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Introduction

The object of this research is to estimate a time series, 1982-2002, for the total and per-unit value of in-ground proved oil reserves and natural gas reserves in the United States. There are good official statistics of the physical quantities.  Our task has been primarily to estimate the unit values. In-ground value equals quantity times unit value.

Such a series has several uses. First, it provides information about the national income and wealth, which includes mineral reserves. About 72 percent of mineral value-added in 1987 was oil and natural gas. [Census of Mineral Industries] Some such proportion governs mineral wealth in the ground.  The U.S. Government itself owns land which includes large reserves. The BEA has deplored the lack of reserve price data.  They are estimated  here.


Second, there is much interest, when calculating national income and product, to make full allowance for current consumption of minerals. If the oil and gas reserve values are known, capital consumption of minerals is the difference in reserve value from the beginning to the end of the period. This difference can then be partitioned into the difference in physical amount held and the difference in the unit value.

Third, there is much interest in the condition of the oil and gas industries in the United States. The value of an in-ground unit (compared with its reproduction cost) is the crucial fact. Unfortunately, we can no longer make this comparison. Since 1991, there has been no compilation of capital expenditures for finding and developing hydrocarbons. (The Financial Reporting System of the Department of Energy is not a substitute.) 

However, reserve values have important implications for the basic theory of mineral resources, with which we start.

Mineral values and limited resources


Minerals have long been considered as peculiar, resources being sooner or ultimately doomed to disappear. A bundle of quite recent books and articles predict the imminent end of oil production.
 The President of the Institute of Petroleum in London sums up: oil and gas production is unsustainable. Half the original endowment has already been produced, and in 10 years annual production “must” decline. [Oil & Gas Journal, March 3, 2003, p. 28] We have heard this refrain for over 100 years, starting in Rockefeller’s day [Chernow 199x], during which time the production of oil has multiplied by a factor of over 100. These forecasts are invulnerable. From time to time the resource estimates are revised, but never the theory and predictions. There is no need to: since the Earth is finite, any subset is also finite. At any consumption rate the subset must in time disappear. No economic process enters: no prices to govern supply and demand, or to guide investment. The hydrocarbon stock is there from the start, and must finally be consumed.   


The economic way of thinking appears in Jevons’ pioneer if flawed 1865 study of British coal. [Jevons 1865[1965]] He repudiated the idea of a fixed underground stock, but forecast rising real marginal cost and ultimate decline. British coal production did indeed decline after 1913, and what little remains today is largely subsidized. But there was never any resource exhaustion. Untold billions of tons remain in the ground today, untouched because investment and current costs of extracting it are too high compared with foreign coal; not to speak of oil, natural gas and nuclear power.  


Economic analysis has always recognized that coming events cast their shadows before, through discounting. If the stock is limited¸ then even a low rate of its disappearance constantly reduces its amount and raises its value. The theory was worked out in the classic paper of [Hotelling 1931]. He proved that if firms were competitive and profit-seeking, each unit of the fixed stock must at any moment have the same present value as any other, regardless of how soon any unit was to be produced. Arbitrage would erase any difference. Three testable hypotheses followed. (H1) At any moment, the value of a unit in-ground equals its net wellhead price, i. e. its gross price less current outlays. (H2) Over time, the in-ground value must increase at a rate equal to the return on assets of comparable risk. (H3) At a given moment, the speed with which a given deposit is exhausted has no effect on its present value, because the price rises with the discount rate.  

No empirical data existed to confirm or refute the paradigm of constantly increasing net price and in-ground value (H2).  Changes in gross spot prices, of the mineral emerging from the earth, were the first object of study.   Potter and Christy [1962] showed that gross minerals prices had if anything decreased over the longer run. Many such studies later appeared. Tilton [2003, chapter 4] thought there had apparently been no general increase, but pointed to the difficulties of deflating the price series to get real price changes. We tackle the deflation problem below.

  
Gordon [1967] was the first to question the Hotelling paradigm, of values and net prices rising. In his view, mineral industries were not behaving as they “should”. Adelman [1970] doubted the distinction between mineral and non-mineral industries. But particularly after the price exploded in 1973-74 and in 1979, economic opinion ran strongly the other way. (Solow [1973], Stiglitz [1976], DasGupta & Heal [1979], Gately [1984], Miller & Upton [1985], Arrow [1987]). Many economists called the price increases the necessary effect of limited reserves, and  predicted wellhead prices above $100 per barrel, arriving before the year 2000. 

