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SUMMARY 

This paper examines the Mid-Range Energy Forecasting System (MEFS) oil 
and gas supply models on the basis of how well their structures and assump
tions conform to accepted economic principles. The paper first discusses the 
structure of the MEFS oil and gas supply models, then analyzes weaknesses of 
those models, and finally suggests changes in the models to improve their 
performance. 

The MEFS oil and gas models are found to be weak, on theoretical grounds, 
in several respects. First, because drilling effort is estimated using aver
age rather the marginal production costs, supply projections are high and 
price projections are low. That estimation method also invalidates the normal 
assumption that the equilibrium solutions of the MEFS oil and gas models maxi
mize consumers' plus producers' surpluses. Second, drilling effort is allo
cated over time on the basis of rig availability. Rig capacity is added 
according to an inflexible schedule that is unaffected by economic variables 
such as prices and interest rates. The result of the inflexible rig invest
ment schedule is that capacity tends to build up faster than reserves are 
depleted, so oil and gas production tends to increase over time at each price 
level, in spite of the fact that both average and marginal production costs 
are increasing as reserves are depleted. Third, because the rate of oil and 
gas extraction from reserves is invariant to petroleum prices, there is no 
wellhead production response to price changes. Finally, because MEFS oil and 
gas "supply curves" mix long-run and short-run concepts they are not con
sistant in their implied behavior. Each point on MEFS oil and gas "supply 
curve" represents the maximum amount of production that is possible, given 
available rig capacity. By linearly interpolating production response among 
nine discrete short-run supply points, the MEFS oil and gas "supply curves" 
implicitly assume that rig capacity can be instantly expanded or contracted in 
the short-run. This violates the definition of the short-run as a time period 
in which the level of at least one factor of production is fixed. 
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INTRODUCTION 

The Mid-Range Energy Forecasting System (MEFS) is a model used by the 
Department of Energy to forecast domestic production, consumption and price 
for conventional energy sources on a regional basis over a period of 5 to 15 
years. Among the energy sources included in the model are oil, gas and other 
petroleum" fuels, coal, uranium, and electricity. Final consumption of alter
native energy sources is broken into end-use categories, such as residential, 
commercial and industrial uses. Regional prices for all energy sources are 

calculated by iteratively equating domestic supply and demand. 

The purpose of this paper is to assess the ability of the Oil and Gas 
Supply Submodels of MEFS to reliably and accurately project oil and gas supply 
curves, which are used in the integrating model, along with fuel demand curves 
to estimate market price. The reliability and accuracy of the oil and gas 

model cannot be judged by comparing its predictions against actual observa
tions because those observations have not yet occurred. The reliability and 
reasonableness of the oil and gas supply model can be judged, however, by ana

lyzing how well its assumptions and predictions correspond to accepted eco
nomic principles. This is the approach taken in this critique. 

The remainder of this paper describes the general structure of the oil 

and gas supply model and how it functions to project the quantity of oil and 
gas forthcoming at given prices in a particular year, then discusses the eco
nomic soundness of the model, and finally suggests model changes to improve 
its performance. 
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CONCLUSIONS 

The DOE oil and gas supply model appears to be weak on theoretical 
grounds, both in calculating the level of drilling effort that would be 
forthcoming at different prices, and in determining the level and timing of 

investment and production. Because of these weaknesses, we feel that price 
projections based on equilibrium among ~supp1y curves" generated by the DOE 
oil and gas model and econometric demand curves, are likely to be inaccurate. 
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OIL AND GAS SUPPLY MODEL STRUCTURE 

The oil and gas supply models, which are used in the Mid-Range Energy 
Forecasting System, have evolved over time. These models were originally 
developed by the National Petroleum Council (NPC) as engineering simulation 
models of oil and gas production. In their original form, the models pro
jected oil and gas production based on historical drilling patterns, discovery 
rates, recovery factors, and decline rates. The NPC oil and gas production 
models were based on engineering relationships and operated completely inde
pendently of petroleum prices. 

Around 1972, the NPC supply model was acquired and modified by the 
Federal Energy Administration (FEA), now an agency within the Department of 
Energy (DOE). The FEA model of oil and gas production was modified to make 
oil and gas production estimates responsive to petroleum prices. The basic 
mechanism through which supply responded to price was in the level of drilling 
activity. Even though the FEA model included a supply response to price, it 
was limited in its analytical capabilities in two respects. First, the model 
could only project supply response to a price projected at a fixed level into 
the future. Even if price was expected to increase or decline over time, the 
model was incapable of varying production response. Second, even though natu
ral gas and other petroleum coproducts were discovered in association with oil, 
the level of drilling effort in the oil model was unaffected by the prices of 
natural gas and other coproducts. 

Under the auspices of DOE, improvements in the economic assumptions of 
the model have continued. The DOE models of oil and gas supply have been mod
ified to handle supply projections for nonconstant price trajectories. Fur
thermore, recent versions of the DOE model have been modified so that oil and 
gas supplies are responsive not only to their own price, but to the prices of 
jointly produced co-products. These improvements remove two of the limita
tions inherent in the FEA version of the model. Nevertheless, the DOE model 
still has some limitations that may adversely affect its performance. These 
limitations are discussed in later portions of this paper. 
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The structures of the DOE oil and gas submodels are virtually identical 
with two slight exceptions. First, gas finding rates are a function of both 
exploratory and developmental drilling, while oil finding rates are a function 

of exploratory drilling. Second, the gas model does not include components to 
represent enhanced production methods such as secondary and tertiary recovery 
processes. Natural gas reserves are added from two sources of drilling. 
Associated natural gas is discovered in the process of drilling for oil, while 

nonassociated natural gas is discovered independent of oil deposits. In the 
DOE gas supply model, associated natural gas reserves are calculated in the 
oil supply model and added to nonassociated gas, which is calculated in the 

natural gas drilling submodel. Oil reserves, on the other hand, are calcu
lated only in the oil drilling submodel. 

