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I. Function of World Oil Model in SEDS
The function of the World Oil Market Model (WOMM) in SEDS is to calculate a world oil price.  In the process, it will also calculate world oil supply and demand for three regions.
  The SEDS Light version of the WOMM will initially calibrate itself to an existing world oil market projection, such as an Annual Energy Outlook (AEO) oil price case.
  It will accept supply shocks generated by a stochastic supply shock model. The calibrated model will then accept supply and demand inputs from the SEDS model and calculate an alternative oil market equilibrium in the dynamic adjustment framework.  A flowchart of the process is shown in figure 1.  Different world oil market projections can be selected randomly to represent uncertainty about the state of the world.  Inputs from the rest of the SEDS model will consist of the current period’s quantities of U.S. oil demand and U.S. unconventional (possibly also conventional) oil supply.  The World Oil Model will return to SEDS a current world oil price and quantities of oil demand and supply by world region.  






The linear lagged adjustment model assumes that the change in demand (dQt) or supply (sQt) from period t-1 to t is a fraction (0 < λ < 1) of the difference between the long-run equilibrium demand (supply) qt that would prevail at price Pt , and last year’s demand (supply).  The equations for supply and demand are structurally identical, so the d and s subscripts are omitted in the equations below, as are the regional subscripts.

Figure 1.  SEDS Light World Oil Market Model Flow Chart.
II. Model Structure and Equations

A basic, dynamic representation of the world oil market can constructed by dividing the world into three demand regions: 1) United States (US), 2) Rest of OECD (ROO) and, 3) Developing and Transitional Economies (DTE), and three supply regions (United States, Rest-of-world (ROW) non-OPEC, and OPEC).  The model is comprised of linear lagged adjustment equations for U.S. oil demand, U.S. domestic supply, ROO and DTE oil demand and ROW (non-OPEC) oil supply, following the method of Greene, Jones and Leiby (1995).  OPEC oil supply is exogenous, reflecting the oil cartel’s role as a non-competitive producer.  Three sources of uncertainty are incorporated into the model: 1) uncertainty about the size of the world’s unconventional oil resources, 2) uncertainty about the extent to which OPEC will expand its production over time and, 3) oil supply disruptions.  In SEDS light, the first two types of uncertainty will be represented by alternative scenarios of the evolution of the world oil market, as reflected in the AEO’s High, Low and Reference World Oil Price Cases.  Uncertainty about supply disruptions will be represented by a stochastic model of supply reductions from OPEC, calibrated to historical data.
The linear lagged adjustment model assumes that the difference between the current period’s oil demand (supply) and last period’s is a fraction (λ) of the difference between long-run equilibrium (or desired) demand (supply) and last periods actual demand (supply).  In the equations that follow, oil demand will be represented by a capital Q, supply by a lower case q.  The unobservable, long-run equilibrium demand or supply is indicated by a superscript *.  Regional subscripts are omitted here for simplicity.
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(1)
The constant term, At, represents factors other than price that determine a region’s petroleum demand (supply).  The subscript t indicates that these factors generally vary over time, and thus there can be a different intercept term for each year.  Substituting for Q* in the lagged adjustment equation and solving for Qt produces a simple equation for Qt as a function of price, lagged demand (supply) and the parameters At , Bt and λ.
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(2)
The price slope, Bt, in general, may also vary with time.  The implication of a constant price slope would be that a change in price of $1/bbl would always bring about the same quantity change in demand, regardless of the quantity of oil consumed.  If, for example, oil use in China tripled over the forecast period then a $1/bbl change in price would cause the same change in quantity demanded as when China used only one-third as much oil.  This is almost certainly unrealistic since it implies that the price elasticity of oil demand would decrease to one-third of its original value.  Whether the response to higher prices is technical efficiency improvement or consumers substituting away from petroleum using goods and services, the constant price slope response does not seem reasonable.  Instead, equations are calibrated so that both the intercepts and slopes change in proportion to demand (supply) over time, as explained below.  

