil producers who foresee biofuel mandating

targets and understand that their entry could drastically dampen the oil price, are borne

to react in a much stronger ungreen manner than those whose understanding is that the

mandate will not substantially influence the future oil price and hence their potential

revenues.

To summarize this sub-section, the essential questions that can now be answered

are: (i) how significant is the green paradox due to the recently announced EU and US

2020/2022 biofuel mandating targets, and, (ii) what mandating scheme (share or volume)

is more effective at raising biofuel production?

21Except in the case of OECD III SHR, perfect cartelization case.
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We conclude that the green paradox due to the recently announced EU and US bio-

fuel mandating targets will plausibly be quantitatively insignificant. This conclusion is

drawn on the basis of two encompassing observations. The first observation concerns

the likelihood that the green paradox actually occurs. We saw that the BASE OECD

I/II mandating targets, which probably represent the most realistic specification of the

mandating targets and the model, indicate no occurrence of a green paradox. Moreover,

since experts generally agree that crude oil producers possibly extract with high discount

rates than assumed in the BASE simulations, it follows from our AUX1 that the green

paradox becomes an even less likely occurrence. Additionally, because oil has an inelastic

demand, and this will possibly remain so in the near to medium term, the introduction of

substitutes that cannot completely displace crude oil from the global oil supply profile will

only have a minimal impact in way of inducing producers to drastically shift extraction

forward.

The second aspect concerns the quantitative significance of the green paradox itself.

Our results indicate that even in those cases where the green paradox occurs, it occurs

mainly for the first model period, and by the second (at most the third) model period

the mandates manage to successfully cut production below that in the reference non-

mandating case. Considering AUX3 (Figure 6.6) where the green paradox is observed to

be most intensive, we see that for OECD I/II mandating targets, crude oil production

is hastened by 0.6 mbd during the first model period, dropping to 0.2 mbd during the

second model period, and by the third model period production is 0.6 mbd below that

that in the AUX3 REF non-mandating simulation. Experts (e.g. Brandt et al., 2010;

van der Ploeg and Withagen, 2012a) would generally agree that this would be a small

price to pay for curbing unconventional crude oil extraction.

As pertains to the type of mandating scheme that is most effective at promoting biofuel

production: this depends on the longer term goals; that is, unless the mandating schemes

are designed to generate completely the same level of biofuel supply even after they are

implemented. Before the targets come into effect, volume and share mandating are more

or less equally effective. After the targets are in effect, however, our results indicate that

share mandating continues to considerably expand biofuel production because the tax

on crude oil supply makes it even less profitable to extract crude oil. In fact Figure 6.8

illustrates the point. After 2050,22 while the percentage increase in the amount of biofuels

produced in VOL mandating policies declines, that in SHR mandating remains quite sta-

ble. This pattern is driven by biofuel production in the supplementary BASE simulation

(i.e., new BASE), that stagnates after 2050 for the case of volume mandating, but con-

tinues to rise in the case of share mandating. Thus, policies that seek to promote biofuel

22Recall that in the BASE simulation with supplementary mandates, the last set of mandates is imposed
in 2050 for all mandating schemes.
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production over the long-term, are better suited adopting share than volume mandating

schemes. A caveat to share mandating, however, is that if mandating targets are likely to

be strict, then they are more likely to induce the green paradox than volume mandates.

Concerning the importance of the tax instrument relative to the subsidy instrument in

share mandating, we find that the subsidy is always an order of a magnitude larger than

the tax, indicating the importance of the subsidy as a more effective tool for diversifying

the global liquids profile. In the next subsection, we concentrate our analysis on how

OPEC producers behaviorally react to the mandating targets.

Impact of the mandates on OPEC behavior

This subsection shows that mandating will overall induce the desired behavioral response

among OPEC producers, and thus promote the overall effectiveness of the mandating

scheme in curbing crude oil extraction. Notwithstanding, we find that mandates could

induce less cooperative behavior among OPEC producers during the anticipation phase

— thus making the green paradox more likely — this behavioral response is, however,

rather small to cause concern.
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(a) Cases in which the Green paradox arises
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(b) Cases in which the green paradox does not
arise

Figure 6.10: The averages for cooperation levels in share and volume mandating, and the
reference non-mandating scenarios, as categorized by cases in which the Green Paradox
occurs, or does not occur for the whole model specification/parametrization*.
* Under the “GP” case we have, AUX1, AUX3, AUX4, while under the “No GP” case we have AUX2 and

AUX5. Note that in these represented scenarios, the green paradox either occurs or does not occur for

all mandating targets in the specification. This is unlike the BASE and AUX6 scenarios where the green

paradox occurs for some targets and not for others.

Coefficients summarizing OPEC attitudes towards cooperation and reaction to man-

dates, during the anticipation phase, are shown in Figure 6.10. Panel (a) represents those

specifications where the green paradox is observed to occur for every mandating tar-

get (AUX1, AUX3, and AUX4), while panel (b) the specifications for which the green
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paradox does not occur (AUX2, and AUX5), also for every mandating target.23 We see

in Figure 6.10 panel (a), the possibility for mandates to induce adverse behavior within

OPEC that intensifies the green paradox: OPEC members find it optimal to cooperate

less and hence produce relatively more during the anticipation phase, in an attempt to

mitigate the negative impacts of the mandating targets on their discounted revenues. In-

terestingly, in the instance that mandates do not induce the green paradox (Figure 6.10

panel (b)), OPEC producers instead, cooperate more, further conserving the resource.

Mandates induce greater cooperation within OPEC, if the benefits from OPEC raising

the price outweigh those from hastening oil extraction. This result underscores the need

to design mandates so as to mitigate the negative impacts of the green paradox.
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Figure 6.11: The averages for cooperation levels in share and volume mandating, as
categorized by cases in which the Green Paradox “GP” appears, or does not appear “No
GP”*.
* Under the “GP” case we have, BASE OECD III SHR and VOL, AUX5 OECD III SHR and VOL,

AUX2 (all runs), AUX3 (all runs), and BASE with supplementary mandating in 2050 (all runs). All

other simulation runs — BASE OECD I/II SHR and VOL, AUX5 OECD I/II SHR and VOL, AUX1 (all

runs), and AUX4 (all runs) — make up the “No GP” case.

Our simulations also reveal that the green paradox is more likely to occur for higher

cooperation levels than for low cooperation levels. This can partly be seen in Figure 6.10,

and also in Figure 6.11 where cases of high cooperation are also the cases that result into a

green paradox. A high cooperation level, like a low discount rate, induces OPEC producers

to extract their crude oil resources more conservatively. With a more conservative resource

extraction program, the negative impacts of mandates on future production count more,

23Specifications in which the green paradox occurs for some targets and not for others (BASE, and
AUX6) are not included.
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increasing the likelihood of the green paradox. Indeed, revisiting the data analyzed in

the previous subsection reveals that the green paradox mainly arises because of OPEC

hastening extraction, rather than non-OPEC (Table 6.5).

Table 6.5: Change in production for OECD I/II/III mandating relative to the REF non-
mandating, averaged over the the seven model specifications BASE to AUX6.

SHR VOL

2005 2010 2015 2005 2010 2015

OECD I
OPEC 0.07 -0.11 -0.41 0.08 -0.10 -0.41

non-OPEC -0.08 -0.28 -0.62 -0.14 -0.32 -0.62

OECD II
OPEC 0.17 0.00 -0.28 0.12 -0.06 -0.35

non-OPEC -0.10 -0.30 -0.65 -0.09 -0.29 -0.61

OECD III
OPEC 0.24 0.19 0.14 0.17 0.10 0.01

non-OPEC -0.06 -0.18 -0.36 -0.05 -0.16 -0.32

Positive values indicate the occurrence of a green paradox, while negative values indicate otherwise. Rep-

resented in bold are those cases where the green paradox occurs. Clearly, it is mainly OPEC production

that results into the green paradox, whereas non-OPEC does not.
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(a) Cases in which the Green paradox arises
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(b) Cases in which the green paradox does not
arise

Figure 6.12: The averages for cooperation levels in share and volume mandating, and the
reference non-mandating scenarios, as categorized by cases in which the Green Paradox
occurs, or does not occur for the whole model specification/parametrization*.
* Under the “GP” case we have, AUX1, AUX3, AUX4, while under the “No GP” case we have AUX2 and

AUX5.

After the mandates come into effect, they are observed to induce the desired behavioral

response that helps further curb the extraction of crude oil. Figure 6.12 presents OPEC

coefficients of cooperation during the mandating phase. We see that cooperation in the
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mandating scenarios is consistently higher than cooperation in the non-mandating cases.

The higher cooperation levels, after the mandates come into effect, help OPEC assuage

losses in revenue, but more importantly further curb the extraction of crude oils. To elu-

cidate this point, note that mandates influence OPEC behavior through their impact on

the crude oil price. Subsidies/Taxes due to the mandates, comparatively lower the crude

oil price, which in turn depresses marginal revenues; with lower marginal revenue, OPEC

producers find it more profitable to act more collusively in a bid to the dampen the ulti-

mate fall in both the crude oil price level and their marginal revenues. This more collusive

behavior, implies that OPEC must follow an even more conservative extraction path, cap-

turing the effectiveness of the mandating scheme in inducing the behavioral response that

further limits environmental damage from crude oil extraction. Once mandating targets

come into effect, they are thus observed to have a double dividend: (i) directly curbing

the extraction of crude oil by making it more unprofitable to extract crude oil resources

for both OPEC and non-OPEC, and (ii) behaviorally inducing OPEC producers to raise

prices through increased cooperation, which leads to further cuts in crude oil production.

Moreover, share mandating plausibly has a small advantage over volume mandates in

terms of inducing the desired behavioral response among OPEC producers24. We see in

Figure 6.11 and Figure 6.12 that share mandates ultimately induce higher cooperation

levels among OPEC producers than volume mandates, both in the case where a green

paradox arises and where it does not arise. The reason for this is that share mandates

additionally rely on a tax instrument, which instrument substantially lowers the crude

oil price as compared to volume mandating. OPEC producers therefore, adopt a more

cooperative strategy in order to mitigate substantial losses in revenue due to the lower

crude oil prices that the tax instrument causes. Also interesting to observe in Figure 6.11

and Figure 6.12 for the share mandating case is that in those periods when the mandates

come into effect (i.e. 2020, 2035, and 205025), OPEC producers tend to act more cooper-

atively. This is because the implied tax from the share mandating requirement is highest

in these periods, and thus lowers the crude oil price more for these periods, forcing OPEC

producers to act more cooperatively so as to dampen the fall in price and hence the would

be losses in revenue. Share mandates therefore appear to be more effective at promoting

the right behavioral responses.

To ensure that the above results on OPEC cooperation and those of the preceding sub-

section are robust, we cross checked the main results using more pessimistic assumptions

about ultimate recovery of crude oil resources (i.e., using USGS (2000c) medium rather

than high estimates for ultimate recovery as set in Table 6.6) our conclusions with regard

to the quantitative significance of the green paradox and the way OPEC react to future

24As seen in the preceding subsection, however, share mandates are still more likely to induce the green
paradox than volume mandates.

252050 accrues to the BASE simulation with supplementary mandates in 2050.
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mandates, are not altered.

6.4.2 Peak oil

In this subsection, we investigate how assumed higher scarcity of conventional crude oil

reserves might affect the supply of unconventional crude oil as compared to biofuels. Note

that unconventional crude oils are at least 20% more emission intensive than conventional

crude oil (Rooney et al., 2012). If the increased scarcity of conventional crude oil re-

serves leads to a faster growth for unconventional crude oil supply than for biofuels, then

mandating becomes even more necessary as a means of helping curb the expansion of

unconventional crude oil and promote the cleaner biofuels.

