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PREFACE

The problem of energy supply is cne of the most serious facing mankind
today. The demand for energy continues to increase against a background of
rapidly diminishing fossil fuel reserves. It is clear not only that the
gearch for conventional fuels should be intensified, but also that new sources
of energy should be identified and exploited, and that new technologies should
be developed and implemented. Any future policy on energy supply should con-
tain elements of both the conventional and the unconventional; it should be
based on estimates of the relative availability and abundance of the various
sources of energy, and on consideration of the political, economic, and envi-
ronmental implications of different energy strategies.

The International Institute for Applied Systems Analysis (IIASA) has been
deeply involved in the study of energy systems over the past decade. The
Energy Systems Program, led by Professor wolf Hafele, was established to ana-
lyze the global aspects of the energy supply problem*, and, in collaboration
with another group led by Professor Michel Grenon, was responsible for orga-
nizing annual conferences on world energy resources*¥.

The conferences were initially introduced to provide researchers working
at IIASA and elsewhere with a more complete picture of the level and distribu-
tion of energy resources throughout the world. Work at IIASA has shown that
information on petroleum reserves (0il and gas) is particularly difficult to
obtain; this constitutes a major deficiency in the data base because of the
great and continuing importance of these fuels in models of future energy
supply. The few figures given in the scientific literature are not generally
supported by details of the assumptions made and methods used in obtaining
them-~it is impossible to compare or check data provided in this form. More-
over, most of the estimates are given only at the global or continental level,
and this aggregated data is very difficult to incorporate in some of the
models developed at IIASA.

The series of annual IIASA conferences brought together scientists from
East and West to discuss mutual problems arising from the estimation and
exploitation of energy resources. The work presented at the conferences has
gone some way toward filling in the blanks in the current state of knowledge
about world energy supplies. Previous conferences dealt with topics such as
methods and models for assessing energy resources, analyses of the supply of
petroleum and coal, and a study of gas in geopressure zones. This book

*The work of the Energy Systems Program is summarized in the book Energy in
a Pinite World, by Wolf Hafele, published by Ballinger in 1981.

**Reserves are defined as thoge deposits that are known to exist and that can
be recovered economically; resources include deposits that have not yet been
discovered or that are not currently economically viable.



contains the proceedings of the fifth IIASA conference on energy resources,
which was concerned with conventional and unconventional sources of natural
gas.

Gas is becoming increasingly important in the world energy picture. The
main aims of the conference were to consolidate existing knowledge about the
geological formations associated with this resource, to compare and discuss
the various estimates of the amount of natural gas remaining to be found, and
to evaluate the prospects for its continued use as an economic energy source.
The relationship between conventional and unconventional sources of natural
gas, and the economic, political, and technological constraints facing devel-
opment of this resource provoked much discussion. Although syngas lay out-
side the main scope of this conference, two papers on this subject were
accepted and presented to illustrate the relationship between syngas (derived
from biomass and coal) and conventional and unconventional sources of natural
gas.

It was originally intended to include here edited transcripts of the
discussion sessions, but constraints on the size and cost of the volume un-
fortunately made this impossible. However, single copies of the transcripts
may be obtained on microfiche from the IIASA Publications Department, A-2361
Laxenburg, Austria on request.

The fifth IIASA conference on energy resources was jointly sponsored by
IIASA and the Colorado School of Mines; Dr. Harry Kent of the Colorado School
of Mines deserves our particular thanks for his interest and support. It is
hoped that collaboration between IIASA and other scientific organizations will
continue to flourish and that future cooperative ventures will be as success-
ful and as useful to the scientific community as was this conference on world
natural gas resources.

Christian Delahaye
Michel Grenon
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THE IMPORTANCE OF NATURAL GAS IN THE
WORLD ENERGY PICTURE

Henry R. Linden
Gas Research Institute, Chicago, Illinois, USA

INTRODUCTION

Successful management of the transition from the abundant and underpriced
supplies of oil and natural gas which sustained and subsidized the
tremendous world economic expansion after World War II, to coal and other
lass desirable fossil fuels and then to renewable and inexhaustible energy
forms based on solar and nuclear energy, is of utmost importance to the
survival and eventual strengthening of the existing world order. 1In this
enterprise, too narrow a focus on the technical, environmental, resource
and economic issues is likely to lead to growing difficulties. Without
due attention to broader humanistic values on regional, national and
international scales, wmanagement of the transition may fail because the
ability of societies to accept radical technology and infrastructure
changes is limited.

The severity of the problem caused by the most desirable energy forms
becoming increasingly scarce and costly is related to the pivotal position
which energy occupies in all matters concerning social and economic
progress and mobility and, therefore, social and peolitical stability. 1In
fact, it has been the substitution of inanimate energy forms and
associated technologies for human and animal labor beginning with the
industrial revolution that has been responsible for the development of a
world society increasingly free of slavery, serfdom, child labor and
subjugation of women and minorities. Clearly, any regression in the
substitution of energy and capital for human labor because of the unavail-
ability or excessive economic or environmental costs of energy could only
lead to growing world instability and recurrence of the resource wars so
typical of human history.

If we assume that the world's remaining fossil fuel resources -- crude
oil, natural gas, coal, and oil shale and other bitumens -- are mutually
substitutable by virtue of available synthetic fuel and clsan combustion
technologies and will be produced and traded freely on equitable terms, we
do have substantial lead time before having to make a commitment to either
a solar or a nuclear future, or some combination of the two. As will be
shown later, the proved reserves of these fossil fuels, plus what is
generally believed to be ultimately economically recoverable represent
about a l00-year supply of the world's total primary energy needs if
demand growth can be kept within reasonable boundaries. This ought to be
enough time to put in place energy supply and utilization systems which
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are no longer dependent on the storehouse of fossil fuels which nature
provided over tens and hundreds of millions of years.

While energy has been at the leading edge, it is important to note that a
revolutionary change is also underway in the pricing and production
policies for all of the world's exhaustible essential resources. This is
due to the growing awareness of producers that the fully internalized
costs of replacement or substitution of these resources will be much
higher than previously assumed on the basis of traditional economic
considerations. Thus, we are in a period of price increases far
outstripping the general rate of inflation and of widespread measures to
manage production rates so as to maximize the economic return of depleting
resources to the producers. The best example is, of course, crude oil.
Even today it sells at world prices substantially below the replacement
cost with synthetic fuels of equivalent form value. Unfortunately, we may
be only at the beginning of this radical change in pricing and production
policies for depleting resources with little theory and historical
precedent to guide us in assessing what the future may hold.

THE PLIGHT OF THE LESS DEVELOPED COUNTRIES

World industrialization, as measured by the usual economic indices that
distinguish between the haves and have-nots, is at most only one-third
complete. It is this latter problem that adds much to the urgency of the
proper management of the energy transition because the less developed
countries (LDCs) have also counted on abundant and cheap supplies of
hydrocarbon fuels to support their industrialization. Clearly, their
hopes have now been dashed, and the political and social reaction to what
must be increasingly unfulfilled expectations poses a potentially serious
immediate threat to world stability.

Therefore, it is in the interest of the industrialized countries to assist
the LDCs in creating energy supply and utilization systems which bypass
the problems caused by over-dependence of the existing infrastructure on
rapidly depleting, insecure and increasingly costly resources. Rather
than follow the model of the industrialized world at a time when it may no
longer be valid, it seems more appropriate for LDCs to rely on technol-
ogies capable of using local resources to provide essential energy
services. What may appear to be uneconomic in highly industrialized areas
because of the subsidies imbedded in the existing infrastructure may be
highly economical in India, China, Africa and South America.

In contemplating how to feed, clothe and house a world population unlikely
to stabilize at a level of much below 1.0 billion (1 U.S. billion =
1 x 109), it is of great urgency to establish the fundamental feasibility
and then the relative merits of the various long-term energy options. We
know what the low-technology solar economy was like in the millennia prior
to the industrial revolution -- it never provided for even one-tenth as
many people, and that in a most inadequate and inequitable manner. I
believe we are now in a position to at least theoretically specify the
outlines of a high~technology solar economy, one nominally capable of
providing the foodstuffs, the fiber, the primary metals and other
construction materials, the transport fuels and all the other basic needs
of a modern world society of 10 billion or more. The question is this:
In a steady-state situation, that is one without subsidies from still



under—-priced exhaustible resources, does such an economy have a greater
value of output of goods and services than the value of the necessary
inputs of capital, 1labor and energy? Clearly, if we discover any
fundamental flaws in the high-technology solar option, we would have to
look with much greater care at the nuclear fission and fusion options,
some of which may suffer from similar net value-added deficienciesa. The
implications of the possible outcomes of such inquiries are enormous in
terms of the future of mankind.

THE ROLE OF NATURAL GAS IN MANAGING THE ENERGY TRANSITION

One critical aspect of managing the transition to inexhaustible or renew—
able energy resources is how we use our remaining precious hydrocarbon
fuel resources. In this regard, the role of natural gas as a transition
fuel becomes particularly Jimportant because of the substitutability of
natural gas for oil in nearly all stationary heat applications. Estimates
of the ultimately economically recoverable resources of conventional
natural gas and of crude oil are roughly equivalent on a gross heating
value basis. However, even though natural gas consumption is now
approaching 20 percent of world primary energy consumption, the rate of
depletion of the crude oil resources is still roughly two times greater.
Thus, increased relative use of gas is clearly a promising option for
easing the transition. However, this oversimplifies the relative
prospects for oil and gas. As the economic value of hydrocarbon fuels
increases in comparison to other goods and services with progressively
more realistic assessments of their true replacement cost, the impact of
differing supply elasticities and form values may alter the relative roles
of these two currently dominant energy sources.

It would seem 1logical that 1ligquid hydrocarbons will be increasingly
preserved for ctransport fuel uses where their replacement with synthetics
derived from coal, oil shale and other bitumens, and biomass materials is
relatively more costly than the displacement of fuel oil in stationary
applications. More radical changes in the transportation infrastructure,
such as electrification of surface transport or use of liguid hydrogen or
other high-energy content chemical fuels for air transport, would be even
more costly and hampered by capital availability and institutional
barriers. Thus, the role of the relatively abundant gaseous fuels during
the trangition from exhaustible to inexhaustible or renewable energy
sources should be increasingly one of substitution for stationary uses of
liquid fuels where direct combustion of coal or the use of coal=- or
nuclear—-based electricity is not practical for technical, environmental or
economic reasons. However, this reassessment of the relative form values
of liquid and gaseous hydrocarbons also means that the current trend of
pricing oil and natural gas identically on a heating value basis at the
wellhead or the point of export or import must cease and be readjusted
appropriately. Not only do liquids that can serve as, or can be converted
to transport fuels with existing refinery technology have higher form
value than gas, they are aiso much cheaper to transport and store.

In regard to supply elasticity, it is hard to predict in the face of the
pricing uncertainty noted above, how much the conventional crude oil and
natural gas resource base can be expanded with marginal hydrocarbon
resources. Clearly, the occurrence of methane in the earth's crust, below
the oceans in the form of solid hydrates, and perhaps in the interior of



the earth in the form of abiogenic methane 1is staggering. In North
America alone, the additional quantities of methane that could be
recovered from tight geologic formations, from geopressured brines and
from coal seams could easily double the resource base at prices below
those of prevailing world oil prices. However, the supply elasticity of
liquids at prevailing and prospective world energy prices may also be
huge. The true potential of the world's oil and tar sands, black and
heavy o0il, other bitumens, and tertiary recovery resources has not been
agsessed in light of the new pricing structure. Thus, while the relative
futures of gaseous and liquid fuels may be somewhat clouded, we know that
they must reflect resource base, form value and economic and technical
realities which we are only now beginning to understand.

VARIATIONS IN ENERGY USE IN INDUSTRIALIZED COUNTRIES

Until the scientific and industrial revolution, world population grew at
no more than 0.l percent per year. The availability of abundant inanimate
anergy sources and the development of technology to employ them then made
it possible for population growth to increase to 2 percent per year. This
high rate will of necessity be transitory. In the developed countries,
the rate has already dropped to 0.8 percent per year. But the population
of the underdeveloped countries is still growing at 2.5 percent per year,
and this may increase somewhat, because mortality is still declining.
Therefore, even if reproduction rates in all countries could be brought
down to replacement levels by the year 2000, the world's population would
grow to more than 8 billion in the first quarter of the 2lst century.

The close linkage betwean population growth and energy consumption is
beyond question (Exhibit 1). Thus, vast quantities of energy will be
required to support this steady-state world population level of at least
8 billion, and conceivably nearer 10 to 15 billion, at a standard of
living conducive to social and political stability. Even with a minimal
consumption level of 3 metric tons of coal equivalent (tce) per capita
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(1 tce = 27,778 x 103 Btu or 7 x 109 calories), this would lead to world
energy consumption levels 3 to 5 times current levels.

In the last century, the increase in world energy supply was largely
provided by coal, whereas in this century it has been provided
increasingly by oil and natural gas (Exhibit 2). Unless this rapidly
accelerating dependence on the relatively less abundant conventional hydro-
carbon fuels that began after World War I1 (Exhibit 3) can be stemmed, it
will be impossible for policymakers to manage effectively the transition
to renewable or inexhaustible enerqgy sources and to avoid major social,
economic and geopolitical upheavals.

The economic and social implications of adequate energy supply are clear.
The best available measure of economic well-being, the gross domestic or
gross national product (GDP or GNP) per capita, has shown a striking
correlation with per capita enerqy consumption (Exhibit 4). The per
capita gross world product index used in Exhibit 4 is an average for all
countries at 1963 prices. This type of correlation has been found to
apply to a number of individual countries also.

While average world enerqgy consumption has increased steadily to the
present level of 2 tce per capita, the spread between the haves and have-
nots continues to grow. The highly industrialized nations at the top of
the econoaic scale have per capita energy consumptions which range typical-
ly from 4 to 12 tce, compared to less than 1 tce for most of the third
world.

Of course, many less developed countries use non-commercial energy,
especially wood and agricultural waste material, in relatively large
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Exhibit 3
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quantities. Manufacturing wastes are also used, notably in Sweden where
by-products of paper-making are widely employed. It has been estimated
that about a billion cubic meters of fuel wood were used annually in the
19708, mostly by developing countries. Wood alone is said to provide more
than 90 percent of the fuel demand in some African countries, and nearly
60 percent in Brazil. Some countries also use large quantitiea of agricul-
tural wastes such as dung. In India, wood and dung provide over half of
the fuel supply. Accordingly, the total energy consumption of some of the
less developed countries can greatly exceed the commercial energy reported
by official statistics. A recent Chase Manhattan Bank study has evaluated
the annual growth of the world's forests as equivalent to 633 million
barrels per day of oil. Recovery of even a small fraction of this for
efficient fuel use could be gquite helpful.



Per capita energy consumption has been increasing at an appreciable rate
in most industrialized countries for some time, and few countries have
made marked progress in conservation until very recently (Exhibit 5).
Some countries heavily dependent on foreign oil made efforts to hold the
line on energy oconsumption as early as 1970. The rvecent slow-down,
however, was largely due to the recession of 1974 and 1975. And the
oontinued slowdown since then is largely due to the sluggish recovery and
the recurring threat of recession. The fast growth of per capita energy
consumption in the United Arad Emirates as the energy-intensive petroleum
industry developed deserves special note as a recent example of the impact
of industrialization and rapidly increasing affluence.

Among the large industrial nations, the United States and Canada show the
highest per capita energy consumption, although generating an apparent per
capita national product little or no greater than some other countries.
Hence, the United States and Canada are often indicted as wasters of
energy. However, even after correcting for the well-known differences in
purchasing power of a nominally equivalent unit of GNP or GDP per capita,
intercountry comparisons of energy consumption must also allow for such
variable factors as the degree of industrialization; the energy-
intensiveness of the major industries of the country; energy prices;
vintage of capital equipment; climate; population density; availability of
raw materials, including indigenous energy sources; and national energy
policies. These factors are, in part, reflected in the sharp differences
in the sectoral uses of enerqy among the industrialized nations, a situa-
tion which should have a major impact on per capita energy consumption
(Bxhibit 6). In fact, in studies of energy consumption in individual U.S.
states or regiona, patterns very similar to those encountered in Western
Buropean countries and in Japan were identified in highly industrialized
and high population density states or regions whose economies and energy
and raw material sources are alsoc similar.

In spite of these considerations, it is common practice to single out the
ratio of energy consumption to GDP or GNP (E/G) for international
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Exhibit 6

SOME OECD DATA RELATED TO ENERGY CONSUMPTION
SECTORAL ENERGY CONSUMPTION, 1978

RESIDENTIAL / NON-
COUNTRY INDUSTRY COMMERCIAL* TRANSPORT ENERGY
GROSS CONSUMPTION, %
SWITZERLAND 29 50 19 2
UNITED STATES 38 34 25 3
CANADA a4 36 19 4
UNITED KINGDOM 46 37 16 2
W. GERMANY 46 37 14 3
SWEDEN 47 39 13 1
NORWAY 53 30 14 3
ITALY 53 29 16 1
JAPAN 59 24 14 3
LUXEMBOURG 71 16 " 1

*Includes Agricultural Uses
Data Source: 1EA/OECD

comparisons of energy use in the economy. Obviously, such a procedure
provides a limited view at best because of the exclusion of the many other
relevant factors, some of which have bean noted here. Moreover, values of
E/G reported in the literature for various countries involve considerable
statistical uncertainties. This 1is 8o Dbecause expressing energy
consumption in a common unit such as Btu or tons of oil or coal
equivalent, and GDP in another common unit, normally U.S. dollars of a
given year, can be effected only with imprecise and arbitrary procedures.
In the case of energy consumption evaluations, there is the choice of net
rather than gross heating values; the decision to include or exclude
nonenergy uses; variations in heating values of fuels from time to time
and place to place; and the wmanner of accounting for electricity
consumption -- i.e., the simple thermal equivalent, or the equivalent
energy input to conventional thermal power plants, even for electricity
produced from hydropower and nuclear energy. The United Nations, the
Statistical Office of the Europsan Communities, and the Organization for
Economic Cooperation and Development show different values for energy
consumption of different countries due to such differences in energy-
accounting procedures (Exhibit 7).

Even more importantly, conversion of national currencies to U.S. dollars
is based on exchange rates which involve political, monetary and other
congiderations and often distorts the true relative purchasing power
within the countries being compared. Moreover, such rates refer primarily
to items in international trade, not to the whole economy. Nor can
conversion procedures properly allow for differences in national inflation
rates and discontinuities caused by revaluations of currencies. Efforts
to develop meaningful purchasing power parities for application to
specific intercountry comparisons of economic and social well-being are
underway, but have not matured to the point where quantitative corrections
of nominal E/G ratios can be made.



Within these constraints on valid comparisons, Switzerland, France, Sweden
and West Germany appear to have much lower E/G ratios than the United
States, the United Kingdom and Canada (Exhibit 7). Sweden is said to
achieve this in several ways, such as more modern manufacturing facilities
based on expensive energy, stricter building codes to minimize heat loss,
some cogeneration of electricity, greater use of waste materials for fuel,
more recycling of used products, greater use of small autos and public
transportation, and stricter governmental fuel-congservation policies.
Much the same has been written about West Germany. However, in both of
these countries and others in Europe, and in Japan, the apparent energy
frugality may be primarily due to the historic high cost of energy-
Switzerland's exceptionally favorable ratio is believed to be the result
of greater concentration on light industries and very high net value-added
goods and services.

Several countries show a higher ratio of energy consumption to GDP than
even the United States (Exhibit 8). These generally are countries with
large components of energy-intensive industries, such as mining, iron and
steel manufacturing, and petroleum production and refining. Examples are
Luxembourqg, Trinidad, Guyana, and South Africa, although such selective
and qualitative comparisons suffer from the same uncertainties as those
which beset the comparisons and countries with lower E/G ratios.