The complete system of equations is shown below, using capital letters to represent demand and lower case supply equation parameters and variables.
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(3)
III. Model Calibration

Calibration of the basic oil market model will be accomplished automatically within SEDS by the AnalyticaTM software.  Initial values for B and λ are chosen to match the price elasticity and adjustment rates typical of those used in the EIA’s World Oil Market Model and other models (see the appendix) or other values specified by the model user.  The following equations for short-run (βSR) and long-run (βLR) price elasticities are used to calibrate price slopes for the first forecast year.  Q and P are reference quantity and price levels for calibration.
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(4)
There is considerable evidence that λ’s for petroleum supply and demand are small, on the order of 0.10 to 0.15.  As a default, 0.15 is used, but it can be readily changed.  Given values for B and λ for each of the five equations, the model is calibrated to a particular global scenario by solving for multipliers that make the supply and demand equations match the scenario predictions of prices and quantities in each year.  Similar multipliers are used to create alternative calibrations for price shock scenarios and for are applied to U.S. oil demand as projected by SEDS to insure a closer match to SEDS model projections. 
Calibration of supply and demand equations is accomplished by the following method, illustrated using the U.S. oil demand equation.  Let the first year of calibration be year 1.  The slope coefficient for year 1 is computed from the assumed long-run price elasticity of demand, βLR, and the average oil price, P, and U.S. quantity, Q, consumed over the period over which the price elasticity has been estimated.  Then, using equation (4) the price slope for year 1 is given by equation (5).
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Given B1 , the intercept A1 can be computed using equation (6). 
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(6)

Given the first year intercept and slope coefficients, each succeeding year is calibrated using a ratio method. Let the ratio of U.S. oil demand in year t to U.S. oil demand in the base year demand be ft.  A multiplier, gt, is solved for, such that the new U.S. demand for petroleum exactly matches the SEDS demand at the scenario price.
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The multiplier g insures that the price response increases in proportion to demand and that the intercept insures that calibrated demand exactly equals the scenario demand.  This method is used to calibrate all supply and demand equations to the oil market scenario.
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(7)
Solving equation 20 for g gives the following general relationship.
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 (8)
Given a fully calibrated system of equations, dynamic market equilibria in the even of oil supply shocks can be calculated.  A new price path is calculated to equilibrate non-OPEC supply and demand in the face of OPEC supply reductions.  The new price path is used to predict new levels of demand for all regions and supply for non-OPEC regions.  The model for generating price shocks is explained in the following section.
Let Δt be the relative change in OPEC supply during year t of the supply shock.  The first step is to solver for Pt that satisfies,
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(9)

Assuming entirely for simplicity of exposition that all the models share the same lagged adjustment rate parameter, λ , and representing demand equation coefficients by capital letters and supply equation coefficients by lower case letters, equation (9) can be expanded in terms of prices and quantities.
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(10)

Collecting all the terms involving P on the left-hand side yields,
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(11)

This leads directly to the equilibrium market price (For ease of exposition it is assumed that all λ’s are equal, although they need not be, and t subscripts on coefficients are omitted).
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When entered into the current year supply and demand equations the disrupted market price yields equilibrium supply and demand quantities in the disrupted market.  These become the lagged quantities needed to solve the next period’s price equation.  The entire dynamic system is solved for all time periods by this recursive procedure.