To properly isolate the reaction of unconventional crude oil and biofuel producers to

an ultimately smaller and to more stringent geological conditions on conventional crude

oil extraction, we must keep the BASE REF, and BASE REF I/II scenarios defined in

Table 6.3 comparable with regard to OPEC behavior. To accomplish this, we fix the

OPEC coefficients of cooperation in the BASE REF I/II scenarios calibrated against

those of the BASE REF scenario. This eliminates the behavioral response effects by

OPEC producers to the increased scarcity of conventional crude oil, allowing us to only

examine the direct impact that the increased scarcity of conventional crude oil resources,

has on output choices.26 First, we report how the increased scarcity of conventional crude

oil affects peak oil. After that we report on how it influences biofuel and unconventional

crude oil production.

Table 6.6: Date and level of peak oil (in brackets) for alternative assumptions on re-
coverability of conventional crude oil resources and the constraining effects of geological
constraints.

Resource category BASE REF BASE REF I BASE REF II

Oil 2040 (103.1mbd) 2030 (89.78mbd) 2020 (89.54mbd)

Crude oil (excl. biofuels) 2035 (99.71mbd) 2020 (87.23mbd) 2020 (87.76mbd)

Conventional crude oil 2035 (92.55mbd) 2020 (80.79mbd) 2015 (81.45mbd)

Higher scarcity of conventional crude oil resources brings forward the date (and mostly

lowers the level27) of peak for (conventional) crude oil and total oil supply. Table 6.6 sum-

marizes these observations. For the BASE REF scenario that was presented in Figure 6.2,

26If we do not constrain OPEC in this manner, we find that less conventional resources (which are
mainly in OPEC) lead to greater cooperation among OPEC members. This accentuates the impacts of
higher scarcity of conventional crude oil resources.

27With more stringent geological constraints, the peak does not necessarily have to occur at a lower
level. This can be seen in the column BASE REF I and BASE REF II. This issue is explained in more
detail in Okullo et al. (2011).
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global crude oil production peaks in 2035 at 99.71 mbd, while global conventional crude

oil production peaks in 2035 at 92.55 mbd. In the case of lower ultimate recovery of con-

ventional crude oil reserves as captured by the BASE REF I scenario, the peak for crude

oil production, as expected, comes earlier and at a lower level — in 2020, at 87.23 mbd

— as does the peak in conventional crude oil production: 2020 at 80.79 mbd. With both

lower ultimate recovery and more stringent geological constraints on extraction, the BASE

REF II scenario indicates that the peaks in both crude oil, and conventional crude oil pro-

duction are brought drastically forward, occurring in 2020 and 2015, at 87.76 and 81.45

mbd, respectively. These developments have significant implications for total oil supply,

as they bring forward the date of peak oil, and substantially lower its levels (Table 6.6).
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Figure 6.13: Output ratios for BASE REF I and REF II conventional crude oil, uncon-
ventional crude oil, and biofuel production, as assessed against the BASE REF quantities.

How does increased scarcity of conventional crude oil affect the expansion of uncon-

ventional crude oil vis-à-vis biofuels on the global oil market? Figure 6.13 shows that

with the increased scarcity of conventional crude oil, and in the absence of any biofuel

mandating, unconventional crude oil production increases faster than biofuel production.

By 2065, biofuel production in the BASE REF I and BASE REF II scenarios is only 20%

higher than that observed in the BASE REF scenario. In contrast, unconventional crude

oil production increases by up to 50% the level attained in the BASE REF scenario. Since

unconventional crude oils are considerably more polluting and environmentally damag-

ing (Rooney et al., 2012; Farrell and Brandt, 2006) than biofuels, this result points to

the significance of having policies in place that incentivise the supply of cleaner fuels

such as biofuels, and suppress the production of the dirty unconventional crude oils. In
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Figure 6.14, we see that mandating leads to an earlier and timely entry of biofuels on to

the global oil market as compared to the reference non-mandating case. Such increases

are necessary to help curb the expansion of unconventional crude oil and instead promote

the supply of cleaner alternatives.
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Figure 6.14: Biofuel production in the BASE REF non-mandating, and BASE OECD
I/II mandating scenarios.

To summarize, the trade off for policy makers therefore, is whether to implement

green policies that may (or may not) induce a green paradox — even if they induce a

green paradox, the increase in crude oil production is plausibly going to be miniscule —

or postpone green policies, but get locked into unconventional crude oils, and thus risk

causing considerable damage to the environment. Our analysis does not directly pertain

to carbon content in fossil fuels and the discounting of their economic impacts through

time because of the lack of consensus among experts on the appropriate rates to use.

Nonetheless, the conclusions from our analysis are clear: given the characteristics of the

global crude oil market, it is possible to design mandating schemes that conserve, rather

than hasten the extraction of crude oil resources. A case in point is timely gradually

rising mandates rather than one time mandates whose date of implementation is far off

in the future. The green paradox must therefore be seen as a minor secondary influence.

Instead, the impacts that peak oil will have in accentuating unconventional crude oil

production (and hence environmental damage) than biofuel supply, absent any mandating,

are seemingly more severe. This may call for explicit carbon pricing, based on carbon

content, as means of curbing the accelerated use of unconventional crude oil.
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6.5 Discussion

Sinn’s green paradox concerns the thesis that crude oil producers may hasten extraction in

response to demand reducing carbon management policies such as subsidies for renewables,

efficiency standards, and carbon taxation. Given that there exists limited empirical data

and studies28 that econometrically test this thesis and its quantitative significance, this

chapter sought to develop a detailed numerical model of the oil market, IPROSE, in order

to examine the issue. The greening policy instrument of choice in our analysis are the

recently announced EU and US biofuel mandates. Several key aspects that may influence

the green paradox have been investigated: the time preference for crude oil and biofuel

supply; the form, nature and strictness of the biofuel mandate; the elasticity of demand

for oil; the stringency of geophysical constraints on oil extraction, and the nature of OPEC

cohesion. For parameters that best parametrize the global oil market, we find no evidence

of the green paradox. Moreover, for those parametrizations where the green paradox is

observed to occur, it is generally quantitatively insignificant.

Prior to the mandates coming effect, we find that volume mandates (such as those

implemented by the US) and share based mandates (such as those implemented by the

EU), are more or less similar with regard to their ability to enhance biofuel production —

that is, provided that they both target the same volume of biofuel supply by a common

target year. These mandating schemes, however, influence crude oil production differently,

with share mandates being more likely to induce the green paradox than volume based

mandates, especially when the mandating targets are stringent. After the mandates come

into effect, share based mandates are observed to be more effective at raising biofuel

production, and curbing crude oil supply because of their reliance on a tax instrument

that depress crude oil supply further, and hence incentivises biofuel production more.

Additionally, we find that for both share and volume mandating schemes, setting a one-

time far-in-the-future target is more likely to induce the green paradox than a gradual

target. This result is particularly important for green policy. It implies that delaying

carbon mitigation policy, even though the future policy would be ambitious enough, is

worse for climate change than a policy that starts small but gradually gets ambitious.

Early mandating targets help curb any hastened increases in supply of the carbon resource

that occurs as a result of producers anticipating future targets.

Mandating policies are also found to influence OPEC behavior. Prior to the mandating

targets coming into effect, our model indicates that OPEC producers may be engulfed in

less cooperative behavior as means of mitigating their future losses in revenue. The effect,

however, appears marginal. More importantly, we find that after the mandates come into

effect, the now lower crude oil prices curb crude oil production in two ways: directly

28A notable exception in this regard is the work of Di Maria et al. (2012), which uses the Acid Rain
Program in the US as a case study.
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by making it more expensive to extract crude resources at the margin, and indirectly

by inducing OPEC producers to act more cooperatively. OPEC producers act more

cooperatively so as to dampen the extent to which crude oil prices fall because of the

mandating targets coming into effect.

A failure to mandate biofuel production predicts severe consequences for climate

change. By investigating the impacts of an early peak for global conventional crude

oil production, in the absence of any mandating initiatives, we find that as of 2065, un-

conventional crude oil production increases by 50% (from 9.94 mbd), compared to 20%

(from 7.49 mbd) for biofuels. Firstly, this result points to the risk of getting locked into

unconventional crude oils, thus worsening the carbon lock-in and energy security problems

that the global economy currently experiences, and secondly, it points to the heightened

chances for continued climatic and environmental damage, due to the accelerated extrac-

tion of higher carbon content crude oils. Implementing early and progressively stringent

mandating schemes is necessary if such a trend is to be reversed.

In all, our results present evidence to indicate that promoting carbon mitigation poli-

cies, such as biofuel mandating, may not have as perverse effects as portrayed by the green

paradox. This is particularly so in light of the fact that humanity risks getting locked into

“dirty” unconventional alternatives in the absence of any greening policies. Though our

work uses a less traditional model of market structure for OPEC, crosschecking our key

results with traditional frameworks of Cournot-Nash oligopoly and perfect collusion for

OPEC, does not change our main conclusion on the quantitative significance of the green

paradox and the impacts of the mandates on biofuel supply. Other extensions to this work

might consider the impacts of biofuel mandates when biofuels and crude oil are imperfect

substitutes. Also, investigating the impacts of carbon taxes alone (that is, without the

effect of subsidies as in share mandates), as a policy instrument is yet another possible

extension. Additionally, incorporating land use emissions from mandating biofuels could

help place the research in a wider context.

The next chapter focuses on the long-term time path for oil prices. An IPROSE model

of partial foresight is proposed. Together with the IPROSE perfect foresight model of this

chapter, both these models are used to investigate the uncertainty about future oil prices,

and to identify the economic fundamentals that drive this uncertainty. Such information

is required in order to help policy makers come up with the effective set of policies to

address climate change and energy scarcity in the long-run. For instance, if future oil

prices are likely to remain low due to abundant energy resources, then a policy that relies

on taxation would be more appropriate. Conversely, if prices are likely to be high, and

carbon resources scarce, then subsidization of alternative energy resources would be more

suitable.
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Chapter 7

The time path of the long-term oil

price

Up until now, we have assumed that producers are well-informed about the far future and

thus make current decisions, heavily contingent upon future states. Such an assumption

of perfect foresight, as argued by some researchers (e.g., Hart and Spiro, 2011; Babiker

et al., 2009; Pindyck, 1981; Brandt et al., 2010) tends, to be rather restrictive. Indeed,

because the future is unknown, producers when making decisions may prefer to rely on

the past and the present that they know, rather on a future that they do not. In this

chapter, we develop a version of IPROSE that is based on partial foresight assumptions

about producers’ decisions. The IPROSE partial foresight model attempts to capture the

notion that producers only partly internalize future states when making decisions in the

present.

Using the partial and perfect foresight models, we then investigate the uncertainty sur-

rounding the future oil price and oil supply levels, and identify the economic fundamentals

driving this uncertainty. Such information is required by decision makers for the design of

effective policies to address future energy scarcity and for tackling climate change. Under

the most plausible assumptions, oil prices are observed to increase nearly threefold (in real

terms) by 2065 from their 2005 levels. Conventional crude oil production remains more or

less at plateau before peaking in 2020, while total crude oil production peaks in the same

year at 87.17 mbd. The uncertainty about the future oil price and global oil supply is,

however, found to be quite large. Resource and demand uncertainty are identified as the

main drivers of this uncertainty. In fact, resource uncertainty explains why some analysts

predict an imminent peak in oil production while others do not foresee a peak before 2030.

