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Introduction

As conventional oil reserves are declining, oil economics has become a burning issue: Hubbert oil production peak, relevancy of a scarcity Hotelling rent, oligopolistic behaviour and optimal strategy of OPEC.

On the basis of these classical approaches and using an exploration and production simulation model, we revisit the long-term oil market fundamental driving forces. The simulation is based on rational representative agents with limited but improving information.

The aim is to get a grasp on the long-term dynamics of oil price setting, by accounting for:

· reserves depletion;

· different production cost ranges;

· technical constraints (exploration and production);

· uncertainty on oilfields size and production cost.

The model allows to investigate three major directions:

1. a single agent exploring a global area;

2. a single agent exploring two areas with different geological characteristics;

3. two agents acting as a Stackelberg duopoly (OPEC and a competitive fringe) exploring a global area.

Overview

Debates on the 2050 oil price level are focusing on two issues. On the one hand, the reasons why and the moment when a “peak oil” should happen, that is the crude oil market price should stabilize at the level which allows for the profitable production of substitute fuels from gas, coal and biomass. On the other hand, the oilfields owners should rationally anticipate this event, and this should lead to a Hotelling scarcity rent within the oil market prices.

We propose to tackle the two issues above using an oil price model which replicates the behaviour of a rational representative agent, with both represent the oil exploring and producing firms and the oilfields owners. He acts rationally, but the information at his disposal is incomplete and changes through time. The model is based on an iterative simulation method, and the agent makes a decision at each time step having a certain amount of information. His decision will then improve the information for the next time step.

The main outcomes from the model are the following:

· we show an oil peak at the world level only if exploration expenses are being constrained;

· nevertheless, we account (without exploration constraints) for a regional oil peak (e.g. as has been successfully predicted by Hubbert for the United States) based on the existence of different oil regions, with distinct geological characteristics which are unveiled only progressively to exploring firms.
We then take into account political constraints which curb the level of exploration within the most endowed regions. This changes the shape of the oil pea, but without leaving it out.

· When we consider a monopoly power on oil production within the least endowed regions, we notice that the leader firm is taking the greatest (profitable) possible market share and that the market power exerted by the leader increases prices, but postpones the depletion date.

· The scarcity rent has an impact on oil market price only when the depletion date becomes much less uncertain.

The first part of this article describe the characteristics of the simulation model.

The first section of the second part shows that a Hubbert oil production peak can happen at a world level only when a strong constraint curbs the exploring expenses.

The second section of the second part deals with the case of two production regions with different oilfields sizes and production cost characteristics. However, this is not known from the agent at the beginning, and they gradually realize it while exploring both of them. We show that the progressive exploration of a much better endowed region alters the shape of the production curve.

The third section of the second part deals with the case of a single region, where most of low production cost oilfields are, subjected to a monopolistic restriction on the oilfields access. In other words, we simulate a monopoly power on the cheap fields of the Middle East.

Methods

1. Core of the model (heuristics)

We consider an oil inelastic demand, which can be satisfied by different oil types.
To begin with, we need to account for the initial heterogeneous distribution of oilfields on Earth. We differentiate them in two ways: their size and their production cost, which allows us to simulate many different distributions. We chose one of them, and we then define a scenario as a certain order in which the oilfields will be discovered by the exploring firms. We are therefore able to simulate a great number of scenarios from this unique initial distribution. We chose to consider five different oil types (from conventional cheap oil to unconventional more expensive oil.), according to their production cost, and three different sizes (small, medium and giant oilfields). This gives us potentially 15 different categories of different oilfields to be discovered.

We assume the presence of an infinitely and immediately available backstop technology, which replaces regular oil when supply is not sufficient to meet demand (in particular when oil is fully depleted at the end of the model time horizon).