Unique data for North American oil and gas   There have long been many owners of producing properties, and many sales of in-ground reserves. The industry’s working rule has long been: gross wellhead price is about three times the reserve value. Moreover, net wellhead price was around two-thirds of gross, in a very stable proportion.  Subtracting out one-third of the wellhead price to allow for current outlays left the net price at double the reserve value, far above equality. Cairns and Davis [2001] found support for this rule.

Some engineering studies done in the 1950s confirmed the rule of gross prices  three times reserve value. They also showed that the more quickly the reserve was to be exhausted, the greater was its market value. [T.C. Frick and R.W. Taylor, eds, Petroleum Production Handbook, McGraw-Hill 1962, mostly incorporated into Bradley (ed) 1987, chs 40-41] Thus industry practice was in conflict with two Hotelling paradigms: H1 and H3. First, net in-ground values are about half of what they “should be”. Second, present value depends partly on how near is the time when a barrel is scheduled to be drawn out of the earth. In theory, there should be no such relation. Watkins [1992] asked how the industry could thus ignore what seemed like a basic and favorable rule: that the net price had to rise at the current discount rate. Conversely, he asked, how could economists ignore what industry was actually doing?


Starting with 1946, per-barrel values of in-ground oil reserves were estimated, for many producing corporations, by the John S. Herold Company. Methods of estimation were not explained. However, the estimates continued to be updated and sold, a market test at least of their acceptability. One of the present authors participated in a study of these values for 1946-1986 (Adelman, DeSilva and Koehn [1986]). Eliminating 1946 and 1947 because of small samples (16 and 7 respectively): in every year the average wellhead net price exceeded the annual average in-ground value plus at least one standard deviation. In 32 of the 39 years the wellhead price exceeded the average reserve value plus two or more standard deviations. Similar results were recorded in Adelman and Watkins [1996].

The Meaning and Valuation of “Reserves” 

Reserves are defined in the engineering handbooks [Frick, Bradley] as the end-product of development investment. The plan for any proposed well is that it will if drilled produce a given amount in the initial year, declining at a roughly constant percentage rate each following year. The diminishing flow is reckoned as continuing as long as the net price is positive, i. e. as long as the value of the well’s output at least exceeds its current costs. When net price goes to zero, the “economic limit”, production ceases. The oil or gas still left in the ground (usually much more than what has been produced) is irrelevant and not counted. But improved technology, making the previously uneconomic now profitable, in the same or other reservoirs, would increase reserves.

Oil in “nonproducing reservoirs” is not in the US totals because these reservoirs are obviously an interim or transitory class: “those waiting for well workovers, drilling additional development or replacement wells, installing production or pipeline facilities, and awaiting…recompletion in reservoirs not currently open to production.” [EIA, U.S. Crude Oil, Natural Gas, and Natural Gas Liquids Reserves, 2000 Annual Report, December 2001, p. 24]  These wells’ “reserves” are excluded from national totals, until the investment has been completed.    

Whether the proposed well will be drilled, and reserves created, depends on estimated revenues versus costs, and therefore upon estimated present values. If the net present value of the proposed output, net of operating cost, is less than the required investment, the well is not drilled. If delay would increase present value, drilling will be delayed, and there is as yet no creation of new reserves.

Thus the reserve is the estimated cumulative production from capacity already in place, as calculated by engineers and accepted by investors. Let Q be initial output, continuing over time T. In a reservoir, or for all taken together, the reserve is the area under the curve, and the decline rate is current output divided by the reserve:  
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If T runs to infinity, we have:

 

 
          a=Q/R
         (2)

i.e. the decline rate is initial output divided by the reserve. We show in Section III that





V = Pa/(a+i+g)      (3)

where i is the discount rate on hydrocarbon production revues, and g is the assumed annual increase in the net price P.

This is a more general form of the basic Hotelling equality. That is, if net price rises at the discount rate, then g=i, and (3) collapses to V=P. Or, if we could establish by independent evidence that V=P, then it would follow that g=i. But the Hotelling equality V=P has thus far been refuted by the evidence.  Let us now assume that  i>g, so that (i-g) is always positive. Then V/P should be an  increasing function of a, at a decreasing rate. The engineering studies bear this out. (Bradley¸ op cit). We will show below that this rule holds for a wider sample. Moreover, since all variables but g are exogenous one can calculate g from them:  

g = i + a [1- (P/V)]


(4)

The variable g measures industry expectations of the future course of prices. As might be expected, annual g is highly variable and often negative
. 