While demand uncertainty has received little attention in the literature, our results indi-

cate that energy efficiency is an important means through which this uncertainty could

be reduced. A discussion of our results in the context of contemporary predictions about

future oil prices and oil supply is also carried out.
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7.1 Introduction

To design policies aimed at effectively tackling climate change and to plan the transi-

tion from crude oil to low carbon alternatives, policy makers require information on the

long-term oil price (possibly up to 50 years into the future1), the associated global oil

supply2, and their most likely drivers. Such information, however, is typically lacking

since most official projections (e.g., IEA, 2008b; EIA, 2011b; IEA, 2011) only feature the

medium-term. Moreover, these official projections have been criticized by some peak oil

theorists (e.g., Aleklett et al., 2010; Jakobsson et al., 2009; Laherrère, 2003; Campbell

and Laherrère, 1998) of promulgating an optimistic view for future oil supplies (and hence

prices) that does not seem consistent with the prevailing geophysical conditions. In this

chapter, therefore, we use the model IPROSE v1.0 (perfect and partial foresight versions)

to provide an informative discourse on these issues while paying careful attention to the

probable level of the long-term oil price, and on isolating its most significant drivers over

the coming five decades (2015-2065). Such a discourse is required so as to help inform

policy makers on how to combine demand management policies (e.g., energy taxation, effi-

ciency standards), and supply management policies (e.g., carbon pricing, subsidization of

low carbon alternatives) so as to both stabilize carbon emissions and to ensure reasonably

priced energy for sustained economic growth.

In the literature, the debate on the right mix of the above mentioned policy instruments

(i.e., demand management vis-à-vis supply management) tends to ignore the uncertainties

associated with the future oil price and supply. Yet, it is logical that if the scarcity of crude

oil (more especially conventional crude oil) is largely responsible for sharply increasing

oil prices, then policy makers should concentrate their current efforts more on supply

management policy (e.g., subsidizing clean alternatives) as this has two main advantages:

(i) keeps the future oil price relatively lower by increasing the total supply of liquid fuels

(crude oil plus clean alternatives), thus providing the much needed energy for facilitating

economic growth (Robert and Lennert, 2010); and (ii) smoothes the future transition

from the consumption of crude oil based fuels to clean alternatives, because of an early

and timely development of the alternatives. For such cases, carbon pricing may only aim

at sustaining oil prices at levels that provide for the better management of the share of

1It is generally believed energy transitions take up to 50 years to complete. Thus, if global economies
are to substantially rely on clean alternatives by 2060, the likely time path for the oil price starting from
the current decade is vital for examining such a possibility, and in helping determine what systems should
be put in place to accelerate the transition.

2We use “oil” to refer to conventional crude oil (includes natural gas liquids) plus unconventional crude
oil (Canadian tar sands, Venezuelan heavy oil, gas to liquids, coal to liquids, and oil shale) plus biofuels.
Conversely “crude oil” simply refers to conventional plus unconventional crude oil, while conventional
crude oil refers to crude oil extracted using traditional drilling methods plus natural gas plant liquids.
Refinery and processing gains are excluded from our analysis as these are not directly attributable to the
extraction technology but to refining and processing technologies that are not included in our model.
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clean alternatives vis-à-vis carbon-intensive fuels on the global oil market. By contrast,

if oil demand is more responsible for sharply increasing oil prices, and oil resources are

more abundant, then high levels of carbon taxation are necessary to help curb emissions

and ensure sustainable growth. In this case, policies that seek to make investments in

renewable fuels could unnecessarily hasten the use of renewables, limiting the economic

use of crude oil.

Oil prices are inherently difficult to predict because of market and economic uncertain-

ties, and unforeseen geopolitical and climatic events. Formal modeling can, however, shed

some light on the likely trend of the future oil price and its possible drivers. Taking the

2005 oil price of US $55 per barrel3 as a reference point, it is clear that official projections

point towards increasing oil prices. This is good news for the economic competitiveness

of clean alternatives. The EIA (2011b) predict a price range for crude oil that is between

US $45 and US $182 per barrel by the year 2035. In the former, low economic growth

in non-OECD countries and increased resource exploitation in mainly OPEC countries

helps keep oil prices low. In the latter, OPECs withholding of output combined with high

economic growth in non-OECD countries significantly drive up prices. Comparably, the

IEA (2011) predict a price range between US $86 for their “450” scenario and US $125

in their current policies scenario by the year 2035. In the “450” scenario, climate change

constraints and decarbonization drives lead to declining oil demand, whereas in the cur-

rent policies scenario, inadequate policies to address carbon lock-in and energy insecurity

contribute to a strong demand for oil, thus comparatively increasing the oil price. In all

the above, but IEA’s “450” scenario, crude oil production continues to rise through to

2035, suggestively pointing to an abundance of oil reserves at least for the medium term

outlook.

Such medium term predictions open up new questions. Are oil prices expected to

continue rising after 2035 so as to allow for a self sustaining economic deployment of al-

ternative technologies? Is energy demand, or reserve depletion a bigger driver of increased

energy prices both in the medium and long-term outlook? What is the role of energy effi-

ciency (and hence regulations and standards) in offsetting high oil prices? Will oil prices

rise faster after the global peak in oil production as compared to before the peak? What

is the uncertainty surrounding the date of peak oil? Do current reserve holdings indeed

support increasing oil production as predicted by official agencies? Greene et al. (2006);

Sorrell et al. (2010); Jr. et al. (2004), and the references therein, are among the studies

that exhaustively investigate the date of peak for global oil production. Some of these

studies estimate that a peak in global conventional oil production may have already oc-

curred in the recent past, while others infer that such a peak is due to occur by 2040. The

uncertainty surrounding this date is clearly quite large. For this reason, it is one of our

3All prices in this chapter are expressed in 2005 dollars, as was the case with the preceding chapters.
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aims to explore whether the interval in which this date will fall can be narrowed, and if it

cannot, then find what most significantly drives this uncertainty. Our model is a substan-

tial improvement over most peak oil models since these tend to ignore the significance of

economic variables, such as price, rents, market power, and substitutes that are known

to influence crude oil production. Moreover, it is also a substantial improvement over

economic models since it comprehensively accounts for geophysical constraints, including

their role in accentuating a peak oil.

To generate the long-term oil price, we simulate future market outcomes under diver-

gent assumptions about future demand levels, energy efficiency, resource availability, and

technological constraints. For these conditions, we compare the global oil profile when

producers are specified as having perfect foresight, to results obtained when producers

are partially foresighted in order to get that additional and unique perspective into how

perceptions about the future might influence the trend in the long-term oil price. In

the case of perfect foresight — as has been in the preceding chapters — it is assumed

that producers have perfect knowledge about future market conditions and therefore base

current decisions on future outcomes. By contrast, partially foresighted producers are

assumed not to fully internalize the consequences of current action on futures outcomes.

The model of partial foresight that we propose is a hybrid between a model of myopic

foresight and one of perfect foresight. Some authors (e.g., Pindyck, 1981; Babiker et al.,

2009) report that such models can better capture behaviors that are consistent with the

oil market dynamics. The IPROSE partial foresight model is structurally the same as

the full foresight model, except that most states are solved for sequentially (rather than

simultaneously) through time.

Our results indicate that both demand and resource uncertainty are major drivers

of uncertainty in the future oil price. Demand uncertainty can, however, be significantly

reduced through energy efficiency. Based on USGS (2000c) mean assessments for resource

availability and alternative IIASA (2009) demand assumptions, we observe that crude oil

production (conventional plus unconventional) may already be at plateau with a peak

likely to occur by 2020. In our baseline scenario with foresight, global crude oil production

peaks in 2020 at 87.17 mbd while total oil production (crude oil plus biofuels) peaks in 2035

at 91.02 mbd. Compared to medium-term projections by the EIA (2011b); IEA (2011),

our projections give rise to lower oil supply, but also to lower oil prices for the medium-

term. Relative to 2005 levels, our baseline scenario indicates that the oil price could rise

nearly threefold (in real terms) by 2065, but up to fivefold in the most pessimistic scenario

spurred on by low energy efficiency and low recoverability. The penetration of biofuels

onto the global oil market is found to have a significant influence on dampening escalations

in the long-term oil price. Taken together, providing subsidies for clean alternatives and

enhancing energy efficiency through regulation can only have positive impacts on the oil
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market, especially considering the economic scarcity of crude oil resources.

The rest of the chapter is organized as follows. In the next section we discuss the main

sources of uncertainty for future oil prices. The section after then proposes and discusses

a global oil market model for partially foresighted producers. Subsequently, section 7.4

presents the simulation results pointing out how different sources of uncertainty drive

future oil prices. The section after discusses our results in the context of contemporary

forecasts for global oil supplies and price, and section 7.6 concludes.

7.2 Drivers of long-term oil prices

Several model inputs including, the growth rate of demand, the price elasticity of demand,

income elasticity, resource endowments, energy efficiency, market structure, and techno-

logical progress, influence the long-term oil price. The true values of these inputs are,

however, uncertain with respect to either their (i) current true value or (ii) future values,

or (iii) both. In the category (i), uncertainty to a large extent can be resolved through

econometric estimation. For category (ii), however, uncertainty is difficult to resolve as

only “best estimates” about future values of these inputs can be made. In this category

of future uncertainty, the growth rate of demand, ultimately recoverable reserves, energy

efficiency, and the rate of technological progress stand out.

2 0 0 5 2 0 2 0 2 0 3 5 2 0 5 0 2 0 6 5 2 0 8 0 2 0 9 5
5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

4 5 0

Gr
os

s d
om

es
tic 

pro
du

ct 
(tri

llio
n $

)

 H i g h
 M e d i u m

Figure 7.1: Historical and projected global gross domestic product in 2005 US dollars,
2005 to 2100.
Source: 2005 to 2030 (USDA, 2011), 2030 to 2100 (IIASA, 2009) growth rates.

The more strongly demand grows overtime, the higher crude oil prices rise. Expected

rates for future demand growth, however, are highly uncertain due to imperfect knowledge

about the future and the general unpredictability of future levels of economic activity, and

oil intensity. The importance of investigating the impacts of uncertainty about demand
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growth can therefore not be underscored. As Huntington (1994) already points out, erro-

neous assumptions about demand growth were one of the leading factors that led to poor

predictions of oil prices and supplies in the 1980s. Moreover, because economic activity

has historically been, and remains the single most important driver of oil demand (IEA,

2011), failing to understand the implications of divergent growth rates of demand on the

long-term oil price, could lead to erroneous assessments about substitution possibilities

between oil and alternative technologies. To assess the impacts of uncertainty about eco-

nomic activity on long-term oil prices, we introduce a new assumption about global gross

domestic product (GDP) growth: in addition to the IIASA (2009) medium assessment

growth rates used in the preceding chapters, we introduce IIASA (2009) high growth rate

assessments. These series are shown in Figure 7.1. In the medium growth assessments,

GDP rises from US$ 45 trillion to US$ 351 trillion in 2100. This is as compared to the

high growth case where GDP reaches US$ 430 trillion (23% higher).

Intrinsically tied to future levels of economic activity is the level of oil intensity. With

limited possibilities for substitution of oil as a transportation fuel, and the expected growth

in oil demand for mobility (IEA, 2011), the potential for future oil demand reduction

seems rather remote. At the same time, recent energy efficiency regulations, standards,

and directives4, and the expected energy efficiency gains through the increased deployment

of alternative vehicle technologies points towards declining oil intensity. For oil prices in

2009 at US$ 90 per barrel, hybrid vehicles were barely economical to the average car user

as compared to their gasoline counterparts in terms of full life cycle costs (Sankey et al.,

2009). By 2020, however, alternative vehicle technologies are expected to be economical at

prices of US$ 77 or even lower depending on distances driven. The potential for innovation

to lower oil dependence therefore seems immense. To determine how innovation may

influence oil intensity and thus the price level, we compare two scenarios. The first in

which no accelerated improvements in energy efficiency take place — income elasticity

of oil demand is kept at constant level for both OECD and non-OECD regions — and

the other with accelerated improvements in energy efficiency — income elasticity declines

overtime with growth in GDP. In the latter, the rate of energy efficiency improvements

assumed, is the same as that used in the preceding chapters.