Additionally, we suppose that oil is produced according to a simplified profile, which stands for a representative oil well production curve. The profile we use is based on an oilfield containing a reserve volume R, yielding a constant rate of production during (  years. We shall see in the third part of the article that this constraint has significant consequences on the results.
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Figure 1: Oilfields production profiles

Before being able to produce oil, the representative agent first has to discover oilfields by investing in exploration. We consider a constant and unique exploration cost whatever the explored field, but its size and future production cost are unknown. This is the way we represent uncertainty within the model, which is then twofold. First, the expected size of the oilfield will impact the exploration decision (hence the production decisions and the price) in the future time steps and secondly, the cost of the discovered oilfield will modify the portfolio merit order. Therefore the production decisions and the price will here again be influenced.
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Figure 2: Exploration and production diagram

Here we introduce the model heuristics, which decides on the agent best level of exploration investment for each time step (given by the number of oilfields he will explore) in order to meet demand for the following time step at a minimum cost (note that there is no inter temporal optimisation here). The heuristics is powered by a simulator, described below.
The agent chooses the amount of exploration at each time step so that the expected costs (discovery and extraction) is less than or equal to his marginal cost of production if he does not find cheaper oil.
The general outline of the simulator is as follows:
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Figure 3: Simulator working diagram

The different stages of the simulator are described below.

Agent knowledge updating

It is assumed that the actor has no clear prior idea of the oilfields distribution by size and operating costs. However, he is given access to the information below, assumed to be shared by all market participants ("common knowledge"):

· the total number of deposits to be discovered (may correspond to the number of sedimentary basins containing oil);

· the pattern of the relative error of estimating the volume of oil on earth, which reduces hyperbolically as exploration goes on

.
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Figure 4: Pattern of the relative error (coefficient of variation) on total oil volume

(average on 100 scenarios)

As he is gradually exploring more and more, the actor relies on what he found so far to refine his idea of the distribution of deposits by size and cost. 
For simplicity, we suppose in the calculation below that there are 3 oilfields size categories : small, medium and giant.

We note:

· 
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, the total volume of oil in the ground (in Gb)
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, the number of exploration campaigns conducted by the actor
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[image: image17.wmf]N

, the total deposits in the ground (after 
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 exploration campaigns, the actor knows exactly what total oil volume was)
We hence have :
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We assume that the actor is given the value 
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Given that, the actor updates its estimate for the oilfields left in each category after the exploration outcome in the following manner:
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Therefore, the probability of discovery used by the actor for his heuristic exploration is:
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He then considers the total volume of reserves (from which he derives an estimate of the depletion date) as follows:
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The expectation and variance of this estimator on the discovery scenarios 
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We consider the uncertainty on the volume in the ground via the relative standard deviation (or coefficient of variation) given by:
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We then give the actor access to this value, for each time step, which allows him to calculate Hotelling scarcity rent (see below).

Calculation of break points

For its heuristic exploration, the actor begins by determining, for each oil cost category 
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 should be discovered so as to meet demand only by using oil from cost category 
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 or cheaper.

Since oil is put into production by increasing cost, the cheaper the cost category, the more exploring is needed to be able to meet demand only by using oil from cost category 
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Then it calculates, again for each oil cost category 
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with:

· 
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One can thus calculate the number of deposits corresponding to the break point 
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By definition, these 5 break points correspond to the number of deposits to be discovered so as to put into production (in expectation) only the deposits with oil from cost category 
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 or cheaper.

Note: this number is not an integer but a real number.

The main interest of those break points is that we know that the minimum total cost of exploration and production for a given time step is reached in one of them. Indeed, given the assumptions, the total cost is piecewise linear and follows the breaking points defined above.
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Figure 5: Exploration heuristic curves

If we consider a given time step, this chart highlights the following key elements:

· the cost of exploration (right axis) is deterministic and increases linearly with the number of exploration campaigns;

· the expected cost of production shows a hyperbolic profile: it first decreases sharply, then less and less and finally reaches a line of slightly negative slope when the number of campaigns increases significantly;

· the sum of these 2 functions admits a minimum due to the fact that reducing the expected cost of production becomes less and less interesting with the number of oilfields explored (whereas the exploration fee remains the same).

We here define the exploration earning (or gain) as the money saved (in expectation) by the exploration decision with respect to its total cost without exploration.

Finally, for the same reasons, the gain function is also piecewise linear and follows the same break points as defined above.

We now need to compute the 5 values taken by the gains at the breaking points to find the optimum number of fields to explore.

Calculation of potential earnings

The agent then assesses, for each calculated break point, the money saved (in expectation) by the exploration decision with respect to its total cost without exploration.

Setting of exploration level

Finally, to determine its level of exploration, the agent takes the break point of cost category which allows him to achieve a maximum gain (within his exploration investment limit).
Discoveries

Once this level of exploration is determined, the agent explores the corresponding number of deposits (which is a real number as outlined above), and he is confronted to the discovery hazard.