The oil and gas submodels are so similar that a separate discussion of 

each would be inefficient. Thus, unless otherwise stated, throughout the 
remainder of this paper the functioning of the oil submodel shall be discussed 
with the understanding that the gas submodel works the same way, with the 
exception of the differences enumerated in the preceding paragraph. 

Currently, the DOE oil submodel consists of three distinct components: 

1) drilling, 2) resources, and 3) economic. These three components interact 
with each other to determine the quantity of oil and associated natural gas 
produced. 

The drilling component allocates the cumulative amount of profitable 
drilling footage among different production regions over time, given expected 
prices and constraints on the amount of footage from new and existing rigs 
available for exploratory drilling in any particular year. 

The resource component converts the annual amount of footage drilled in 
each region into regional proved reserve additions of oil, classifies those 

reserves into oil that may be produced using primary, secondary or tertiary 

techniques, and estimates the annual regional quantity of oil produced based 
on the rate at which oil is extracted from proven reserves. 

The economic component calculates minimium acceptable prices, which are 

necessary to cover the costs of different levels of exploration, development 

and production. 
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The following sections of this paper discuss how the drilling, resource 
and economic components work, and how those components interact to determine a 
supply curve. Although each individual component is relatively well docu
mented in publications we flave reviewed, the exact way in which the components 
work together to compute a supply curve is extremely poorly documented. We 
were forced to review several different documents to grasp how components of 
the model are interrelated. To further complicate matters, some of the docu
mentation on the oil supply model appears to be contradictory. Thus, the com
ments below regarding how the components of the oil supply model are linked 
together to project supply curves represent our best understanding of how the 
model works. 

THE DRILLING COMPONENT 

The drilling component serves two purposes in the DOE supply model. 

First, it uses regional latent drilling demand curves to calculate total cumu
lative footage that could profitably be drilled in each region, at a given 
price. Second, based on the availability of drilling rigs, it allocates cumu
lative regional drilling footage over time. That allocation forms a drilling 
trajectory, which represents the amount of regional exporatory footage drilled 
each year. This annual regional exploratory footage is then used in the 
resource component to calculate annual quantities of oil that would be pro
duced, given that trajectory of drilling effort over time. 

Latent drilling demand curves, which are estimated for each domestic pro
duction region, represent the cumulative amount of footage that can profitably 
be drilled at different prices. To calculate latent drilling demand curves, 
the supply model is run for an ambitious drilling program. Projected drilling 
activity is run through the resource component to estimate the quantities of 
oil and associated natural gas that would be produced over time. The produc
tion schedule is then fed into the economic component to estimate the minimum 
acceptable price, associated with a given level of production, which must be 
received to result in a present value of revenues minus expenditures of zero. 
Minimum acceptable price associated with each level of cumulative footage 

drilled represents the correspondence between cumulative footage drilled and 
price. This correspondence defines a latent drilling demand curve. 
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Latent drilling demand curves for three hypothetical oil production 
regions are illustrated in Figure 1. The shapes of regional latent drilling 
curves are determined by the discount rate, regional proven reserve decline 

rates, finding rates, recovery factors and costs of production. The 
exponential shape of the latent drilling demand curves results from the fact 
that regional finding rates in the resource component are a function of 

cumulative regional footage drilled and decrease at an increasing rate as 
cumulative footage increases. 

Once regional latent drilling demand curves are developed, they are used 

to estimate regional drilling trajectories, which indicate the annual amount 
of footage drilled in each region. Regional drilling trajectory curves are 

generated from several assumptions regarding the availability of drilling rigs 
and rig producing plants. The drilling model assumes that cumulative exp10ra-
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tory drilling footage must be allocated from one of three sources: 1) exist
ing rigs~ 2) new rigs from existing plants~ or 3) new rigs from new plants. 

If the total amount of footage available from existing rigs (4.5 times 
the number of existing rigs, times average feet drilled/rig) is insufficient 
to fulfill cumulative footage demanded at a given price, then new rigs from 
existing plants are produced. If the footage av~ilable from new rigs produced 
by existing plants is insufficient to satisfy cumulative drilling demand, new 
plant capacity is added until cumulative demand for drilling footage is com
pletely satisfied. Since new plant capacity is added over a period of several 
years, there is a lag between the time at which new rig capacity is needed and 
the time it comes online. 

Once the drilling component has calculated the amount of drilling demand 
that must be satisfied by footage from each source~ it calculates the amount 
of footage drilled each year by estimating the amount of footage available 
from each source. The amount of footage from existing rigs in each year is 
equal to the number of rigs available in the preceding period times the aver
age footage per rig, times 9/10 (straight-line depreciation over aID-year 
life). The amount of footage available from new rigs from existing plants is 
equal to the number of plants existing in the preceding period~ times the 
average number of rigs produced/plant, times 9/10 (straight-line depreciation 
over 10 year plant-life), times 1/2 (average use of new rigs produced during 
year). The amount of footage available from new rigs produced in new plants 
equals 1/15 (new plants are added to capacity at a constant rate over a 
IS-year planning horizon), times the total number of new plants that must be 
added to satisfy cumulative footage demanded, times 1/2 (average amount of use 
from new rigs produced during the year). Summing the total regional footage 
available from each source in each year, the drilling model determines 

regional drilling trajectory. 