The other input that has major implications for the long-term oil price is the size

of ultimately recovery reserves (URR). URRs are so uncertain that they are estimated

in terms of finding probabilities. The USGS (2000c) provides the leading database for

oil resources that are to be found (technically by 2025) in leading global oil producing

provinces with 95%, 50%, and 5% probability, including a mean/medium/average estimate

(see: Table 7.1). Examination of the data indicates that historical consumption plus cur-

4See for instance the EU directives at:
http://epp.eurostat.ec.europa.eu/portal/page/portal/energy/introduction/
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Table 7.1: USGS (2000c) assessments for estimated ultimate recovery of conventional
crude oil resources in billion barrels of oil equivalent*.

95% probability Mean estimates 5% probability

OPEC 1106.15 (50%) 1603.15 (48%) 2169.89 (46%)

non-OPEC 1095.85 (50%) 1742.14 (52%) 2561.28 (54%)

World 2201.99 (100%) 3345.28 (100%) 4731.17 (100%)

*50% probability estimates are not shown as these are highly similar to the mean estimates. In brackets

is the percentage division of resource endowment between OPEC and non-OPEC countries.

rent estimates of proven reserves as per the end of 2011, are in excess of the USGS (2000c)

95% probability estimates. Therefore, only the 50%, mean, and 5% probability estimates

make computational sense for oil consumption over the next 100 years. This is especially

true since (i) high oil prices that are prevailing on the oil market nowadays are inducing

the economic recovery of previously uneconomic grades5, (ii) the rate at which innovation

is enhancing recoverability of oil is dramatically improving, with the latest technology

being hydraulic fracturing of low permeability reservoirs, and (iii) general industry con-

sensus that is gravitating towards the use of 50% probability and mean estimates, and 5%

probability estimates for use in long-term studies (see e.g., Greene et al., 2006; Brandt

et al., 2010). With less (resp. more) URRs, we expect higher (resp. lower) crude oil

prices. It, however, remains interesting to see to what level the long-term oil price and

the oil supply level are influenced by assumptions on URRs.

Finally, another important input is the rate of technological progress. Technological

progress can help prolong economic production from a reservoir and increase ultimate

recovery. To date, technological progress in oil recovery is attributable to (i) the use of 3D

seismic rendering that allows for the detailed mapping of even complex reservoir systems,

helping plan economic ways of oil recovery and prevent unforeseen cost overruns, (ii)

modern reservoir management techniques that enhance ultimate recovery, (iii) horizontal

wells that allow engineers to economically reach pockets and pools of oil that would

otherwise require costly vertical wells, and more lately (iv) hydraulic fracturing that allows

for the extraction of oil that is in low permeability reservoirs, i.e, oil shale (USGS, 2000a,b;

Maugeri, 2012). Despite the positive impacts of technological progress, as reserves get

depleted, extraction costs rise since production tends to shift to grades of lower quality,

to distant sites, and to increasingly more hostile and challenging environments. At any

point in time therefore, there is contention between unit costs that rise with depletion,

and technological progress that dampens this rate. In the preceding chapters, we ignored

the impacts of autonomous technical progress. However, as argued by Aguilera and Ripple

5The latest example in this revolution being shale oil or light tight crude oil which is economically
producible at prices of US$ 70 (2012 nominal price) a barrel (Maugeri, 2012).
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(2012); Rogner (1997), annual productivity gains in the upstream oil and gas sectors have

historically been observed at an average of about one percent annually. Thus, in order to

asses the likely impact of such gains, we assume autonomous technological improvements

such that unit costs for conventional fuels as assessed relative to the base year, decline

by 1.5% percent year on year, while those for unconventional fuels decline at 0.5% year

on year (Aguilera and Ripple, 2012; Rogner, 1997). We therefore assess two schemes

for technical progress: one with induced technological change only for unconventional

fuels as described in the preceding chapter, and the other that introduces autonomous

technological improvements for both conventional and unconventional crude oil as outlined

above.

Table 7.2: Model inputs and variables for investigating scenario uncertainty

Input Variables to be used in assessment

Demand IIASA high, IIASA med(ium)

Energy Efficiency Gradual, Accelerated

URR assessment USGS med(ium), USGS high

Technological Progress Only induced, Induced & autonomous

Table 7.2 summarizes inputs whose uncertainty impacts we investigate and lists the

variables to be used in the investigation. Since the uncertainty concerns future levels

of these input variables, we refer to it as scenario uncertainty. A fundamental question

that we seek to answer is: does scenario uncertainty have strong impacts on the long-

term oil price with respect to the divergent assumptions about producers’ foresight? For

market structure, we assume Nash bargaining strategies in OPEC cooperation that were

developed in chapter 5 and further applied in chapter 6. Thus, we do not investigate un-

certainties due to market structure, since optimal OPEC cohesion emerges endogenously.

7.3 A model of partial foresight

In the case of perfect foresight, the producer internalizes the consequences of all current

action on future states and thus makes decisions contingent upon this information. In

myopic foresight by contrast, producers have no information about future states or sim-

ply ignore the impacts of current decisions upon these states. As a consequence, myopic

decisions are typically based only upon the prevailing market conditions and past states.

The main IPROSE model developed so far is based on perfect foresight behavior. In this

chapter we propose an IPROSE version that is based on partial foresight so as examine

the impacts of myopic-like behavior, on the oil price and oil supply. In our model of
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partial foresight, while the producer does not factor in the future depletion of the devel-

oped reserves base and the future changes in capacity, we specify that the depletion of

the remaining undeveloped reserves (i.e., the undeveloped resource base) be taken into

account. This assumption is vital as it allows to stress the long-term and dynamic nature

of exploration decisions.

The perfect foresight model used for analysis in the current chapter is structurally

similar to that used in chapter 6, so for brevity, a repetition is avoided6. A mathematical

representation of the proposed partially foresighted crude oil producer’s problem is given

below:

max{qiht,Iiht,Xiht,}πi =

t=∞∫
t=0

(
cru

P (•)
∑
h

qiht −
∑
h

(
pro

C ih (•)−
inv

C ih (•)−
dev

C ih (•)
))

e−δtdt

(7.1)

s.t.

Kiht ≥ qiht, γ̄Riht ≥ qiht (7.2)

Ṡ = −Xiht (7.3)

Sih0 > 0, Iiht, Xiht, qiht, Siht ≥ 0; t ∈ [0,∞) (7.4)

where, Riht, Kiht and their respective initial and non-negativity conditions are introduced

exogenously on the basis of Equations (7.5) to (7.7) below7.

Riht = Rih(t−1) +Xiht − qiht (7.5)

Kiht =
1

(1 + %ih)

(
Kih(t−1) + Iiht

)
(7.6)

Rih0, Kih0 > 0, Riht, Kiht ≥ 0 (7.7)

For convenience, the producer (i), resource type (h) and time (t) indices are dropped

6However, there are two initialization differences. First, whereas in the previous chapter biofuel
production was calibrated to the IEA’s current policies scenario, in this chapter biofuel production is
calibrated to IEA’s new policies scenario. This is done so as to a priori account for environmental policy
that is intended to promote biofuel production. Additionally, to allow the partial foresight model calibrate
as well as the perfect foresight model to actual base year production data, we modify North America’s
and Asia Pacific’s initial (base year) developed reserve holdings to 80% of 2005 proven reserves, rather
than 70% as used in the last chapter. These modifications, can cause differences between prices observed
in this chapter and those of the last chapter, for the same scenario.

7Although our model formulations have been carried out in continuous time for convenience, the model
is programmed in discrete time
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where no confusion arises.

The assumptions driving the essential endogenous and exogenous aspects of the partial

foresight model are as follows. We assume that as from the moment of planing, the

ultimate size of the resource base to be developed for extraction over the entire time

horizon is known to the producer. Therefore, in order to develop an extra unit at any

point in time, the producer demands compensation. Such compensation we assume takes

the form of the Hotelling rule, i.e. that the in situ value of the resource base rises at the

rate of interest over time. This is captured by explicitly including Equation (7.3) into

the producers optimization problem. With regard to reserve and and capacity levels, we

assume that due to myopic behavior, the inter-temporal adjustments of these quantities

have a negligible impact on the way the producer chooses extract to the reserve base or

invest in capacity. These are therefore treated as exogenous to the planning process.

Note that as in the perfect foresight model, the producer maximizes profit by selecting

optimal levels of extraction (q), investment (I), and reserve additions (X). The partially

foresighted producer, however, does not internalize the dynamic effects of reserve deple-

tion and capacity development8. Because the producer is aware of how the undeveloped

resource base (S) depletes overtime, the producer’s overall goal remains to maximize inter-

temporal profit9. The producer’s decisions are, however, heavily influenced by immediate

rather than inter-temporal concerns. For any single period, the producer recognizes that

additional investments can increase extraction capacity (K) and that capacity depreciates

at a rate % (Equation (7.6)). It is also recognized by the producer that making additions

to reserves (Equation (7.5)) leads to larger reserve holdings (R) which together with in-

creased capacity, can be used to increase production. In the perfect foresight version,

depletion and technological change are endogenous. Endogenizing depletion and techno-

logical change in partial foresight model, however, defeats the model’s purpose. That is,

it is more consistent that the partially foresighted producer invests in capacity to replace

lost production capacity or bring on board new production capacity, rather than to lower

extraction costs in the same period. Technological progress and depletion are therefore

introduced exogenously in line with the capacity level and state of depletion achieved in

the immediately preceding period.

Similarly to the previous chapter,
cru

P (•) ,
pro

C (•) ,
inv

C (•) ,
dev

C (•) are the crude oil price,

extraction costs, investments costs, and cost of reserve additions, respectively. The same

cost functions as in the previous chapter are used except of course, K ,R, S are lagged so

8Literally, this means that the producer does not base his current extraction decision on the rents that
accrue from the future states of these components. In a modeling context, this is achieved by restricting
the shadow values for these state variables to remain at zero.

9As noted in the preceding paragraph, we let the producer factor in the depletion of the resource base
because we assume that its treated as an asset that will earn him a return at some point in time, be it
in the distant future. This is unlike the reserve base which allows the producer earn immediate revenues
from the market.
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as to capture the exogeneity of technological change and depletion. The constraints faced

by the producer in any single period are given in Equation (7.2). Respectively, these are

constraints for capacity on production level, and geological constraints on extraction where

γ̄ is the maximum depletion rate. Equation (7.3) gives the dynamics for the resource, while

in Equation (7.4), the non-negativity constraints on production, investments and reserve

additions including the initial condition on resources are stated. Equations (7.5)-(7.6)

give the variables that are introduced exogenously, whereas Equation (7.7) gives the non-

negativity constraints exogenously imposed on the selected variables. To see that the

partially foresighted producers decisions are influenced more by immediate rather than

inter-temporal concerns, we give the first order conditions to the producer’s problem with

respect to q, I, and X, respectively.

cru

P (•) +
cru

P q (•) qih −
pro

C qih (•)− µih (γ̄ + 1)− κih = 0 (7.8)

inv

C Iih (•)− κih
1 + %ih

= 0 (7.9)

dev

C Xih (•)− µihγ̄ + λih = 0 (7.10)

µih (≥ 0) is the instantaneous shadow price due to the extractable reserve base con-

straining production, κih (≥ 0) the instantaneous shadow price due to capacity constrain-

ing production, i.e., the shadow price on excess capacity, and λih (> 0) is the shadow price

on resource depletion which grows at the rate of interest. By Equation (7.8), OPEC pro-

ducers whom we model as price setters, determine their production levels where marginal

revenue is equal to the full marginal cost.Non-OPEC producers, on the other hand, whom

we assume form the competitive fringe, extract where price is equal to the full marginal

cost. Note that unlike the case of perfectly foresighted producers where inter-temporal

rents largely determine the time path for marginal profits, the partially foresighted pro-

ducer’s marginal profits are determined only by instantaneous components. Notably, (i)

the depletion rate adjusted shadow price on the size of the extractable reserve base and

(ii) the shadow price on excess capacity.