Launching production

He can then bring into production its reserves by increasing cost, in order to meet demand.

Marginal cost calculation

He also computes the marginal cost of production in order to determine the oil price (defined as the sum of marginal cost and the updated Hotelling rent). We suppose here that exploration cost are covered by Ricardian rents.

Agent knowledge updating

Finally, he updates his portfolio taking into account the reserves, the discoveries and what has just been put into production.

The calculation of the Hotelling rent can be done the classical way or by accounting for the uncertainty on the depletion date.

In the model, the classical Hotelling scarcity rent is computed the following way:


[image: image69.wmf]))

(

exp(

))

(

(

)

(

t

T

r

t

C

C

t

H

m

s

-

-

-

=


with:

· 
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, the marginal production cost;
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, the discounting factor;

· 
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, the depletion date (defined as the moment when the backstop technology is put into production without discontinuity), which we suppose we know at the beginning of the time period.

[image: image74.png]Chart 4 - Marginal cost and Hotelling rent ($/b)

120 30
- - - - Marginal cost

100 Classical Hotelling rent 2
80 2
60 15
W 10
2 5

0 1o

0 1 20 30 40 50 60 70 80 90 Time years)




Figure 6: Classical Hotelling rent
The uncertainty then modifies two parameters within the Hotelling formula :

a. the depletion date 
[image: image75.wmf]T

;

b. the discounting factor 
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.

a. Regarding the depletion date, we allow the agent to update it at each time step according to the discoveries he has made and the new information he gets from them.

The progressive refining of its knowledge allows the agent to update its estimate of the total volume in the ground at each time step.

The method is implemented as follows:

1. the actor does not have any initial knowledge of what he can find, in terms of size of deposits and production cost;

2. he begins to explore and gradually builds his vision for the future, in accordance with the growing sample available from his previous discoveries;

3. this leads to the volume left gradually converging towards a vision very close to the actual distribution of oilfields, until the two eventually meet when there is no oil left to be discovered.

Thus, the estimated date of depletion of the actor varies over time, as he is increasing his knowledge and adjusting the depletion date to it:
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Figure 7: Estimated depletion date by agent

b. Regarding the discounting factor, we want to account for the hazard arising from the uncertainty on the depletion date, and we then assume that:

· the relative standard deviation (or coefficient of variation) of the depletion date is the same as the relative standard deviation of the remaining volume in the ground. This relative standard deviation decreases rapidly as exploration goes on, as shows the figure below:
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Figure 8: Pattern of the relative standard deviation (coefficient of variation) on total oil volume (and depletion date)

(average on 100 scenarios)

· the risky assets of the market can be represented (using CAPM theory) with the return / risk curve below:
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Figure 9: CAPM return (discounting factor) / risk (relative standard deviation) curve
The above curve gives us the return that an agent can expect from taking a given risk, using a non-arbitrage reasoning on the whole of risky assets on the market.

Indeed, we consider that a rational economical agent only cares about risk and return and should therefore make no difference between owning risky assets and oil.

For example, if at a given time step, the relative standard deviation is equal to 10 % (e.g. year 34), one can read that the expected return should be around 12% (see red dotted line on the above figure). The same applies for every time step and gives us a new value for the discounting factor 
[image: image80.wmf]r

 within the Hotelling formula.
Once the agent owns oil in his portfolio, demand is met by putting new reserves into production, in the ascending cost order. As indicated above, we then compute the market price of oil as the sum of the marginal well production cost and the Hotelling scarcity rent.
The model core and its structure are summarized in the figure below.
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Figure 10: Model structure

1. Single agent exploring one global area

In the first case, we consider a single agent standing for all actors of a competitive market and exploring one global area.

Based on the methodology described above, we let the agent make his decisions according to the heuristics and the hazard realization.

The data set and the results we obtain are described in the second part of the article.

2. Single agent exploring two areas with opposite characteristics

The difference with the first case is that we consider here two areas endowed with oilfields unevenly distributed in terms of extraction cost and sizes. In practice, there is a region where oil is abundant (many big-sized oilfields) and cheap, and the other where it is scarce (many small-sized oilfields) and expensive. However, this is unknown by the agent in the beginning. The agent goal is still to satisfy demand, but he can split the exploration process between the two areas.