IV. Interacting with Rest of SEDS
It is assumed that the other components of the SEDS model will supply a current period estimate of U.S. oil demand and of unconventional (and possibly conventional) oil supply, and that these will be, in general, different from the scenarios to which the WOMM has been calibrated. 
  The protocol for this interaction has not been finalized and requires approval by the SEDS modeling team.  It is proposed that SEDS provide these estimates based on previous periods’ oil prices.  That is, the non-WOMM SEDS would itself estimate an expected oil price for the current period, based on historical prices up to the previous period.  The WOMM would then take SEDS’ current period estimated U.S. oil demand and current period unconventional oil supply and estimate a new world oil market equilibrium for the current period using the methods described above (equations 7 and 8 to recalibrate the parameters of the U.S. supply and demand equations, which would then be solved for a new world oil price and non-U.S. supplies and demands).  The WOMM-calculated current period price would then be passed back to SEDS as the “actual” world oil price, which SEDS would then use to estimate an expected price for the next period and to predict the next period’s U.S. oil demand and unconventional oil supply.
The closed-form calibration equations derived above instantly calibrate the world oil market model to any chosen AEO projection, any random supply shock scenario and any new SEDS projection.  This makes the model ideal for stochastic simulation since alternative scenarios can be chosen at random to represent the fact that future oil market conditions are uncertain.  
V. OPEC Response to Changes in U.S. Oil Demand and Supply
Because OPEC is a cartel of sovereign states, there is no simple function, such as a supply curve, that can represent its response to a change in U.S. oil demand.  In the WOMM, OPEC production is exogenous.  History shows that OPEC’s production decisions and the resulting price of oil are not a simple function of its market power.  It also appears that OPEC has not stuck with a single, consistent strategy since its first successful impact on the market in 1973 (Kohl, 2002).  How OPEC might respond to significant changes in U.S. oil demand is therefore an open question.

Rather than predicting a single OPEC response to changes in U.S. oil demand, the OSMM attempts to bound the range of plausible responses by OPEC with the following two strategies: 

1.
OPEC maintains production at the base scenario level, allowing the world oil price to fall or,

2.
OPEC maintains the base scenario world oil price by cutting production.

Of course, any intermediate strategy is also possible.  
Equation (12) for market equilibrium price can also be used to compute the OPEC production schedule that would maintain the base scenario’s price path, by substituting the base scenario price path (designated *Pt ) for Pt , and solving for *qOPECt . (Again, for ease of exposition it is assumed that all λ’s are equal.)
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The bounding strategies outlined above exclude the following two possibilities.  In the event of a decrease in U.S. oil demand or increase in U.S. unconventional supply, OPEC could increase production, further driving down the price of oil.  Rather than counteracting the effect of decreased U.S. oil demand, such a strategy would amplify it.  The second possibility ruled out is that OPEC would attempt to raise prices even higher than the original scenario level, in spite of reduced U.S. demand or increased supply.  By adopting this strategy, OPEC would be attempting to raise prices higher than the base scenario but from a position of diminished market power.  Such a strategy might be possible for a time, but would imply either that OPEC’s base scenario strategy was not optimal, or that the cartel would be willing to accept lower profits in order to temporarily punish the oil consuming economies.

Future versions of SEDS could consider more complex response strategies.

6.4 A STOCHASTIC MODEL OF FUTURE OIL PRICE SHOCKS
(From Greene & Leiby, 2006)
Taking account of the likelihood of oil supply shocks leading to price shocks is essential to assessing the potential oil security benefits of DOE programs.  Supply shocks are simulated in the OSMM by specifying probabilistic models of the occurrence, duration and magnitude of supply disruptions (e.g., see Beccue and Huntington, 2005). Leiby and Bowman (2000) developed a short-term supply shock model of this type for estimating the optimal size of the SPR.  The model used in this study closely follows the structure of their model but is adapted to simulate supply shocks lasting from one to seven years.  Price shocks are simulated by sudden, unexpected reductions in petroleum supply from OPEC.  Assuming that all lost supply is from OPEC and only OPEC is admittedly a simplification of the causes of real world price shocks.  However, all four price shocks since 1970 that lasted a year or more and involved substantial losses of world supply were chiefly the result of losses of supply from OPEC.
In this section a stochastic model of supply shocks is presented and approximately calibrated to the historical record by simple methods.  In each year there is a fixed probability that a supply shortfall will be initiated.  When a supply shock occurs, a randomly chosen length is also determined.  In each year of the price shock a random percent change in OPEC supply is applied.  While a supply shock is in progress, another may not begin.  
The history of world oil prices reveals periods of relatively stable prices as well as periods of price upheavals (Figure 2).  EIA forecasts, on the other hand, typically reflect smooth price trends (Figure 15).  While there are sound reasons for the EIA’s excluding oil price shocks from its standard projections (e.g., the unpredictability of the timing and size of shocks, the possibility that forecasted shocks might be misinterpreted, etc.), recent history combined with the likelihood of growing OPEC market share in the future suggests that more realistic price paths should include the likelihood of future oil supply shocks.  
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Figure 15.  Comparison of EIA Forecast and Historical OPEC Petroleum Supply