In Equation (7.9), it is notable that the value of investments in capacity (i.e. the

investment price) is also determined instantaneously as set by the (shadow) price on excess

capacity corrected for depreciation. This is in contrast to the case of perfect foresight

where the investment price is given by the discounted value of all future investments in

capacity. Similarly, we see from (7.10) that the price on the partially foresighted producer’s

reserve additions is set by the (shadow) price on the extractable reserve base adjusted for

the depletion rate — an instantaneous component — rather than the discounted value

of all future additions to reserves, as in the perfect foresight model. Major differences
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clearly do exist between our perfect foresight and our myopic model. In the next section,

we discuss the results from both models.

7.4 Simulation results

Table 7.3: Oil price in 2065 for alternative assumptions about foresight, energy efficiency,
GDP and ultimate recoverability

Gradual efficiency Accelerated efficiency

USGS med USGS high USGS med USGS high

Perfect
foresight

IIASA high 198.0 (98.3%) 149.8 (50.0%) 132.2 (32.4%) 100.8 (1.0%)

IIASA med 183.6 (83.9%) 137.5 (37.7%) 131.9 (32.1%) 99.8 (0.0%)

Partial
foresight

IIASA high 221.1 (90.8%) 183.7 (58.5%) 130.6 (12.6%) 118.1 (1.9%)

IIASA med 205.5 (77.3%) 170.7 (47.3%) 129.7 (11.9%) 115.9 (0.0%)

Represented in brackets is the percentage change in the oil price for that specific scenario relative to the

“IIASA med; accelerated efficiency; USGS high”oil price, for either the perfect foresight case or the partial

foresight case. Recall from section 7.2, that IIASA assumptions investigate the impacts of macroeconomic

uncertainty, USGS estimates investigate the impacts of resource uncertainty, while the representation of

Gradual and Accelerated efficiency investigates the impacts of energy efficiency. The “Gradual efficiency”

scenarios keep income elasticity constant overtime, capturing an outcome consistent with high levels of

oil dependence. “Accelerated efficiency” by contrast, comprises declines in income elasticity, capturing an

outcome consistent with significant innovation that leads to substantially less oil dependence per unit of

GDP.

Table 7.3 shows the oil price in 2065 for the perfect foresight and the partial foresight

models. Firstly, note that price in the partial foresight model is almost always higher

than that in the perfect foresight model10. The reason for this is that partially foresighted

producers do not account for future market conditions when making decisions in the

present, they therefore underinvest in capacity which in turn suppresses production, hence

raising the oil price11. Secondly, observe that for both the perfect and partial foresight

models, uncertainty about the future oil price is quite large, with the divergence between

the highest and the lowest price being US$ 98.2 (given by US$ 198.0 minus US$ 99.8) for

the perfect foresight model, and US$ 105.2 (given by US$ 221.1 minus US$ 115.9) for the

partial foresight model. The slightly larger range for the partial foresight model is again

explained by the lack of knowledge about future conditions, which curtails investments

10The exception is with the “accelerated efficiency–USGS med” scenarios where these 2065 prices are
slightly higher for perfect foresight than for partial foresight.

11If instead the model was specified such that producers do not have to invest in capacity, the opposite
result would have been expected. That is, that production in the partial foresight model would exceed
that in the perfect foresight model. In a model of investments in capacity and partial foresight, producers
differ costly investments, only making that which is necessary for profitable extraction in the present.
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even when it could actually be quite profitable to expand capacity for the high demand,

low energy efficiency cases.

Thirdly, note that the divergence in the price levels is higher for gradual than for

accelerated energy efficiency12. This points towards the significance of having policies in

place that improve energy efficiency overtime. Such policies help dampen escalations in

the oil price, ensuring both the efficient usage of oil and that consumers have access to

affordable energy. In our “accelerated efficiency” scenarios, it is assumed that the faster

the economy grows overtime, the greater its capability to improve its energy efficiency.

Fourthly, observe that resource uncertainty diverges the oil price by greater magnitude

than macroeconomic uncertainty. To see this, observe that the divergence in the oil price

is greater between USGS med columns and the USGS high columns (under the same

category of efficiency), than for IIASA med columns against the IIASA high columns

(under the same assumptions about foresight).13 This result is explained by the fact

that estimated resources are more uncertain, than the assumed IIASA projections of

future gross domestic product14. Finally, the consensus appears to be that the future

oil price will be influenced by a much more inelastic oil demand than oil supply. By

comparing USGS med or USGS high columns under different categories of energy efficiency

(demand uncertainty case), with USGS med against USGS high under the same category

of efficiency (resource uncertainty case), it is clear that demand prospects cause much

larger divergence in the future oil price than resource uncertainty — also see Table 7.4.

Interestingly, from Table 7.4, we see that while demand uncertainty influences partially

foresighted producers relatively more, resource uncertainty influences perfectly foresighted

producers to a greater extent.

The large uncertainty observed indicates the general difficulty in refining predictions

about future crude oil prices. Nevertheless, a common theme that emerges from the

simulations is that price in 2065 will plausibly be much higher than price in 2005. In fact,

if producers are heavily myopic as the partial foresight model assumes, then the oil price

could rise up to four and a half times its 2005 level in real terms by 2065. Notwithstanding,

we see that energy efficiency has a rather important role to play: by ensuring that energy

efficiency improves in lockstep with economic growth, much of the uncertainty about the

future price level can be resolved. For the coming decades therefore, further improvements

12Take for instance “IIASA high–USGS med” minus “IIASA high–USGS high” in the case of “gradual
efficiency” as compared to the case of “accelerated efficiency.” I.e. US$ 198.0 minus US$ 137.5, as
compared to US$ 131.9 minus US$ 99.8. Clearly the divergence is greater for the former than for the
latter. Alternatively, one could look at “IIASA high–USGS med” minus “IIASA med–USGS med” under
“gradual efficiency” as compared to the same scenarios under “accelerated efficiency.”

13The former comparison captures the impacts of resource uncertainty while the latter captures the
impacts of macroeconomic uncertainty.

14Had we used GDP series with more divergent assumptions about economic growth than the IIASA
projections, then it would in fact be possible to obtain more widely diverging GDP-driven time paths for
long-term oil prices.
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Table 7.4: Divergence of oil price in 2065 for demand and resource uncertainty assumptions
presented in Table 7.3

Resource uncertainty Demand uncertainty

A B C D

Perfect foresight
IIASA high 48.18 31.35 65.84 49.01

IIASA med 46.01 32.02 51.71 37.68

Partial foresight
IIASA high 37.43 12.41 90.58 65.56

IIASA med 34.80 13.80 75.77 54.78

A ≡ “USGS med; gradual efficiency” minus “USGS high; gradual efficiency,” and B ≡ “USGS med;

accelerated efficiency” minus “USGS high; accelerated efficiency.” C ≡ “USGS med; gradual efficiency”

minus “USGS med; accelerated efficiency,” D ≡ “USGS high; gradual efficiency” minus “USGS high;

accelerated efficiency.”

in energy efficiency, as promoted though comprehensive government policy, are going to

be even more necessary. This is ever more important because demand is expected to

continue its sharp growth (IEA, 2011), while key oil resources are getting increasingly

depleted to sustain consumption.
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Figure 7.2: Time path for global crude oil prices in all scenarios showed in Table 7.3. In-
dicated in black symbolized lines are the prices for the“IIASA med–accelerated efficiency–
USGS med” scenarios, for both partial and perfect foresight. These are the baseline sce-
narios. The remaining lines of gray color indicate prices from all other scenarios, that we
merely include to indicate divergences of prices from other scenarios around the baseline
price paths.

In the real world, we expect producers to exhibit some sort of foresight when making

investment decisions. That is, producers may look ahead a few number of periods. In

this case, expected prices could plausibly lie between the perfect and partial foresight

projections. This would not change the observation from our model that future prices
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will possibly be much higher than prices today because of increased depletion, growing

demand, and the tendency to underinvestment in capacity in case of imperfect future

markets. Figure 7.2 shows the time path for oil prices in all the scenarios in Table 7.3. It

is clear even from the initial model periods that there is a large uncertainty about future

oil prices. In bold are the scenarios that are of the most interest in this chapter: the

“IIASA medium; accelerated efficiency; USGS mean” scenarios. We shall refer to these as

our baseline scenarios. These scenarios have been chosen because they potentially repre-

sent the most plausible estimates for the uncertain input variables. Notably, the partial

foresight model indicates different dynamics for the oil price, than the perfect foresight

model. Whereas price in the perfect foresight model continually grows at more or less

a steady pace, that in the partial foresight model initially grows rapidly before stabiliz-

ing after 2035. Moreover, notice that price in the partial foresight case almost always

lies above that in the perfect foresight. As explained before, this is due to conservative

investments in capacity and hence lower global oil supply in the partial foresight model.
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(a) Perfect foresight
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(b) Partial foresight

Figure 7.3: Time path for oil prices and production profile in the “IIASA
medium:accelerated efficiency:USGS mean,” i.e., the baseline, scenarios.

Figure 7.3 elaborates on the baseline scenarios. We see that the decline pattern in

conventional crude oil production between the perfect and partial foresight models sub-

stantially influences the price profile. Whereas conventional crude oil production in the

perfect foresight model initially increases before declining, that in the partial foresight

model declines continuously15. In the latter, this induces prices to rise faster, more espe-

cially that unconventional crude oil and biofuels initially fail to compensate for the declines

in conventional crude oil supply. After 2040, however, the expanded biofuel capacity be-

gins to play a substantial role in stabilizing oil prices, and the now high oil prices start

to somewhat stabilize the declines in conventional crude oil extraction as more expensive

reserves can be added to the proven reserve base through development.

15 These differences in decline pattern are explained by the investment strategy.
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(a) Global price elasticity of demand at −0.58
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(b) Global price elasticity of demand at −0.48

Figure 7.4: Time path for oil prices and production profile in a supplementary scenario,
“IIASA medium:accelerated efficiency:USGS low,” for two assumptions about the elasticity
of demand. In both cases, producers are assumed to have perfect foresight. Note that
−0.58 is the baseline elasticity used through out the chapter.

Also observe that in the perfect foresight model, crude oil production peaks in 2020

at 87.17 mbd, while total oil production peaks in 2035 at 91.02 mbd (Figure 7.3). By

contrast, crude oil production in the partial foresight model peaks in the initial model

period at 83.584 mbd, while total oil production peaks in 2035 at 86.54 mbd16. What

is clear from both graphs is that crude oil (and in general oil) production remains at

plateau17 for a drawn-out period of time, as supported by rising oil prices. This is in

contrast to a peak followed by a drastic decline that is often characteristic of the technical

literature e.g., in Aleklett (2012). Nonetheless, had we assumed a smaller resource base,

say the USGS (2000c) low estimate, then it is possible to have no plateau phase, but a

peak followed by a decline as shown in Figure 7.4.18 As noted before, however, ultimately

recoverable reserves for the next 100 years will plausibly rise to the USGS mean estimates.

What matters most is how fast oil prices can rise to allow for extraction of reserves that

were formerly uneconomic to extract.

Introducing (autonomous) technological progress provides a simple means to check

whether it might be possible to offset high crude oil prices and high depletion rates, espe-

cially for conventional crude oil resources, over the coming decades. Figure 7.5 presents the

production profile and crude oil prices presented in Figure 7.3, but with autonomous tech-

nological progress as discussed in section 7.2, i.e., our baseline scenario with autonomous

16The dip in oil supply in 2040, is explained by a sudden loss in conventional oil production from several
regions including Asia and the Pacific, North America, Algeria, and Angola, among others, due to the
constraining effects of geophysical constraints and weakening of demand.