To represent two different exploration regions from the simulation scheme defined in the first part. We then need to:

· duplicate a number of quantities (characteristics of deposits and reserves, knowledge of the actor, random discovery ...);

· amend heuristic exploration of the actor to enable him to choose which region to explore based on its knowledge;

· develop a strategy for production of the reserves discovered in each zone.

The two-zone simulator is described below.

Agent knowledge updating

All data characterizing the zones are duplicated, as well as the process of updating the knowledge described in the first part (actual number of deposits by type, estimated number of deposits by type...).

Calculation of break points

It is necessary to calculate the amount of exploration chosen by the agent in both areas. To do this, we first assume that the actor calculates the amount of exploration in each area in order to meet total demand.

For the calculation of break points per oil cost category, the actor uses:

· the volume of oil 
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(overall for both areas) to find to so as to add as new production only oil from cost category 
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 or cheaper;
· the expected volume discovered (when exploring one deposit) from a cost category 
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 or cheaper (zone by zone).

These values, updated as the actor gradually explores, allows him to refine its exploration heuristic based on its knowledge of each area.

Calculation of potential earnings

As has been described in the first section of the first part, the actor will derive break points for each region, as well as the gains by area, which he will use to calculate the optimal levels of exploration per region. In a first step, the calculation of these levels of exploration area is then conducted so that the exploration in each area allows to meet total demand (which is twice too much).

Setting of exploration level

It is therefore essential to allocate the levels of exploration computed above between the two areas, because using them in each area would yield twice the total demand overall.

For this, we divide the mean value of exploration levels decided by the player in each region, in proportion to the maximum earnings per area, as is shown is the formulas below:
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with

· 
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, the exploration level in region 
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, the exploration level which would optimally meet total demand in region 
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Figure 11: Exploration levels per region

Discoveries

Once these exploration levels are defined for both regions, the agent explores each area and faces discovery hazard.

Launching production

Then we must define a strategy for production of reserves in each zone. The oil cost categories lower than the marginal cost are all put into production in each area.

For oil belonging to the marginal cost category, we need to define a rule for allocating the production of this category of oil per area. The main idea is to share in total production, either in proportion to the reserves not yet in production in each area, or in proportion to the amounts found in each zone, within the capacity limits of each area so that the sum of production put in each area meet total demand.

Marginal cost calculation

The marginal cost of production allows for the price (defined as the sum of marginal cost and the Hotelling rent).

Portfolio updating

Finally, the agent updates its portfolio (in a comprehensive manner, but also by distinguishing the deposits on their geographical origin), taking into account its reserves, its discoveries and what has been put into production.

3. Two agents acting as a Stackelberg oligopoly exploring a global area

Thirdly, we study the interaction between two agents of a Stackelberg oligopoly. This market structure is composed of:

· the heart (leader firm representing OPEC);

· the competitive fringe (all other agents).

In the Stackelberg equilibrium, the leader firm sets its output and then the follower firms of the competitive fringe are free to choose their optimal quantities given their knowledge of the leader's output.

We assume that the heart owns a huge amount of conventional cheap oil and has perfect information on its reserves portfolio. The competitive fringe, on the contrary, has to explore the global area to discover oilfields (from conventional cheap oil to unconventional more expensive oil), and aims at satisfying residual demand (once the heart has decided its production level) at minimum cost.

The competitive fringe is behaving as the agent described in the first section of this part.

The way we represent the interaction between the heart and the fringe of the duopoly is the following:
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Figure 12: Duopoly interaction

The way we implement it is by using a optimisation heuristics. For each time step, we discretize the demand the heart will leave to the fringe in order to determine the maximum value of the heart profit. When the value is found, we just have to apply the methodology described in the first section of this part to get the reaction of the fringe.

Results

1. Single agent exploring one global area

2.a Data

We define a world of 330 oilfields, with following size and cost distribution:

Table 1: oilfields size and cost distributions
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	1
	2
	230
	565

	2
	12
	92
	1070

	3
	58
	8
	465

	Total oil volume:
	2000
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Figure 13: Distribution of oilfields by category volume

Moreover, we assume a correlation between oilfields costs and sizes:

· small oilfields are divided equally between 35, 45 and 55 $/b cost categories,
· medium-sized oilfields are divided between 25, 35 and 45 $/b cost categories,
· big oilfields are divided between 15 and 25 $/b.