Probably the most reliable measure of comparative economic and social well-
being is the number of working hours required to purchase a selected
market baaket of essential goods and services in various locations
throughout the world. This eliminates the problem of establishing the
true purchasing power of the respective currencies. The Union Bank of
Switzerland has published a series of such studies for the major cities of
the world, and the latest of these is summarized in Exhibif 9. The market
basket is a selection of items such as food, clothing, rent, appliances,
transportation and services obtainable in each city, with some allowance

Exhibit 7

SELECTED GROUP OF COUNTRIES
USING LESS ENERGY PER UNIT OF
GDP THAN THE UNITED STATES In Current Dollars

ENERGY/GDP, tce/$1000 GDP

1976 1977 1978
COUNTRY U.N.DATA OECD DATA U.N.DATA U.N.DATA
UNITED STATES 1.65 1.46 1.33 1.19
UNITED KINGDOM 1.49 1.34 1.16 0.95
CANADA 1.36 1.44 1.16 113
ITALY 1.08 114 0.90 0.70
W. GERMANY 0.92 0.83 0.69 0.58
JAPAN 0.82 0.90 0.62 0.45
NORWAY 0.81 0.95 0.62 0.57
SWEDEN 0.75 0.97 0.63 0.56
FRANCE 0.75 0.73 0.61 0.49

SWITZERLAND 0.41 0.56 0.38 0.28
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made for the differences in consumers' buying habits. In sgpite of the
obvious shortcomings of using such a limited sample of ¢the various
economics, the comparisons are instructive in that they certainly fail to
contradict the broad beneficial impact of high per capita energy consump-
tion with the notable exception of Switzerland. Moreover, the data of
Exhibit 9, while correcting the misconception of relatively low 1living
standards at high energy consumption in North America, are not very
helpful in explaining the apparently erratic variations in enerqgy consump-
tion relative to GNP or GDP and population size in the leading
industrialized countries.

Exhibit 8 SELECTED GROUP OF COUNTRIES
USING MORE ENERGY PER UNIT Source U.N. Data.
OF GDP THAN THE UNITED STATES In Current Dollars

ENERGY/GDP, tce/$1000

COUNTRY 1876 1877 1978
UNITED STATES 1.65 1.33 119
GUYANA 1.88 1.96 —

TRINIDAD 1.66 1.27 1.43
SOUTH AFRICA 2.31 2.20 2.55
LUXEMBOURG 2.26 1.82 1.58

Another important consideration in comparing national E/G ratios is their
trend with time (Exhibit 10). During the postwar periocd, and until the
rapid oil price increases in the fall of 1973, Sweden and Switzerland
showed substantial increases. Only the United Kingdom and West Germany
among the OECD countries showed substantial continuous declines in their
E/G ratios, indicating increasing effectiveness of energy use. During
this period the percentage of energy supplied by oil and natural gas in
all of the major industrial countries increased relative to coal
consumption (Exhibit 11). This fact may have been responsible to some
degree for the improvements in the effectiveness of energy use but fails
to explain the contrary trend in Sweden and Switzerland. Some of the
improvement in the E/G ratio prior to the 1973-1974 o0il embargo and sub-
sequent rapid enerqgy cost escalations was undoubtedly due to the long-term

Exhibit 9 CITY HQURS NEEDED
*FOUR U.S.A. CITIES 75.3-85.5
MONTREAL, TORONTO 86,878
ZURICH , GENEVA 84.3,92.3
DUSSELDORF 98.3
WORKING HOURS REQUIRED 3 0CtHOLM. OSLO 97.3,116.5
TO PURCHASE A SELECTED ok o
BASKET OF GOODS & MILAN 136.5
SERVICES, AS OF JUNE, 1879 :10ONDON 150.3
Data Source: Union Bank of Switzeriand: MADRID 155.8
Study Dated Dec. 1979 MEXICO CITY 189.3
SAO PAULO, RIO DE JAN. 194.3,224.8
*Chicago, San Francisco, Los Angeles, New York. TEHERAN 204.3

Based on Exchange Rates of June 1979. BUENOS AIRES 283.3



11

Exhibit 10 ! ’
160
TRENDS OF THE E/G INDEX
FOR SELECTED COUNTRIES 140
ENERGY
CONSUMPTION = GDP; 120
1950 = 100
100
80
60
Source: OECD Deta 40!

Exhibit 11 CHANGE IN MIX OF COMMERCIAL Source: U.N. Data; Remainder is hydro
FUEL USED BY SELECTED COUNTRIES and nuciear.

OIL, % GAS, % COAL, %

1950 1965 1978 1950 1965 1978 1950 1965 1978
FRANCE 17.2 463 628 0.3 44 120 79.9 453 198
W. GERMANY 3.1 39.6 49.2 0.0 1.8 171 959 §7.7 31.7
JAPAN 43 56.6 743 0.2 1.5 5.2 853 370 174
SWEDEN 369 75.2 780 0.0 0.0 0.0 495 8.9 44
SWITZERLAND 276 720 76.0 0.0 0.0 44 494 106 1.3
U.K. 9.1 31,5 403 0.0 04 20.7 90.8 67.2 37.2
Uu.s. 389 417 471 199 330 298 401 239 208

trend of substitution of capital investment and improved technology for
energy use. Most industrialized countries have experienced an accelerated
dacline in the E/G ratio since 1973-1974 because of price-induced
conservation and concern for stability of supply. The United States has
been making unexpectedly rapid progress in lowering its E/G ratio since
1970 and this is expected to continue.

There is also the question of the impact of exports and imports on E/G
ratios. It would seeam that countries importing large quantities of energy-
intensive basic commodities such as steel, aluminum, and food grains
should gain in terms of apparent economic effectiveness of energy use,
whersas countries which export such commodities should lose. This should
apply to an even greater extent to imports and exports of fuels and
electricity which are highly energy-intensive commodities in their own
right. However, the relative contributions of energy-intensive goods to
the GDP's and energy uses of the trading partners, obviously vary widaly.
Moreover, there have been tremendous gyrations in enerqy import dependence
of industrialized countries since World war II (Exhibit 12). For example,
Japan, nearly self-sufficient in 1950, is currently more than 90 percent
dependent on imports, while Norway and the U.K. have benefited greatly by
the discovery and production of oil and natural gas in the North Sea to
the point that Norway is now a net exporter of energy. This, combined
with the radical changes in fuel mix, sectoral energy use, currency



Exhibit 12

TRENDS OF THE RATIO OF ENERGY PRODUCED (Ep)
TO ENERGY CONSUMED (Ec)
FOR SELECTED INDUSTRIALIZED COUNTRIES Source: U.N. Data

160

140} Norway —-

120 K/\

100

£ 00 80
Ec

PERCENT
DEPENDENCE
ON IMPORTS

60

40

20

Switzerland \Sweden N———
— L— 100

0
1950 1960 1970 1980

revaluation and purchasing power makes intercountry comparisons of
economic effectiveness of enargy use extremely difficult.

In terms of impact on energy consumption trends and economic efficiency of
energy use, natural gas has had no readily identifiable effect that can be
distinguished from the impact of the overall displacement of coal as a
primary energy source in the induatrialized world following World War II.
However, in the following sections, the special role of natural gas as a
trangition fuel in an era of tightening and increasingly costly oil
supplies will become more apparent.

WORLD ENERGY RESOURCES, PRODUCTION AND DEMAND

For assessment of the world's energy future, we have at our disposal
reascnably good estimates of proved and currently economically recoverable
fossil fuel and uranium resources (normally identified as proved reserves)
and sometimes highly speculative estimates of total remaining recoverable
resources, assuming continuation of current economic and technological
trends (Exhibit 13). Unfortunately, uranium reserves and raessources ex-
clude the U.S.S.R. and the Peoples Republic of China. They are expressed
in terms of the oxide (U30%): one short ton of U30g is assumed to produce
400 x 109 Btu (14.4 x 103 tce) in burner reactors and 30 x 1012 Btu
(1.08 x 106 tce) in breeder reactors, a ratio of 1:7S.

The preponderance of the world's fossil fuel resources is in the form of
coal, and the ratio of the total remaining recoverable resource base to
proved reserves 1is roughly 7:1 (Exhibit 14). Next to coal, the largest
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Exhibit 13 TOTAL NONRENEWABLE
WORLD ENERGY RESOURCES - 12/31/78

Conventional U.S. Units

Proved & Currently Estim. Total Remaining

Recoverable Recoverable

Natural Gas, 1012 cu ft 2329-2549 7900-9200
Natural Gas Liquids. 109 bbl 66-73 223-259
Crude Qil, 108 bbl 563-614 1653 - 2047
Syncrude, 109 bbl 265 2320
Coal, 109 short ton 819-876 6380-7135
Uranium Oxide

1000 short ton <$30/Ib 2410 4334 (5309%)

*lncludes U.S. possible and speculative.

fossil resource is in the "syncrude" category, comprising oil recoverable
from oil shale, tar sands and other bitumens. It would be seven-fold
larger if highly speculative estimates of total cil shale resources in the
25 to 100 gallons per ton range were included. The remaining recoverable
conventional oil and natural gas resources are roughly equivalent and, if
fully exploited, should be sufficient to meet demand for hydrocarbon fuels
beyond 2000. In view of the large resources of unconventional hydro~
carbong, a good portion of which are not included in Exhibits 13 and 14,
and the convertibility of coal to liquid and gaseous fuels, the crisis
atmosphere in regard to energy supply does not seem justified except
insofar as escalating costs are concerned. The 6 x 1012 tce of fossil
fuel resources compare to current world consumption of 9 x 109 tce
annually, a ratio of nearly 700:1.

Rsasonably priced uranium, say, up to $30 per pound, would make only a
minor impact on world energy resources, if it is limited to use in light-
water and other burner reactors. Only if the uranium resources were used
in breeder reactors would they markedly extend the world's fossil fuel
resources (Exhibit 14). This would hold, even if uranium oxide costing up
to $100 per pound were used. These nominal wuranium costs are the
so~called “forward costs,” which currently are roughly one-fourth to
one-third of actual costs.

A critical problem in managing the transition from fossil fuels to
inexhaustible or renewable energy sources is the uneven distribution of
fossil fuel resources throughout the world (Exhibit 15). Europe,
excluding the U.S.S.R., is in particularly poor circumstances in regard to
its endowment in fossil fuel resources in relation to its population.
Moreover, the climate of Europe makes it unlikely that it will be able to
derive a major share of its energy needs from the various direct and
indirect forms of solar energy. The Western Hemisphere is reasonably well
off in most respects on the assumption that free trade in energy materials
and technology can be maintained at least on this regional basis, and
seems to be especially well endowed in marginal hydrocarbon resources such
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Exhibit 14 TOTAL NONRENEWABLE
WORLD ENERGY RESOURCES - 12/31/78

Proved & Currently Estim. Total Remaining
Recoverable,10%tce Recowerabie, 10° tce

Natural Gas 86-95 293-341
Natural Gas Liquids 9.5-105 32-37
Crude Oil 118-128 345-427
Syncrude 55 484
Coal 622-667 4650- 5190
Uranium Oxide @ <$30/Ib

In Burners 34.7 76*

in Breeders 2600 5730%

One Metric Ton of Coal Equivalent (tce )= 27.778 X 106 Btu : 7 X 106 kcal
*Includes U.S. possible and specuiative

as tar sands and oil ghale. The huge unconventional natural gas resources
in North America are not included in any of the statistical compilations
or analyses, although they are increasingly competitive with alternative
energy sources. Obviously, the resource data for Asia and Africa are in
question because exploration has barely begun. It seems likely that huge
new foesil fuel resources, including oil and gas, will be discovered in
many of the geologically promising areas.

Using the existing limited data base, the important role of coal as a
large contributor to total enerqgy supply over a wide range of possible
scenarios for uranium fuel utilization is made apparent in Exhibit 16.
Together, these sources form by far the major part of both the currently
recoverable and total remaining recoverable nonrenewable world energy

Exhibit 15 REGIONAL DISTRIBUTION OF ESTIMATED
REMAINING RECOVERABLE WORLD
FOSSIL FUEL RESOURCES, %
AS OF DECEMBER 31, 1978

NATURAL NATURAL CRUDE
GAS GASLIQUIDS OIiL SYNCRUDE COAL

AFRICA 5.2 5.2 6.7 4.3 0.9

WESTERN HEMISPHERE 22.0 22.0 18.2 84.5 24.7

(Incl. U.S.A))

EUROPE (Excl. U.S.S.R.) 5.0 5.0 55 73 54

ASIA (incl. European 62.0 62.0 69.2 3.9 66.0

U.S.S.R. and Middle East)

AUSTRALIA,NEW ZEALAND 5.8 5.8 0.4 - 3.0

TOTAL 100 100 100 100 100

MIDDLE EAST ONLY 26.3 - 43.2 - -
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Exhibit 16 NONRENEWABLE WORLD ENERGY RESOURCES
As of Dec. 31,1978

Currently Recoverable Syncrude

( Burner Reactors
26.4 X108 Bl ) Ol Total Remaning Recoverable
0.95 X 10'2 tce Gas (Bresder Reactors )
U3 0g<$30/1b 330 X 10'8 Btu
1.9 X 1012 tce
Coal

Cuwsrently Recoverabie

{ Brescer Reactors )
97.7 X 10'8 Bty
3.52 X 10121ce

U3 0g <830/I10

Note : Oil includes natural gas liquids. Syncrude from oil shale and bitumens.
tce : metric ton of coal equivalent : 27.778 X 106 Btu

resources. In view of the uncertainties overhanging nuclear and renewable
energy development, it is reassuring that the life of world coal and other
fossil fuel resources at reasonable demand growth rates would be on the
order of 100 years even if there were little reliance on non-fossil enerqgy
forms (Bxhibit 17). However, the containment of energy demand growth to
no more than 3 percent annually without serious economic, social, and
political consequences will depend importantly on containment of popula-
tion growth and improved efficiency of energy use. In addition, there is
the growing concern over carbon dioxide buildup in the atmosphere
associated with continuing and increasing fosail fuel use. Moreover,
current trends in the expansion of world energy supply d& not bode well
for the capacity of likely energy infrastructures in being by 2000 to
provide the equivalent of 3 tce per capita for 6 billion people. This
would be roughly equivalent to a world consumption level of
12 to 13 x 109 tons of oil equivalent (toe), approximately midway between
the high and low growth cases shown in Exhibit 18.

The data of Exhibit 18 were reported in the OECD Observer of September
1979 and are based on a 3-year study of “"the future development of
advanced industrial societies in harmony with that of the developing

Exhibit 17 LIFE OF WORLD FOSSIL FUEL RESOURCES
AT VARIOUS DEMAND GROWTH RATES
(Based on 1978 Year-End Estimates )

Date When Remaining

Annual Reserve/Production Ratio
Growth Rate, % Drops to 10 Years
A B _C_
4 2010 2054 2071
3 2016 2072 2095
2 2024 2103 2137

A: Proved Reserves (0.884 to 0.948 trillion tce)
B8: Total remaining recoverable resources (5.8 to 6.5 trillion tce)
C: Effective doubling of B resources by use of non-fossil sources

tce s Metric Tons ot Coal Equivalent
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Exhibit 18 WORLD* ENERGY SUPPLY IN
THE YEAR 2000 AS ESTIMATED
BY INTERFUTURES AND IIASA, 10%toe

NAT. HYDRO&
COAL OIL  GAS NUCLEAR OTHER TOTAL*¥
INTERFUTURES,
HIGH GROWTH RATE 3280 5960 2305 1856 1190 14,600
IHASA, HIGH GROWTH 3610 5230 2150 2640 770 14,400
IIASA, LOW GROWTH 2915 4025 1610 2100 700 11,350

¥ INCLUDES CENTRALLY PLANNED ECONOMIES.

%% THE TOTAL FOR INTERFUTURES ESTIMATE FOR
MODERATE GROWTH WAS 13,000 x 10° tos, OR
ABOUT 260 MILLION bbl OF CRUDE OIL
EQUIVALENT PER DAY.

countries” known as Interfutures, whose projections are compared with
those of the International Institute for Applied Systems Analysis (IIASA).
Metric tons of o0il equivalent are based on a heating value of 10,000
cal/gram so that 1 toe = 1.43 tce = 39,68 million Btu. It is interesting
to note the large projected reliance on oil and the relatively limited
reliance on natural gas in 2000. This seems to reflect undue pessimism on
expansion of world gas trade and corresponding optimism on the continued
expansion of world oil supplies.

World coal and lignite production reached about 2800 million tce (metric
tons of coal equivalent) in 1978, according to preliminary U.N. data. In
actual tonnage this was 3508 million tonnes (metric tons or 3867 short
tons) 4including 1069 million short tons of lignite and brown coal.
Production is expected to reach about 4000 million short tons in 1980.
The U.S.S.R., the United States, and the Peoples Republic of China are the
major producers (Exhibit 19). China's production has been rising rapidly
as it moves to modernize its industries. However, coal substitution for
oil in stationary heat energy applications is progressing at much too slow
a pace in light of the limited prospects for further expansion of world
crude oil production.

The United States was for many years the principal producer of petroleum,
producing as much as two-thirds of the world's supply, even as late as the
1920s. The U.S.S.R. i8 now the No. 1l crude oil producer, and Saudi Arabia
has also surpassed the United States (Exhibit 20). World annual
production grew at about 7.5 percent per year in the period 1942-73. The
subsequent production curtailments and price rises have reduced this rate.
In the near term, the growth rate will depend largely upon OPEC pricing
and political considerations and the success of non=-OPEC producers in
increasing their share of world production. As the turn of the century is
approached, resource limitations will have increasing impact. Mexico,
once a principal producer, is increasing its production rate rapidly and
is expected to again become a very important producer, dus to the recent
discoveries of substantial quantities of oil. However, it seems unlikely
that projected world demand in the 75 to more than 100 million

barrel-per-day range in 2000 (compared to 62 million now) will be
satisfied.
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Exhibit 19 ANNUAL COAL AND LIGNITE PRODUCTION
BY SELECTED COUNTRIES

800
USSR.
700 |- & y——PR. CHINA
! [—us.A.
600

COAL AND LIGNITE 500
PRODUCTION. 108 tons

400
EAST GERMANY
300 ‘// POLAND |
#~ WEST GERMANY
CZECHOSLOVAKIA
200 P UK. |
AUSTRALIA
o =="" INDIA
10 ~—— SOUTH AFRICA
_~—— JAPAN
0o | ! | 4|
1950 1960 1970 1980 1990

U.N. data indicate that about 20 percent of the world's commercial energy
production is accounted for by natural gas. There is a great deal of
waste of natural gas associated with c¢rude oil due to the lack of
pipelines to transport it to market and lack of industrialization of many
oil-producing countries. Total world gas production is in excess of 60
trillion cubic feet (10"2 cubic feet or Tcf) annually, whereas marketed
production is nearer 50 Tcf per year. Successful efforts to build
facilities for liquefying the unused gas and exporting it to oil-importing

Exhibit 20 ANNUAL CRUDE OIL PRODUCTION
BY SELECTED COUNTRIES

5000
4000 — US.S.R.
s=o=~,_p—— SAUDI ARABIA
3000~ g Y2
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2000f— ~ s/ —uss ~—IRAN
pur
CRUDE OIL PRODUCTION, 1888 — et VENEZUELA
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countries have opened new markets for this resource. The United States
and the U.S.S.R. are by far the leading producers of natural gas
(Exhibit 21). Conventional U.S. production is expected to continue to
decline slowly, but total world production should continue to increase
substantially until the turn of the century and, perhaps, some time
beyond, as a result of the favorable world resource picture.

Exhibit 21 ANNUAL MARKETED NATURAL GAS
PRODUCTION BY SELECTED COUNTRIES

24

22

ANNUAL MARKETED
NATURAL GAS
PRODUCTION, 1012 13

1950 1955 1960 965 1970 1975 W80 1985

Based on the estimates of remaining recoverable world resources on a
heating value basis (1 quad = 1015 Btu = 1.055 x 1018 joules), the
depletion rate of conventional natural gas is about half that of crude oil
(Exhibit 22). This allows the possibility of substantial substitution of
gas for oil in stationary heat applications during the energy transition.
However, this will depend importantly on growing world gas trade, both in
form of liquefied natural gas and through international pipelines. This,
in turn, will depend not only on greater stability in export prices but
also on general acceptance of a price differential between natural gas and
oil that recognizes the much higher transmission and storage costs of gas
and its lower form value in comparison with hydrocarbon fuels suitable for
transportation uses.