In practice, the drilling component is run in two modes. In the first 

mode, the drilling component is run to calculate cumulative drilling demand, 
assuming that real price is constant over a 3D-year period. Then a single 
drilling trajectory curve is calculated for that price, using the rig and plant 
capacity assumptions discussed above. This process is repeated to generate 
drilling trajectories for different prices. 
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The second mode of operation allows the drilling submodel to generate 
drilling trajectories for nonconstant prices. Initially, a price sequence is 
generated. The drilling component is then run to determine cumulative dril

ling footage demanded at an initial price. The rig availability portion of 
the drilling component is then run to determine footage from each source of 
rigs for the initial year. Then, the drilling component is rerun for prices 
from successive years in the price series, and drilling trajectories are 

recalculated iteratively to get the amount of footage available over time. 
The drilling component is rerun for nine different price trajectories in the 

same iterative fashion to generate a drilling trajectory for each hypothesized 
price trajectory. 

The drilling trajectories generated in the drilling component indicate 

the amount of footage drilled each year in response to different price trajec
tories. This information is used in the resource component to generate the 

amount of production that would be forthcoming in response to different price 
trajectories. The correspondence between price and drilling trajectories is 
illustrated in Figure 2. 
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THE RESOURCE COMPONENT 

The resource component converts drilling activity into production. In 
the DOE oil supply model, production comes either from old or new fields. 
The resource component handles old fields slightly differently from new fields, 
so we shall first discuss how the resource component converts reserves from 
old fields into production and then how it transforms oil from new fields into 

production. 

Production from old fields in any given year is calculated by multiplying 

regional reported reserves times a fixed regional decline rate based on his

torical data. Regional decline rates are the rates at which oil is extracted 
from reserves and placed into production. Some additional oil is added to 
regional reported reserves over time to reflect the fact that some growth in 

oil ultimately recovered from old oil fields occurs as a result of extensions, 
revisions and new plays. Ultimate recovery from old fields is estimated by 
applying Hubbert's multipliers to current estimates of proved reserves. 

It should be noted that regional production from old fields flows at a 
fixed rate from regional reported reserves in the initial time period and is 

totally unaffected by market prices and costs of production. Production from 
old fields simply declines until those fields are exhausted. 

Production from new fields is affected by the intensity of drilling 

effort. The resources component estimates production from new reserves by 
transforming drilling activity into oi1-in-place, converting oi1-in-p1ace into 
proven reserves, classifying proved reserves into groups of reserves that may 
be produced using primary, secondary, or tertiary production techniques, and 
extracting oil from proven reserves to calculate production. Oil does not 
pass instantly from oi1-in-p1ace, to proven reserves, into production, but is 

subject to lags along the way. A one-year lag exists between the time onshore 

drilling occurs and the time at which production from new reserves commences. 

For offshore oil, production increases over a period of several years and then 
begins to decline. 

Regional drilling is converted into oil-in-place by multiplying total 
annual regional drilling footage times a regional finding rate. Regional 

finding rates are defined as the amount of oil discovered in a region per foot 
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drilled. The finding rate for oil from mature onshore regions is determined 

by taking the first derivative of a regression equation, which relates cumula

tive oil-in-place discovered to cumulative exploratory drilling and United 
States Geological Survey estimates of ultimately recoverable resources. 

The equation relating cumulative oil-in-place to cumulative drilling is 
estimated using historical data and has the following form: 

where 

COIP = cumulative oil-in-place discovered 
g = ultimately recoverable resources 

CMFT = cumulative exploratory drilling footage 
8 = reg~onal constant 

The finding rate is expressed: 

FR = aCOIP = n*c*e-8*CMFT 
aCMFT ~ 

(1) 

(2 ) 

The second and third derivatives of COIP, with respect to cumulative 
drilling, indicate that finding rates for mature onshore regions decrease at 
an increasing rate. 

aFR = '/ COIP = -.Q.*c 2*e -c*CMFT< a 
aCMFT aCMFT 2 (3 ) 

a2 FR = a
3 COIP = .Q.*c3*e-c*CMFT>o 

aCMFT2 a CMFT3 (4) 

For new onshore and offshore regions, sufficient historical data are not 
available to estimate regression equations for cumulative oil-in-place as a 
function of cumulative drilling. Consequently, the finding rate for Alaska 
and offshore regions is approximated by the following equaton. 

FR = Y *e-(Y/A) * CMFT (5 ) 
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Y = initial finding rate 
A = discoverable resources remaining 

The first and second derivatives of finding rate with respect to cumula
tive drilling, indicate that the finding rates for new onshore and offshore 
regions, like those for mature onshore regions, are decreasing at increasing 
rates as drilling progresses. 

aFR = (_y2/A'* -(Y/A)*CMFT 0 
aCMFT \ ~ e < (6) 

(7) 

Once regional oil-in-place is calculated, it is converted to regional 
reserves, using regional recovery factors and appropriate time lags. Recovery 
factors are based on historical data and represent the ratio of reserves to 
oil-in-place discovered. Recovery factors are broken into primary, secondary, 
and tertiary categories. The amount of oil-in-place discovered in a given 
year is lagged to reflect the amount of time necessary to develop reserves, 
then multiplied times primary, secondary and tertiary recovery factors to get 
primary, secondary and tertiary reserve additions. These reserve additions 
are added to existing reserves, and production is estimated according to 
regional decline rates. 