17Plateau can generally be described as production staying within 5% of its peak level.
18We see that with a lower elasticity, prices are higher overall. More importantly, however, conventional

oil production is not significantly affected by the higher prices caused by the lower elasticity, but uncon-
ventional oil is substantially increased in the medium term because of the higher prices and so is biofuel
production in the later periods when unconventional resources also increasingly deplete. The failure for
conventional oil production to increase is due to geological constraints restricting production.
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(b) Partial foresight

Figure 7.5: Time path for oil prices and production profile in the “IIASA
medium:accelerated efficiency:USGS mean”scenarios with autonomous technical progress.

technological progress. Technological progress has substantial implications for the crude

oil price and the global crude oil production profile. It lowers the oil price by at least

US$25 in 2065, thus dampening the overall speed at which the oil price rises overtime,

and increases conventional and unconventional crude oil production, hence raising the

level at which global oil production peaks by at least 10 mbd and pushing back the date

of peak by at least 15 years. The impacts of technical progress, however, are to some

extent limited in the initial model periods as geological constraints induce prices to rise

faster in these periods. In later periods, these geological constraints are overcome through

reserve development, as induced by the gradually rising oil prices.

Although technological progress could have substantial impacts on dampening oil price

escalations and sustaining oil production in the medium-term to long-term, technological

progress is not a “free lunch.” It requires investments in order to research and commer-

cialize technologies. The funding for this research, depends on how high the crude oil

price is. In all, it thus appears more the case that the impacts of technological progress

will plausibly be rather small.

Models as tools for pursuing formal analysis are merely intended to generate scenarios

given input. Nonetheless, the conclusions that can be taken from our analysis are fourfold:

(i) the age of cheap oil may have indeed come to an end, (ii) if the pessimists are to be

believed, oil supply may experience a long plateau phase rather than a single peak followed

by an irreversible decline as they tend to predict, (iii) The potential for energy efficiency

to dampen future price escalations are immense, governments should therefore focus on

promoting energy efficiency as means of mitigating oil price escalations. (iv) demand and

resource uncertainty are major sources for uncertainty in the future oil price irrespective

of whether producers act myopically or exhibit some sort of foresight.
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7.5 Comparison to contemporary projections

In this section, we compare our baseline projections to three contemporary projections

of future oil supply and price. Our projections for oil supply are neither as optimistic as

two of the studies indicate, nor as pessimistic as one of the studies projects. Whereas our

baseline model predicts a drawn-out plateau phase with a peak occurring around 2020, the

pessimistic study by Aleklett (2012) indicates a peak in global crude oil production that

may have already occurred in 2010. The optimistic studies, on the other hand, indicate no

foreseeable peak, at least before 2035. Compared to one of the reviewed studies, Maugeri

(2012), that gives regional production projections, both his model and ours predict a

growing role for OPEC in the global oil market. With regard to price projections, our

model predicts more gently rising prices than contemporary projections by for instance

the EIA (2011b). This is explained by our different assumption on the role of OPEC in

the oil market and the relatively more optimistic assumptions on substitution possibilities

as captured by the price elasticity of demand.
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Figure 7.6: OPEC market share in the “IIASA med:accelerated efficiency:USGS med”
scenarios, for both partial and perfect foresight.

In the EIA (2011b) reference case projections, price rises to US$ 98 in 2020 (resp. US$

114 in 2035) while crude oil production rises to 94.6 mbd in 2020 (resp. 107.5 mbd in

2035). Even more optimistic than projections by the EIA (2011b), a bottom-up analysis

by Maugeri (2012) predicts that for a price floor of US$ 61.08, global crude oil supply

capacity will rise to 110.6 mbd by 2020, with the highest effective growth in capacity

coming from: OPEC (≥ 8.8 mbd), the US (≥ 3.5 mbd), Canada (≥ 2.2 mbd), Brazil

(≥ 2.5 mbd), and the FSU (≥ 1.3 mbd). From Figure 7.6, both our models of perfect

and partial foresight, under our baseline scenario, indicate that OPEC market share will

indeed likely increase. OPEC market share increases because of increasing demand-driven
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production in OPEC countries combined with increased depletion in non-OPEC countries.

In the perfect foresight (resp. partial foresight) model, OPEC production increases by 7.6

(resp. 10.6) mbd in 2020 compared to 2005 levels. By contrast, non-OPEC production

decreases by 4.0 (resp. 11.7) mbd in the perfect foresight (resp. partial foresight) model.

Thus, although our projections for OPEC production generally coincide with Maugeri’s,

non-OPEC projections differ. In our model, substantial losses in capacity are to occur in

the regions South and Central America19 (3.6 mbd), Europe (2.9 mbd), North America

(0.9 mbd), and Asia and the Pacific (0.6 mbd) as compared to 2005 levels, due to resource

depletion.

Kumhof et al. (2012) paint a mixed picture for oil markets. Their prediction for

crude oil supply is nearly as optimistic as EIA’s predictions20. The price required to

deliver this supply is, however, much higher. While the EIA (2011b) predict a price of

US$ 98 in 2020, Kumhof et al. (2012) predict a price of US$ 150.58. Kumhof et al.’s

model is econometric, with a representation of geological constraints through a linearized

Hubbert curve, and economic influences are introduced using variables such as GDP,

and current and lagged prices. Such a representation is a substantial improvement over

several traditional econometric models (see e.g., in Alquist et al., 2011) because the model

captures the fact that geological shocks could have persistent impacts on the time path

for oil prices. It is also a substantial improvement over typical Hubbert curve models

that tend to only stress the importance of geological constraints, ignoring the role for

economic variables such as price. Kumhof et al.’s results are therefore quite believable as

their model captures the main and essential medium to long-term determinants for crude

oil supplies and prices on the oil market.

A caveat to Kumhof et al.’s analysis, however, is that only global crude oil supply is

modeled. It is therefore impossible to know what the regional/country contributions to the

oil supply profile are. Moreover, like many econometric and geological models, Kumhof

et al.’s model fails to endogenously account for the importance of strategic producer

behavior (in particular OPEC behavior), that is well known to influence the oil price.

Indeed, withholding strategies by OPEC countries could substantially reduce future oil

supply and thus limit the increase in global crude oil supply. Alternatively, high oil

prices could induce OPEC to increase oil supply, thus dampening the speed of oil price

escalations. Unlike Kumhof et al.’s model, our model accounts for the possible impacts

of OPEC behavior. Another important difference between our study and that of Kumhof

et al. is that our baseline assumption for the long-term global price elasticity of demand is

much higher (in absolute terms). While we use an elasticity of −0.58, Kumhof et al. use

an elasticity of −0.08. In the latter, price escalations are bound to be faster, with growing

19Excludes, Venezuela, Ecuador, and Brazil
20Kumhof et al., ’s predict 93.6 mbd of crude oil supply by 2020. This is as compared to EIA’s 94.6

mbd.
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demand or increasing depletion, because of assumed limited substitution possibilities21.

Among those pessimistic about future oil supply is Aleklett (2012). On page 129 of his

book, he reproduces a graph of world oil production, based on work that he did together

with Collin J. Campbell in 2003, “The peak and decline in world oil and gas production”

published in “Minerals and Energy-Raw Materials,” as “Report 18, 1, pp. 5–20.” In this

earlier work, he predicts a peak in global crude oil production by the year 2010 (occurring

at 82.19 mbd), and a peak in conventional crude oil production22 occurring in 2005 at

(approx) 65.8 mbd. In his Aleklett (2012) reproduction, the dates for peak oil are retained,

however, global crude oil production is indicated to peak at 2-3 mbd higher than initially

predicted in 2003. In the kind of analysis performed by Aleklett (2012); Aleklett and

Campbell (2003), physical laws dictate production and there is little room for the role of

economic variables such as price. In fact, as of 2020, Aleklett (2012) predicts global crude

oil supply will decline by 16% relative to his predicted peak production to (approx) 75

mbd23.

As of now, it might be too early to tell whether Aleklett’s predictions are totally amiss,

or vaguely close. What is clear, nonetheless, is that as of the period 2005 to 2011, BP

(2012); EIA (2012) data indicate that historical crude oil production was at its highest in

2011 (not in 2010 as Aleklett predicts). And although OPEC (2012) data indicate that

conventional crude oil may have peaked in 2007 (2 years after Aleklett’s estimated date),

the peak does not seem to be driven by a supply side crunch, but rather by a collapse in

demand due to the recent recession. In fact, conventional crude oil production increases

consecutively24 in 2010 and 2011 (OPEC, 2012). As production declines, our model

indicates that the high oil prices incentivise the development of formerly uneconomic

reserves, helping dampen the rates of decline in global oil production. As mentioned in

the preceding paragraph, such mechanism is absent in Aleklett’s model.

Uncertainty in reserve decline rates for currently producing fields and the rate at which

new fields could come online, make it difficult to precisely pin down future levels for the

global oil price and oil supplies. Nonetheless, as our analysis that combines economic

21In the literature, there is generally no consensus on the exact estimate for the long-run global price
elasticity of demand. However, as several studies including IMF (2011b); Gately and Huntington (2002);
Fattouh (2007) indicate, Kumhof et al.’s estimate is severely on the low side, and ours moderately on the
upper side.

22Their definition excludes, heavy, deep water, polar oils, and natural gas plant liquids.
23In his analysis, Aleklett (2012); Aleklett and Campbell (2003) assumes ultimately recoverable reserves

of 1900 bb. This nearly corresponds to the USGS (2000c) low estimate (95% probability estimate). In
our analysis we use the USGS (2000c) mean estimates and the 5% probability estimates. Nonetheless, in
the supplementary scenarios shown in Figure 7.4 we use the USGS (2000c) low estimate, which generate
production levels that are generally in line with Aleklett (2012); Aleklett and Campbell (2003) in the
initial model periods. In the later periods, however, our production declines are less drastic than Aleklett
predicts. The main reason for this is that we allow price as well to determine how produces allocate
resource extraction rather than restricting production to geophysical dictums.

24EIA (2012) data also indicate consistently growing conventional crude oil supply in 2010 and 2011
after a reductions during the 2009 recession.

166



and geological information indicates, global oil production is plausibly experiencing a

long pre-peak plateau phase before ultimately peaking and then gradually declining. As

is evidenced on the oil market nowadays, this plateau phase, is likely to continue being

marked by high and volatile crude oil prices. Our model, however, predicts gently rising

prices that are below current prices of US$ 87.23 (converted from 2012 to 2005 prices)

for much of the current decade and half of the next. As noted by Maugeri (2012), “only

[ speculative,] geopolitical and psychological factors, and a deep-rooted belief that oil is

about to become [more] scarce, can [help] explain the departure of oil prices from economic

fundamentals.” Speculative motives in particular, cause wild fluctuations in the global oil

price, clouding the underlying fundamental change in the oil price, as a result of changing

depletion and technological progress.

HIGH OIL PRICE STIMULATES: BIOFUELS, UNCONVENTIONAL OIL, EOR AND NEW FRONTIERS
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The impact of geopolitical shocks can be explained using Figure 7.7. Whenever oil

supply is disrupted in politically unstable regions such as Libya (2011 to present), Iraq

(2003 to present) or Iran, a significant portion of production in the segment with costs

below US $30 is lost. This requires that new production be brought on board from costly

marginal basins to replace the disrupted production. Such basins, as Figure 7.7 shows,

have marginal costs of up to US $90. This drastically pushes up price in the present. As

the disrupted production comes back online and capacity is expanded, however, cheaper

production means that the costly fields must be shut-in, possibly lowering the oil price

as well. Notwithstanding, if during the disruption demand grows, and depletion severely

increases, shifting the supply curve upwards and bending its inwards, then prices may fail

to decline. They could, nevertheless, remain stable for a long time.

Our model does not account for geopolitical uncertainties, speculative motives, and
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psychological factors. As history has shown (see e.g. Figure 1.1) these clearly cause signif-

icant perturbations to the oil price in the short to medium. In the medium to long-term,

however, such influences cancel out (Lee et al., 2006), justifying the modeling of oil prices

as stationery around a deterministic trend as is done in this thesis. For this reason, our

projections (mainly price) for the different scenarios should be seen as benchmarks given

economic fundamentals, rather than as actual forecasts of future oil prices. Compared

to EIA (2011b); IEA (2011) predictions, our model indicates relatively lower oil prices25

and much less production. Whereas EIA (2011b) and IEA (2011) reference scenarios indi-

cate no near term peak in global crude oil production, our reference model with foresight

indicates a peak that occurs around 2020 at (approx) 87.17 mbd.