THE FUTURE ROLE OF NATURAL GAS IN THE UNITED STATES

A8 in much of the rest of the world, the growth in U.S. energy demand
since the early 15008 has been satisfied primarily by dincreased
consumption of petroleum liquids and natural gas, while the contribution
of coal has remained at about the same average level since the turn of the
century (Exhibit 23). However, in the early 1970s the use of natural gas
peaked because of domestic supply limitations and is now on a plateau
corresponding to about 25 percent of primary energy demand.
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Exhibit 22

WORLD CONVENTIONAL NATURAL GAS AND
CRUDE OIL RESOURCES AND RATES OF

CONSUMPTION
GAS OIL
AMOUNT OF RESCURCE, quads 8,100— 8,600—
9,500 11,900
1978 ANNUAL DEPLETION RATE, % 0.61 1.20
Estimates of the remaining economically recoverable supplies of

conventional natural gas and petroleum liguids in the United States vary
substantially, in part because of the differences in future wellhead price
expectations and the technological and economic uncertainties in the
potential of enhanced oil recovery. There is also growing optimism about
so-called "“unconventional®™ resources of natural gas and other natural
sources of methane not now in use in regard to quantities expected to
become recoverable at a cost competitive with other premium forms of

Exhibit 23

CONTRIBUTION OF VARIOUS SOURCES
TO U.S. PRIMARY ENERGY
CONSUMPTION, 1850 ~-1978

IDATA IN B-YEAR INTERVALS!: 1880-—19001

QUADRILLION (10%) Btu
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energy. The current best estimate of the U.S. fossil fuel resource base
excluding unconventional natural gas is 28,000 to 45,000 (quads
(Exhibit 24), or roughly 500 times the current rate of annual consumption.
As in the case of world foesil fuel resources, coal resources represent
80 percent of the U.S. total. Consideration of the quantities and nature
of these U.S. fossil fuel resources leads to the same conclusion as for
the world as a whole: there is no shortage of fossil fuel resources, only
a regional scarcity of proved reserves of the most desirable forms of
these fuels.

Exhibit 24 U.S. FOSSIL FUEL RESOURCES

12/31/79
Proved & Estwmn. Tota!
Currentiy Remaning
rable , Recoverabie,

1018 Btu 1018 Btu
DOry Natural Gas 0.20 0.71-1.22
Natural Ges Liquids 0.02 0.08-0.13
Crude Oil 0.16 0.77-2.12
Coal 4.76 20.69-35.72
Shaie Oil & 0.44 6.04

Bitumens

Total 5.58 28.28-45.24

Bstimates of the U.S. resource base of unconventional forms of natural gas
(Eastern shales, Western tight sands, coal seams, and geopressured
aquifers) are very sensitive to assumptions of production technology
improvements and cost competitiveness with energy sources of equivalent
form value {(Exhibits 25 and 26). 1t appears that the relatively near-term
sources (Western tight sands and Devonian shales) would double proved
reserves and that the ultimate potential is much greater. A major
technical research, development and demonstration effort is underway in
the United States in conjunction with a greatly accelerated exploration
effort, to fully develop the potential of all the various forms of
unconventional natural gas. The Gas Research Institute (GRI} has become
increasingly active in this area.

Thanks to the improved outlook for U.S. natural gas supply, there is a
growing concern for the size of future gas markets. In fact, at this
time, gas use in the United States is demand limited. In the residential
and commercial markets, electricity is the major competitor. In the
industrial and power plant markets, it is coal and, at present, low-priced
residual fuel oil which has also been in oversupply.

A widely accepted premise has been that electricity is tha preferred
source of energy needs in the future because it can be derived with
existing technologies from abundant domestic energy sources —-- coal and
nuclear fission. It is, of course, in the consumer interest to use
electricity where it can provide superior service, and these uses are
expected to provide continuing demand growth, perhaps higher than that of
other energy forms. However, it is illogical to use electricity where
other energy forms can do the job as well at lower cost and with less
impact on the environment. For example, while the relative merits of
coal~by-wire versus coal-by-pipeline are still being vigorously debated, a
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Exnibit 25 UNCONVENTIONAL SOURCES
OF NATURAL GAS

ESTIMATED

RECOVERABLE

ESTIMATED AT MARGINAL
RESOURCE COSTUPTO

SOURCE BASE, TCF $4/1000CF, TCF
EASTERN SHALES 600 30
WESTERN TIGHT

SANDS 600 170
COAL SEAMS 2500 350
GEOPRESSURE 3,000— 160

AQUIFERS 100,000

SOURCE: ERDA MARKET ORIENTED PROGRAM
PLANNING STUDY, JUNE, 1977

exhibit 26 1980 GRI ESTIMATE OF UNCONVENTIONAL
SOURCES OF NATURAL GAS, TCF

ESTIMATED RECOVERABLE
AT MARKET PRICE OF
$6/1000 CF ($1979)

ESTIMATED
RESOURCE EXISTING ADVANCED
SOURCE BASE TECHNOLOGY TECHNOLOGY
TIGHT FORMATIONS:
WESTERN 800 60 150
TIGHT SANDS
DEVONIAN 600 25 45
SHALE
COAL SEAMS 500 30 60

number of studias have shown that gas~from=coal would result in lower
marginal consumer costs and less environmental impact. A typical current
government view of increases in electrical energy use at the expense of
increased penetration by gaseous fuels is represented by National Energy
Plan II (Exhibit 27). However, GRI believes that gas energy end-use in
2000 could be as high as 33 x 1015 Btu (quads) based on cost-competitive
economic demand (Exhibit 28).

The amounts of energy used and the degree of substitution of one source
for another are price-dependent in the long run, other things being equal.
Although the apparent cost of residential energy has been rising appreci-
ably, in terms of constant dollars the increase has been relatively modest
so far (Bxhibit 29). The relationships between the average cost of fuel
to U.S. residential customers shown in BExhibit 29 are expected to hold in
the future with the possible exception of a temporary acceleration of gas
cost increases compared to electricity cost increases. The same applies
to fuel prices for the industrial sector. Thus, on an equal heating value
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Exhibit 27
END-USE ENERGY CONSUMPTION IN THE YEAR 2000
PROJECTED BY NEP-II

{Source: DOE)
WORLD OIL PRICE,
$(1979)/bb!
1977 $21 $32 $38
quads/yr

END-USE CONSUMPTION
LIauins 33 42 35 29
GASES 17 21 22 22
DIRECT COAL 4 9 9 9
ELECTRICITY 7 13 14 156
RENEWABLES 2 4 5 5
SUBTOTAL 62 90 86 80
CONVERSION LOSSES 16 33 36 37
TOTAL CONSUMPTION 78 123 118 117

exnivic 28 GRI ECONOMIC GAS DEMAND SCENARIOS
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basis, natural gas should remain considerably less expensive than heating
oil, and both considerably cheaper than electricity.

In comparisons of energy costs, allowance must, of course, be made for
differences in seasonal utilization efficiency, say 100 percent for the
heating efficiency of electricity in resistance heaters, and 50-60 percent
for gas and oil in domestic boilers and furnaces. This still leaves a big
margin in favor of gas, especially since new boilers and furnaces have
seasonal efficiencies much greater than the average of the existing stock.
However, GRI's modeling work indicates that, in the future, advanced high
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exnibit 29 NATIONAL AVERAGE COST OF FUEL

TO RESIDENTIAL CUSTOMERS, 1972 $/106 Btu
DATA SOURCE: DOE
1973 1975 1977 1978 1979

HEATING OiL. — 2.1 2.25 2.29 2.94
NATURAL GAS 1.19 1.30 1.59 1.62 1.88
ELECTRICITY 7.00 8.00 8.20 8.10 .79

NOTE: TO CONVERT TO 1979 DOLLARS MULTIPLY BY 1.52.

efficiency gas space heating technology, such as pulse combustion furnaces
and gas heat pumps, will be required to compete with electric heat pumps
on a marginal space heating service cost basis (Exhibit 30). The "price
of service” in Exhibit 30 considers the marginal cost of the delivered
energy, energy conversion efficiency, and equipment capital costs.

The U.S. Department of Energy (DOE) view as expressed in National Energy
Plan II of the prospects for gas supply and demand to the year 2000
indicates stabilization at or somewhat above the current level of 19 to 20
trillion cubic feet per year, thanks to the increased availability of
supplemental scurces to compensate for the decline in conventional Lower
48 natural gas supply (Exhibit 31). It is the view of GRI that the true
economic demand for gas in 2000 can be satisfied with larger quantities of
supplementals at competitive costs than projected by DOE (Figure 32).
Unconventional natural gas is expected to play an especially important
role in this projected departure from recent trends.

Exhibit 30 COMPARISON OF MARGINAL COSTS FOR
RESIDENTIAL /COMMERCIAL SPACE
HEATING TECHNOLOGIES

20
T < e
RESI
ELECTRIC
HEAT PUMPS HEAT
PRICE OF SERVICE, _—OIL HEAT
1979 $/106 Bty 10— ~—GAS HEAT
' /
ADVANCED GAS
TECHNOLOGIES
o | | L |

1975 1980 1985 1980 1885 2000



Exhibit 31 GAS SUPPLY
PROJECTION BY NEP-II
(Source: DOE)

1977 _1985 2000

quads/year
NATURAL GAS
CONVENTIONAL LOWER 48 1956 16-—18 12-14
ALASKA 01 08-10 1-2
UNCONVENTIONAL -~ 03-08 1-5
SYNTHETICS
FROM COAL - 0-01 1-2
FROM PETROLEUM 0.3 0.2-0.5 02-0.5
TOTAL DOMESTIC 198 18—-20 16—22
IMPORTS 1.0 1.8—22 1.6-2.0
NET WITHDRAWALS FROM STORAGE _ -0.6 - -
TOTAL SUPPLY 203 20-22 18-24

An erroneous picture exists in regard to energy conservation in the United
States: namely, the concern for energy conservation began only after the
1973-1974 oil embargo. 1n fact, the energy consumption-to-GNP ratio (E/G)
on the basis of constant 1958 dollars declined from about 140,000 Btu per
dollar of GNP post-World War I to an average of about 90,000 Btu per
dollar of GNP in the 1960s. Currently, the ratio is again declining quite
rapidly and reached a modern low of 54,900 Btu per 1972 dollar of GNP in
1979 (Exhibit 33).

Exhibit 32
GRI RANGES OF POTENTIAL GAS SUPPLIES, TCF
1985 2000
NATURAL GAS
CONVENTIONAL 16-18 12-14
ALASKAN 0.7-0.9 1.5-2.0
UNCONVENTIONAL 0.2-0.4 2.0-10.5
SYNTHETIC NATURAL GAS
FROM PETROLEUM 0.5-1.0 0.2-0.5
FROM FOSSIL FUELS 0-0.1 1.4-4.5
(Coal, Peat, Oil Shaile)
FROM BIOMASS AND WASTES - 0.1-1.0
PIPELINE IMPORTS
CANADIAN 1.0-1.4
MEXICAN 0.3-0.7 1.0-1.5
LNG IMPORTS 0.8-1.0 1.0-1.5
TOTAL 19.5-23.5 19.2-35.5

PROBABLE RANGE 19.5-23.5 24.7-30.1
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Exhibit 33 TREND OF ENERQY CONSUMPTION
PER UNIT OF GNP IN THE U.S.

Thousand Btu/$(1958)
150

140

130
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110

Thousand Btu/${1972)
100~ 80
90~

80— 60

i L ] | L 50
1910 1920 1930 1940 1950 1960 1970 1980

In view of the uncertainty of the conservation potential, it is difficult
to forecast future energy consumption, even at an assumed growth rate for
the gross national product. One need only consider the events following
the 1973-1974 OPEC o0il pricing action to realize this. Optimistic
projections of the rate of growth of the GNP and domestic fossil fuel and
nuclear energy production have been continuocusly downgraded. The current
thinking is that the GNP will grow at about 3 percent per year over the
long term. Since the energy~GNP coefficient has averaged 0.6 percent
growth in (primary) energy consumption per 1 percent growth in GNP in the
interval 1970-1978, the long-term growth in energy consumption is now
being assessed at 1.8 percent per year. This leads to an energy use of
114 quads (1075 Btu) in 2000 -- a figure much lower than previously
forecast, and one which is certain to require conservation and improved
efficiency in all sectors of the economy (Exhibit 34). However, with an
expected population of 250 to 280 million, this would still allow a modest
growth in per capita energy use.

On the basis of a year 2000 total U.S. energy demand in the 100 to 120
quad range, and likely total gas supplies in the 25 to 30 trillion cubic
foot range (1 trillion cubic foot of gas per year = 1 quad = 0.5 million
barrels per day of oil equivalent), gaseous fuels are expected to hold
their present market share of 25 percent. The reason is that in the

Exhibit 34 POSSIBLE LEVEL OF ENERGY USE IN 2000

AE /AG
</ 5 =0.60; 1970-78

1979 PRELIMINARY VALUE OF E= 78.2 QUADS
78.2(1.018)21= 114 QUADS IN 2000
ENERGY USE /CAPITA = 114 X 10 Bty/265 X 106

2430 X 106 Btu



Exhibit 35 HIERARCHY OF SUPPLEMENTAL
ENERGY SOURCES BY COST

ESTIMATED PRICE AT
POINT OF PRODUCTION *

SUPPLEMENTAL SOURCE $(1979)/10° Btu
DEEP CONVENTIONAL NATURAL GAS 3.00-—-400
LIQUEFIED NATURAL GAS INew Projects: 150480
UNCONVENTIONAL NATURAL GAS

(Exciuding Geopressured Jone and Cosl Seam Gas! 31.50-500
HIGH-B1u GAS FROM COAL (2nd Gensrstion) 4.00-5.50
MEDIUM -B1u GAS FROM COAL (131 Generetion) 4.00-550
SOLVENT REFINED COAL (Sohd! 400-8550
ENHANCED OIL RECOVERY 4.00--6.00
CRUDE SHALE OiL 1AN Processes) 4 00-~6.00
NATURAL GAS FROM ALASKA (At the Bordes! 500-600
HIGH-Btu GAS FROM COAL (181 Generetrion| 5.00—8§ 00
LOW -SULFUR HEAVY FUEL OIL FROM COAL 5 00—6.50
OISTILLATE FUEL OIL FROM COAL € 00-700
METHANOL FROM COAL §00~9.00
QASOLINE FROM COAL 8.00-11.00
BUS-BAR ELECTRICITY FROM COAL (With

Scrubbess! 12.00-14 00
ETHYL ALCOHOL FROM BIOMASS 1300--1900

*0¢ pomt of wmport

hierarchy of supplemental sources of energy ranging from deep and uncon-
ventional natural gas to synthetic fuels, Alaskan gas and coal-fired
electricity, and finally to alcohol from biomass, all the various sources
of gas appear to be competitive with alternative clean energy sources in
stationary heat energy applications (Exhibit 35). There have been some
shifts in the relative prices since 1979. Imported liquefied natural gas
and to a lesser extent deep conventional natural gas have lost a portion
of their price advantage.

Comparative energy costs such as those shown in Exhibit 35 do not reflect
the true value of the various energy forms in performing energy services.
Premium liquid fuels, which are cheap to store and deliver and which can
be used to fuel automotive or air transport, have the highest form value
of any chemical fuel and are also the most costly to replace from non-
petroleum sources. Electricity, which can be converted directly to shaft
horsepower as well as to heat at very high efficiencies obviously has the
highest form wvalue of any energy source on a delivered heat equivalent
basis. But electricity suffers in terms of its economic competitiveness
in many applications because its delivered cost reflects the relatively
low efficiency and great capital intensiveness of generating it, the high
cost of transmitting and distributing it, and the extremely high cost of
storing it.

Gaseous fuels, and particularly high methane-content fuels, because of
their clean-burning characteristics, environmental compatibility, and ease
of combustion control, compete with electricity as a utility service,
across-the-board with all grades of fuel oil in the smallest to the
largest stationary heat energy markets, and even with coal. They also
compete with the appropriate liquid feedstocks as a source of petrochemi-
cals. This broad spectrum of markets, and the fact that gaseous fuels
ranging from low heating value industrial fuels to methane can be derived
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Bxhibit 36 RELATIVE VALUES OF SUPPLEMENTAL

ENERGY SOURCES
ELECTRIC POWER 2.0
TRANSPORT FUELS 1.5
GASOLINE, ETHYL ALCOHOL, JET FUEL, DIESEL FUEL
PREMIUM FUELS 1.26

NATURAL GAS, SYNTHETIC PIPELINE GAS, NO. 2
FUEL OIL AND SYNTHETIC EQUIVALENTS,
METHYL ALCOHOL

HIGH-GRADE INDUSTRIAL FUELS 1.0

MEDIUM-Btu GAS, LOW-SULFUR NO. 8 FUEL OiL
AND 8YNTHETIC EQUIVALENTS

BOILER FUELS 0.75
SOLID SOLVENT REFINED COAL, LOW-Btu GAS

from probably the widest variety of natural and synthetic sources of any
energy form, complicates the assessment of relative form value. Obvious-
ly, if a reliable answer is sought, the only basis for comparison is the
actual cost of the energy service provided, i.e., the cost of space
heating, heat delivered at a given temperature in an industrial process,
or transportation provided at a given comfort level. Weighting factors of
the magnitude suggested in Exhibit 36 can be employed to account very
roughly in an aggregated fashion for differences in form values arising
from differences in transportation and storage costs, efficiency and
convenience of use, environmental impact, and mutual substitutability.

It seems a truism that a sound energy policy should lead to the use of
each energy scurce at its highest form value since this should result in
providing the various energy services at the lowest, fully internalized
cost to the consumer. Consistent with this concept is the displacement of
liquid fuels from inferior stationary heat energy applications to trans-
port fuel uses. The cheapest, most readily available source of more
transport fuel is not synthesis from coal or oil shale, or fermentation of
biomass, but replacement of distillate fuel oil used in stationary applica-
tions with gas -~ natural or synthetic, conventional or unconventional.
This would reduce the diversion of refinery streams used in the production
of gasoline, jet fuel and diesel fuel to production of fuel oil (Exhibit
37). It is also cheaper and technologically less complex to convert most
residual fuels to transport fuels than to synthesize them. 1In fact, it
seems possible that by reserving liquids for U.S. transport fuel needs,
projected to remain at no more than 10 million barrels per day through
2000, these needs can be satisfied from domesatic petroleum production
(Exhibit 38) plus managable quantities of synthetics produced from oil
shale and coal. Obviously, because of its abundant supply and relatively
low commodity cost, coal should be substituted in every stationary heat
anergy use where it can compete after making full allowance for the higher
investment and operating costs associated with coal combustion.
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Exhibit 37 FUEL SWITCHING TO INCREASE

TRANSPORT FUELS

REFINED PETROLEUM

PRODUCT DEMAND (1879),

10% bbi/day
GASOLINE 70
JET FUEL 1
OTHER TRANSPORT FUEL USES 1.6
STATIONARY FUEL USES
F{){ﬁsnunz 2.1
‘l‘ [RESIDUAL 2.4l<‘,:|\
| { OTHER USES OF REFINED PETROLEUM !
‘ PRODUCTS
! TOTAL 18.4
|

DISPLACE WITH GAS TO MAKE MORE GASOLINE, DIESEL

| FUEL. AND JET FUEL, AND REDUCE OIL IMPORTS

[ DISPLACE WITH GAS TO REDUCE OIL IMPORTS

| l

Exnibit 33 ESTIMATED TREND OF U.S. PETROLEUM
PRODUCTION BY SOURCES

ACTUAL

1978 1980 1985 1980 1995 2000

CRUDE OIL

LOWER 48 ONSHORE
CONVENTIONAL 6.3 6.0 6.0 4.2 3.9 37
LOWER 48 ONSHORE EOR - - - 0.2 0.6 1.0
ALASKA EXISTING 1.2 1.5 16 0.9 0.4 0.2
ALASKA FRONTIER - - 0.1 0.6 0.9 13
LOWER 48 OFFSHORE 0.7 0.6 0.5 0.4 0.3 0.2
FRONTIER OFFSHORE - - 0.1 0.2 03 0.4
SUBTOTAL 8.2 8.1 7.2 6.4 6.3 6.8
NATURAL GAS LIQUIDS 1.9 1.8 1.6 1.7 1.7 1.7
TOTAL 10.1 9.9 8.8 8.1 8.0 8.6

SOURCE: U.5. GENERAL ACCOUNTING OFFICE

CONCLUSION

10° bbl/day —

The overall conclusion from this assessment of the prospects of natural
gas is that gas should continue to be a growth industry in much of the

world on the basis of all reasonable resource,

cost,

technology,

environ-
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ment, total energy demand, and consumer benefit considerations. In the
United States, the leading producer and consumer of natural gas, the
future looks bright as well, because of the plethora of economically
competitive supplemental sourcee of gas. Moreover, substitution of
natural and synthetic gases for stationary usee of liquid fuels frequently
offers a least-cost strateqy for maximizing the availability of transport
fuels, the major use for which liquids have superior form value.
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THE ECONOMIC POTENTIAL OF WORLD NATURAL GAS RESOURCES

A K. Arsky and T. Ya. Bukhtoyarova
Working Consultative Group for the President of the USSR Academy
of Sciences on Long-Term Energy Forecasting, Moscow, USSR

The estimation of the economic potential of gas resources
is one of the most complex and difficult of all resource estimates.