Regional decline rates are the rates at which oil is extracted from 
regional reserves and converted into production. These decline rates are 
fixed in the DOE oil and gas supply model and, thus, are invariant to petroleum 
prices. Annual regional production in a given year is found by multiplying 
the amount of regional reserves existing in that year times the regional 

decline rate. The sum of regional production estimates yields national pro
duction. 

In the exploration and development process for oil, other petroleum 
coproducts, including natural gas, are discovered. The resources component 
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for oil estimates the amounts of associated natural gas and other petroleum 
coproducts, added to reserves as a result of oil exploration. 

THE ECONOMIC COMPONENT 

The economic component of the DOE oil and gas supply model calculates the 
minimum acceptable prices associated with different levels of drilling activ
ity. Minimum acceptable price (MAP) is the price that must be received by oil 
producers to generate enough discounted revenue to cover the discounted cost 
of exploration, development and production associated with a given amount of 
oil. 

Calculation of minimum acceptable price in the economic component pro
ceeds from the assumption that all production investments and costs are paid 
for according to a uniform annual stream of payments. Production from reserves 

flows at a uniform, continuous rate over time so that discounted revenue from 
production can be found by multiplying a constant expected price by discounted 
production (in physical units). MAP analysis further assumes that investment 
in exploratory drilling will continue until the present value of expected 
revenues minus the present value of expenses is zero. 

The assumption that MAP equates the value of discounted revenue minus 
discounted costs implies that: 

.... .... .... ...... 

MAPA * Q - I - K - C = 0 (8) 

- T () [l-e-(a + r)t] Q = q *1 e- a + r tdt * .::.......;=-----o 0 = qo a + r (9 ) 

T [ -rTJ i = I(CMFT) *~oe-rtdt = I(CMFT)* 1-~ (10) 

- T [ -rtj K = k*~o e-rtdt = k * 1-~ (k constant) (ll ) 

-
b * Q (12 ) 
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where 
qo = initi al production rate 

k = uniform stream of fi xed operating costs 

b = cost of production per unit of production 

a = reserve dec 1 i ne rate 

r = discount rate 

MAPA = minimum acceptable price 
~ 

Q = discounted quantity of expected production over time, in 
physical units 

I(CMFT) = functional relationship between investment expenditures and 
cumulative exploratory drilling 

~ 

I = discounted value of exploratory drilling expenditures, in dollars 
~ 

K = discounted value of annual fixed operating costs, in dollars 
~ 

C = discounted value of variable operating costs, in dollars. 

Equation (8) can be restated to show that MAPA is the price that equals 
average discounted cost of production. 

where 

~ - -
MAPA = I + K + C 

Q 
(13 ) 

MAPA = Minimum acceptable price that covers average discounted cost of 
production. 

The role of the economic component in the oil supply model is to generate 
cumulative drilling demand curves by making a run of the model for different 
levels of drilling activity. Those different levels are parametrically fed 
into the resource component to generate the amount of production over time 

that would be forthcoming from given levels of cumulative drilling footage. 
The economic model is then run to estimate investment, development, and pro

duction costs over time. These costs are discounted and then divided by dis
counted production to get the MAPA of a given amount of cumulative footage. 
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This process is repeated for different levels of cumulative footage to map the 
relationship between minimum acceptable price and cumulative exploratory dril
ling. This relationship is referred to as the latent drilling demand curve in 
the drilling component section of this paper. 

Once latent drilling demand curves have been generated, the economic sub
model is not used again in the oil supply model. On subsequent runs, latent 
drilling demand curves are used by the drilling submodel to determine cumula
tive footage demanded at a given price. Cumulative footage demanded is allo
cated over time according to rig and plant capacity; then annual drilling 
patterns are fed into the resources component to generate temporal production 
patterns. 

SUPPLY CURVE ESTIMATION 

A supply curve represents the maximum quantities of a product that pro
ducers are willing and able to place on the market at different prices. The 
DOE oil and gas supply model generates "supply curves" for oil and gas at 5-
year intervals over a 15-year forecasting horizon. It should be noted, how
ever, that what is referred to as a "supply curve" in the DOE oil and gas sup
ply model is not really a supply curve in an economic sense because it does 
not reflect profit maximizing behavior on the part of oil producers. This 
assertion is explained in the following section of this paper. This section, 
however, deals with how DOE oil and gas "supply curves" are generated. 
Figure 3 represents the steps involved in generating latent drilling demand 
curves. The maximum footage (Max ft) drilled is taken from the highest 
drilling trajectory. 

The first major step in the process is to generate latent drilling demand 
curves. Drilling footage is parametrically increased and fed into the 
resources component to generate production at different levels of drilling. 
Production levels are then fed into the economic component to calculate the 
minimum acceptable prices required for alternative levels of drilling activ
ity. The relationship between cumulative drilling footage and minimum accept
able price defines the latent drilling demands curves, which are illustrated 
in Figure 1. 

16 



NO 

YES 

DRILLING 
LEVEL 

RESOURCE 
MODEL 

QUANTITY 
PRODUCED 

r1AP 

LATENT 
DRILLING 

DEMAND 

FIGURE 3. Generation of Latent Drilling Demand 

17 



The second major step is depicted in Figure 4. The supply model is run 
again, using the latent drilling demand curves generated in the initial run to 
determine the amount of cumulative footage drilled in response to alternative 
prices. That footage is allocated over time based on rig availability, to 
determine the drilling trajectory, or the amount of drilling per year. 