7.6 Discussion

Because oil is still the major energy source in global energy supply, and will possibly

continue to be one of the key energy sources in the medium to long-term, decision makers

require information on the long-term development of its price and supplies. By considering

that crude oil producers could behave almost myopically or if sophisticated enough, may

act on the basis of future market conditions, we have examined the time path for oil prices

and supplies. The time path for the long-term oil price is key since it will determine the

terms of trade for many oil importing countries, and will also most likely influence the

choice and design of instruments to tackle climate change.

Our simulations indicate that the uncertainty about the level of future oil prices is

quite large. The size of the remaining ultimately recoverable resources and future levels

of demand are the main drivers of this uncertainty. Remaining ultimately recoverable

resources in particular, are found to explain why some researchers (e.g., Aleklett, 2012)

insist that a peak in oil production has already occurred, while others do not foresee

a peak anytime soon (e.g., Aguilera et al., 2009a; Lynch, 2003; Maugeri, 2012). Based

on USGS (2000c) mean assessments, our analysis indicates that oil supply may have

reached a plateau which is going to be drawn-out for even a decade before production

declines as conventional crude oil gradually depletes, and unconventional fuels and biofuels

moderately rise to meet the rising demand for oil. This in contrast to the peak, followed

by irreversible decline hypothesis that is often published in the technical literature (see

e.g: Aleklett and Campbell, 2003; Mohr and Evans, 2007).

25We assume a global price elasticity of −0.58 in our simulations. Lowering price elasticity to −0.48
generates prices that are marginally higher than EIA (2011b); IEA (2011) predictions. Even lower elas-
ticities could generate much higher prices. However, elasticities lower than −0.42 make OPEC producers
marginal revenue negative, limiting our ability to compute optimal first order solutions. This problem
can be overcome by using a linear demand; however, as outlined in the previous chapters, the isoelastic
demand curve is more suitable for our analysis. Our results indicate the elasticity influences price much
more than it influences crude oil production.
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If technological and economic conditions fail to raise ultimate recovery beyond the

USGS (2000c) mean estimates, then conclusions are clear: the age of oil abundance and

cheap oil has come to an end. While the USGS gives three probabilistic estimates for

ultimate recovery of conventional crude oil resources with 95%, 50%, and 5% probability

and an additional mean estimate, Aleklett (2012) argues that USGS (2000c) 95% low

estimates are the most accurate. Indeed, with global reserves for conventional crude oil

at the end of 2011 at 1263.4 bb26 (BP, 2012), and cumulative global crude oil production

at (approx) 1100 bb as per 2011, USGS low estimates can in fact be said to be known

to exist with 100% probability given current economic and technological conditions. As

prices rise and technological conditions improve, however, ultimate recovery grows since

formerly uneconomic fields and regions are (re)opened for exploitation. For oil production

over the next 100 years, it seems more plausible therefore that ultimate recovery could

gravitate towards the USGS mean (or 50% probability) estimates. This is the main reason

for our use of USGS (2000c) medium assessments.

To answer the main question: How much will consumers pay for oil? Firstly, consumers

will pay through environmental damage as more unconventional oil resources must be

brought on board to meet the declining supply of conventional crude oil. Unconventional

fuels are up to one and half times more environmentally damaging than conventional fuels

(Brandt and Farrell, 2007). Secondly, if the share of taxes, and refinery and distribution

margins remain more or less in line with what they are today, then consumers will also pay

through high prices at the pump. Our analysis indicates that because of increased resource

scarcity, by 2030 (resp. 2065), consumers could pay prices that are up to 38% (resp. 98%)

higher than if oil was more abundant. With price reaching US$ 114 (2005 dollars) in 2035,

for our “high-demand, low energy efficiency, and limited resource availability” scenario, it

becomes evident that such high prices will severely reduce consumer purchasing power,

and could make Pigouvian carbon taxation even more difficult to implement at the time,

as taxing already high crude oil prices could prove even more unpopular with voters.

What can policy makers do about the situation that is developing on the oil market?

A no loose policy clearly is to make additional investments into alternatives as this helps

shore up total oil supply. In the long-run such early investments could increase consumer

welfare (Popp, 2004). Moreover, a policy of diversifying the oil portfolio helps address

secondary issues such as energy security. One of our main findings, however, points to

energy efficiency as being a great way to not only reduce dependence on oil and to lower

ultimate levels for future oil prices, but also helps reduce the uncertainty about future

prices. With less uncertainty about the future level of the oil price, policy planning can

proceed in a more certain environment. Extensions to this work could consider proposing

a producer foresight model in the context of rolling horizons (also known as progressive

26Adding unconventional crude oil reserves brings the proven reserve base to 1652.6 bb
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finite time), and comparing the results to the perfect foresight model. Explicitly modeling

uncertainty using probability distributions is yet another possible extension.

In the next chapter, we conclude the thesis. The theoretical and policy contributions

of the different chapters are revisited, and the answers to the research questions posed in

chapter 1 summarized. Finally, areas for further research are given.
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Chapter 8

Discussion and conclusions

Crude oil is the leading fossil fuel in the global primary energy system, and is likely to

remain a key source of energy for decades to come. Its nearly unsubstitutable use in

transportation, the high plausibility of an early peak in production levels, the concentra-

tion of reserves in a few countries that are perceived to be unstable, and climate change

impacts from its consumption make its future supply and price of paramount interest

to policy makers and scientists alike. While studies carried out by geologists are usually

pessimistic about the prospects of future oil supply, those conducted by economists are by

contrast, normally optimistic. In part, this is because of the different methods of analysis

that are used by each respective group of scientists, but also due to the widely divergent

assumptions that are made about ultimately recoverable resources of crude oil.

Whereas methods used by geologists tend to focus on the geological and technical

aspects of oil production at any particular point in time, and often use more pessimistic

assumptions about the ultimately recoverable resources of crude oil, those conducted by

economists focus more on the role for economic variables such as the price, rents, and

profit margins, and often use more optimistic assumptions about ultimately recoverable

resources. Accordingly, a failure to integrate these methods has more often than not,

given a lopsided view about future conditions on the global oil market. In this thesis,

we focused on designing a model, IPROSE (“the Integrated model for oil PRices and

Oil SuppliEs”), that integrates geological, technical, economic, as well as information on

the behavior of producers, so as to provide a balanced and more realistic view of future

oil supplies. Among several issues, we applied the model to investigating quantitative

impacts of non-OPEC reserve additions, OPEC behavior, biofuel mandating, demand

and resource uncertainty, and the impacts of energy efficiency on the future oil price and

supplies. These exercises were carried out with the aim of answering the main research

question posed in chapter 1:

How will oil prices and supplies develop in the long term, under

divergent assumptions about geophysical constraints, demand de-

171



velopment, technological progress, and climate change policy?

Answering this question can help us understand how the transition to a low-carbon econ-

omy could be achieved, which as pointed in chapter 1, will help address three pressing

concerns from the use of oil: (i) its scarcity, (ii) energy security concerns, and (iii) climate

change impacts from its consumption.

To summarize the main points, we find that the uncertainty in the level of the future

global oil price is quite large, but that the global supply of conventional crude oil is

plausibly going to experience a supply induced peak within this decade or before the end of

the next. With declining conventional crude oil production, the increase in unconventional

crude oil and biofuels supply, under current policies, is observed to fall short of filling the

accruing supply gap. This substantially accelerates the increase in the global oil price in

the medium to long-term. Since a high oil price is necessary if low-carbon technologies

are to economically compete against carbon based technologies, this long-run increase

in the oil price is advantageous for the transition to the low-carbon economy. In the

short to medium term, however, our projections for the global oil price, under divergent

assumptions about resource availability and demand, largely remain below the current

price of US$ 87.23 (converted from 2012 to 2005 prices). As discussed in chapter 7,

recent geopolitical, speculative, and psychological factors, factors which are not included

in our model, are leading factors that can help explain this divergence. To accelerate the

transition to the low-carbon economy therefore, increasing the short to medium term cost-

based price of oil through moderately high carbon taxes appears immediately necessary.

Although an estimation of the appropriate level of the carbon tax was beyond the scope

of this thesis because of the partial equilibrium focus of our analysis; Sankey et al. (2009),

argue for a carbon tax of at least US$ 10 per barrel to make hybrid and electric vehicles

as competitive as their gasoline counterparts. To ensure the sufficient supply of clean

alternatives (in our case biofuels) when conventional crude oil starts to decline, we find

that further support for alternatives, say through subsidies for production and funds for

research into innovation, are evermore necessary.

The rest of this chapter is organized as follows. The next subsection summarizes the

chapters in relation to the research sub-questions set out in chapter 1, whereas the final

subsection gives some areas for future research.

8.1 Summary of the chapters

In chapter 1, the following sub-questions were formulated to guide the thesis research in

answering our aforementioned main research question:

Sub-questions:
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I. Which geological, economic, and technological factors have influenced, and are most

likely to influence the supply and price of oil in the coming decades?

II. How can we best represent these factors in a long-term model of oil depletion,

combining elements of economic theory and oil engineering?

III. How and to what extent will climate change policies influence global oil production

and the global oil price?

IV. What is the range of uncertainty in the level of the future global oil price and supply,

associated with key model assumptions?

In what follows, we provide the responses to the research sub-questions, on the basis of a

summary of the thesis chapters.

With regard to sub-question I, reserve additions, OPEC cohesion, depletion rents, tech-

nological progress, the planning horizon, geological constraints as captured by reservoir

and rock porosity in producing wells, and demand growth were identified as the leading

factors that have influenced oil production in the past and would most likely continue to

influence oil prices over the coming decades. These factors were elaborately explained in

chapter 2, and their quantitative impacts were explored in the remainder of the thesis.

To answer part of sub-question II, chapter 2 motivated why the inter-temporal opti-

mization modeling paradigm, which has roots in the classical work of Hotelling (1931),

provides the most suitable basis from which to develop the IPROSE model. The reasons

identified were: (i) a well-established economic theory from which to design models, (ii)

the proven ability for models built in this framework to be straightforwardly amended

so as to account for new features perceived to be fundamental for oil pricing and supply

decisions, and (iii) a framework that easily accounts for indirect effects that influence

oil production and prices, such as the impact of rents. Chapters 3 through 5 focused

on answering the rest of sub-question II, while, chapter 6 focused on sub-question III,

taking biofuel mandating as the climate change instrument of choice. Biofuel mandates,

where chosen because of their feasibility, current popularity, and because they allow us to

simultaneously assess the impacts of subsidies on biofuel production and taxes on crude

oil production on the global oil price and supplies of oil. Finally, an elaborate answer to

sub-question IV was explored in chapter 7. We elaborate further on these issues next.

To sort out some practical issues, chapter 3, set out and explored attributes on which

the design for IPROSE was to be based (sub-question II). Notably, the modeling of OPEC

behavior, and the modeling of reserves as inventories that are depleted through extraction

and augmented through additions. Equally important, was the answer to the policy

question: can reserve additions in mature crude oil provinces (Western Europe, North

America, and Asia and the Pacific) attenuate peak oil? Using a prototype model, it was
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found that a failure to augment reserves in the mature crude oil provinces could lead to

severe declines in global crude oil supply by 2050 or earlier. Policies that seek to increase

reserves were, however, observed to offer more of a short-term than a medium or long-

term relief to the problem of global oil scarcity. A sensitivity analysis indicated that total

cumulative oil supply and oil prices were quite responsive to assumptions about energy

efficiency, indicating the relevance of having policies in place that seek to ensure the ever

more efficient usage of oil resources. Methodologically, the chapter helped identify that (i)

the representation of geophysical constraints in Hotelling-type oil extraction needs to be

broadened and that (ii) the decision making process for OPEC countries requires better

understanding and modeling, so as to generate possibly more realistic projections for oil

prices. These issues were investigated further in chapters 4 and 5.