The method of estimation used should be chosen bearing in
mind the precise object of the study. For example, when opti-
mizing the energy economy with a model which considers fuel
transportation costs and consumer effects separately, an estima-
tion of specific exploration and production costs, as was done
by Stanford Research Institute (1977), Arsky (1979), and Astakhov
(1979), is required. When it is necessary to assess the econo-
mic effect of consuming a certain resource in a particular
region, total development (exploration, production and trans-
portation) costs should be estimated and, where appropriate,
refining costs.

There is also the problem of determining a resource value
(benefit) or the economic potential of resources, in a particular
geographical area.

The economic potential (value) of the resource can be
estimated as the difference between the sale price of the product
and its total production and distribution costs (Gofman, 1977).
The problem is how to estimate the resource value and its
development costs.

The discounting of future costs and benefits is widely used,
but this represents an attempt to evaluate the present resource
value. This approach is justified, and on the whole reasonable,
only from today's point of view and only for the solution of
current problems of resource development. It may be suitable
for such important tasks as: (a) the optimization of the
depletion time for a particular field (or resources in a
particular region) or (b) an economic comparison of the cycling
process used in the development of a gas—condensate field with
forced production of gas entailing considerable losses of gas
liquids.

However, in research on long-term forecasting (like the
IIASA Energy Program) another approach should be applied, because
long-term discounting (up to 50 years in the IIASA Energy Pro-
gram, and more than 100 years in work done by the authors'
research group) leads to meaningless results: according to such
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estimates the resource value approaches zero. This result
probably reflects the current view on resource development
economics, but from the point of view of the distant future, the
energy pattern of which we are trying to determine, this approach
is obviously not suitable. Economic potential estimated for
long-term prospects should be evaluated without discounting
future costs and benefits.

It is very important to decide how to determine a product's
value at the point of use. Only a few years ago it was deter-
mined by some authors (Makarov, 1977) on the basis of "shadow
price" (marginal costs of coal taking into account the
advantages of gas fuel consumption and the difference in trans-
portation costs). In the past this approach was reasonable since
in the 1960s prices of natural gas delivered to electricity
plants in many countries, including Western Europe and the USA,
were determined largely by the price of steam coal. With changes
in the energy situation it became clear that natural gas (as
well as crude oil) and coal are not economically interchangeable.
This is due to the global scarcity of gas, its high consumer
qualities and environmental advantages. Now natural gas (as
well as crude oil) and coal are interchangeable only through
coal-based synfuel production; only syngas from coal may substi-
tute for natural gas.

The present value of natural gas for countries participating,
or intending to participate, in world gas trade is determined by
the level of new contract prices for gas supplies. (Due to
very large investments in international gas supply projects,
contracts on these supplies are signed for long periods--usually
15-20 years. This fact explains why old contract prices are
considerably lower than new ones and are not typical despite
price escalation clauses and price corrections.) Accordingly,
the resource value of natural gas determined for the future
should be evaluated as the difference between the future world
price of natural gas and future costs of resource development
and distribution.

Due to its high consumer qualities, including minimum
environmental pollution, and because of its scarcity (in the USA
a certain amount of gas is produced from naphtha), natural gas
prices at the point of consumption should not be lower than
world crude oil prices. In actual practice, in most interna-
tional contracts signed recently, gas prices were lower than
world oil prices. However, the gap between c.i.f. prices of
natural gas and world oil prices is closing. For instance,
under the terms of the recently approved PacIndonesia deal, LNG
from Indonesia would realize a price of $5.11/Mcf or $180/1000 m?
if shipped to California today (Segal, 1979).

For evaluating the gas-resource value in the distant future,
it is important to estimate at least approximately a possible
future gas price. This will mainly be determined, in our opinion,
by the costs of coal-based syncrude and syngas, which will meet
the demand for natural hydrocarbon fuels in the twenty-first
century, and to some extent by the end of this century.

Synfuel costs are very sensitive to the price of feed coal.
The cost of syncrude or syngas of high calorific value produced
from relatively expensive coal (calculating per 1 t or 1000 m’®
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respectively) will differ from the cost of synfuel f;om lower-
priced coal by about twice the difference in coal price per ton
of coal equivalent. Hence it is clear that large-scale syncrude
production for exports has good prospects in countries rich in
cheap coal.

As was shown by Astakhov (1979), very large resources of
cheap coal are concentrated in a few countries, mainly in the
USSR, China and the USA, and, to a smaller extent, in Australia.
Taking into account this concentration and the extensive environ-
mental pollution at the site of production, it seems doubtful
that there will be large-scale export of coal-based syncrude
without differential costs.

At the initial stage of industrial development, world
0il prices will ensure profitability of synfuel production only
from cheap coal and there will be no differential ¢osts. At this
stage, extensive foreign trade in synfuel from coal is clearly
improbable.

However, world oil prices are certain to increase, partly
because only a comparatively small part of total unconventional
petroleum resources may be developed at relatively low costs
(i.e., at or slightly below coal-based syncrude costs), and
these comparatively cheap resources are located in a few
countries (Arsky, 1979).

World oil prices may be expected to stabilize in the distant
future only at costs relative to syncrude from coal, which are
marginal in terms of the world energy economy. At the beginning
of the twenty-first century these marginal coal costs (taking
into account future transportation costs for imported coal) in
Western Europe and Japan are likely to be at least $50/t of coal
equivalent in 1979 dollars. Currently coal prices in Western
Europe and Japan are considerably higher, though relatively
cheap coal resources are still available in the United Kingdom
and Western Germany (Astakhov, 1979). Coal prices are high
because world production has not yet responded to the rapid rise
in world oil and other energy resource prices in 1973-74 and
again in 1979. 1In the future a certain decline of world coal
prices (in constant dollars) can be anticipated.

In the remote future the world coal-based syncrude price--taking
into account world marginal coal costs and the increase of
environmental and water-supply costs~--will not be lower than
$280-330/t or $40-45/bbl (in 1979 dollars).

The analysis of data given in a previous paper (Arsky, 1979),
shows that the cost pattern of conventional gas resources is
much better than that of oil resources, particularly when the
latter include resources technically recoverable in the distant
future by EOR methods. Comparatively cheap gas resources, with
exploration and production costs at $90/t of oil equivalent and
lower (in 1976 dollars; including a 15% rate of return, but
without taxes, royalty or any other kinds of costs), make up
70-80% of total known and undiscovered gas resources of the main
producing regions, even if the cheap resources in developing
countries are not taken into account. In the case of crude oil,
such relatively cheap resources account for substantially less
than one half of total technically-recoverable resources.
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Thus in frontier areas, a substantial part of oil resources
technically recoverable by new EOR methods may appear economically
unattractive even at a price of $280/t in 1979 dollars, though
transportation costs are of little importance to the consumer when
crude oil prices are so high.

Transportation costs are of great importance for the econo-
mics of gas resource development, especially for the development
of the remote Arctic resources and for resources which are
shipped over long distances. For example, LNG delivery costs
(including liquefaction costs) from the Persian Gulf to the US
Atlantic seaboard via the Suez Canal, amount to as much as
$90/1000 m® in 1976 dollars (Mossadeghi, 1977) or approximately
$140-150/1000 m® in 1979 dollars. Due to high transportation
costs f.o.b. prices are unsatisfactorily low from the producing
countries' point of view. Under present gconomic conditions,
the economic potential of the Persian Gulf gas resources is
many times lower than that of the oil resources.

In the long term, the growth of natural gas c.i.f. price
and the decrease of LNG delivery costs due to technical advances
(transportation of LNG in a 300000 m® vessel will be around
30-40% cheaper than in a 125000 m’ vessel (Anon, 1979a)) will
raise the economic potential of the Persian Gulf gas resources
and promote their development.

The cost of gas delivered by long-distance pipelines from
the Arctic is of the same order as the cost of LNG shipped over
large distances. Total investments in the Alaska Highway Gas
Line with a capacity of 34 billion m’/year amounts to $10 billion
in 1975 dollars (Anon, 1978a) and investments per 1000 m®/year
are about $300. The costs (taking 25% of specific investments;
a rate of return of 15%, depreciation at 4%, and fuel costs, wages,
and other operating costs at 6%) are about $70/1000 m® in 1975
dollars, or about $120/1000 m® in 1979 dollars.

One of the key factors determining the gas resource value
of the northern areas of Western Siberia is the economic
viability of gas exports to Western Europe, but this is
difficult to assess.

In this case the resource value should not be estimated
as a differential between export prices and total costs,
determined on the basis of typical data published in the USSR
then converted into foreign currencies according to the official
rate of exchange. The published cost data reflect a specific
pricing policy within the country and the fact that domestic
wholesale prices of pipes, compressors and other equipment in
the USSR are several times lower than their world prices. It
should also be kept in mind that pipes and eguipment are usually
imported for the construction of export-oriented capacity, since
domestic pipes and equipment are needed for new units to meet
domestic gas demand. Since imported pipes and equipment are
obtained at world prices and represent over half the total
investment, the cost of gas transportation from northern parts
of Western Siberia to the countries of Western Europe is close
to that of gas piped from Northern Alaska to the 48 lower States
of the USA, taking into account the difference between the
total lengths of both pipelines and of those parts which cross
permafrost terrain. Determined in this way, specific costs
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of gas piped from the northern parts of Western Siberia to
Western Europe exceed $90/1000 m’®

Gas transportation from the Canadian arctic archipelago will
be much more expensive than transportation from Northern Alaska.
When exploration and production costs, which are also higher
in the Canadian arctic shelf, are added, total costs for the
less favorable part of the reserves (i.e., for relatively small
fields) may be even higher than the future world gas price
($250-280/1000 m* in 1979 dollars or more). Hence, these
resources will be of no economic value even in the remote future,
but their contribution to global gas resources is comparatively
small.

Thus at prices which we consider the most probable in the
distant future ($250-280/1000 m® in 1979 dollars or higher),
almost all conventional gas resources may be profitably developed.

In assessing the gas industry's resource base, the uncertainty
of economic estimates of unconventional gas resources {(coal
seams, Devonian shale, tight formations, geopressured methane,
gas hydrate) is extremely high; much higher than for unconven-
tional crude oil resources.

The first assessgsment of development costs of unconventional
gas resources has been published recently by the American Gas
Research Institute (GRI) and is based on data provided by the
US Department of Energy. The estimate seems attractive as it
comprises all the main unconventional gas resources, except for
gas hydrate, in the USA differentiated according to production
costs.

Unfortunately, we have been unable to determine from pub-
lished articles (Anon, 1978b,1979b) what dollars were used in
making the estimates. If late 1970s dollars are used, which
is most likely, the estimates seem to be too optimistic. Data
casting doubt on the GRI estimates have been published, espe-
cially concerning geopressured gas resources. According to
GRI, 4 trillion m® may be extracted at costs up to $140/1000 m?
or $4/Mcf and practically all economically recoverable resources
(11 trillion m’) at costs up to $210/1000 m® or $6/Mcf.

However, available information does not confirm GRI's
estimates and gives ground for criticism. Doscher, et al.
{1979) have shown that even with favorable assumptions about the
size of geopressured gas reservoir, porosity, gas/water ratio,
production rates and stability, the selling costs of methane
recoverable from geopressured brines, before federal income
taxes and w1th a 15% rate of return, would range from $140 to
$525/1000 m® ($4-15/Mcf). They concluded that considerable
quantities of geopressured gas will not be available in the
USA at less than $350/1000 m® (370/Mcf). Recently, Zinn (1979)
reported his results showing that Doscher's assessments were
not overestlmated. According to Doscher, at a brine production
rate of 4000 m’/day the selling price of geopressured gas will
be around $140/1000 m3 ($4/Mcf).

Zinn (1979) reported that the cost (with a 15% rate of
return, 48% federal tax and 12.5% royalty) of gas resource
development and utilization of hot brine heat in the most
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likely fairway of the Frio formation (the Brazoria fairway) would
exceed $140-175/1000 m® ($4-5/Mcf). However, he assumes a
production rate not of 4000 m’/day, as Doscher assumed, but of
6400 m®/day. The brine production rates of other fairways in

the most explored Frio formation (Texas) are expected to be much
lower.,

Thus, the development of only a small part of the techni-
cally~-recoverable geopressured gas resources will be economically
justified even at higher world oil and gas prices. The econo-
mically~-recoverable part of other unconventional gas resources
(coal seams, Devonian shale and tight formations) will probably
be much larger than that of geopressured resources. The devel-
opment of the gas hydrate resources of the ocean floor is most
problematic, as not only the data concerning the economics of
production, but also clear ideas about the technology of
their development are unavailaktle. The economic potential of
unconventional gas resources is comparatively small on the whole.

Unlike unconventional crude oil resources (heavy oil,
bituminous sands and shale oil), unconventional gas resources
will not play an important role in world energy supply even in
the distant future, although they may be significant for local
gas supplies.

CONCLUSIONS

Only a few years ago the economic value of natural gas
was determined by some authors on the basis of marginal coal
costs. With the changes in the energy situation it became clear
that this was unacceptable since the particular gqualities of
natural gas can be matched only by coal-based syngas. The
value of gas resources should be assessed as the difference
between total costs and world gas prices. In the long run
both world prices and the economic potential will be determined
by costs of syngas production. Preliminary estimates show that
in the foreseeable future, development of almost all of the
technically-recoverable conventional gas resources is econo-
mically justified, unlike conventional oil resources, a con-
siderable part of which will not be economically recoverable.
However, for unconventional oil and gas resources, the situation
is reversed.
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THE ROLE FOR NATURAL GAS IN THE
INTERNATIONAL ENERGY AGENCY

Frederick W. Gorbet and Asger Hansen
International Energy Agency, Paris, France

I. INTRODUCTION

Natural gas can play a critically important role in the
energy systems cf IEA countries over the next two decades, as a
relatively easily accessible and clear burning fuel that can
substitute for limited supplies of oil in many uses. We are
currently preparing an IEA study on Natural Gas Prospects to
2000 -- which will be published in early 1981, and this
presentation reports some of our preliminary findings and
indicates some of the issues that we think will beccme
increasingly important. Many of the specifics will be covered
by others in the course of this Conference, and in some detail,
so these remarks will be rather general and try to give you a
sense of the overall framework that we see emerging. 7o
summarise our conclusions in one sentence: we feel rhet natural
gas prospects are very encouraging, but that a number of very
difficult issues are going to have to be addressed sguarely and
resolved, if the potential of matural gas is to be achieved.

The potential role of natural gas must be considered in
the context of the overall energy situation and general economic
conditions. We would therefore like to review briefly how we
see current energy prospects tefore looking more specifically at
the natural gas situation.

The world energy situation has changed dramatically over
the last eighteen months.
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The oil market tightened sharply in early 1979, due to the
temporary cessation of Iranian production. But the considerable
political uncertainty resulting from the Iranian revolution,
coupled with heavy stockbuilding in the second half, maintained
pressure on price throughout the year, even in the face of
record levels of OPEC oil production. Prices more than doubled
in the course of 1979. Price pressures have continued through
the first half of 1980 as well, despite falling oil demand, and
as of July 1 prices are scheduled to increase again. This will
take them to a level about 1507 higher than they were eighteen
months ago.

The economic implications of these price increases for the
industrialised countries and for the world will be serious.
Inflationary pressures are increasing; and growth will continue
to slow. The direct and indirect effects of the price increases
will be to reduce GNP in the OECD region by more than $400
pillion (or 5%) in LlYysU. The direct t:ansfer from OECD
countries to oil producing countries will be over 3150 billion.
Estimates of the OPEC surplus for 1980 are in the range of
$115-120 billion, with almost two-thirds of this reflected in
deficits of the oil-importing developing countries. These
countries will face a massive financing challenge that has the
potential, if not addressed cooperatively and constructively, to

result in immense human tragedy.

The energy implications of what has recently happened are
also serious. Both the higher levels of oil prices and the
pelitical events of the past year have had a significant impact
on the attitudes of oil ‘producing countries about desirable
levels of oil production. It is becoming increasingly clear
that production will be managed much more conservatively. The
world oil market, for the foreseeable future, will continue to
be relatively tight and will be characterised by heightened
political uncertainty.

It is against this general background that we wish to deal
first with the overall energy outlook; second with an analysis
of the role of natural gas by 1EA-region and the import
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opportunities; and finally with some general issues in the

natural gas picture that require further consideration.

II. IEA ENERGY OQUTLOOK

The Secretariat is now working on OECD's World Energy
Qutlook-II which will update the World Energy Outlook published
in 1977. This report, which will be published towards year-end,
will include projections of world enmergy supply and demand to
the year 2000.

At the moment, however, our most recent outlook is based
upon the energy forecasts of Member countries, adjusted by the
Secirotariatl to take incu account reduced energy demand due to
higher oil prices and expectations of lower economic growth.
Assuming an economic growth rate on the order of 3% to 3.5% over
the 1980s, and taking into account the price increases since
end-1978, we arrive at an energy requirement in 1950 which is
25% higher than that of 1978 (Figure l1). This rspresents an
average energy demand growth of 2% per annum. The detailed
assumptions underlying these projections are recorded in the
Review of IEA Countries' Energy Policies and Programmes* and
will not be repeated here. The estimated 1990 IEA energy
requirement of 4535 Mtoe is about 20 per cent lower than the
IEA's own forecast of two or three years ago and reflects
projected economic and energy growth very much lower than
historical trend levels. Indeed, the implied TPE/GDP elasticicy
in this scenario is 0.6 over the 1980-90 decade.

There are two relevant questions related to this
scenario. First, can the energy demand growth projected be met
without increasing oil imports, as Figure 1l suggests? Second,
even if it can, is this likely to be good enough given the
increasingly tightening oil situation we foresee through the
1980s?

* See Energy Policies and Programmes of IEA Countries, 1979
Review. OECD, May 1980.
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Figure 2, which shows how the IEA Secretariat expects
incremental demand to be satisfied in the 1978-90 period
compared with the previous 12 year period, gives a partial
answer to the first question. Between 1966 and 1978, energy
demand increased by 1130 Mtoe; 45 per cent came from IEA
production and 55 per cent from energy imports, nearly all of
which was o0il. From 1978-85, it is expected that indigenous
production will account for 80% of incremental energy required,
and of the 20% imported most will be natural gas and coal.

Coal's inctreasing role is conspicuous. Every year since
1977, Member countries have increased their projections for 1990
coal production and use. 1In May 1979 IEA Ministers adopted a
set of Principles for IEA action on coal to help promote
substantial expansion of coal use, production and trade, and it
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is now widely accepted that coal will be used more extensively
in the future. The attractiveness of increased reliance on ccal
has been enhanced by market developments and increased concern
about the availability of oil and nuclear power. Countries'
projections for 1990 were more than 100 Mtoe above the shown
increase. We have adjusted it downward, not because the
potential isn't there -- in fact we believe it could be even
greater -- but because we do not yet see the policies clearly in
place that will allow that potential to be achieved. Additional
action is required to:

- ensure that government policies and administrative
measures strongly support the shift to coal in
electricity generation and industry;

- remove bottlenecks in national and international coal
transport systems; and

- shorten lead times in getting projects approved,
financed and constructed.