The annual drilling amount is then fed into the resources submodel to 
calculate the annual amount of production that will be forthcoming. A IIsupply 
curve ll for each year is then estimated by associ ati ng the amount of producti on 

in that year with the MAPA for that level of production. The association 
between price and production forms a IIsupply curve ll

• 

Figure 5 shows how each point on the IIsupply curve" is generated. The 

"supply curves" estimated by the DOE oil and gas models are not really curves, 
but are actually nine discrete points that are used to approximate a step 

function. The supply model is run nine times, once for each of nine price 

trajectories, which may assume constant, increasing, or decreasing prices over 
time. These nine price trajectories are used to generate nine drilling tra
jectories, one associated with each price trajectory. The drilling trajector

ies are fed into the resources submodel to calculate nine trajectories for 
reserve additions and new production, which correspond to the nine price tra
jectories. Old production is independent of price; it simply flows out of old 

reserves at a constant rate over time. Total production in each year is the 
sum of old production and new production for that year. 

The DOE supply model generates one production trajectory for each of nine 
pri ce traj ectori es. To get the annual II supp ly curve", the amount of produc
tion for a given year associated with a given price trajectory is paired with 
the price for that year on the price trajectory to get a single point on the 

IIsupply curve ll
• The remainder of the points on the IIsupply curve II for a given 

year is estimated by pairing the prices for that year for each of the price 

trajectories with the quantities associated with each price. This process is 
repeated for each year for which IIsupply curves" are estimated. 

It is important to note that the "supply curves ll estimated in the DOE oil 
and gas models shift to the right over time (see Figure 5). This implies that 

producers would be willing to supply more oil and gas at a given price in 1990 
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than they were willing to supply at the same price in 1985. This rightward 
shift in llsupply curves" over time occurs in spite of the fact that the find
ing rates for oil and gas are declining as cumulative drilling expands, so 
that both the average and marginal costs of production are increasing over 
time. Apparently, the rightward shift in the "supply curve" over time is 
attributable to the fact that drilling in each year is dependent on the number 
of available rigs and rig producing plants. Over time, rig capacity is added 
at a faster rate than the rate of decline in the finding rate so that on net, 
production estimates for a given price tend to rise, despite increasing 
average and marginal production costs. 

The rise in average and marginal production costs as cumulative footage 
increases can be demonstrated with reference to the shape of the latent dril
ling demand curves. Equation (13) showed that minimum acceptable price (MAPA) 
is exactly equal to discounted average cost of production. MAPA increases 
as cumulative footage increases (see Figure 1). Furthermore, cumulative foot
age is the sum of all footage drilled. Thus, as time passes, more footage is 
drilled so average costs must also rise. 
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CRITICISMS OF THE DOE OIL AND GAS MODEL 

The preceding sections of this paper discussed the way in which the DOE 
oil and gas model calculates "supp1y curves" for oil and gas, and alluded to 
the fact that the "supp1y curves" generated for oil and gas in the DOE model 
are not supply curves in the economic sense. In this section of the paper, we 
will discuss what is implied by an economic supply curve and demonstrate that 
the DOE "supp1y curves" do not, in fact, fit the definition. We will then 
discuss the bias and distortion introduced when predictions of price and quan
tity are made on the basis of DOE "supp1y curves II rather than economic supply 
curves. 

An economic supply curve reflects the maximum quantities of a product 
that profit-maximizing producers are willing to sell at different price 
levels. The key concept behind the economic supply curve is producers' profit 
maximizing behavior. One of the basic tenets of economic theory is that 
profit-maximizing producers only use factors of production to the point at 
which the value of incremental production from applications of those factors 
is exactly equal to the incremental cost of applying them. 

In the DOE oil and gas supply model, there is one composite factor of 
production called cumulative drilling footage, which represents a combination 
of many factors of production, such as labor, land, capital, and management. 
Presumably, all of these production factors are combined in some way, defined 
by technology into a composite factor of production called cumulative drilling 
footage. Although model documentation does not clearly explain how production 
factors are combined to form drilling footage, they appear to be combined in 
fixed proportions, which vary depending upon the region. The DOE model also 
appears to assume, at least when generating latent drilling demand curves, 
that the supplies of all production factors that go into drilling footage are 
perfectly elastic at the prevailing market price, so the cost per foot drilled 
does not change as cumulative footage expands. 

The DOE oil and gas supply model, taken as a whole, defines temporal pro

duction functions in which a single composite production factor, cumulative 
footage, is used to produce oil and gas. Oil and gas production from these 
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engineering production functions increases at a decreasing rate as cumulative 
footage increases. These engineering production functions determine how much 
production will be forthcoming from a given level of cumulative footage, but 
they do not, in themselves, provide information on how much cumulative footage 

should be drilled to maximize profit. 

To show how much cumulative footage must be drilled to maximize profit, 
given costs of production and product prices, we must first formally derive 

the structure of the temporal production function from the information pro
vided in DOE model documentation. We derive the mathematical structure of the 

oil supply model for onshore regions in the equations below, with the under
standing that equations for offshore regions can be derived in a similar 
manner. 

From equation (9) we know that discounted production is equal to initial 

production, times a discounting factor that accounts for the interest rate and 
the rate of decline in reserves. 