Sources:   http://www.eia.doe.gov/emeu/ipsr/t44.xls ; EIA/DOE, 1999, table A.20.
Figure 15 illustrates three key points.  First, a supply shock is most appropriately defined as a deviation from the relevant EIA forecast.  Second, OPEC supply does not quickly return to the forecasted trend after the supply shock but remains below it for several years if not indefinitely.  Third, although it is certainly arguable as to whether the period 1999-2005 shown in Figure 9 contains two price shocks or one, if one assumes a single price shock then one must allow the possibility of increased as well as decreased OPEC supply during a shock.

Price shocks are difficult to predict because the can arise from a variety of causes and because OPEC members may choose to sustain or increase the initial supply shortfall, to counteract it or take no action. The four major price shocks of the past three decades are illustrative (Figure 10).  The 1973-74 shock was caused by a reduction in oil supplies from Arab OPEC members engaged in an oil boycott against the United States and other countries that gave support to Israel in the 1973 October War.  In addition, demand for oil was also growing rapidly at the time: oil consumption increased at an average annual rate of 7.8%/year from 1963 to 1973 (U.S. DOE/EIA, 2005, tables 11.10, 11.15 and 5.21).  In 1979-80, the Iran-Iraq War was the proximate cause, but the higher price of oil was supported for five years by continued supply reductions by OPEC, especially Saudi Arabia, which decreased crude oil production from 9.9 mmbd in 1980 to 3.4 mmbd in 1985.  The shock of 1990-91 was triggered by the Persian Gulf War.  However, that shock was short-lived because key OPEC members increased production.  Saudi Arabia, in particular, increased crude oil output from 5.1 mmbd in 1989 to 6.4 in 1990 and to 8.1 in 1991, largely offsetting a 4.2 mmbd reduction in supply from Iraq and Kuwait over the same period.  The price increase of 2000 is believed to have been engineered by OPEC to increase its revenues, while the current price shock appears to be due to a sudden surge in demand combined with limitations on production.  Future price shocks likewise might arise from catastrophic events or deliberate actions, could be sustained or curtailed by action of the OPEC cartel, and will be influenced by trends in petroleum demand.
The inability to predict the timing and size of price shocks indicates that a probabilistic model of future price shocks is the appropriate formulation.  In the model presented below, price shocks are assumed to be caused solely by reductions in OPEC supply from the respective EIA projection.  Recent history indicates that major supply shocks are most frequently caused by an unexpected reduction in supply from OPEC members but that an unanticipated acceleration in demand can also be a contributing factor.  In addition, other oil producing states are believed to have acted in concert with OPEC at times, in particular in 2000, magnifying OPEC’s market power.  Thus, a model based on reductions in only OPEC supply may under-represent the potential for future oil supply shocks.
Nevertheless, a supply shock is defined as a deviation from the OPEC production schedule specified by the relevant AEO projection.  Actual OPEC supply paths following the four major price shocks of 1970-2000 are compared with linearly extrapolated OPEC production trends in Figure 16.  In none of the four cases does OPEC production return to the level of the extrapolated trend.  Also, shocks may last several years before OPEC production resumes a generally increasing trend.  In general but not always, the gap between the trend line and actual production increases over the duration of the shock.  The annual reductions in OPEC supply over a five year period following each of the supply shocks just defined are shown in Figure 17.  Reductions in supply are shown as positive numbers.  The reductions shown are for a single year and do not represent the cumulative reduction.  The data strongly suggest that supply shocks can last several years.  
The stochastic price shock model used in the OSMM is similar in structure to the model Leiby and Bowman (2000) developed to investigate the optimal size of the SPR.  After 2005, the probability of a supply shock beginning in any given year is assumed to be an independent Bernoulli random variable with constant probability p.  The default assumption is that p = 0.15.  There have been four major price shocks in the 35 years since 1970, although counting supply disruptions as short as two weeks and as small as 0.2 MMBD, Leiby found 19 over the same period (Huntington, 2005).  Once a supply shock has occurred, a second supply shock cannot begin until the first has ended.  Given that a supply shock has occurred, its length is assumed to be uniformly distributed over the interval one to seven years.  Given these assumptions, Monte Carlo simulations produce an average of 2.7 price shocks over the period 2006-2030, with a standard deviation of 1.1.  On average, supply shocks are ongoing in 10 of the 25 years of the forecast, with a standard deviation of 4.5.
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Figure 16.  OPEC Supply Trends Prior to Historical Oil Price Shocks
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Figure 17.  Annual Reductions (shown as positive numbers) in OPEC Supply
in Years Following Oil Price Shocks