Finally, we end up with 8 different oilfield types:
Table 1: Number of oilfields per type in the database

	Volume (Gb)/ Extraction cost ($/b)
	15
	25
	35
	45
	55

	2
	0
	0
	77
	77
	76

	12
	0
	32
	30
	30
	0

	58
	4
	4
	0
	0
	0


The profile we use is based on oilfields yielding a constant rate of production during 20 years. We take a risk-free rate of return of 3 % and a linearly increasing oil demand.
2.b Simulation outcomes

This section aims at analysing the model outcomes, especially the shape of global production curve and the impact of uncertainty on Hotelling rent of one single agent exploring one global area. On all charts, the abscissa axis stands for time. We define exhaustion date as the first time step when the backstop technology is put into production and does not disappear anymore.
The main simulation results we obtain with one exploration outcome scenario are represented on the following charts:
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Figure 14: Simulation outputs – single agent exploring one global area – uncapped exploration - 1 scenario
On the first chart, we observe the evolution of the actor’s reserves, from conventional cheap oil (green) to unconventional more expensive oil (orange). During the first 43 time steps, the amount of discovered, but not producing oilfields increases in a quite chaotic way, due to exploration random results. After time step 43, all the oilfields are discovered, as can be seen on chart 3, and reserves decline more evenly. Chart 2 shows the cumulated productions of the 5 different oilfield types, exploited in the ascending cost order to satisfy the steadily increasing demand, until time step 80, when the backstop technology becomes necessary to meet demand (red area). 
Chart 3 presents the results of the exploration heuristics described in part 1 (core of the model): at each time step, we can see how many oilfields the actor decides to explore. It should be noticed that the exploration level is limited to 10 oilfields by time steps, for budget, technical and human ressources.
Charts 4 and 6 give an idea of the marginal cost evolution, defined as the exploitation cost of the more expensive producing oilfield at the considered time step. For example, at time step 1, a very expensive oilfield costing 45 $/b (yellow) has to be put into production to meet demand. Due to oil wells production constraint, this expensive oilfield will produce during 20 years, and the marginal cost will be 45 $/b during 20 years, even if cheaper oilfields are discovered in between and put into production during this period (blue).

We notice that the global U-shape evolution of this marginal cost is the following: during the first time steps, the marginal cost is highly dependant on first exploration campaigns results (and has an inertia to decrease of 20 years), because the actor’s portfolio is empty. After a period of 20 years, it tends to decline because the actor discovers cheaper oil. And then, in a third phase, it increases because the actor has to put more and more expensive oil in exploitation to meet demand. Finally, when it begins to lack, the marginal cost reaches the backstop technology price.
What is more, Chart 4 and 6 allow comparing the classical Hotelling rent evolution to the Hotelling rent in uncertain future, implemented with the methodology described above (first section of first part). To compute the Hotelling rent in uncertain future, the actor uses his estimation of depletion date, varying along his successive discoveries (chart 5). To update the rate of return at each time step, he uses the market "common knowledge" curve of the depletion date coefficient of variation (chart 8), and the CAPM (Figure 9: CAPM return (discounting factor) / risk (relative standard deviation) curve). The difference between classical Hotelling rent and Hotelling rent in uncertain future meets the eye: during the first time steps, the Hotelling rent in uncertain future is totally neglectable. Indeed, the rate of return used to calculate it is very high (starting from 40 %), because there is a huge uncertainty about the depletion date. Then, along the actor's discoveries, uncertainty decreases and the Hotelling rent becomes significant at time step 25, when the rate of return is less than 10 %.
This corresponds to the moment when the discoveries sample is big enough to give a reliable estimation of depletion date. When all oilfields are explored (time step 43), the actor knows exactly the depletion date and he uses the risk-free rate of return of 3 %. The Hotelling rent in uncertain future equals consequently the classical Hotelling rent.
One aim of this section was to study the impact of exogenous restrictions on exploration capacities on the shape of the global production profile. On chart 2, it is obvious that the cumulated production curve is not a Hubbert peak: the quick linear decrease of production after exhaustion date is only due to production constraints. Another simulation is realized with exploration capped to 3 oilfields from time step 12. The exploration outcome scenario is the same than in the previously simulated case:
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Figure 15: Simulation outputs – single agent exploring one global area – exploration capped - 1 scenario
We can deduce from this second simulation that strong exogenous exploration capacity limitations induce a global Hubbert peak, as it is noticeable on chart 2. The cumulated production curve decreases very slowly after exhaustion date. The oil peak seems symmetrical. Furthermore, we observe that, because of these exploration restrictions, the actor’s portfolio is smaller than in case 1, and his uncertainty remains high over a longer period (the rate of return, on chart 7, remains significant until the backstop technology appearance). These exploration limitations have therefore an impact on the Hotelling rent, which is much lower than in case 1. The main reason for the symmetrical Hubbert peak and the lower Hotelling rent is the exploration exogenous restrictions, which induce a much longer period of exploration and uncertainty. Exploration even goes on after exhaustion date, which occurs about 15 years earlier than in the case with no limitation on investment capacities.
Thirdly, we need to check that these results are not dependant on the simulated exploration outcome scenario. Therefore, we simulate 100 exploration outcome scenarios and analyse the mean results.
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Figure 16: Simulation outputs – single agent exploring one global area – exploration capped - 100 scenarios
Obviously, the results are much smoother and less sensitive to exploration random results. Our first conclusions drawn from the 1 scenario case are confirmed by theses outcomes. The cumulated production curve declines gradually after earlier backstop technology emergence, showing a symmetrical Hubbert peak. 