(14) 

Furthermore, we know from equation (1) that production from reserves is 

calculated by multiplying oil-in-place times a recovery factor (RF). If we 
assume that there are no constraints on the amount of available rigs so that 
all drilling can be done in the initial period, then the initial amount of 

production, qo' can be found as follows: 

(15) 

or 

(16) 

Inserting equation (16) into equation (14), we have derived the equation 
for discounted output as a function of cumulative footage drilled. Equation 

(17) is a production function. 

24 



_ ( 8* ) [-(a + r) t] Q = g l-e- CMFT *RF* l-e
a 

+ r (17) 

(18) 

(19) 

The properties of the production function are obvious from its first and 
second derivatives (equations 18 and 19). Production increases at a decreas
ing rate as cumulative footage and time increase, asymptotically approaching 
the value (Q * RF)/(a + r). Figure 6 illustrates the shape of the production 
function implied by the DOE oil supply model. 

Q * RF 

a + r 
---- - - - - ------ - ----- - - - - - - - 6 (CMFT) 

FIGURE 6. The Oil Production Function 

25 



In an intertemporal sense, the objective of profit maximizing producers 
is to maximize discounted profit (n), which is equal to discounted total rev
enue from production, minus discounted total cost. Total revenue is simply 
price times quantity produced. Total cost is the sum of drilling and operat
ing costs. We shall employ the subscript "M" to indicate that the minimum 
acceptable price derived from profit maximization is not the same as the mini
mum acceptable price in the DOE model. 

1T = MAP M * Q - i - K - C (20) 

The first order condition for profit maximization requires that the 
derivative of profit with respect to cumulative footage be set equal to zero. 

an 
aCMFT = MAP * M 

-

aQ 
aCMFT 

- -3r 
aCMFT 

3K _ ~ * ;;::...aQ,*== = 0 
3CMFT aQ aCMFT 

Since E.f = band aK = 0, equation (21) becomes 
aQ aCMFT 

- -an aQ 
aCMFT = MAP M* aCMFT 

ar aQ = 0 
aCMFT - b aCMFT 

(21) 

(22) 

From equation (22) we see that minimum acceptable price (MAPM) must be 
set as follows: 

-ar aQ 
aCMFT + b aCMFT = ------''----'----

aQ 
aCMFT 

_ ar aQ + b ( -fa - ~ MAPM - aCMFT aCMFT 

(23) 

(24) 

The second order condition for profit maximization requires that the 
second derivative of profit, with respect to cumulative footage, be negative. 
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a 2 Tf a2 Q 
'j -

a2g 
= MAPM * a'- I - b* <0 

aCMFT2 aCMFT2 aCMFT 2 aCMFT2 (25) 

or 

2~ 2 - a2 I a TI' = a Q *(MAP - b) - <0 
aCMFT2 aCMFT2 M aCMFT2 

. (26) 

We know from equation (19) that a26/aCMFT2 is negative. It is unclear 
from the documentation what, exactly, the relationship is between drilling 
investment expenditures and cumulative footage drilled. We are certain, from 
the shape of the latent drilling demand curves that aI/aCMFT is positive. We 
suspect that drilling investment expenditures increase at either a constant 
rate or increasing rate as cumulative drilling footage increases, which 
implies that a2I/aCMFT2 is nonnegative. Thus, equation (26) will always be 
negative as long as minimum acceptable price (MAPM) is set higher than average 
variable operating costs (b). 

From equation (24) we know that MAPM minus b equals (aI/acMFT)/(aQ/acMFT). 

_ a I a Q -! -
MAPM - b - aCMFT aCMFT >0 (27) 

(28) 

Therefore, MAPM is always greater than b, so that a MAPM equated to the 
formula in equation (24) insures a profit maximizing use of the composite 
factor of production (cumulative footage). 

The relationship between MAPM and cumulative footage drilled can be 
found by substituting information from equation (10') and (18) into equation 
(24) and rearranging terms to get equation (29). 
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_( h-e- rt] *[a + rJ .\ * (dI(Cr~FT) \ *('eO*CMFT)+ 
MAPM -\RF* [l-e-( a + r)t]r) \ aCMFT) oS{ b (29) 

(30) 

(31) 

(32) 

It is obvious from equations (29) through (32) that: 1) MAPM is always 
positive for positive values of CMFT, 2) MAP M is an increasing function of 
CMFT, and 3) MAPM increases at an increasing rate as drilling progresses. 
The relationship between cumulative drilling and MAPM is illustrated in 
Figure 7. The latent drilling demand curve generated by profit maximizing 
behavior is similar to that generated in the DOE model in terms of shape, but 
-not in terms of intercept and slope. 

We can show how much bias is introduced by using the DOE formula rather 
than the profit maximizing formula to generate latent drilling demand curves 
by demonstrating the difference between MAPM and MAPA at different levels 
of cumulative drilling feet. To do this, we must first transform equation (13) 
into a more appropriate form. 

[I(CMFT) + kJ + b (33) 

Subtracting equation (29) from equation (33) we get: 

MAP = K1*![aI(CMFT)]*[eO*CMFTl- [ I(CMFT) + k II MAPM - A aCMFT 0 1 - 0 *CMFT -e 
(34) 
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MAP 
M 

~1AP M (CMFT) 

CMFT 

FIGURE 7. Latent Drilling Demand Based on Profit Maximizing Behavior 

Kl (35) 

Although the documentation on the oil model is unclear on how drilling 
investment cost is related to footage drilled, we suspect that they display a 
linear relationship. 