A Delphi study conducted for the U.S. DOE by the Energy Modeling Forum of Stanford University concluded that the probability of future supply shocks had increased between 1996 and 2005 (Beccue and Huntington, 2005).  Despite the sound reasons the authors provide for this prediction, in our view the default calibration should be to the historical record.

If one begins counting in 1970, the four major price shocks over a 35 year period imply a ratio of 4/35 = 0.11 for the historical record versus 2.7/25 = 0.11 for the model.  The price shock of 1973-74 appears to have continued for five years, the 1979-80 shock lasted for seven years until the price collapse of 1986, while the 1990-91 and 2000 price shocks appear to have endured for only a single year (compare Figure 3 with Figure 16).  This gives 14 years our of 35, or a ratio of 0.4 for shocked years to non-shocked years.  This compares with 10.3/25 = 0.4 for the model.  
In each year, y, of a future supply shock, the size of the percent change in OPEC supply, δyt , is assumed to be a Gamma distributed random variable with default parameters α = 3.2 and β = 3.2, and shift parameter = -5.
  Changes are specified as percentage increases or decreases from the previous year.  The shift parameter of -5 insures that no random supply increase can be greater than 5%.  The historical data and trend lines shown in Figure 16 produce the distribution of annual price shock changes shown in Figure 18.  These are approximated by the Gamma distribution shown in Figure 19.
In the fitted Gamma distribution of Figure 19, 17% of supply changes are increases, while the historical data indicates 15%.  In the fitted distribution, 6.4% of changes are greater than 15% reductions; the historical data suggest 5%.
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Figure 18.  Historical Distribution of OPEC Supply Changes

during Supply Shocks
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Figure 19.  Hypothesized Distribution of OPEC Supply Changes
during Future Price Shocks
Specifying price shocks as a percent of total OPEC supply means that absolute supply reductions will be greatest when OPEC supply is greatest.  In the AEO projections, less OPEC production is associated with higher oil price levels and higher OPEC output implies lower price levels.  Thus, in the low oil price AEO projections when OPEC output is at its highest levels supply shocks and hence price shocks will tend to be larger than in the high price scenarios in which OPEC production is typically assumed to be at much lower levels.  This formulation is consistent with the economic theory of partial monopoly, in which the cartel’s market power depends on its share of the market.
Scenarios with supply shocks will generally have higher average price levels that un-shocked scenarios because supply shocks are generally reductions and their impacts accumulate multiplicatively.  The “disrupted” supply level in year Y of a price shock is the product of all previous year’s supply shock multipliers and the scenario OPEC production level.  In years in which there is no shock, δt = 0 and the multiplier is 1.0.