During the first 20 time steps, the mean marginal cost is rather high and constant during 20 years. The U-shape curve is conserved in the mean results over 100 scenarios, what proves that this previously observed phenomenon was not linked to the specific scenario. After 20 years, the marginal cost is likely to decrease because the actor discovers cheaper oil. In a third phase, it raises because the actor is compelled to put expensive oil into production to satisfy the growing demand. 

With regard to the Hotelling rent in uncertain future, its mean value over the 100 scenarios follows the formerly observed trend: it is much lower than classical Hotelling rent, because of the high uncertainty on depletion date, which make the belonging of oilfields very risky. 
As a conclusion, these 3 simulations suggest that:

· there is no reason for a global symmetrical oil peak unless exploration is restrained by exogenous factors;

· the Hotelling rent is significant only when uncertainty regarding the depletion date becomes small, i.e. when the major part of the oilfields are discovered and exploration limitations maintain uncertainty over a longer period;
· backstop technology emergence occurs earlier when exploration is limited.
2. Single agent exploring two areas with opposite characteristic

2.a Data
In this case, the 330 oilfields are divided between area 1 and area 2 (165 oilfields in each zone), according to following cost and size distributions:
Table 2: Oilfields characteristics in area 1
	Area 1
	
	
	
	
	

	Volume (Gb)/ Extraction cost ($/b)
	15
	25
	35
	45
	55

	2
	0
	0
	64
	16
	0

	12
	0
	26
	22
	30
	0

	58
	4
	3
	0
	0
	0


Table 3: Oilfields characteristics in area 2
	Area 2
	
	
	
	
	

	Volume (Gb)/ Extraction cost ($/b)
	15
	25
	35
	45
	55

	2
	0
	0
	13
	61
	76

	12
	0
	6
	8
	0
	0

	58
	0
	1
	0
	0
	0
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Figure 17: Distribution of oilfields by category volume per area
Total volume is about 1500 Gb in area 1, and 500 Gb in area 2.

2.b Simulation outcomes

Here, we model two areas endowed with oilfields differing in terms of extraction costs and sizes. In area 1, standing for OPEC countries, there are more cheap and big-sized oilfields than in area 2, where oil sources are more expensive to extract, and are present in a smaller amount, as it can be observed in the previous part, describing the simulation data. But this is unknown by the agent in the beginning. The agent goal is still to satisfy demand, but he can split the exploration process between the two areas, according to the heuristics described in the second section of the first part.