But although Equation (3) contains some of the same variables as the Hotelling Paradigm, the underlying reserve measure R is different. In any given deposit, R measures only the underground oil or gas created by new investment, to be produced along some time gradient from defined facilities. Like many assets, VR may be exploited or sold.  These uses are substitutes, therefore so are their prices. We attempt to capture the average sales value, which equals the use value.
 
National aggregate “proved reserves” in the USA or Western Europe are simply the national aggregate of R.  (In most other areas, “proved reserves” are often not even updated, and are no longer useful. Canada has begun to count huge amounts of unhatched chickens from oil sands.) Such an estimate implies little about the amount of hydrocarbons to be ultimately produced within a given area. That amount cannot be known today, because it depends on future science and technology. “Probable reserves” are the amounts of oil and gas which would be economic to produce given current science and current technology, marked up by some estimate related to further development. “Probable reserves” may be a very useful ordinal measure, permitting one to rank areas where new oil is more likely or less likely to be found. [Weeks, 1969] But adding national “probable” reserves to current proved reserves adds apples to oranges. The total is not approximate ultimate production, nor anything else. Such a total minus consumption is not an estimate but more confusion.

 Methods of estimating reserve values. We estimate the unit reserve values for a given year from actual transactions—sales of oil and gas reserve properties—during that year. As with share valuations, we impute the sales value to all existing units. These values reflect all information, expectations, forecasts, hunches, and mistakes: of buyers, sellers, operators and investors. Higher expected returns result in higher current reserve values in relation to current prices.

The sales are largely of developed reserves, but inclusion of other oil and gas in the ground, known or guessed but undeveloped, undoubtedly affects the price.  When undeveloped reserves are added to the developed reserves sold, the price of a developed barrel or mcf is understated. But when those undeveloped reserves are not added to the developed reserves, but simply included as part of the whole bundle of assets, the price we have is below the “true price” of the developed reserves. Taking both possibilities into account, clearly the presence of undeveloped acreage increases the dispersion of values of developed reserves. We have attempted to exclude transactions involving undeveloped reserves from our data base.

The basic statistical method is: least squares regression. Fortunately, there are enough transactions relating solely to oil reserves or solely to gas reserves (“pure oil” or “pure gas”) to provide a valuable control on the regression results.

The crude oil and natural gas industries have diverged. Crude oil production decreased from 9.2 mbd in 1973 to 5.9 million in 1999, since when it has been approximately constant. Its supply is becoming scarcer in the strict economic sense of the supply curve moving leftward. (Bradley & Watkins [1994]; Adelman [1998]) This has not been true (perhaps we should say “not yet true”) of gas, where production and proved reserves grew through the year 2001. For oil, value changes reflect worldwide oil price expectations. For gas, value changes reflect North America gas price expectations. These are two different markets.(See below, III-2, “Price Expectations.”
The results for 1981-2002 are different from the earlier Herold series in that they are based on observed sales of reserve-bearing properties. As with the other series, the current net wellhead price is on average about 4.2 times the in-ground value for oil and 3.0 times for gas, and each year’s net wellhead price lies above the regression value plus at least one standard error. This data set cannot be reconciled with the Hotelling Paradigm any more than could the engineering studies or the 1949-1986 set of oil in-ground values. 

To sum up: the Hotelling theory correctly draws out the implications of its basic assumption: that there exists “an exhaustible natural resource … a fixed stock of oil to divide between two [or more] periods.”(Stiglitz [1976]). Since the implications are false, and the theory is sound, the premise must also be false. 

Having disproved the existence of the fixed stock and of the constant increase in reserve values, we can now face a real problem: what if anything is known about oil and gas becoming more or less scarce over time?

The trend of mineral values over time

Values as marginal finding-development costs 


In a competitive industry, the value of the reserve of oil or gas in-ground is equal to the marginal cost of its creation. Even if oil or gas are produced and sold under imperfectly competitive conditions, the creation of reserves is competitive provided there is no public or private restriction upon investment in that creation.   