[image: image20.wmf]Õ

=

÷

÷

ø

ö

ç

ç

è

æ

-

=

Y

y

yt

O

O

t

q

y

t

q

1

*

100

1

)

(

)

,

(

d


(27)
Once a period of supply shocks has ended, OPEC production does not return to the original scenario level; the cumulative effect of past supply shocks persists.  However, OPEC supply will resume growing at the rate assumed in the relevant AEO projection.  This appears to be consistent with the historical patterns shown in Figure 10.  It is possible, but unlikely given the assumed distribution of supply shocks (Figure 13), for a shock to consist of a series of supply increases.  In such a case the average world oil prices would actually be lower than the base forecast.  It is more likely that a long price shock, say lasting 5, 6 or 7 years, would include mostly reductions in supply but also one or more years in which OPEC supply increased.
The history of OPEC behavior (as illustrated in Figure 3) suggests there is a limit to the cartel’s willingness to sacrifice market share.  In 1985 the OPEC core members’ share of the world oil market dipped below 25%.  In 1986 OPEC members gave up their defense of high oil prices and increased production, producing the oil price collapse of 1986.  Maintaining a high oil price over several years requires cutting back on production which entails loss of market share.  Because market share is a key determinant of the market power of the cartel, defending too high a price leads eventually to a downward spiral of revenues. This downward spiral will inevitably induce OPEC to abandon the defense of a too high price for oil.  This phenomenon is simulated in the oil market model by truncating a supply shock whenever OPEC’s previous year’s market share falls below 25% (25% is the default value, a different value can be chosen for any particular model run).
Supply shocks create a new OPEC production scenario.  By entering the new OPEC production numbers in the calibrated world oil supply model, new market equilibrium prices and quantities can be calculated.  
Figures 20 and 21 show one realization of a “shocked” oil supply scenario occurring in the Reference Case projection.  There are actually three shock periods: (1) a six year shock beginning in 2012, (2) another six year shock beginning in 2019 in which there is an increase in supply in 2023, and (3) a two year shock beginning in 2030 (only the first year is realized) which begins with an small increase rather than a decrease in OPEC supply.  In a typical simulation run, on the order of one thousand different supply shock scenarios are generated and evaluated.
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Figure 20.  Reference Case and a Simulation of “Shocked” Oil Supply
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Figure 21.  Reference Case and a Supply Shock Simulation
The two six-year shocks keep the price of oil well above the reference case projection through 2030.  The shocked price path is strikingly different from the Reference Case projection but looks more like the historical record.
Figures 22 and 23 illustrate a different market share limited supply shock scenario occurring in the High B Oil Price Case.  To begin with, OPEC’s market share is substantially lower in the High B Case than the Reference Case.  The light blue line indicates the uncensored supply shock scenario, while the red line illustrates the market share limited scenario.  When the second oil supply shock beginning in 2017 causes OPEC’s market share to dip below 25%, it is terminated and OPEC supply begins increasing at the same rate as the original High B Case.

The impact of the simulated supply shocks on world oil prices is illustrated in Figure 23.  The price path is only somewhat higher than the High B Oil Price projection in which the supply shocks occur, and it is more variable.  
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Figure 22.  Market Share Limited Supply Shock in the High B Oil Price Case
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Figure 23.  Effects of a Truncated Supply Shock on Oil Prices in the High B Oil Price Case
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� There is no guarantee that the U.S. petroleum demand calculated in the WOMM will match that of the rest of the SEDS model.  By careful calibration, it should be possible to insure that the behavior of the WOMM is similar to that of the rest of the SEDS model.


� If and when it is necessary to independently generate world oil market projections, the WOMM could be elaborated to allow the parameters of world oil demand equations to be projected as functions of regional GDP and population and the parameters of supply equations to be projected as a function of the state of depletion of world oil resources.  


� If the SEDS model predicts U.S. conventional oil supply, as well, this would also fit conveniently into this framework.  The WOMM would then recalibrate U.S. oil supply based on SEDS’ prediction, in addition to U.S. oil demand and unconventional oil supply.


� Leiby and Bowman (2000) chose the extreme value distribution to represent the size of price shocks. The shape of the extreme value distribution is very similar to the Gamma distribution specified here.  The choice of the Gamma over the extreme value is solely based on the fact that the Excel software includes a standard spreadsheet function for the inverse Gamma distribution but not for the extreme value distribution.  Otherwise, the extreme value distribution would have been preferred.
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