The Agency set up a Coal Industry Advisory Board early
this year to draw up a blueprint for actions necessary to
achieve a doubling of coal production and use by 1990. The
Board will report to governments before the end of the year.

Contrary to coal, projections for nuclear power
availability have been steadily lowered. Countries' most recent
projections for nuclear electricity production by 1990 were only
75% of those made two years earlier. Lead times have continued
to increase and a considerable portion of the current 1990
projection must be regarded as being at risk in that year simply
because construction is not yet under way or sites have yet to
be selected. Consequently, in our present balance the
Secretariat has also reduced the contribution from nuclear power
by 100 Mtoe. The main cause of the present nuclear situation. is
due to public concern about the nuclear fuel cycle and related
issues of safety and nuclear proliferation. But there are some
encouraying indications thzt nuclear mcy have Leea thrcough Its
worst period with respect to public objection. The Swedes, in
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their March referendum, expressed support for the nuclear
option. The French have reaffirmed their intentions to rapidly
expand their programme and are pressing ahead with both the fast
breeder and reprocessing. The German Chancellor has recently
voiced his strong support for nuclear power. These examples
suggest that the majority of the public may be recognising that
losing the nuclear option would have unacceptable consequences.

IEA production of oil from 1978-90 is projected to
increase by almost as much as it did in the previous 12 year
period. There is also some further potential for increased
domestic o0il production if prospective acreage is made available
for exploration in the near future. Marginal field development
and enhanced recovery processes might add to production as well,
but part of the forecast production in Figure 2 is from yet to
be discovered reserves or from sources requiring new
technology. We feel that there could be as much as 1.5 Mbd
downside risk on the United States 1990 oil production figure,
but this might be offset by production from the Canadian Arctic
and offshore, from the North Sea and from some synthetic
production in the United States.

As to gas, the scenario in Figure 2 shows a considerable
increase in imports into the IEA, but hardly any production
increase. The gas situation is discussed in more detail below,
but in general we feel there is considerably more potential to
expand natural gas use by 1990.

On balance, therefore, the answer to the first question --
can IEA energy requirements be met with no increase in imported
0il -- is a cautious '"yes'". The resources are there; the
technology is there; the economics are favpurable and, indeed,
even more than we are forecasting could be achieved. But the
question mark is whether the policy initiatives required will be
forthcoming.

What about the second question? Even if we manage to
develop alternatives on the scale shown in Figure 2, is that
good enough? Figure 3 shows a projected global oil balance,

baced on tnis scenario and a numbe:c of other assumpciocus about
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the rest of the world (shown in more detail in Table 1), the

answer is clearly "no".

Briefly, the scenario in Figure 3 suggests that:

* 1EA countries' oil consumption is expected to increase
only slightly from now to 1985 and hardly at all f{rom
1985-90. Net oil imports by IEA countries are expected

to show no significant increase right through the decade.

* Even in this situation, however, it is expected that
potential world oil demand will exceed available
supplies by over 2 Mbd in 1985 and that this notional
gap will grow to almost 6 Mbd by 1990. This results
from continuing demand growth in the rest of the world
and virtually no increase in OPEC production.

64.3
- Stockbuil
; ockbuild 589 58.6
56.8

52.8 52.8
12 oy 222

% 17.3

13.

Demand Supply Demand Supply Demand Supply
1979 1985 1990
Figure 3 GLOBAL OIL DEMAND AND SUPPLY Miliion barrels per day
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* There are a number of uncertainties associated with
these projections. Demand may well be lower because of
the recent price increases and reduced economic growth.
At the same time, there is undoubtedly scope for more
vigorous oil conservation and substitution, with
supporting government policies. But uncertainties are
equally real on the other side of the balance. Given
the North American oil production outlook, IEA countries
will have to run very hard to maintain oil production
through the 1980s at the levels shown. And the
production assumptions we have made for OPEC may well
turn out to be high.

This picture of emerging global oil market imbalance,
together with the experience of the last eighteen months,
indicate both the seriousness and nature of the energy challenge
we will face through the 1980s. Stronger and more determined
policy measures are required to reorient our energy systems away
from oil and, in particular, away from potentially insecure
sources of supply. But this process will take time and while it
is going on it will be essential to devote increasing efforts to
ensuring relative stability in the international oil market.

How well we deal with these two dimensions of the energy
challenge will have a profound and lasting impact on how our
economies and societies develop through the eighties. There is
a real risk that higher oil prices and economic recession may
lead us into a "low-growth trap' where pressures ior
protectionism increase, the will to look beyond short-term
naticnal self-interest weakens, and confidence in future
prospects erodes. If this were to happen, it would increase the
difficulty of making the required structural changes in our
energy systems - changes that are necessary to ease the
constraint that limited o0il production will otherwise put on
economic growth. Alternatives would not be developed rapidly
enough and when economic growth picks up we could face another
0il price explosion that would cause the cycle to repeat itself
yet again. In such a scenario, expectations would be frustrated
and tensions would increase both within and among nations. It
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is difficult even to speculate about the ultimate economic,
political and strategic consequences of such developments. But
it is clear that no country would be unaffected.

It is in this context -- of managing the energy challenge
in an interdependent world -- that the role of natural gas needs
to be addressed.

I1I. THE ROLE OF NATURAL GAS

As a source of energy supply, natural gas has many
advantages. It does not suffer from the psychological
difficulties that coal has to overcome: it is clearly recognised
as a fuel of the future. The technology is understood and
proved and in both North America and Europe, substantial
infrastructure is already in place. Finally, natural gas is
less clouded by environmental and safety concerns than either
coal or nuclear; indeed it is recognised as a premium fuel. The
critical issues are quite simply availability and cost. But the
IEA does have extensive resource potential and very large

reserves in non-1EA countries are within cccncaic t.azh.

Notwithstanding these opportunities, the facts are that
over the 1973-1978 period very little oil was displaced by gas
for the IEA as a whole. Gas use did not increase over the
period, but this masked very divergent trends in the different
IEA regions. In the United States, declining production (the
equivalent of 1.4 Mbd) led to decreased consumption and some
substitution of oil for natural gas, particularly in the
industrial sector. In Europe, gas use increased by 50% over
this period (the equivalent of 1 Mbd) and almost all of this
reflected Dutch, Norwegian and United Kingdom production. Gas
use tripled in Japan, all of the increase coming from imports.
(See Table 2)

Although further production potential exists within the
1EA, particularly in Canada, Australia and the North Sea, all
IEA tegions will increasingly have to rely on imports to satisfy
demand. This will require careful negotiation to ensure secure
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Table 1 Global 0Oil Balance*

1978 1985 1990
Actual
IEA (Mtoe)
Total Primary Energy 3516 4040 4450
Non-0il Energy Consumption 1705 2110 2510
0il Consumption 1811 1930 1940
(Net 0il Imports)** (1185) (1210) (1220)
World 0il Consumption (Mbd)
IEA Countries 38.8 41.6 42.1
Others (imcl. OPEC) 12.6 17.3 22.2
World (excl. CPE) 51.4 58.9 64.3
Non-OPEC 0il Production (Mbd)
IEA Countries 14,2 17.1 17.1
Developing Countries 4.6 8.5 11.0
Net Imports from CPE 1.3 0.4 -1.1
TOTAL 20.1 26.0 27.0
OPEC Production (Mdb) 30.5 30.8 31.6
Addirional Production or
Savings Required (Mbd) - 2.1 5.7

* Conversion factor: 1 Mbd = 48.3 Mtoe/vear.

** Includes marine bunkers: 62 Mtoe in 1978, 80 Mtoe in 1985 and
84 Mtoe in 1990.

supplies at competitive prices. The supply position of Western
Europe in particular might well be difficult, since the
intention of the Netherlands not to renew existing export
contracts could leave a large gap in European supplies in the
early 1990s. The gas development policy of Norway will be very
important in this context in light of the uncertainties as to
future Algerian and USSR imports. Before discussing the
opportunities for gas imports from areas outside 1EA, the
situation within each of the IEA regions is briefly described
below.
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A. European Prospects

During the period of rapid growth following World War 11,
Western Europe increased its reliance on oil dramatically.
European oil consumption quadrupled from 1960 to 1973. 1Its
share in total energy consumption doubled, from 30% to almost
60%.

Since 1973, there has been virtually no increase in
European energy demand and oil consumption has fallen slightly,
despite the fact that Europe's Gross Domestic Product grew at 2%
per annum. This represents a significant move towards
conservation in response to higher prices and one that we hope

will be maintained and intensified.

Figure 4 shows the European IEA Member countries'
projections of their energy, oil and gas situations through the
eighties.* These projections are about one year old and they
will undoubtedly be modified substantially in the light of
recent oil price increases. But what we want to focus on is not
the precision of the numbers, but the relative developments of
gas in energy balances.

During the 1960s and the 1970s several European countries
established sizeable markets for natural gas based on onshore
gas fields, including the giant Groningen field in the
Netherlands. There is now an integrated European grid and the
United Kingdom also has a nationally integrated transmission
system with supplies from its own fields in the North Sea and
some imports from Norway. Today, total gas consumption in
LEA-Europe is about 150 Mtoe (6 Tcf), covering 15% of total
primary energy consumption. The largest share is in the
Netherlands with 50%, followed by the United Kingdom, Germany
and Italy with about 15-20% each.

* Table 2 shows gas production, consumption and trade by
country. Table 3 shows the share of natural gas in
alternative uses.
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The major European producer today is the Netherlands,
based on the large reserves in the Groningen field. The North
Sea is also a major supply source, with considerable potential.
Total European gas production is still slightly higher than oil
production but, contrary to oil, domestic production accounts
for almost 90% of total gas use.

Through the 1960s, natural gas substituted primarily for
coal, but since 1973 there has been increasing substitution of
gas for oil. There is considerable toom for ifurther
substitution if supplies can be made available and our work
suggests that the present share of natural gas could increase
from 15% of TPE today to perhaps 25-30% by 1990.

Whether this kind of penetration takes place will depend
upon gas availability and gas prices. If additional gas
supplies can be made available at competitive prices, European
gas use could increase faster, taking pressure off oil demand
and consequently prolonging the availability of world oil
supplies.

As the lower panel of Figure 4 shows, however, a more
active posture by gas importers is required even to secure
supplies now projected, let alone increase them substantially by
1990. A small gap, representing projected supplies not now
covered by contract, exists in 1985 and a much larger gap
(31 Mtoe) exists in 1990, even assuming substantial imports from
Algeria, the USSR and Iran.

Within the IEA, the North Sea, and particularly Norwegian
exports, can play a critical role here. North Sea gas
production is now about 55 Mtoe, accounting for 37% of European
supplies. Official forecasts see an increase to 60 Mtoe in
1985, but no further increase to 1990. We feel that these
projections understate potential considerably, particularly for
the post-1985 period. For example, present discoveries in the
North Sea (south of 62 degrees) are roughly 2 to 3 times the
level of reserves now authorised for development.
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Norwegian gas exports have grown from 14 Mtoe in 1978 to
about 22 Mtoe (1 Tcf) today. There is considerable interest in
Continental Europe and the United Kingdom in expanding North Sea
imports even further - which is an increasingly sensible policy
in the light of recent oil price increases, the attitude of some
OPEC countries toward gas exports, and the planned termination
of Dutch exports.

It now appears, with recent finds in the Norwegian sector
and the re-evaluation of a United Kingdom gas-gathering system,
that there is enough gas for two new transportation systems:
one for the United Kingdom with a capacity of 10-15 Mtoe per
year (possibly including some Norwegian gas), and a second
Norwegian gathering system with 20-25 Mtoe annual capacity. The
United Kingdom system has now been announced and should be
operational by 1985. 1In Norway, the recent oil price increases
have led to some reconsideration of whether the gas should best
be piped to Europe or delivered to Norway for export as LNG. A
government proposal is now expected in the Spring of 1981 and.
Parliament will hopefully take a decision shortly thereafter,
making a delivery system possible towards the end of the 1980s.
Completion of the Norwegian system would fill the gap shown for
1990 and might as well allow additional gas penetration in
European markets, thus helping to ease an increasingly difficult
oil situation.

B. The Situation in North America

The increase in energy requirements from 1973 to 1978 (4%)
was slightly higher than in Europe. In the United States, shown
in Figure 5, natural gas use declined substantially and oil grew
both absolutely (about 2 Mbd) and relative to total energy use.
Indigenous oil production declined throughout the period and the
result in 1978 was a dependence on oil imports for almost 21% of
total energy consumption, compared with 15% in 1973.

The share of natural gas in total energy consumption had
reached 14% by the late 1940s and it increased to 30% in 1960.
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This share of a constantly growing energy economy held until the
mid 1970s when sbrinking domestic supplies supported by imports
from Canada were no longer able to maintain market share.

Since 1966, annual production of natural gas from the
lewer 48 states has bacn grearer than rew additions te reserves,
resulting in a decline in the Reserve/Production ratio from
about 17 to 1 in 1966 to less than 10 to 1 today. Even if the
large discoveries in Alaska are added, consumption for more than
a decade has been increasing more quickly than additioms to

regerves.

In Canada, the turning point for the natural gas industry
was the discovery in 1947 of a series of major fields in Western
Canada which led to a rapid expansion of domestic gas use as
well as exports. As early as 1960, some 20% of total gas
production was exported to the United States, with close to half
the natural gas production being exported in 1973,

Even more so than in Europe, the demand for natural gas is
not a limiting factor on market growth. Canada has now decided
to extend its pipeline infrastructure into eastern Canada and
expanded natural gas demand will displace some oil imports over
the 1980s. The situation in the United States is more
problematical; but there are some indications that higher
netbacks could lead to substantially greater production, even
from the lower 48 states, as has been the case in Canada since
1973. 1f the United States' consumption in 1990 could be raised
again to its 1973 level -- through domestic production and
imports -- the increment would amount to over 2 Mbd of oil
equivalent.

Exploration activity is at very high levels in North
America. In the United States, however, drilling has been
concentrated on the more modest prospects in the lower 48 States
and not on the high potential offshore basins and in Alaska.
This reflects government leasing policies and gas price
regulations but there are now indications of changes. Offshore
drilling in 1979 surpassed previous levels and 1980 activity is
foreseen to be even higher.
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Present government projections foresee a continued slight
decline in production to less than 20 Tcf in 1990. We believe,
however, that the potential exists to increase production above
cuytrent forecasts in ithe United States, mainly from -Araskan gas
fields and the Continental Shelf. Canadian forecasts do not
include gas supplies from the frontier basins. There are
presently over 15 Tcf of proved reserves in the high Arctic and
plans are nearing completion to deliver at least some of these
Teserves as LNG. Company forecasts for 1990 range from 0.5 to
1.5 Tcf annually from the Mackenzie Delta/Beaufort Sea and from
the Arctic Islands, and there may also be some production from
Nova Scotia on stream by 1985, given a promising 1979 discovery.

On the other hand, the problems which we see today
regarding the Alaskan gas pipeline project do not increase
confidence about the timing of gas deliveries from frontier
areas. In Figure 5, a 5% contribution from Alaska is shown for
1985, but it is no longer likely that the pipeline will be
operational in this time frame.

C. The Pacific Region

The gas era is much newer in the Pacific. 1In 1960, only
Japan had a tiny production of natural gas. However, one of the
Japanese policy thrusts in reducing oil dependency is to
encourage gas use, and an increase by a factor of 12 is foreseen
from 1973 to 1990. Almost all of this is to be imported and, as
shown in Figure 6, over 40% of the expected imports in 1990 are
as yet not covered by contracts.

Part of this gas could be supplied from Australia where
the present gas production of 6.5 Mtoe is foreseen to increase
to 23 Mtoe in 1985, with an exportable surplus on the order of
7 Mtoe. The recent surge in proved reserves on the Australian
Outer Continental Shelf indicates potential for significant new
discoveries, and announced development plans indicate rapid
production growth potential, particularly after 1985.
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D. Non-Conventional and Synthetic Develooments

The projections shown in the previous figures do not
include production of non-conventional and synthetic gas.
Except for some substantial exploration plays in Canada, which
appear to be quite promising, non-conventional gas has attracted
relatively little attention. Similarly, not much was done on
synthetic developments until last year, when major initiatives
were introduced by the United States and Germany, although the
United Kingdom and Japan have modest programmes to support
synthetic demonstration projects. This subject will be
addressed specifically during this conference and we will not
pursue it here, except to note in passing that the recent
increases in o0il prices have enhanced the commercial viability
of such projects and this, together with increased concern as to
security of energy supplies, should lead to higher priority for

such new sources.

E. Potential For ILCA Gas Imports

Let us now turn to gas trade and particularly the
opportunities for increased imports into the IEA. Gas imports
by IEA countries in 1978 were approximately 4 Tcf,
three-quarters of which was supplied by Canada, the Netherlands
and Norway. They are projected to more than double by 1990 to
almost 9 Tcf, but only about 25% to 30% will be supplied by IEA
exporting countries. Canada and Mexico will remain most
important in the North American context, but OPEC and USSR
exports will grow rapidly and might begin to dominate the
international gas trade by the late 1980s. For example, gross
imports into IEA Europe are expected to more than double between
1978 and 1990, from about 2.4 to 5.0 Tcf. But imports from
outside the IEA will increase from 17% of total imports in 1978
to 64% in 1990. And of the imports for 1990 now contracted,
Algeria and the USSR are projected to supply about 55% (about
2 Tcf).

The world gas resource base could easily support a several
fold expansion of projected 1990 IEA trade levels. Jensen
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Associates bave done some useful work in this area.* The
approach was to survey proved gas reserves and assign them by
the following categories:

- inaccessible or flared

- deferred reserves (in gas caps or being reinjected)
- committed to domestic markets

- remote from existing markets

- already committed to export markets, and finally

- exportable surplus.

Their conclusion is that over 800 Tcf out of total proved
regserves of 2500 Tcf appear favourably situated for additional
international trade. Of this additional 800 Tcf, 600 Tcf is
located in the USSR and Iran. However, as there has only been a
limited amount of exploration to date in prospective gas-bearing
sedimentary basins outside of North America and Europe we could
also expect large reserves additions in the future if conditions
favourable for exploration exist. Estimates of future
discoveries range from 2500 to 8500 Tcf, much of which should be
considered as exportable surplus. Moreover, with the recent oil
price increases development of gas reserves in the High Arctic
and northern North Sea, which are presently excluded from the
exportable surplus category, now appear to be economically
viable.

The major question is, of course, whether the economic and
political climate in producing and importing countries will be
conducive to the development of these reserves for export. The
relatively high costs of gathering and transporting gas will .
continue to dominate remote gas project economics. But higher
oil prices are rapidly changing the overall economics. Our
analysic of the ecercmics -f mcoving previously marginal high
cost gas from major gas reserve countries to different IEA
markets suggests, for example, that delivering Arctic Island

* Jensen Associates, Inc. "Imported Liquified Natural Gas" - A
Report to the Congress of the United States, Office of
Technology Assessment. September 1979.
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pipeline gas to southern markets is commercially viable at
current Canadian and Mexican gas expo:rt price levels of
$4.47/million BTU at the US border. Similarly, it is profitable
to move North African LNG to both Europe and the United States
at these prices, and the possible netback on LNG shipments from
the Middle East has now become positive.

It must be understood, however, that the existence of the
reserves and the ability to exploit them commercially is not
necessarily sufficient to ensure that trade will take place.
There are additional factors that require consideration from the
perspective of both producing and importing countries.

For potential gas exporters, a critical factor is the
value to place on reserves in the ground. This will depend on
current and prospective marketing arrangements for gas,
expectations about the price of o0il, and the overall resource
position, financial requirements, and aspirations of the country
concerned. The results of this calculus can vary considerably
between OPEC producers with large excess oil revenues and
social/economic adjustment problems and developing countries in
need of foreign exchange sources and keen on infrastructure and
industrial offshore benefits associated with large gas export
projects.

It is unlikely that there will be sufficient incentive to
justify a major expansion of Gulf exports before the 1990s as
there is no economic need for the area's major oil producers.
Itran had developed previously ambitious gas development
programmes but given the present uncertainties, it is unlikely
that an IGAT-II type of project will come on stream before 1990.