I(CMFT) = Z * CMFT 

where 
Z = average drilling cost per foot ($/ft) 

aI(CMFT) = Z 
aCMFT 

i I (CMFT) = 0 
aCMFT 2 
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Substituting equations (36) and (37) into equation (34) yields: 

MAP MAP = Z *K1[(e
O

*CMFT) - (CMFT + k/Z)I] M - A 0 1 -o*CMFT -e 
(39) 

which simplifies to: 

MAPM- MAl? =[ Z *K1 ] [ o*CMFT -o*(CMFT + k/Z) - 1] 
A [ - 0 *CMFT] e 1-e 

(40) 

The first term on the right hand side of equation (40) is positive at all 
nonnegative values of cumulative footage, except zero, at which it is unde
fined. Consequently, the value of MAP M minus MAPA is negative if eo*CMFT 
is less than 6*(CMFT + k/Z) + 1. Otherwise, equation (40) is positive. 

MAPM - MAPA<O if e 6*CMFT <6*(CMFT + k/Z) + 1 (41) 

MAPM- MAPA ~O if e 6*CMFT 2,o*(CMFT + k/Z) + 1 (42) 

If k (annual fixed operating costs) is equal to zero, MAP M and MAPA have 
the same intercept and MAPM is greater than MAPA throughout the range of all 
positive levels of cumulative drilling footage. If k is positive, MAP M is less 
than MAPA at very low levels of drilling, but as drilling progresses, MAP M 
eventually becomes larger than MAPA' The discrepency between MAP M and MAPA 
grows increasingly larger as drilling continues past the point at which MAPM 
equals MAPA' Figure Sa shows the relationship between latent drilling demand 
curves when k equals zero and Figure Sb shows this relationship when k is 
positive. 

The practical significance of the foregoing analysis is that the DOE oil 
and gas model tends to overstate the cumulative amount of drilling that would 

be forthcoming at any level of price. For this reason, we suspect that the 
DOE oil and gas supply model, in fact, generates "supply curves" that over
estimate the amount of production that will be supplied at each price level. 
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Sb 
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~1AP (CMFT) M . 
~~AP a (G~FT) 

MAP (CMFT) 
M ~1AP (CMFT) a 

MAP 

CMFT 

FIGURE 8. Latent Drilling Demand for Average and Marginal 
Resource Use Patterns 

C~1FT 

Not only will projected supply from the DOE model be too high, but when "sup
ply curves" from this model are used in the integrating model to equilibrate 
supply and demand for petroleum products, the equilibrium price that is cal
culated will be lower than that which would be expected using a supply curve 
based on profit maximization. 

Furthermore, the analysis performed above has theoretical significance in 
terms of how the results of the integrating model are to be interpreted. 
Chapter I of The Integrating Model of the Project Independence Evaluation Sys
tem; Volume IV - Model Documentation (1979) discusses how the "supply curves" 
generated by the oil and gas supply models are used in conjunction with demand 
functions to solve for equilibrium market prices. The report states that 
equilibrium in the fuel markets maximizes consumers' and producers' surplus. 
This statement is obviously incorrect since DOE "supply curves" do not accu
rately reflect the marginal value of resources expended in the production pro
cess. The area under DOE "supply curves", in fact, understates the value of 
resources expended in production, and rather than maximizing consumers' and 
producers' surplus, the DOE model drives discounted producers' surplus to zero 

(this is evident from equation 8). Consumers' surplus using DOE "supply 
curves" would be larger than it is using economic supply curves. However, 
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the gain in consumers l surplus, from using a DOE "supply curve" rather than an 
economic supply curve, is less than the loss in producers ' surplus, so that on 
balance, consumers I plus producers I surplus is lower than it would have been 
if the economic supply curve were used to calculate equilibrium price. 

Figure 9 illustrates the distortion introduced in calculating consumers' 
and producers I surplus when a "supply curve" based on average production costs 

is used rather than a supply curve based on marginal production costs. The 

curves labeled Smc and Sac represent, respectively, an oil supply curve 
based on marginal cost and an oil "supply curve" based on average cost. 

The downward sloping curve labeled "0" represents the demand curve for 
oil. Consumers' surplus, which measures the value of a given quantity of oil 
to consumers above the amount they spent to purchase that quantity, is mea

sured by the area below the demand curve, above price. Prorlucers l surplus, on 

the other hand, is measured by the area above a marginal cost supply curve (Smc) 
and below price and represents the difference between total revenue (p*q ) and 

qe 0 
total cost of production (fo MC dQ). The sum of producer's and consumers' 
surplus represents the total value to society of producing and consuming oil 
at a given level. 

From Figure 9 it is easily seen that consumers I surplus is equal to the 

area C (ijm) when equilibrium is achieved using a marginal cost supply curve. 
In this case, producers' surplus is equal to areas A (fgh) and B (hijg). Con

sumers' plus producers' surplus is equal to A + B + C. 