The results obtained without any exploration capacity restrictions (except for the budget limitation of 10 explored oilfields per time step) in zone 1 (the better off area) are exposed below:
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Figure 18: Simulation outputs – single agent exploring two areas – exploration uncapped - 1 scenario
On chart 1, we can see the actor’s portfolio of discovered, but not producing oilfields. Chart 3 and 5 display the fractions of these reserves coming from area 1 and area 2. We observe that, due to the splitting of exploration efforts between the two areas, the reserves during the 45 first time steps consist mainly of cheaper oilfields, because the actor is more likely to explore in area 1. From time step 46, as reserves from area 1 start to decline, the actor has no choice but to explore area 2, and his portfolio is made of more expensive types of oilfields. Chart 7 illustrates well the actor’s exploration strategy: during the first 8 time steps, he does not know well the areas’ opposite characteristics. Therefore, he explores equally each of them. From time step 9, his discovery sample starts to be large enough to give him a significant idea of the most interesting zone. Consequently, he progressively abandons area 2 and concentrates his exploration investments on area 1, until this zone is completely exhausted. Then, as demand increases, he comes back to area 2 and explores it very intensively.
On chart 2, the cumulated productions are displayed, distinguishing area 1 from area 2. We observe no global Hubbert peak (the decrease of total production after backstop technology appearance is only due to the technical production constraint of 20 years).
Chart 4 illustrates the different oil wells production curves. On chart 6, we show the total production curves per area. We notice that production in area 1 has a plateau during about 20 years, and that two production peaks are occurring in area 2 (one small paek at the beginning of the studied period, and one bigger at the end). Indeed, at the beginning, as the actor as no idea of the respective attractiveness of each zone, he explore both of them and has to put into production oilfields coming from each area in order to meet demand. Then, as soon as he identifies area 1 as the most interesting zone, he stops producing oil from area 2, inducing a first small Hubbert peak, and he only exploits area 1. From time step 55, all the most profitable oilfields from area 1 are exhausted, the actor comes back to area 2, which becomes as interesting for him as area 1, and this leads to the production plateau seen in zone 1. The area 2 production is then necessary to satisfy the part of growing demand that can not be met anymore by area 1, generating a third Hubbert peak.
Last but not least, chart 8 represents the marginal cost and Hotelling rent in uncertain future. The evolution of marginal cost over the whole time period is similar to the first case (single agent exploring one global area). Nevertheless, the marginal cost at the beginning is lower, because the actor splits his exploration effort between two zones, and one of them is cheaper to exploit than the other, which improves the actor’s probability to discover cheaper oil during the first time steps. 
These results are confirmed by the run done over 100 exploration outcome scenarios:
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Figure 19: Simulation outputs – single agent exploring two areas – exploration uncapped - 100 scenarios

A third run shows the impact of a strong cap on exploration in zone 1, standing for political constraints in OPEC countries, preventing the single actor from investing in this area:
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Figure 20: Simulation outputs – single agent exploring two areas – exploration capped in zone 1 - 1 scenario
Obviously, the actor’s portfolio of discovered, but not producing oilfields (chart 1) is smaller than in the case without exploration limitations. The fraction of reserves coming from area 1 is much less important, and area 2 is massively explored during the first phase, because though the actor would prefer to invest in zone 1, he is limited by exogenous factors. Consequently, he has to explore area 2 even if he judges this area as less profitable than area 1. The marginal cost is of course higher during the first time steps than in the first case.

On diagram 2, where cumulated productions are displayed, we can see that no global Hubbert peak occurs. In contrast, the cumulated production curves per area (chart 6) show one Hubbert peak in area 2, the least interesting zone, standing for non OPEC countries (the curve even levels off during a very long phase before falling again) and another Hubbert peak in area 1. 

The marginal cost and Hotelling rent in uncertain future (chart 8) evolution are impacted by exploration limitations too: at the beginning, the marginal cost is higher, because the actor cannot split his exploration effort between the two zones as he would like to, he is forced to explore the least profitable area. 

Lastly, we simulate 100 exploration outcome scenarios in order to get an idea of the mean results:
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Figure 21: Simulation outputs – single agent exploring two areas – exploration capped in zone 1 – 100 scenarios
The former conclusions are confirmed by this run: no global Hubbert peak occurs. On the contrary, the cumulated production curves per area (chart 6) illustrate a Hubbert peak in area 2, the less attractive region, standing for non OPEC countries, and a non symmetrical Hubbert peak in the most rentable region, standing for OPEC countries.
3. Two agents acting as a Stackelberg oligopoly exploring a global area (still work in progress)
In this third case, we represent the action of a leader firm, modelling a Stackelberg duopoly market structure.

The aim of this part is to study the leader firm strategy to maximise its profit (balance between produced quantities and price), and the oligopoly impact on price.
2.a Data

For these simulations, we consider that the oilfields to be discovered by the competitive fringe follow the same cost and size distributions than in the single agent exploring one global area case, but the duopoly heart owns 33 % of the total oil volume (and its exploitation cost is 15 $/b).