The situation in Algeria is also highly uncertain at the
moment. The Trans-Med Pipeline is almost complete and will be
delivering about 11 Mtoe to Italy before 1985. But Algeria
appears to be reconsiderine the relative profitability of LNG
deliveries versus direct pipeline sales and there are
indications of an emerging preference to shift away from LNG.
The degree to which this is entangled with the current
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negotiating position of Algeria vis-a-vis El Paso and Gaz de
France is difficult to sort out.

Finally, with regard to the USSR, there are again some
current uncertainties, although there would appear to be good

prospects for a new large project on stream for the second half
of the 1980s.

Opportunities for new LNG projects in the 1980s are to be
found in the present OPEC LNG producing countries, Nigeria,
Malaysia, Trinidad, Colombia, Chile, Australia, perhaps New
Zealand and, as noted above, possibly Norway. In the North
American context there are also good prospects for increased
Canadian and Mexican natural gas exports.

From the perspective of potential importers, there are two
prime considerations: price and security of supply.

Pricing Considerations

The price of imported gas delivered at the border has to
fall within two limits: the cost of supply and market value less
the cost of service.

Obviously no export project will be undertaken unless the
producer can expect a reasonable rate of return on his
investment and a netback price that reflects the inherent value
of the resource.

Price escalation clauses are important in this respect
because, given the large sunk capital costs in gas export
projects subsequent increases in market price'can generate very
attractive rents. A critical issue in consumer/producer
discussions is naturally the allocation of such rents. Under
the present LNG contracts, both parties benefit in that the
price escalation has tended to be relaied to prices fobu the
liquefaction plant. The final consumer also benefits as there
are normally lags in the adjustment of gas prices to increases
in the price of competing oil products.
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The recent initiatives by gas exporting ccuntries to price
gas on a BTU-equivalent basis with crude oil is c¢critical when
discussing additional gas supplies. At the beginning of the
year, Algeria raised the asking price to the crude oil
equivalent price, a little more than $6 per million BTU
($36/bbl) fob. The principle that gas and crude oil must have
the same price per unit calorific content represents a very
important political point for gas producers and was, in a
general sense, endorsed by OPEC Ministers at their recent
meeting in Algiers. What it will mean in practical terms,
however, and how it will work out in the process of price
negotiations are matters that are not very clear at present.

Our analysis of central European markets suggests that,
based on the current market distribution of gas, the weighted
average cost of competing oil products =-- to the consumer -- is
about $6.60 per million BTU. The Algerian position would, afcer
allowing for shipping, regasification and distribution charges,
result in an average price for gas in these markets of about
$10.00 per million BTU, 50% higher than the competing fuels. At
a minimum, this kind of pricing structure would restrict natural
gas use to the high end of the market, where volumes necessary
to achieve the required economies of scale in transportation
could be developed, if at all, only over rather long time
periods.

How the current negotiations are resolved, therefore, will

have quite a dramatic impact on the future market penetration of
natural gas and natural gas trade.

Security of Supply

With regard to the securicy of future gas supplies,
several of the largest actual or potential exporters of natural
gas are OPEC members -- notably Algeria, Iran, Indonesia and
Nigeria. As noted, OPEC and the USSR will tend to dominate
international gas trade in the 1990s. OPEC members have in the
past imposed oil price increases at short notice and often
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retroactively. Some have embargoed crude exports for political
reasons. The interruption of Algerian supplies, in the course
of price renegotiations, has naturally heightened concerns about

security of supply.

Are LNG import projects any more secure than oil import
arrangements? We would give a qualified yes to that question,
but some reconsideration of financing arrangements for delivery
infrastructure may be warranted. LNG projects are technically
and financially integrated, highly capital intensive and tied to
specific project circumstances. It is highly unlikely, for
example, that a spot market for LNG will develop. Consequently,
there are strong incentives for producers to supply on an
uninterrupted basis. The consequences of supply interruption
for the producer will increase with the degree of financial
exposure in the project. The trend cto date, however, has been
to decrease the financial exposure of the producer through
various financial assistance arrangements, often through an
export-import facility of the consuming country, and it may make
sense to reconsider these arrangements.

How important security of supply considerations sre to a
country are of course dependent on a country's particular
vulnerability. The United States has a large domestic
production base and an extensive and integrated pipeline system
with considerable storage capacity. It is therefore
considerably less vulnerable to supply interruption than Western
Europe where there is not much system flexibility, rtather
limited integration of national grids and where reliance on
non-1EA imports will increase from 12% of tocal gas use in 1978
to 45% by 1990 and possibly reach 60% by 2000. It may appear
somewhat ironic, but the fact remains that the larger the
dumestic production base tie more confident a country snould be
in increasing gas imports to displace oil.

1v. CONCLUSION

As noted above, the 1EA Secretariat is developing a
natural gas study, which should be available at the Seginning of
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1981. The objective of this study will be to outline expected
trends in OECD gas production and trade to the year 2000,
indicate areas where potential exists and identify the policy

responses necessary to achieve that potential.

In conclusion, we would like to indicate a few areas where
stronger policy action seems necessary to promote natural gas

production, use and trade.

Our analysis suggests that more importance needs to be
given to the timely and aggressive exploration and development

of the large remaining conventional gas resource base of the
IEA: in the North Sea, Alaska, the Arctic, offshore North
America and the North West Shelf of Australia. With aggressive
exploitation of the hydrocarbon prospects in these areas, it
should be possible at least to offset declines in production
from established producing regions in the IEA. This in turn
will enhance IEA capability to increase non-IEA imports.

The situation in Europe deserves special comment because
of Europe’'s much greater degree of energy vulnerability. The

cautious attitude that characterises resource depletion

policies, particularly in the United Kingdom, Norway and the
Nether lands, has tended to restrict the pace of exploration and
therefore delay the accumulation of information about the true
potential of the resource base.

The period to the end of this century will be one of
significant change in European energy systems. Countries are
nnw facing alternative options {coal, tuclear, impu.ted natural
gas and synthetic fuels) that are expensive, irreversible once
committed, and risky to various degrees. There is a pressing
need for more information about oil and gas potential. A
critical issue here is to consider whether the link can be
broken between exploration activity and subsequent decisions
about the pace of exploitation of proved reserves,

This would require more aggressive leasing policies and
strengthening the work requirements of licensees in some areas.
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1t might also require changes in fiscal arrangements and the
role of state companies in order to compensate for possibly
longer delays between the proving up of reserves and their
commercial exploitation. But if it can be done, and explcration
activity increased significantly, then producing countries would
have a better information base on which to develop long-term
resource depletion policies and prospective importers would have
a more complete picture of the range of energy supply options
open to them.

With regard to current production, althongh most
governments have the power to reduce or defer production, only
the Netherlands intends to go this route in order to preserve
the Groningen gas reserves. This policy will result in the
Netherlands having the fastest rate of growth in oil imports of
any IEA country over the next 5 years; and it could cause
problems for other European countries in the early 1390s when
Dutch export contracts are. scheduled to end.

The major reason for country's decision to reduce current
0il or gas production is often its concern to have adequate
post-1990 hydrocarbon production available. Such a decision
today is, nevertheless, based on incomplete information. In the
present situation, with general continued pressure on the oil
market and the particular dependence on oil imports, decisions
to reduce current production without knowing the true potential
seem difficult to defend against the background of the world
energy outlook described above.

Finally, we would note briefly that accelerated
development of non-conventional and synthetic gas sources is
becoming increasingly important, particularly if major gas-using
IEA countries are to manage with confidence a shift to SNG at
the end of the century. This is especially so for the United
States, faced with a trend decline in production from the "lower
48" States. And there will as well have to be increased
emphasis on gas utilization strategies, transportation and
distribution system flexibility, and emergency reserve systems.
In the near term, it is particularly important for the IEA
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countries that the Alaska Gas Pipeline and the Norwegian
gathering system move forward quickly.

In summary, we would re-emphasize the following points:

* The world energy situation will be increasingly
difficult through the 1980s. How well it is managed
will have a profound influence on economic growth,
social stability and relations among nations. The key
challenge will be for countries to work cooperatively
to improve the total situation on which they all
depend, rather than competing more and more sharply
with one another for increasingly scarce oil supplies.

* Natural gas could make a significantly larger
contribution to IEA energy balances than now
anticipated. There are subhstantial opportunities to
increase gas availability which are not being pursued
aggressively enough. These include:

- high cost but high potential frontier regions of the
IEA;
- non-conventional and synthetic sources;

- imports from non-IEA reserves within economic reach.

And particularly with regard to imports, it should be
stressed again that the resource availability is a
necessary but not sufficient condition for gas trade to
increase. It is also necessary that additional gas be
made available at competitive prices and that the supply
arrangements can be regarded as secure. On balance, the
development of natural gas imports shculd b= rursued
with strong determination, but also with some caution.
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GAS: ITS PRICE AND FUTURE ROLE IN THE ENERGY SCENE

Othman Al-Rawi
Organization of Petroleum Exporting Countries {OPEC), Vienna, Austria

I am particularly pleased to have been invited to discuss
the development of gas prices. The reason for my pleasure is
that I believe the guestion of energy pricing to be the most
important issue facing the world today and its importance will
increase further in the future. I should make clear at the out-
set that, although I represent the OPEC Secretariat, I am
expressing here only my own personal views on one of the most
important problems facing the energy industry--the establishment
of a gas-pricing mechanism.

The energy crisis today has occurred not merely because of
a lack of adequate resources but also because of the absence
of a coherent pricing policy. Such a policy would stimulate
the supply of conventional fuels and encourage the development
of unconventional fuels, in addition to making the consumer
more energy-conscious and reducing wastage of hydrocarbon
fuel resources.

Crude o0il, in the past, has dominated the world energy
market in terms of supply and price, and it will continue to do
so until the turn of the century. This is so because it is the
optimal form of energy--it is a concentrated fuel, it can be
easily pumped, stored, and transported (whether by pipeline or
otherwise), and it can be produced and used with minimum
disruption to the environment. Coal, in contrast to oil, is
difficult and costly to transport and has an adverse influence
on the environment both when it is being produced and used.

Natural gas not only satisfies the requirement for a
plentiful, transportable, and convertible energy source, but
is also a ready-to-use petrochemical feedstock and an energy
form which is acceptable to environmentalists. It is interesting
to note that whilst natural gas reserves are equal to cil
reserves (on a Btu basis), its share in the total energy balance
is expected to be only 18% in 1980 as compared with 54% for oil.

Whilst OPEC member countries possess some 38% of the total
world gas reserves of 2573 Tcf, their marketed production is
a mere 6% which, with the production of crude oil, would not
satisfy world demand. With the limited capacity for expansion
of coal production, as well as the long lead time required for
development of other sources of energy, the only possible way
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to satisfy the energy market is to increase the production of
gas and move it to the consuming areas. The latter task is no
longer insurmountable as modern technology has overcome the
difficulties associated with transporting gas, and technology
is available to transform it to more readily transportable
forms.

Table 1 shows actual and projected values of the world
liquefied natural gas and natural gas demand for the period
1970-1990. It is clear from this table that a great potential
exists for development of international trade in natural gas
(pipeline or liquefied natural gas). It is anticipated that
the international trade in liguefied natural gas will increase
by more than 300% in the next 10 years, whilst pipeline gas

demand will increase by more than 200% during the same period.
However, it should be noted that the potential supply is

located in regions far from the consuming areas, a situation which
will place a great responsibility, even a moral one, on the
industrialized countries, which are the holders of the reguired
technology and capital and which have the potential market to
help create the right environment (economically or otherwise)

for the producers to realize such supply. I feel that without
this development of potential supplies of natural gas, it will

be difficult for the world to cross the transition period from an
economy based on depletable natural resources to one based on
renewable energy resources.

The right environment in which to develop natural gas is
one which is economically attractive for the producer in realistic
commercial terms and stimulates both the producer and the consumer,
via a coherent pricing mechanism, to ensure maximum recovery and
optimal utilization of the product.

In the past the price of hydrocarbons was determined by the
consuming countries ané was kept artifically low in order to
speed up the growth of their economies, at the expense of the
producing countries. This low pricing of hydrocarbons not only
discouraged development of alternative sources of energy but also
encouraged the wasteful use of these depletable resources.

TABLE 1 Actual or projected figures for the world natural gas and liquefied
natural gas demand for the period 1970-1990.

1970 1875 1980 1685 1980 \
TCF % TCF % TCF % TCF 2 TCF % |

Liquefied Natural Gas 0.1 6 0.28 6 1.6 24 3.5 30 5.0 31
Pipeline 1.6 94 4.0 94 52 ~€ 6.2 7 11.0 69
| Total 1.7 100 4.26 100 6.8 100 117 100 16.0 10C

aFigure from: International transport of gas--a progress report. J.W. Kerr
The World Gas Option--A Symposium, March 27, 1980.
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PRICES OF LIQUEFIED NATURAL GAS AND NATURAL GAS

Table 2 shows the evolution of liquefied natural gas prices
on a cif basis during the period 1972-1980, compared with
average crude oil prices ané the prices of some refined products.
As can be seen from the table, a comparison of liquefied natural
gas with other products which are used as fuel, and with crude
0il, shows that the price of liquefied natural gas has decreased,
not even maintaining its 1972 value. Compared with even high
sulfur fuel oil, although liquefied natural gas was 71% more
expensive in 1972, this differential decreased to 10% by the
first quarter of 1980. Based on the prices of petroleum products in
the first guarter of 1980 and taking the relative value between
liquefied natural gas and petroleum products which existed in
1972, the price of liguefied natural gas should be US$6.21-6.91/
MMBtu.

Considering the cost of regasification and transportation
from North Africa and the Gulf to North Europe to be US$1.00
and US$1.70/MMBtu respectively, the fob price of liquefied
natural gas could be US$5.21/MMBtu in North Africa and US$4.51/
MMBtu in the Gulf, which is higher than the existing sales
prices of some member countries.

In my opinion the price of natural gas should be related
to the cost of synthetic gas from coal gasification, since it
is really a manufactured commodity. This is the long-term
strategy that should be adopted by gas producers. In the short
term, however, the price of ligquefied natural gas should be
equal to the price of fuel o0il at the producers' ports, which
it could replace, with a premium for gquality. This premium should
be increased to bring the price in line with the prices of
alternative sources of energv over a periocd of 20 years.

TABLE 2 Evolution of gas prices in comparison with crude oil and refined
products in Europe (USS/MMBtu).

1st Qtr.
1972 1975 1978 1980%
Average OPEC
crude oil prices 0.54 2.01 2.46 5.54
LNG /crude oil 1.11 0.85 0.85 0.71
LNG /fuel oil no. 2 .85 0.73 0.70 0.55
LNG/L.S.F.0. (1%) 1.43 0.99 0.97 0.86
LNG/H.S.F.0. (3-3.5%) 1.71 1.11 1.08 1.10

%Figures from: M. Ait-Laoussine, Towards a new order in gas pricing, LPG Seminar
1980, St. Paul-de-Vence, Nice, April 16-18, 1980.



LIQUEFIED PETROLEUM GAS

Traditionally, the main users of liguefied petroleum gas
have been the residential/commercial, industrial, and agricultural
sectors of the Western countries. It is used for heating,
burning in boilers for electricity generation, and in other
industries; also for heating and drying crops in agriculture.

The major potential market for liquefied petroleum gas is
the petrochemical industry, although the development of this
market depends more on the security of supply of liquefied
petroleum gas than its price, since the latter can compete with
other feedstocks. Other potential markets, in addition to the
traditional one of petrochemical feedstock substitution, are
internal combustion, direct injection, etc.

The high demand for liguefied petroleum gas which occurred
in 1979 is a clear indication that a high market potential for
this product exists. Again, it has to be said that it is the
responsibility of the consumers to make liquefied petroleum gas
economically attractive for the producers, who could then satisfy
the potential demand and produce the maximum guantity of product,
thus helping the world to cross smoothly the energy transition
period and lengthen the lifespan of hydrocarbons.

LIQUEFIED PETROLEUM GAS PRICING

Table 3 shows the price of liguefied petroleum gas in Btu's
for the period 1974-1980. It is clear that up until the second
half of 1979, the price of liquefied petroleum gas did not keep
pace with that of the Marker Crude (Arabian Light). By the
second half of 1979, however, the price of liguefied petroleum
gas exceeded the price of the Marker Crude by 56%. This increase
is a good indication of the fact that liquefied petroleum gas
was underpriced and that the market could absorb higher prices.

The use of liquefied petroleum gas should be limited to
transportation and the petrochemical sectors, and its uses as
a boiler fuel should be phased out. Alternatives such as coal
can be used for the latter purpose. Some advantages exist,
however, in using liguefied petroleum gas in the transportation
and petrochemical sectors.

TABLE 3 Evolution of liquefied petroleum gas prices in relation to the
marker crude (US$/MMBtu).

1979, quarter
1874 1875 1976 1977 1st 2nd drd 4th

Arabian Light 1.093  2.08 2.19 2.32 2.4¢4 266 3.35 3.35

LpPG® 2.44 245 244 242 259 259 414 521

LPG/Arab. Light 1.28 1.17 1.11 1.04 1.06 0.97 1.24 1.56

% pG: s0% propane. 50% butane.
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Linking the price of liquefied petroleum gas to its end-use

Table 4 shows the possible end-uses for liquefied petroleum
gas and the share of each of these end-uses in the three major
consuming markets, namely the United States, Japan, and Europe.
From the data given in this table and the average prices of
substitutes during the 1st guarter of 1980, the price of
liquefied petroleum gas should be US$282.90 per ton or
US$5.85 per MMBtu, and US$254.28 per ton or US$5.26 per MMBtu
in the United States ané Japan, respectively. These prices
correspond to netback prices of US$217.90 per ton and
US$202.08 per ton fob Gulf.

Price of liquefied petroleum gas for use as a petrochemical
feedstock to compete with naphtha and gas oil (50/50)

If the use of liquefied petroleum gas is limited to that
of a petrochemical feedstock, then its price should be deter-
mined relative to naphtha and gas oil only. The average price
of naphtha and gas oil in the Gulf during the first quarter of
1980 was US$7.58 and US$8.56/MMBtu, respectively. In this way,
the price of liquefied petroleum gas is calculated to be
US$8.07/MMBtu and US$390.23/ton.

The purpose of this exercise is not to suggest a pricing
formula for liquefied petroleum gas but rather to indicate that
the use of liquefied petroleum gas in the transportation and
petrochemical industries gives a higher price for the product
than does its use in other markets.

TABLE 4 Share of liquefied petroleum gas in the major markets in 1980 (%)a.

End-uses USA Japan Eurocpe Substitutes C-Factor
Domestic/commercial 32.27 42 49 N. Gas or LNG 0.92
Automobile

manufacture 5.58 2.0 - N. Gas or LNG 0.82
[ndustry 598 29.0 27 (F.0.+ N. Gas) 0.70-0.92
Gasoline production 19.31 9.0 9 Gasoline 1.12
Petrochemicais 27.28 11.5 12 Naphtha 1.16
Utility and

miscellaneous 9.58 6.5 3 N. Gas or LNG 0.92

%The price of LPG = share of the substitute x price of substitute (US$/tonnes) x
C-factor. The C-factor is the ratio of Btu's per ton of LPG over Btu's per ton of the
substitute and, in the case of gasoline, the ratio of barrels per ton of LPG over
barrels per ton of gasoline. [t is assumed that in industry LPG will substitute 70%
of the fuel o0il used by heavy industry and 30% of the clean fuel, LNG, used by light
industry (food, glass, etc.). The break-even cost of using naphtha [eedstocks vis-
a-vis LPG was assumed to be 1.12 besed on a medium-sized plant. For the price of
LNG on the east coast of the USA, the cost of Canadian pipeline gas was used
(US84.47/MMBtu); in the Gulf area, the cost of Mexican pipeline gas was used
(US84.712/MMBtu). Product prices are average spot prices for 1978 in the
respective markets.
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Summary

The price of liguefied petroleum gas should be equal to the
prices of substitutes. However, unnecessary use of liguefied
petroleum gas, such as boiler fuel, should be phased out and
its use should be limited to the transportation and petrochemical
sectors. The price should be adjusted to be equal to the prices
of its competitors in these two sectors only.

If this could be agreed upon between producers and consumers,
major investment by producers in the development of the ligquefied
petroleum gas industry would take place. This incremental
supply would, in turn, help the energy balance.