When equilibrium is calculated using an average cost "supply curve," 
in the DOE integrating model, a new equilibrium price (P e

ac ) and quantity 
(q ac) is established. At the new equilibrium, consumers I surplus 

e 
becomes C + B + 0 (gje). Producers I surplus becomes A - 0 - E (ejk). Total 
consumers l plus producers I surplus is equal to A + B + C - E. Consequently, 

use of an average cost "supply curve" rather than an marginal cost supply 

results in an equilibrium solution that yields a net loss in consumers' plus 
producers' surplus equal to the area E. Needless to say, this equilibrium 

does not represent maximum consumers' plus producers' surplus. 
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FIGURE 9. Consumer and Producers Surplus 
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Up to this point we have concentrated our criticism of the DOE oil and 
gas supply model strictly on its economic component, which is used to derive 
latent drilling demand curves. We have shown that the formula used to gener
ate latent drilling demand curves tends to overstate the amount of drilling 
that will occur at different levels of price and, consequently, yields supply 
estimates that are too high, particularly at high prices. We have also shown 
that the use of "supp1y curves" by the DOE integrating model, in an equilib
rium framework, estimates equilibrium values for quantities that are too high 
and prices that are too low. Furthermore, we have demonstrated that equilib
rium solutions of the DOE integrating model possess no normative significance 
in terms of maximization of consumers' and producers' surplus. Thus, we have 
directed our criticisms to the only part of the DOE oil and gas supply model 
that displays any response to economic stimuli. Our criticisms of other parts 
of the model are more criticisms of omission, than commission. Specifically, 
the DOE oil and gas supply model is weak, on economic grounds, in three areas: 
(1) investment in rigs and rig-building plants, (2) resource extraction rate 
and (3) resource valuation. 

Cumulative drilling is allocated through time on the basis of rig and 
rig-building plant availability. The amount of rigs and plants that are 
available in any given time period are based wholly upon the assumption that 
enough plants will be added to exactly satisfy the cumulative demand for dril
ling. The amount of rigs produced, per plant, per year, is fixed, as well as 
the amount of drilling footage, per rig, per year. There is no possibility in 
the model for existing rigs to drill more footage in response to high price; 
there is no mechanism through which existing plants can increase rig produc
tion in response to heavy demand; and there is no possibility of bringing 
forward new plant construction to meet urgent needs. In short, there is no 
mechanism through which investment in rigs and rig-building plants can adjust 
to supply and demand conditions. 

At a given level of drilling demand, capacity is added according to an 
inflexible schedule. When petroleum prices are projected to be high so that 

existing capacity is insufficient to meet demand, new capacity is added in 
such a way that capacity tends to build up over time. The way that the model 
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is structured, capacity buildup leads to a supply curve that is shifting to 
the right over time, in spite of the fact that costs of production are rising 
as lower cost fields are depleted, leaving higher cost fields to contribute a 
greater proportion of total supply. 

Another weakness of the DOE oil and gas models is the use of a fixed rate 
of extraction. Once oil and gas are added to reserves, those reserves are 
depleted at a rate that is invariant with respect to expected prices. While 
there are, no doubt, engineering factors that limit the rate of oil and gas 
extraction from reservoirs, there probably is room for some short-run varia
tion in the rate of extraction in response to economic stimuli. There is no 
attempt in the DOE model to find the most profitable rate of resource extrac
tion given expected prices and costs of production. Once again, as in the 
case of rig capacity, we find that the DOE model allocates supply through time 
in a completely rigid manner, without regard for economic incentives. 

One final source of weakness in the DOE model is that it cannot differen
tiate between short-run and long-run resource valuation. The IIsupply curves ll 

generated by the DOE oil and gas supply models represent a sort of long-run 
supply response to price. Each of the nine points on a IIsupply curve ll repre
sents the amount of production that would be forthcoming given each of nine 
assumed price trajectories. Implicit in each point on the IIsupply curve ll is 
the assumption that the amount of production at that price is the maximum 
amount of production that could be supplied given available capacity and pre
viously discovered reserves. Capacity available in any year, along with dis
covered reserves, depends upon the price trajectory that was assumed. 

For example, if a low price trajectory is projected, less rig capacity is 
added and production is lower than it would have been if the projected price 
trajectory had been higher. Production associated with the low price trajec
tory and production associated with the high price trajectory form two points 
on a DOE IIsupply curve ll

• 

Consider what would happen if price were assumed to actually follow a low 

trajectory. Enough capacity would be available to produce only Xo units of 

oil. Yet, when the "supply curve" is used in the integrating model, equilib
rium quantity can actually be greater than Xo implying that more capacity 
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and reserves are available than could possibly exist if price had followed the 
low trajectory. Thus, given a low price trajectory and the level of produc
tion capacity associated with it, it would not be possible to increase annual 
production very much past X. It would not even be possible to reach the o 
level of production, which is implied by a high price trajectory. This 
example indicates that the points on a DOE "supply curve II mix short-run and 
long-run supply assumptions to generate a "supply curve" that is not even 
internally consistent in terms of the behavior it implies. 
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SUGGESTED IMPROVEMENTS 

Several changes could be made in the MEFS oil and gas supply models to 
improve their performance. 

• Latent drilling demand curves could be generated using a minimum 
acceptable price based on discounted marginal production costs 
(MAPA)' rather than one based on discounted average production 
costs (MAPA). To accomplish this a formula such as Equation (29) 
could easily be substituted for that in Equation (33). 

• The MEFS oil and gas models should include an investment model for 
rigs and rig-building plants that is reponsive to market prices, 
interest rates and other economic variables. This investment model 
should include appropriate lags between the time at which new rig 
capacity is called for and the time it comes on line. Both invest
ment response and lag structure should be estimated from historical 
data for the petroleum industry. 

• Reserves should be classified according to size, depth, pressure and 
location, all of which have a significant impact on production costs. 
This classification would require that the models be respecified to 
include the probability of discovering new reserves of a given size, 
depth, and pressure in a particular region. If the models specified 
that oil and gas would be extracted from reserves only if revenues 
exceed average variable costs of extraction, they could estimate the 
short-run response of production from reserves to changes~in the 
prices of petroleum products. 
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