Restriction was strong in the creation of natural gas reserves before the  ‘80s, and it was not negligible for crude oil in 1946- 1980. The prorationing system in Texas favored investment in high-cost “marginal” wells. Moreover, Federal maximum price-fixing in 1974-1980 favored investment in high-cost “new” oil. These  imperfections in the 1948-1986 oil series should we think be considered as part of the larger scheme of fluctuations. Some will (with reason) reject their use. But de-regulation of the oil and natural gas industries in the 1980s loosened constraints, and there are no such uncertainties for 1981-2002.


 However, there are two principal difficulties in using these data sets to represent long-run cost trends. First, we need to deflate the observations. This would be necessary at any time, but particularly during a period of strong price inflation, as were much of the earlier series and some of  1981-2002. Second, these marginal costs are investment costs. We cannot deflate them by an index of goods bought to satisfy human needs. They are investment vehicles, created to draw a return comparable to investment in other industries, with similar degrees of risk. Indeed, the Hotelling Paradigm is that they should increase at the rate of return on other investments in oil and gas reserves. But if we drop the Paradigm assumption of a fixed hydrocarbon stock, the value of a reserve may vary up or down in any year. In Section III we test for one-period returns from holding oil or gas reserves and find, again, no support for Hotelling patterns.


 The value of oil reserves is set by competition in the worldwide market for hydrocarbon discovery and development. Part of this market is noncompetitive: in the OPEC countries, investment and output are limited in order to support the price level. But the non-OPEC world, which today comprises about 70 percent of world production, and more of worldwide investment, is competitive. It gives a competitive response to an exogenous fact: the fixed price at the wellhead.

In non-OPEC areas, discovery and development comprise a sensing/selection network, constantly seeking the cheapest reserves of oil, gas, or both. As we have shown, the series of in-ground values also measures the marginal cost of increasing these reserves.  But marginal costs are the outcome of a cost function and the position of a demand function.  A constant level of North American marginal costs may be—and we think is—the resultant of the supply functions moving leftward—i. e., unfavorably. More of domestic consumption is supplied by imports.  The results presented here are compatible with findings that rising marginal costs have made non-economic more   North American deposits. (Bradley & Watkins [1994], Adelman [1998]). It is the same case as British coal. But the results are not compatible with statements that worldwide discoveries have been declining since the early 1960s.  This implies that both discovery and development costs have been increasing. If discovery is yielding smaller, deeper, farther, etc, deposits, they cost more to develop. The IEA discussion is one of the more sober ones. (International Energy Agency, World Energy Outlook 1998, especially pp. 90-100).  Yet it is at the least an anomaly that allegedly dwindling discoveries over 40 years have left no trace.  

In actual fact:  there are no statistics of oil or gas discoveries. Indeed, it is difficult even to state how to construct one. Merely counting the number of newly listed fields or pools is trivial.  The contents of these new fields and pools will not be known until they are fully developed, which may be even as much as a hundred years away. One might at any time estimate those contents, given only the technology of the moment. It is useful comparing the guesses of one year with those of another. In the USA, “discoveries” are a sub-category of development: those reserves developed during the year in newly found fields. In the next year and in all later years, they will be “old” fields. But we might consider an area like the Persian Gulf, where the great bulk of new reserves are created in old fields. Far from indicating scarcity, the development of old fields is sufficiently cheap as to deter seeking new fields. We do not know.

         We conclude that in-ground value of oil or gas is only a fraction, around half, of wellhead price.  The Hotelling theory, applied to actual data, does not provide support for the notion of a fixed quantity of oil and gas “out there”. A far more difficult problem, on which we have barely touched, is to measure the capital costs of newly-created reserves. Depending on the state of knowledge, they could be rising, falling, or stable. So far as we can discern, North American gas values and marginal costs have been stable, at least until very recently; while North American oil production has been  gradually  undermined by its rising costs in the face of stable worldwide costs.


The results of applying our estimates to value US crude oil reserves in recent years are shown in the following Table. We remind the reader that each item should be multiplied by some 1.3 to approximate the social rather than private value of the asset, or of the gain or loss of value. (See below, “U.S. Government holdings.”)