I have tried to outline here the potential growth that
could take place if an economic incentive were given to producers
to develop the gas industry, through the development of a pricing
mechanism for liquefied petroleum gas that would be fair and
egquitable to both the producers and the consumers.
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THE DEEP EARTH GAS HYPOTHESIS

Thomas Gold and Steven Soter
Center for Radiophysics and Space Research, Cornell University,
Ithaca, New York, USA

Abiogenic gases, ineluding methane, emerging from deep within
thé Ecrth appear to influence the carthguake process. A better un-
derstanding of the mechanism and patiways of the degassing process
may lead to imoroved ecarthquake predictions id to the diseovery of

major natural ¢cas reserves.

Volcanic eruptions are known to supply carbon dioxide, water vapor, and
lesser amounts of other gases to the Earth's atmesphere. Over geological time
this has undoubtedly been an important means of degassing the interior of the
Earth to supply the volatiles that constitute the atmosphere and oceans as
well as the carbon in the blosphere and sediments. But there is now evidence
that such degassipg also occurs in non-volcanic regions, where deep crustal
faults can provide a pathway to the surface. In such regions, the interior
gases can migrate upward at a modest rate, punctuated occasionally by larger
outbursts during major earthquakes. We believe that the movement of such
gases i3 the primary phenomenon underlying a wide range of known earthquake
precursory effects and that it plays a significant role in the actual triggering
of earthquakes. Furthermore, there is reason to believe that a significant
fraction of the gas emerging from the Earth's interior is abilogenic methane,

The composition of the emerging deep Earth gas is a difficult question, as
the observational evidence is scaaty and not easily interpreted. The gases

observed in volcanic emissions are dominated by HZO and COZ’ but CO, CHA, NH3,
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HZ' HZS and others are fraquen:zly deteccted. However, it is not possible to
deduce directly from such observations the initial gac composision at depth,
because (1) an unknown p-oportion of the volcanic zas may comsist of volatiles
recycled froc crustal sediments rztlier rhan juvenile pas arriving for the first
time from the mantle; (2) hydrogen-rich (reduced) gases will have been mostly
oxidized in the liquid magma on the way to the surface; and (3) most of the
gas samples have been acquired during the mecre quiescent (and safer!) phases
of activity, but these may be chemically unrepresentative of the greater
volumes emitted Iin explosive eruptions.

Gases released during earthquakes are probably more accurate samples of
those present in the deep crust and upper mantle. The sampling of such gases
is only just beginning, particularly in the Soviet Union, and it is too early
to draw confident conclusions from the data. Undoubtedly, the composition cof
the deep Earth gases varies with geographical location, since the disposition
of mineral deposits in the crust suggests substantial heterogemiety in the
underlying mantle. Methane (CHQ) may be more important in this respect than
previously realized. Because it 1is also the principal constituent of natural
gas and, indeed, because there is the possibility that abiogenic methane wmay
play an important role in the growth and maintainance of petroleum depcsits,
we will concentrate our attention on it here. But this is not to minimize the
possible importance of the other deep Earth gases in the earthquake-related
phenomena to be discussed later.

The notion of abiogenic methane runs counter to the prevailing view in
petrolcum geology that virtually all the oil and natural gas ip the Earth is
of bilological origin. In that view, the carbon in the hydrocarbon fuels was
all originally derived from atmospheric CO2 and the energy to dissociate the
CO2 came from sunlight, in the process of photosvnthesis by greem plants., Ti.e
burial of some of these organic compounds before they could become oxidized
would then have provided the source materials for oil and gas. There is little

doubt that this process contributed to the gemesis of much of the petruleum
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that has been recovered, but there nay be more zo the story.

The modern abiogenic thecrr of rfetroleux besins with the observation that
hydrocarbons, rather than being exclusively biogenic, are the deminant carbon
containing molecules in the solar sysctem. The universe is made mostly of
hydrogen, and the evirdence of cosmochemistry suggests that the Earth originally
condensed out of a hydrogen-saturated solar nebula. Most meteoritic carbon is
in the form of complex hydrocarbons having some chemical similarities to oil
tars. The Earth may well have acquired most of its carbon in the form of such
hydrocarbons. The primitive atmosphere was a reducing one and probably contained
mogt of 1its carbon in the form of mechane. The early stages of life on Earth
are thought to have required such an atwosphere. With the subsequent production
of oxygen by photosynthesis, the terrestrial atmcsphere gradually attained its
present oxygen-rich composition, and it 1c that fact which today makes hydro-
carbons such a urfeful source of chemiczl emergy, i.e., a combustible fuel.

What 1s the fate of the Earth's primordial supply of hydrocarbons? We
can suggest the following hypothesis. Buried under couditiomns of elcvated
pressures ani temperatures, these hydrocarbons liberate methane and this gas,
often together with others, tends to migrate upward toward the surface, pre-
ferentially along zones of weakness in the crust, leaving the bulk of the
heavy hydrocarbons behind., Where the pathway leads through hot volcamic lava,
the CH4 will be oxidized to CO2 just before entering the atmosphere. Wnere the
pathway allows a pressure reduction in a cooler non-molten region (as along a
cold fault), the gas can reach the surface in its original reduced state
(although it will not survive as such for more than a few years in the oxygen-
rich atmosphere). Other pathways will cause some of the methane to be trapped
temporarily beneath relatively impermeable strata, where it can contribure to
the known deposits of natural gas. And, finaily, some methane, on pathways
diffusing it through hvdrocarton deposits (including biogenic oils) may be

trapped by a chemical augmencatiou (polymerization) to those haydrocarboms.
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Most of the carbon in the upward migrating methane will eventually enter

the atmosphere, either directly as methane or oxidized as CO From the atmo-

2
sphere, the CO2 will be dissolved and precipated tnrough the oceans., The
Earth's crustal rocks contain an enormous quantity of carbon, mostly in the
form of sedimentary limestone. Carbon is much more concentrated in the sedi-
ments than in the igneous rocks from which the sediments derived; this "excess’
carbon must have been brought to the surface in the form of CO2 and CHA degassed
from the interior, although in what proportion between these two gases we cannot
say.* We thiak that at least some of it originally came up as methane, and
continues to do so. There 1is no compelling reason to believe that the Earth
is today completely degassed of its primary volatiles. If the amounts remaining
below are comparable with those that have core up, there is the possibility of
an enormous quantity of deep methane being present. The prime reservoirs would
no doubt be too deep to drill, but one may be able to identify the formations
that have guided some of this gas to more accessible levels where it can be
reached.

An objection sometimes raised against the viewpoint that inorganic hydro-
carbons exist deep in the Earth is that such materials would readily be oxidized

into CQ, at the elevated temperatures found at great depths., But this argument

2
neglects two important considerations. Firstly, the enormous confining pressures
present even at modest depths favor the stability of methane and other hydro-
carbons over CO2 because they take up less volume in the chemical equilibrium.
Secondly, even if the rocks contain oxygen in - form that could oxidize meéhane,
it is only in liquid rock that this oxygen would be available in significant
quantity. If the pathways of the gases are confined to fissures through solid
rocks, the accessible surfaces can yield only small arounts of oxygen, and for a
large supply of methane there would be little loss to oxidation. Thus, the

observation that most carbon in volcanic gases is in cthe form of CO2 and not

CHA does not tell us anything about how it originated, because methane bubbling

*cf. Table I and Figure 1,
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TABLE I: CARBOMN AND REDUCED CARBON IN THE EARTH'S CRUST*

{in kilograms per square centimerer vertical columm;
to convert to global totals, multiply by Earth's
surface area, 5 x 1018 cm?)

CRUST OF THE EARTH

Total mass 5600 kg/cm2
Carbon content 17.5 (0.3% of crust)
Reduced carbon 3.7 (22X of the carbon)

IGNEQUS AND METAMORPHIC ROCKS

Total mass 5100 kg/cm2 (927 of crust)
Carbon content 2.6 (0.05% of these rocks) -
Reduced carbon** 1.4 (54% of this carbon)

SEDIMENTARY ROCXS

7
Total mass 470 kg/ca” (8% of crust)
Carbon content 15 (3% of these rocks)
Reduced carbon 2.3 (16Z of this carbon)

* Data principally derived from J. M. Hunt (1972). Distribution of
carbon in crust of Earth. 3ull. Amer. Assoc. Petrol. Geol. 56,
2273-2277. -

*#includas elemental carbon

through lava at low pressures and high temperatures would readily be oxidized

into CO2 in any case.
Another objection often raised against abiogenié hydrocarbons is based on

the ratio of the stable carbon isotopes. Of the two, 12C predominates, but a

small admixture (about 1%) of the heavier isotope 130 is always present in
(The much rarer heavy isotope 14C 13 unstable and

12C

terrestrial carbon sources.

will be discussed later.) The precise ratio in the abundance of l3C and

varies somewhat among different kinds of carbon deposits, and this is often
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Figure l1(a). Terrestrial carbon budget. The conventional view that all coal,
oil, and gas is of blological origin, the product of photosynthetic reduction

of atmospheric CO7 into hydrocarbons which were buried before they could be
fully oxidized. The initial source of the carbon is assumed to be deep-seated
CO7 that enters the atmosphere via volcanic emissions., The principal sink in
the carbon cycle is precipitation through sea water into sedimentary carbonates,
mainly limestone (CaC03). Almost all the atmospheric CH, is here assumed to

be biogenic.

used in attempts to identify the sources. The carbon in the biomass is
isotopically "light" compared to that in atmospheric C02, because photosynthesis
selects against the heavier isotope when plants take up C02. The fact that
carbon in petroleum is alsoc depleted in 13C relative to carbon in atmospheric
CO2 1s often cited as evidence for the erclusively biological origin of oil

and gas.

But this argument is not secure, because there are also several non-
biological processes that can sort carbon isotopes. For example, depletioz of
a stream of methane by oxidation enriches the light isotope; diffusion through
water enriches the heavy one. Complex hvdrocarbons that chemically resemble
those in oil tar and in carbonaceous meteorites are readily made, abiogenically,
by a mineral-catalyzed reaction between carbon monoxide and molecular hydrogen.

Significantly, the carbon in the resulting hydracarbons is isotopically much
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Figure 1(b). The duplex origin theory assumes, in addition to the photosynthetic
reduction of CO;, that there is a deep source of abiogenic methane contributing
directly to the growth and maintenance of coal, oil, and natural gas deposits.
Some abiogenic methaneis oxidized to CO; as it reaches the surface through hot
volcanic lava at low pressure. But CH, can also enter directly into the atmos-
phere through cold faults, perhaps mainly during earthquakes, providing an
abiogenic contribution to the atmospheric methane. Faults also provide a means
for the seismic degassing of deep-seated CO) and other gases.

lighter than that in the CO2 produced in the same reaction. This process, knowm
as the Fischer-Tropsch synthesis, very likely occurs under natural conditions
deep in the Earth and may well contribute to some hydrocarbon deposits.

The relative abundance of 13C in natural gas deposits shows a general
increase the deeper the present depth of burial, regardless of the composition,
age, or past depth of burial of the confining rock. This 1is true whether the
gas is "free" or assoclated with petroleum. In the latter case, the isotopic
welght of the methane bears no relation to that of the oil. These facts

strongly suggest, as also noted by the Soviet gecochemist E, M. Galimov, that

all crustal gas deposits were emplaced only recently, that they are young



82

relative to the age of the confining rock or the time for that rock to change
its depth, and that the gas, even where it is found with o0il, does not have a
common origin with it., Galimov has suggested that methane deposits derive
from dispersed sedimentary hydrocarbons and that temperature-dependent isotopic
fractionation and continuous loss of methane would then lead to the observed
13C depth depencence. But, in our view, a gas deposit could just as well be
emplaced by an upward migrating stream of abilogenic methane which, with proper
catalysts, would gradually be depleted of its 13C by odixacion and isotope
exchange on its way up. VUnfortunately, not enough 1s yet known about the
relevant processes; the complicated carbon isorope story can be interpreted in
too many ways to decide whether or not some methane in natural gas deposits

is abiogenic. But in any case, the depth dependence shows that the gas has

only a short residence time in the crustal rocks, and that a much larger rate of
outflow has to be supposed than was considered previously.

Finally, it is often said that the presence of porphyrins and other wolecu-
lar residues of living organisms in many oil formations is proof that all the oil
was derived from the decay of organic sediments. But many sedimentary rocks
(in the porosity of which o1l is most commonly found) are rich in biological
residues. If such rock 1is invaded from below by abiogenic oil and is left to
soak for a few million years at elevated temperatures and pressures, it would

be difficult to prevent the contamination of that oil by biological substances

derived from the sediments.

The chemist Sir Robert Robinson has written that "it cannot be too strongly
emphacized that petroleum does not present the composition picture expected of
wodified biogenic products, and all the arguments from the constituents of
ancient oils fit equally well, or better, with the conception of a primordial
hydrocarbon mixture to which bio-products have been added." Indeed, we do
not believe that any of the evidence usually invoked in favor of an exclusively
bilological origin for petroleum is compelling. The picture that we favor is ome

of a duplex origin, with some petroleum made directly from buried organic
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sediments and a (probably larger) portion derived abiogenically.

The latter process may involve the chemical augmentation of existing
hydrocarbon deposits from a stream of abiogenic methane. This is still
hypothetical, but methane, usually assumed to be chemically inert, may well be
able to polymerize into crude o0il under suitable conditions of temperature,
pressure, and catalytic action (including perhaps microbiology). If this indeed
occurs, then an ascending stream of methane in a given geographical region'could
slowly augment existing hydrocarbon deposits (of oil and perhaps even coal)
at different levels in that same region. The process need not be very efficient;
even if most of the gas is not captured but goes on up to escape at the surface,
still a modest flux persisting over geological periods of time could deposit
an enormous mass of hydrocarbons. The process would resemble mineralizatiom, in
which high grade ore 1is precipitated out a long-lived stream of hydrothermal
fluids.

The chemical augmentation of hydrocarbon deposits would nave a positive
feedback, because the larger the accumulation the more probable the capture of
a rising mechane molecule. This might help explain why the few largest petroleum
fields are so enormous compared to all the rest., Of che many thousands of
commercial oil fields, a mere 33 fields (25 of them in a single region—the
Middle East) contain about half of the world's known recoverable crude oil.

This process would further account for the presence of bilogenic molecules
in most crude oils. The primer deposits that commence the process are likely
to be biogenic oily substances such as often occur in many sedimentary layers.
Even a slight concentration of such hydrocarbons would favor the growth of a
given layer over those adjacent to it, due to the positive feedback mechanism.
Without the methane augmentation process, many such biogenic deposits would
remain insignificant, but in areas where methane is flowing from deep sources
they can grow into large oil fields,

The upward streaming methaﬁe that is neither oxidized in volcanic regions

nor entrappecd in petroliferous deposits will enter the atmosphere, where it
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ought to be detectable. It will not contain any of the heavy carbon isotcpe
1l‘C, a fact that can help in distinguishing it from methane of recent biological
origin. Atmospheric CO2 contains some 1L'C, which is produced when cosmic rays
collide with atmospheric nitrogen. Through photosynthesis, 1l‘C gets incorpor-
ated into the biomass. It is absent from oil and gas since it decays with a
half-1ife on only 5800 years. Most of the atmospheric CHA is produced by known
biological sources (microbial fermentaion in paddy fields, swamps, and ruminants,
with a turnover time not exceeding a few years); the knowm non-biological sources
(mainly from industrial pollution) contribute much less. Thus, atmospheric
methane ought to have nearly the same 1LC coucentration as the biomass from
which most of it thought to be derived. Instead, there is some indication that
it may be deficient by as much as 20%. If real, this depletion may be explcined
by the natural emission of deep methane both by gradual seepage and seismic
eruptions. Atmospheric methane is present at about 1.5 parts per million and it
is thought to have a lifetime, prior to oxidation, of about five to seven ycars.
Careful monitoring of the global atmospheric methane concerntration as well as of

13C and 140) would be most

any changes in 1its isotopic abundances .(for both
useful.

Let us now examine some of the mecre local eviuence  for the escape of
such methane from the interior of the Earth. An important place to look is
along the crustal faults and fissures of the tectonic plate boundaries; these
ought to provide the best access to the deep interior. And indeed, hydrocarbons
appear to be clearly associated with such places. For example, large concentra-
tions of dissolved methane have been measured in waters overlying plate boun-
daries and rift zones. The deep brines of the Red Sea contain about 1000 times
as much methane as normal sea water. Hydrothermal plumes found issuing from
seafloor vents on the East Pacific Rise contain high concentrations of methane
together with hydrogern and 3He, indicating a deep abiogenic source for the

gases. Lake Rivu, which occupies part of the East African Rift Valley, contains

some 50 million tons of dissolved methane, for which there is no adequate
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microbial source. We suspect that these waters are all supplied by abiogenic
methane seeping up thrcugh deep crustal fissures.

Another line of evidence connecting abiogenic hydrocarbons with such features
is the striking correlation between major oil and gas producing regions and the
principal zones of past and present seismic activity. [Lven on the local scale,
0il fields often lie along active, or over ancient, fault lines. Most of the
known natural seeps of oil and gas are found in seismically active regions. The
most spectacular gas seeps are the so-called 'mud volcanoces", which are hills or
sometimes substantial mountains of mud built u, by the intermittant and sometimes
violent eruptions of natural gas, often almost pure methane. There are scores
of mud volcanoes kanown and almost all occur on or near plate boundaries, in
places such as Trinidad, New Zealand, Indonesia, Burma, Pakistan, Iran, and
Italy. In any one region, groups of them tend to lie along local fault lines.
The world's largest active mud volcanoes arc unear Baku in Soviet Azerbaijan.

Oneé recent eruption there produced a flame that initially shot up to a height
of several kilometers and burned some 200,000 ton: of methane. Major eruptions
of mud volcanoes frequently coincide with earthquakes.

In seismically active regions, many thousands of violent earthquakes are
likely to occur in the course of a few million years. One might at first expect
that the repeated fracturing of the rocks in such places would have released
or strongly depleted any nearby accumulations of oil and gas in times short
compared to the age of the confining strata. The fact that oil and gas fields
show, on the contrary, a preferential association with such earthquake-prone
reglons suggests to us that the deep faults may provide a conduit for <he
continuous input of abiogenic methane streaming up from below. Furthermore,
the upward migration of methane and other gases in fault zones may play an
important role in the actual triggering of earthquakes,

An earthquake 1s due to the release of stress in the subsurface rock by a
sudden brittle fracture, involving the rapid propagation of a crack, and the

elastic rebound or slippage bLetween the two sides. (The stress may accumulate
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due to slow viscous wmotious in the mantle, which are thought to generate all the
phenomana of plate tectonics, including earthquakes.) Seismologists have long
recognized a difficulty in accounting for deep earthquakes. At a depth of more
than about five kilometers, the pressure due to the overburden of rock is so
great that a.crack cannot open up by itself. Instead of breaking suddenly by
'brittle fracture, rock at these pressures simply deforms when excessive shear is
applied. At even greater depths, the increase in temperature further reduces
the shear strength of rock. Continuous plastic flow would relieve the stress
long before any fracture could ever occur. and yet, earthquakes are known to
occur at depths as great as 700 km, and their seismographic "signatures” show
that, like shallow earthquakes, they involve a sudden discontinuous fracture.

The presence of deep earth gas could resolve this contradiction. If the
deep rocks in a region contain pores held open by gas at the ambient pressure,
then the interconnection of these pores can lead to the formation of a crack
that remains open. The gas effectively unburdens the rock along a nearly
frictionless layer. Discontinuous slippage can then occur (as would be the
case under low confining pressure), and the crack will propagate, releasing
the strain energy and causiag an earthquake.

If the chocks so created are strong enough to fracture the ground up to
the surface, this same gas will find a rapid escape route, and will produce
what we interpret as the gas eruption effects that are reported in many major
earthquakes. These effects include: flames seen shooting from the ground;
"earthquake lights"; fierce bubbling in bodies of water; stifling or sulfurous
air; loud explosive and hissing noises; and "visible waves" seen slowly rolling
along alluvial ground. We have collectec hundreds of independent reports of
such phenomena, spanning many centuries, and from all parts of the world, and
these show a remarkable consistency. Only a small sampling can be given here.