2.b Simulation outcomes
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Figure 22: Simulation outputs – Stackelberg duopoly – exploration uncapped– 1 scenario
In the duopoly case, the reserves and exploration levels are much more fluctuating than in the single agent case. During the first time steps, the OPEC only leaves a very small market share to the competitive fringe, and its portfolio is therefore very small compared to previous cases. Chart 2 illustrates well the OPEC profit maximization strategy: the heart manages to maintain the fringe marginal cost at the most expensive exploitation cost, 55 $/b (yellow) during a period of about 50 years. The oligopoly sometimes even forces the competitive fringe to put a tiny amount of backstop technology into production, which induces cyclic price spikes. The OPEC profit strategy seems to follow a very interesting periodic scheme: firstly, it chooses its market share so that the fringe is compelled to explore and to exploit a small quantity of very expensive oil to meet demand. Then, during a phase of 20 years, the marginal cost is steady, and the heart can raise its market share to maximise its profit (that follows a cyclic evolution, as chart 4 shows). The fringe does not explore during this time. This situation goes on until the moment when the production of the very expensive oilfield comes to an end. This corresponds to a phase of linear heart profit increase. Then, the heart has to diminish its market share again to maximise the fringe marginal cost, because the fringe has cheaper oil in its portfolio, and can put it into production to replace the production of the previous very expensive oilfield. 
The Hotelling rent is neglectable during the first period when OPEC maintains a very high marginal cost. Indeed, because of its tiny market share, the competitive fringe is not encouraged to explore. Therefore, the uncertainty on depletion date remains very high. 
Lastly, we compare the mean evolution of marginal cost in the single agent case and with the duopoly market structure:
[image: image110.emf]Marginal cost ($/b) 

0

20

40

60

80

100

120

0102030405060708090

Stackelberg duopoly case

Single agent case


Figure 23: Marginal cost evolution in single agent and duopoly cases
These results are consistent with the economics theory: the presence of duopoly heart induces a higher price, but postpones the depletion date (saving natural resources for a longer time).
Conclusions

By building a simulation model, tacking into account the uncertainty linked to oil exploration, technico-economic production constraints and exhaustible resources price theory we manage to understand better some burning issues linked to oil markets, in three market configurations.

In the single agent case, capping exploration is necessary to obtain a global symmetrical Hubbert peak. The depletion date variability introduced in the Hotelling model makes the rent negligible during the first time steps (the Hotelling rent becomes significant only close to depletion). Furthermore, the depletion date is delayed compared to the case without any exploration limitations.
If two areas with opposite characteristics are represented, no Hubbert peak can be observed at global scale. In the least profitable area, two Hubbert peaks are noticeable if exploration is not capped in the more profitable zone and one very flat Hubbert peak occurs if exploration is capped by exogenous factors in the attractive area. In the most attractive zone, we observe an asymmetrical Hubbert peak. 
Finally, in the Stackelberg oligopoly case, we show that the leader firm succeeds in taking the greatest market share possible, ensuring that the competitive fringe has to produce (a tiny amount) at a high marginal cost, and that the presence of the duopoly heart induces a higher price and price fluctuations, but postpones the depletion date.
Table 4: Results summary

	Case
	Constraints on exploration
	Production curve characteristics
	Hotelling rent in uncertain future

	Single agent exploring one global area
	Budget constraints
	No global Hubbert peak
	Equals classical Hotelling rent from time step 45

	
	Other exogenous constraints
	Global symmetrical Hubbert peak
	Much lower than classical Hotelling rent over the whole period, noticeable only close to depletion

	Single agent exploring two different areas
	Budget constraints in area 1 and 2
	No global Hubbert peak

Area 1: One asymmetrical Hubbert peak

Area 2: Two symmetrical Hubbert peaks
	Equals classical Hotelling rent from time step 60

	
	Other exogenous constraints in area 1 (most interesting zone)
Budget constraints in area 2
	No global Hubbert peak

Area 1: One asymmetrical Hubbert peak 

Area 2: One very flat Hubbert peak
	Lower than classical Hotelling rent over the whole period

	Stackelberg duopoly
	Budget constraints
	One asymmetrical Hubbert peak
	Equals classical Hotelling rent from time step 60


The next steps of our work are to consolidate these first results, to refine our database with more realistic inputs, and to analyse our model’s results parallel to oil history (for example, Hubbert peak in the United States, oil price evolution without any measurable Hotelling rent, OPEC behaviour…).
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