The first methodological issue, exploring the impact of geological constraints on crude

oil extraction, was dealt with in chapter 4. In the chapter, we compare a Hotelling

extraction-exploration model that does not account for the geological constraints to one

that accounts for geological constraints. It was shown that the latter model (unlike the

former) coherently explains the stylized facts of bell-shaped production profiles, U-shaped

prices, and possibly declining in situ rents over a part of a resources’ productive life.

Calibrating both models to the global oil market, and investigating the impact of geological

constraints on global oil production, it was observed that geological constraints induce

possibly more realistic behavior on the part of crude oil producers, that is not captured in

the classic Hotelling extraction-exploration model. More specifically, for larger producers

such as Saudi Arabia, geological constraints induced them to extract their resources more

conservatively. Conversely, geological constraints induced smaller producers to extract

comparatively faster. This difference in behavior was explained by the fact that higher

prices, as induced by the geological constraints, incentivise smaller producers to augment

their reserve base faster than it does for the larger producers.

Chapter 5 addressed the second methodological aspect of the oil market that needed

better modeling. To maintain prices at levels that OPEC producers perceive to be “fair,”

OPEC coordinates the production decisions of its members. This makes OPEC behavior a

priori inconsistent with the traditional non-cooperative oligopoly modeling approach. At

the same time, because individual members decisions are not fully controlled by OPEC,

members’ behavior is not a priori concordant to that of perfect cartel that would seek to

maximize the profits of the group as whole. A novel model of imperfect cartelization was

therefore proposed in the chapter. The model showed that imperfect cartelization is a key

means through which OPEC can ensure Pareto optimal payoffs to individual members,

while at the same time crowding out much of the non-OPEC production that thrives best

under a situation of high prices that can accrue from perfect cartelization. The model of

imperfect cartelization provides a plausible explanation of why OPEC has survived for so
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long, despite repeated predictions of its collapse. More importantly, however, it provides

a practical and theoretically consistent means of assessing how OPEC might actually

influence prices, and react to changing dynamics on the global oil market.

With the full IPROSE model in hand, chapter 6 set out to explore the impact of

climate change policies on oil production (sub-question III). In particular, the chapter

examined the impacts of the recently announced EU and US 2020/2022 biofuel mandating

targets on global oil production. As reported by Sinn (2008), such well-intentioned climate

change policies may lead to unintended effects such as the green paradox. Our analysis

revealed that in the absence of any mandating policies, the peak in conventional crude

oil production is potentially a more serious threat to climate change due to a more rapid

increase in unconventional crude oil (than in biofuel). Instituting mandating policies

was observed to boost biofuel production significantly, irrespective of whether a tax and

subsidy based mandating scheme, or simply a subsidy based scheme was used. More

importantly, the green paradox due to imposing mandating policies was observed to be

a quantitatively insignificant effect, that did not even occur in the baseline mandating

specification. In the tax and subsidy based mandating scheme, we found the subsidy on

biofuels to be at least an order of magnitude higher than the tax on crude oil production.

This is a crucial result as it indicates the importance of the former as an effective (but

of course not first-best) policy instrument for diversifying the current liquid fuels supply

profile. Another important result found was that delaying mandating policies, even though

ambitious enough, substantially increases the likelihood of the green paradox, than if

policies are implemented early at less stringent levels and then made gradually more

stringent.

Chapter 7 more explicitly explored the final sub-question: what is the range of uncer-

tainty concerning the level of the global oil price associated with key model assumptions?

The long-term oil price was found to be quite sensitive both to assumptions on ultimate

recovery and future levels of demand. We found that by 2065, prices could rise by up

to two to fivefold their 2005 levels in real terms. Compared to medium-term projec-

tions by the EIA (2011b); IEA (2011), our baseline projections for the rise in the global

oil price are more conservative, but projections for global oil production are also more

pessimistic. We find that conventional crude oil production is plausibly experiencing a

long pre-peak plateau phase before peaking around 2020 at approximately 87.7 mbd and

then declining thereafter. With declining conventional crude oil production, the increase

in unconventional crude oil and biofuel production is found incapable of meeting the oil

supply gap. Energy efficiency, however, has an important role to play: a policy requiring

that energy intensity inversely targets required levels of economic growth is observed to

be quite effective at reducing uncertainty about future oil prices and dampening oil price

escalations. Comprehensive government policy promoting energy efficiency is therefore
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necessary to ensure that such benefits from energy efficiency are realized. Lastly, the sim-

ulations strongly indicate that OPEC countries are going to be increasingly relied upon

to supply much of the world’s oil needs (possibly up to 50% of total oil consumption),

starting with the current decade. Therefore, there is no doubt that in order to help ad-

dress concerns about energy security, policies that (sustainably) augment the supply of

alternatives such as biofuels are ever more necessary.

8.2 Areas for further research

This thesis has examined how several leading factors (e.g., geological constraints, market

structure, technological progress, climate change policy, etc.) could influence oil supply

and price over the coming decades; several issues, however, still remain unexplored. More-

over, the research undertaken suggests new areas within the domain of global oil market

studies that might require further investigation in order to acquire a more comprehensive

understanding of the role that the oil price could play for the transition to a low-carbon

economy.

Perhaps most important is the feedback between the economy and oil supply. In

our model set ups, we introduced demand exogenously on the basis of projected levels

of economic activity, population growth, and assumptions on energy efficiency. This is

standard in partial equilibrium modeling. In the real world, however, the economy in

general, and consumers in particular, behaviorally react in real time to the changes in the

price level. For instance, high (resp. low) oil prices may slow (resp. accelerate) economic

growth and also induce consumers to use oil more (resp. less) efficiently. Ultimately this

could decrease (resp. increase) the demand for oil. Low (resp. High) oil demand, combined

with high (resp. low) oil supply capacities, could then result in declines (resp. hikes) in

the oil price which over time could gradually increase (resp. decrease) oil demand, and

so on, and so forth. Such feedbacks, could generate more complex dynamics for the oil

price than is indicated by our projected monotonically rising long-term oil price. These

complex oil price patterns could have a substantial influence on the incentives to invest

in clean alternatives. Future research could therefore explore how feedbacks between the

economy and the oil industry may influence the projected long-term oil price, and how

this may in turn influence incentives to invest in low-carbon alternatives to oil.

Another issue that warrants exploration is the role of fossil fuel subsidies on the im-

pact of learning by doing in clean technology and hence the transition to a low-carbon

economy. Clean technology firms have to make the decision about when to enter a carbon

dominated market, or expand their production capacity. This decision is heavily influ-

enced by the relative profitability of the clean technology vis-à-vis the carbon resource,

the likelihood of a climate change policy, and government regulation towards both the
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carbon resource and the clean technology. Unfortunately, many governments around the

world are in general unable to commit long-term support to low-carbon technologies. Yet,

many of these same governments continue to extend subsidies to fossils fuels either di-

rectly or indirectly1. Such factors have sustained a lock-in into carbon fuels and made

the entry of, and innovation into clean alternatives arduous. It is thus appropriate to

investigate the interrelationship between subsidies for carbon resources, and innovation

for low-carbon technologies, with the aim of answering questions such as: (i) Taking fossil

fuel depletion into account, is the removal of subsidies for carbon fuels necessary in order

to spur innovation in alternative technology? (ii) If yes, when should governments aban-

don subsidies so as to spur innovation in the alternative technologies? (iii) To what extent

does an initial research subsidy for alternative technologies influence the date when the

subsidy on fossil fuels is abandoned?

Some empirical work can also follow from the investigations pursued in this thesis. In

particular, the (theoretical) extensions proposed in chapters 4 and 5, about the role of

geological constraints and the form of cartelization in OPEC are new to the literature.

One possibility therefore, is to empirically test the quantitative significance of geological

constraints in inducing producers to search for new reserves, and the importance of ge-

ological constraints and reserve additions combined, in explaining U-shaped prices and

declining marginal profits. Another possibility is to empirically estimate historical levels

of what we refer to as the OPEC coefficient of cooperation, and test to determine how

OPEC cooperation empirically changes with changes in the price level. Such exercises

could improve our understanding of the economics of non-renewable resource extraction

beyond the classical Hotelling model, and also improve our understanding and modeling

of cooperative oligopolies.

Finally, the IPROSE model could be extended to account for the various forms uncer-

tainty such as demand uncertainty and resource uncertainty, and the impacts of under-

taking risky exploration activities.

1See for instance: “http://www.washingtonpost.com/blogs/wonkblog/post/why-775-
billion-in-fossil-fuel-subsidies-are-hardto-scrap/2012/06/18/gJQABaQUlV blog.html,” and
“http://www.bloomberg.com/news/2012-12-03/fossil-fuel-subsidies-of-rich-nations-are-five-times-
climate-aid.html” retrieved on 18-Dec-2012
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English summary

Crude oil is the leading fossil fuel in the global primary energy system. Its composition

in the global energy profile will be key in determining the pace of the transition to a low

carbon economy. Existing models that assess future oil supply usually capture only one

side of the oil availability story. That is, they either focus more on economic aspects of oil

depletion, emphasizing less the technical and geological aspects, or focus on the geological

and technical ignoring the economic aspects. This thesis integrates these dimensions and

develops a calibrated model that can be used to explore long-term developments on global

oil markets.

Our results underpin the urgency for a comprehensive approach to jointly tackling peak

oil and climate change. While energy efficiency remains central to lowering dependence

on crude oil, we find that effectively addressing the transition to the low-carbon economy

should also combine both carbon pricing and subsidies for alternatives. Carbon prices

increase the cost-based price of oil in the short to medium term and give an incentive

(above the effect of depletion on price) to switch towards cleaner technology. To enhance

the supply of clean alternatives, immediate support to facilitate their future use is also

necessary. We find that crude oil supply may plausibly stay at plateau, but start to

decline by 2030. Considering the possibility for oil producers to hasten oil extraction

because of anticipating climate policies (i.e., green paradox), we observe this effect to be

quantitatively insignificant for concern.
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Olie is de belangrijkste fossiele brandstof in het mondiale energiesysteem. De snelheid van

de transitie naar een gedecarboniseerde economie hangt in sterke mate af van de toekom-

stige rol van olie. Bestaande modellen van het toekomstige olie-aanbod behandelen maar

één aspect van de oliebeschikbaarheid. Ze richten zich ofwel op de economische aspecten

van olie-uitputting, met minder nadruk op technische en geologische factoren, of negeren

juist de economische mechanismen. Deze dissertatie integreert de twee dimensies en on-

twikkelt een gecalibeerd model om de langetermijnontwikkelingen op de wereldoliemarkten

te analyseren.

Onze resultaten benadrukken de urgentie van een geintegreerde aanpak van het piekolie-

en het klimaatprobleem. Hoewel energiezuinigheid belangrijk blijft om de afhankeli-

jkheid van olie te verminderen, vereist een effectieve overgang naar een gedecarboniseerde

economie ook een koolstofbelasting en subsidies voor duurzame energie. Een koolstofprijs

verhoogt de gebruiksprijs van olie op de korte en midellange termijn en geeft een prikkel

voor het ontwikkelen van schone alternatieven, bovenop het effect van olieschaarste op

de olieprijs. Om het aanbod van schone technologieën te stimuleren zijn subsidies voor

het gebruik van deze technologieën ook dringend gewenst. Onze analyses laten zien dat

het olieaanbod waarschijnlijk op de korte termijn stabiel blijft, maar begint te dalen rond

2030. De mogelijkheid dat olieproducenten hun grondstoffen sneller oppompen omdat ze

een streng klimaatbeleid in de toekomst verwachten (de zgn. groene paradox) is empirisch

niet relevant.
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