	
	
	1999
	2000
	2001

	
	
	
	
	

	End-of-year proved reserves
	
	
	

	
	Crude oil (B barrels)
	21.8
	22
	22.4

	
	Natural gas (T cu ft)
	167.4
	177.4
	183.5

	Market value per unit in situ
	
	
	

	
	Crude oil ($/barrel)
	3.59
	3.55
	4.21

	
	Natural gas ($/mcf)
	0.67
	0.75
	1.68

	Total market value ($ B)
	
	
	

	
	Crude oil
	78.2
	78.1
	94.3

	
	Natural gas
	112.8
	132.7
	307.7

	
	
	 
	 
	 

	
	Total
	191.0
	210.9
	402.0

	
	
	
	
	

	
	
	
	
	

	
	
	
	2000 change
	2001 change

	
	
	
	($ B)
	($ B)

	
	
	
	(capital consumption allowance)
	(capital consumption allowance)

	
	
	
	
	

	Value differences over previous year
	
	
	

	
	Crude oil
	-----
	-0.1
	+16.2

	
	Natural gas
	-----
	+19.9
	+175.0

	Weighted: 1999 prices
	
	
	

	
	Crude oil
	-----
	+0.7
	+1.4

	
	Natural gas
	-----
	+6.7
	+4.1

	Weighted: 2000 prices
	
	
	

	
	Crude oil
	-----
	+0.7
	+1.4

	
	Natural gas
	-----
	+7.5
	+4.6

	Weighted: 2001 prices
	
	
	

	
	Crude oil
	-----
	+0.8
	+1.7

	
	Natural gas
	-----
	+16.8
	+10.2


The total value in current dollars of developed oil and gas reserves is in the neighborhood of $299 [$389] billion (bracketed figures are social values).3 Reserve quantities are from EIA publications; in situ values are from Table B-2b, Appendix B; weighted changes apply prices to reserve changes.

The excess of social over private values There is a downward bias in our estimates. They show the value of the reserve to the private owner, which mainly depends on the price he expects to receive, net of expenses he expects to incur. The total of these expenses has long been quite constant around 0.35 of the gross wellhead price. Operating costs and royalties payable to land owners (public and private) are each about 0.15 of the price. The .05 remainder is non-income taxes. The royalties are not costs but transfer payments, a share of profits. If we assume that half of the taxes are payment for services (police and fire protection, etc.), then about 0.175 of the gross wellhead price is a transfer payment. Hence the true social value of the reserve is probably about 1.27 times i.e. (0.650+0.175)/0.650 the private value which we record. Our detailed calculations below are aimed at calculating private values. For purposes of national income accounting, we need to add 27 percent. Note here we assume that the wellhead price to cost ratios would hold equally for the in situ values of reserves.4
U.S. Government holdings We can also calculate approximately the value of the U.S. Government interest. Current oil and gas production on Federal offshore and onshore lands is roughly one-fourth of the national totals [API, Basic Petroleum Data Book, vol. 23, no. 1, tables IV-6 and XI-18].

The Federal Government receives as royalty 0.155 of the gross wellhead price for production from its lands. As just noted, the net to the owner has long been around 0.65 of the wellhead price. Therefore the Federal interest per barrel is 0.155/0.65 = 0.2385 of the owners’ interest. The value to the private owners of all oil and gas reserves was estimated as $402.0 billion at the end of 2001. The U.S. Government had a share in one-fourth of the reserves, in which portion its interest was worth 0.2385 of an owner’s interest. Hence the total value of the Government’s oil and gas holdings was $402.0x 0.25 x 0.2385 = $23.97 billion. The U.S. Government’s share constitutes a large part of the social-private discrepancy noted earlier.5
This makes no allowance for undiscovered oil and gas on Federal lands. During 1954-2001, bonus payments for permission to drill and explore in Federal waters totaled $61.4 billion, compared with royalties of $67.8 billion. But the ratio has fluctuated enormously. In 1974, bonuses were 9.4 times royalties; in the latest year of available data, bonuses were only a tenth (0.10) of royalties. [API, Basic Petroleum Data Book, vol. 23, no. 1, Tables IV-6, XI-10]  


Our report is organized in four main sections. Section I reviews the basic data. Both primary and secondary regression results are discussed in Section II. Section III concerns the calculation of Hotelling Valus, implicit price expectations embedded in reserve prices, and returns to holding reserves. Concluding remarks are made in Section IV. Four Appendices provide various details.
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� In Section 3 we estimate the standard error of g. 


� We acknowledge that sales values may include an element of option value.
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