The flaming phenomenon indicates that some of the gas erupting during
earthquakes 1s combustible, most likely methane or hydrozen. One of the more

violent earthquakes ever recorded in North America occurred on February 5, 1663,
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along the St. Lawrence River in Quebec. French Jesuit missionaries reported
that during the shocks, there emanated from the ground "fiery torches and globes
of flame--now relapsing into the earth, now varishing into the very air like
bubbles.'" Lest this be regarded as fantasy or exaggeration, there exist scores
of similar descriptions from other earthquakes. Thus, according to contemporary
newspaper accounts of the Owens Valley carthquake of March 26, 1872 (the most
violent ecarthquake ever recorded in California), "Immediately following the
great shock, men, whose judgment and veracity is beyond question, while sitting
on the ground near the Eclipse mine, saw sheets of flame on the rocky sides of
the Inyo mountains but a half mile distant. These flames, observed in several
places, waved to and fro apparently clear of the ground, like vast torches;

they continued for only a few minutes."

Such accounts can readily be explained if these earthquakes liberated large
quantities of combustible gas, under high pressure, through fissures in the
ground, The gas will be self-igniting from sparks generated by the electrostatic
charging of dust grains carried along in the flow. This is the same mechanism
that causes eruptions of mud volcanoes to burst spontaneously into flame. The
reality of the flames in such earthquake reports is verified by the physical
evidence sometimes left behind. Tor example, during the Sonora (Mexico) earth-
quake of May 3, 1887, there were many reports of flames, and afterwards burnt
branches were discovered overhanging fissures in the ground.

The fluming phenomenon, when seen at a distance of a few kilometers, may
also be responsible for some of the "earthquake lights' which are frequently
reported during selsmic shocks occurring act night. These are usually described.
as hemispherical glows on the horizon; some of these have been photographed.
Other kinds of earthquake lights, including sharp flashes, "fireballs', and
diffuse luminosity inthe sky, may be due to electrostatic effects from the
sudden emission of gas into the atmosphere.

There are a great many accounts of the vigorous bubbling of the sea or

other bodies of wzter during major earthquakes., For example, during the great
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Chilean earthquake of May 22, 1960, observers on the shore over a range oI
450 km reported that the sea appeared to be '"boiling'. This is precisely what
one would expect if large quantities of gas were liberated during the earthquake.

Frequently, a sulfurous odor is reported to linger in the air after a great
earthquake, Methane itself is odorless, but hydrogen sulfide is a common
constituent of natural gas. Since HZS is soluble in water and highly toxic to
fish, the eruption of natural gas containing it may account for some of the
many reports of dead fish found floating on the water after major earthquakes
at sea., For example, Capt. Fitz-Roy of the H.M.S. Beagle (of Charles Darwin
fame), at Valdivia during the great earthquake of Feb., 20, 1835, reported that
the water in the bay appeared to be every where boiling; bubbles of air, or
gas, were rapidly escaping. The water also became black, and exhaled a most
disagreeable sulphureous smell. Dead fish were also thrown ashore in quantities;
they seemed to have been pcisoned, or suffocated.”

There are also many reports of earthquakes accompanied by hissing and
booming noises, of the sort that might be expacted to accompany the eruption
and/or explosion of confined gas. The explosions may in some cases be due to
the physical impact of gases at high pressure with the air, as occurs with
explosive sounds during conventional volcanic eruptions. During the New Madrid
earthquakes of 1811-18i2 (the most violent ever recorded in North America), loud
roaring and hissing noises "like the escape of steam from a bojler' were heard,
together with multiple explosions. Fires were reported in the sky and the smell
of sulfur filled the air. The Mississippe River boiled up in huge swells and
confined gas was seen to burst from its surface.

The phenomenon of "visible waves' is observed in many, perhaps most, major
earthquakes that occur in alluvial ground. The solid surface of the earth is
usually described as rolling in waves resembli; those at sea. A quite typical
description of the phenomenon was given by a mining engineer who witnessed the
Sonora earthquake of 1887: "These waves seemed to be two feet high, about

twenty feet apart, and moved as rapidly as the incoming waves along the seashore.'
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A police sergeant who saw the San Francisco earthquake of 1906 said: "The whole
street was undulating. It was as if the waves of the ocean were coming towards
me, billowing as they care." Waves of such small wavelength and especially with
such low propagation velocities as to be clearly visible are not at all explained
by conventional seismology. They are much too slow to be elastic waves due to
the shock itself. But there is no doubt whatever as to their physical reality.

Perhaps the phenomenon 1s a kind of gravity wave, like waves at sea, but
with the relevant fluid being compressed gas. As a result of a major fissure
in the underlying rock during an earthquake, a large amount of gas shoots up
with pressures that may be of the order of hundreds or thousands of atmospheres.
The alluvial layers coverine the fractured bedrock are less brittle and will not
so readily open to large fissures. They act as an extra impediment to the out-
flowing gases, whose pressure is easlly sufficient to lift them entirely by
inflating the porosity. When so lifted from the bedrock, the material has a
low rigidity and 1is quite unstable; it can then propagate gravity waves. (We
find that a quite similar explanation foc the phenomencn was given in 1760 by
the English astronomer John Michell, who, incidentally, was also the first person
to postulate the existence of black holes.)

If visible waves are produced by seismic gas eruptions on land, perhaps
tsunamis are an analogous phenomenon at sea., It is usually assumed that the
energy in such seismic sea waves is transferred by a sudden displacement of
the seafloor over a vertical distance comparable to the observed height of the
wave. However, this mechanism would require that a slab of rock extending from
the seafloor down to the hypocenter of the ear_hquake (say 10 km) must all be
raised through the height of the sea wave (say 1 m), which would in rurn require
many thousands of times as much energy as the potential energy in the sea wave
itself., And yet, the total energy liberated in a tsunami earthquake (as cal-
culated from its observed seismic magnitude) is usually found to be only an

order of magnitude greater than the measured energy in the sea wave. A more

efficient energy transfer mechanism seems to be required. A gas eruption would
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produce the required volumetric displacement of the water with much less energy.
The sea wave volume will roughly equal the gas volume when the latter has expanded
almost to atmospheric pressure. An earthquake energy only some ten times larger
than the tsunami emergy then appears to be a possibility.

There is as yet no proof that any of the above effects are due to gas
eruptions during earthquakes, but at least for the flaming and bubbling pheno-
mena it is difficult to imagine a likely alternative. Lven in the conventional
view, however, it might be argued that gas eruptions are occasionally to be
expected during major eartliquakes because the shatteriny of the bedrock ought
to liberate any local pockets of coanfined gas derived from the adjaceant strata.
But there is evidence that the gas plays more than a passive role in the
earthquake. We believe that most of the well-known earthquake precursory
phenomena can best be explained in terms of an increase in deep gas pressure
occurring well before an earthquake actually shatters the bedrock.

Many of the precursory phenomena have been detected by instruments. These
inciude: changes in the velocities of seismic waves through the ground; in
the flow of ground water; in the electrical conductivity of the ground; in the
tilt and precise elevation of the surface; in the chemical composition of gases
in the soll and ground water; and in the emanation of radon gas. The time
intarval between the onset of a precursor and an earthquake ranges from minutes
to as long as years, depending on the phenomenon and the earthquake magnitude.

These precursors are usually discussed in terms of rock ''dilatancy'', Lhat
is, the opening of microcracks in the rock as the shear stress approaches the
critical value for fracture, as observed in laboratory experiments. We agree
that an increased porosity and concomitant volumetric expansion of the rock
would indeed contribute to most of the above precursory phemomena. But what has
generally been neglected in these discussions is that at depths of teans of
kilometers (where most earthquakes originate), the rock by itself would not have
the strength to hold open such cracks against the enormous overbyrden pressure.

Dilatancy could not even begin unless there were present a high pressure fluid
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to hold open the cracks.

We suggest that the deep earth gas does just that. In our model for
brittle fracture at high ambient pressures, described above, there are two
prerequisites for the occurrence of a deep earthquake: there must be a shear
stress that would be sufficient to cause urittle fracture were the same rocks
at a shallow depth, and there must be a high pressure gas to hold open incipient
cracks and thereby mitigate the enormous friction due to the lithostatic ouver-
burden. It is the invasion of the rock by such a gas from below that changes
it from a ductile to a brittle material, simultaneously causing its volumetric
expansion and the associated dilatancy phenomena.

As the deep earth gas increases the porosity prior to triggering an earth-
quake, some of it may begin to find its way to the surface, disturbing the
ground water, altering the electrical conductivity of the ground and the compo-
sition of the soil gases. The radon precursor effect seems, in particular, to
require the presence of a carrier gas streaming through the ground., Radon is
a minor trace gas produced chiefly by uranium ores at considerable depth. Since
its half-life is only 3.8 days, it could not by itself diffuse more that a few
meters through the soil porosity before decaying. 4nd yet, substantial increases
in the surface emanation of radon have been detected prior to some earthquales,
and at distances as great as 100 ke from the epicenter. The simplest explanation
is that the radon is merely a convenient traccr for a much more abundant gas
that sweeps it along, an otherwise undetected gas with a sufficient flux to

travel past the deptns of the radon sources to the surface in only a few days.

Not all earthquake precursors require instruments for their detection.
Some are so obvious to the senses that they have been recognized since ancient
times. We believe that these effects are also duc to an increased gas flux
through the ground. Among these "macroscopic' precursors are: dull explosive
noises of unknown origin; the bizarre behavior of wild and domestic animals;
anomalous increases in local temperature; sulfurous fumes, sometimes accom-

panied by a peculiar fog; bubbling and other disturbances of well water; and



{lames from the ground,

Episodes of mysterious booming noises, resembling distant artillery over
several days or months, wete reported as preceding the great earthquakes in
Charleston (1886), Assam (1897), San Francisco (1906), and Last Anatolia (1976).
Some of these noises, called '"brontides" in the earlier earthquake literature,
may have been due to the sudden release of high pressure gas into the air.

The most widely reported precursor is the anomalous behavior of animals.
Farm animals ofcen rush about in confusion and try to break out of confinement,
dogs howl incessantly, burrowing animals are seen to leave their holes, and
fish to come up to the surface, usually beginning some minutes or even hours
before a major earthquake, Again, the reports are so widespread and consistent
that there can be little doubt as to the reality of the phenomena. If the deep
earth gas begins to force its way up into the soil prior to some earthquakes,
it will tend to push out ahead of it the ambient soil-entrapped gases. The
carbon dioxide normally present in the soil porosity will begin to invade the
homes of burrowing animals, who will be driven to the surface to avoid asphyxia-
tion. If the deep earth gas contains even small amounts of hydrogen sulfide, it
will be dissolved upon entering the bottoms of lakes and other bodies orf water,
driving the fish toward the surface. Many masmals have an enormous superioricy
over humans in the detection thresholds of their olfactory organs, and for this
reason the gsense of smell appears to be the most likely explanation for their
strange behavior prior to earthquakes., Although methane and carbon dioxide are
odorless to humans, some of the soll gases are not. These, on entering the
atmosphere, might well constitute an "olfactory cacaphony" with no discernable
source——producing the kind of animal panic so often reported. In a few cases,
the odors emanating from the ground prior to an earthquake are even strong
enough to affect people, so it seems reasonable that in a great many cases
only animals will notice them.

Such gas emission may also cause other peculiar effects in the atmosphere.

For example, 2nalysis of meteorological records hzs revealed that for several
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wveeks before the earthquake of February 4, 19753 in Haicheng, China, communities
along the entire lemgth of the fault zome had recorded air temperatures systema-
tically higher (by as much as 4 to 6°C) than in the surrounding region. A sul=-
furous odor was also intermitrantly but strongly in evidence, occasioaally
driving people indoors. Bubbling was observed in ditch water. During chis same
period there were frequenr reports of anomalous animal behavior: snakes were
found frozen on the roads and rats acted as though dazed; farm animals showed
clear signs of restlessness and alarm, which was a minor but contributing factor
in the successful prediction of that earthquake.

One or two hours before the Haicheng earthquake, there appeared in the same
region what people described as a low-lying "earth gas fog'" with a peculiar smell.
This phenomenon may have a simple explanation. During winter, the air tempara-
tures are lower than the seasonal average found in the soil gases at deptas of
only a few feer. The soill gas can thus hold more water vapor than the air above.
If suddenly expelled from the ground by the invasion of deeper gas from below,
chis COz-rich air will remain near the ground despite its higher cemperature and
as it cools its water vapor will condense into a low-lying fog.

The connection between various gas-relaced precursory phenomena has
been noted for ceanturies. We have, for example, the following account from
the great Calabrian earthquake of 1783: "At the time of the earthquake, during
the night, flames were seen to issue from the ground...exactly from the place
where some days before an extraordinary heat had been perceived.'" Another
account of the same earthquake reports: "The waters of the wells, of the sea,
and also of the fishponds, a few hours before the earthquake of 5 February
struck in Cosenza and neighboring villages, was seen to raise its level, all
foaming as though boiling, without being observed to have a greater heat tham
normal." According to Alexander von Humboldt, half an hour before the earth-
quake at Cumana (Venezuela) on December 4, 1797, a strong smell of sulfur was
perceived, and at the same time flames appeared on the banks of the Manzanares

River.
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The movement of a high-pressure gas towards the surface.
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Gas liberated Ly diffusion into pore-spaces will comsence an upward movement when a sufficiently
great pressure inbalance has been created to overcome the strength of the rock. The supply of
such gas in pore-spaces may allow sudden fracturc of rocks to occur, and leakage towards the
surface may be responsiblo for precursor and carthquake-related phencaena.

If the gases expelled from the ground as precursors to an earthquake make
a combustible mixture in air, they can self-ignite electrostatically and give
rise to the flaming phenomenon. An extraordinary account which we believe to
be of this kind was recemtly reported from China by Lucile Jones of the
Massachusetts Institute of Techaology. Almost one month prior to the Songpan-
Pingwu earthquakes of August 16, 21, and 23, 1976, Chinese seismologists observed
fireballs rising from the fault zone some 150 to 200 km form the epicenters~to-be.

The fireballs were about a foot or more in diameter, tapering toward the top,

with the color of a "newly lit match"; they rose 10 meters above the ground,
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lasting only a few seconds; over 100 were seen in one night; they caused vines

on the ground to be burmned.

It night of course ba argued that the occurrence of such gas-velated

precursory phenomena is simply due to the

isengagement of gas from the expanding

porosity of shallow rocks undergoing increasing strain prior to an earthquake.

Some gas generation due to such dilatancy no doubt occurs but it seems unlikely

to account for the fact that the characteristic precursory behavior is abrupc

and irregular, at times while the measured strain is either steady or only

gradually increasing and still far from critical.

Furthermore the precursors

are often prominent at great distances from the epicentral region where the

strain ought to be highest.
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The source of the gas responsible for the observed precursors is therefore
more likely to be foupnd at depths corresponding to the focus of the subsequent
earthquake, where the strain is greatest. If we require a deep-seated gas both
for the dilatation and for the subsequent triggering of an earthquake, it may
well be that same gas which is detected in the macroscopic precursors. The
flaming phenomenon then suggests that a combustible gas is being released, and

deep—-seated (abiogenic) methane is the most likely candidate.

It is often assumed that porosity cannot exist at great depths because it
would be crushed out and the fluids expelled upward by the excessive lithostatic
pressure. But this is not always the case. The porosity of the lithosphere
falls into two quite different regimes. As one drills down from the surfzce one
generally encounters pore spaces in the rocks, usually interconnecting and filled
with water. The prassure in them is that appropriate to the overburden of water,
approximately three times less than the pressure within the adjacent rock. As
one goes deeper the porosity slowly diminishes and eventually a level zust be
reached where the rock is no longer strong enough to support this diZferential
pressure. Interconmected pore spaces there will indeed collapse, and whatever
liquid or gas is in them will be expelled upwards. As one approaches this
critical level, the porosity rapidly diminishes, but the pressure will still
in general be given by the water overburden. However, beneath this level there
can be another domain in which pockets of gas can again exist, but with the pore
fluids now at the higher pressure approximating that in the rock. Of course
if any comnection ever establishes itself through the critical level, gas would
rapidly escape and the connection would be crushed shat. The depth of this
layer is dependent on the strength of the rock, but is usually between four and
six kilometers.

We can assume that at great depths below the critical level, gas is

generated at a rather steady rate, either by chemical reactions or by diffusion
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out of the solid. It begins to open ?ores. When a "pore space domain'" becomes
interconnected over a sufficient interval of height (probably several kilometers),
it becomes hydrostatically unstable and will begin to ascend. This is because
the streagth of the rock is no longer sufficient to support the differeace
between the pressure gradients in the gas and in the denser rock. At this
stage, the pores at the bcttom will collapse and pores at the top will be
opened up; the pore space domain as a wnole will slowly migrate upwards. It
probably requires some years to work its way from a depth of a few hundred
kilometers to the surface. Since the average pressure in the gas decreases
during the ascent, the volume of the pore space domain must increase. It is

to this that we mignt attribute the gradual rising of the surface (of order 10
cm) that has sometimes been detected over a period of years preceding an
earthquake. When the pore space domain penetrates the critical layer and
enters the hydrostatic regime, rapid venting may lead to macroscopic precursors
and shallow earthquakes.

Gases evolving from deep belew will therefore exist in pockets left over
in each case from the last venting episode, and such pockets must then be just
a little smaller in vertical extent than the size that would drive upward mi~
gration and venting. But the amount of gas in such a region (with a verfical
dimension of several kilometers) is probably much larger than that in most of
the pockets trapped bemeath impermeable layers in the upper hydrostatic domain,
the conventional natural gas deposits.

If both the macroscopic precursors and those involving dilatancy are in
fact merely secondary symptoms of a principal underlying cause-—namely, the
increasing gas pressure and porosity at depth--then it might be possible to
monitor the primary phenomenon itself and thereby obtain a more secure basis
for earthquake prediction. Perhaps it will be possible, by repeating seismic
refraction profiles at the same location at intervals of a few months, to detect
small changes in the seismic velocities due to changing porosity; we might

then actually observe the ascent of a pore space domain. Efforts to monitor
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directly the subsurface gas composition and pressure in fault zones would be
most useful. Several research groups in the Soviet Union are already ergaged
in substantial programs to observe changes in the chemistry and isotope ratios
of ground gases, changes that are now known to occur prior to earthquakes.
Much of this work 1is being done by that substantial minority of chemical
geologists in the Soviet Union who have also taken an interest in abiogenic
petroleum.

We believe that in addition to suggesting new approaches to earthquake
prediction, the deep Earth gas hypothesis also suggests the possibility that
truly large amounts of methane from internal sources have accumulated in
regions where, on the basis of the conventional biogenic theory, they would
never have been suspected. The upper domain in which gas is at the hydro-
static pressure has been extensively surveyed, but perhars even that not well
enough. The lower domain, however, where gas can exist only at lithostatic

pressures, has as yet received little serious consideration. In a few places,

deep "geo-pressured" gas has been tapped, but in each case has been thought
to be present only as a result of an unusual geological configuration. If it
turns out, however, that this is a widespread phenomenon and that below the
critical level of zero porosity there generally exists another regime of
large porosity due to high pressure gas, then the whole outlook regarding

the world's fuel supplies might have to be re~evaluated. The quantities of
gas that have been aszociated with carbon degassing of the Earth as a whole
have of course been enormous, and if methane has been a significant contri-
butor, then even the fraction "temporarily" caught in the high pressure
domain on the way up may still be very large compared with all other known

fuel reserves.

It is clear that we understand very little as yet of the degassing
processes of the Earth. No one really has any secure evidence regarding the

gas regime more than a few kilometers below the surface. Undoubtedly our
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model will turm out to be oversimplified and inm places overstated. Im this
many-sided discussion, ranging from cosmochemistry to seismology, we have

made a first attempt to formulate a relatively simple hypothesis to account
for a large number of previously unrelated and sometimes anomalous facts.
Further research leading eventually to the refinement or even the rejection

of these ideas will, in either case we hope, help to enlarge our understanding

of the Earth.

The authors of this article gratefully acknowledge support by the Gas
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APPENDIX I:
ANNOTATED BIBLIOGRAPHY

(by subject in order of presentation in text)

GENERAL SURVEY OF THE PROBLEM

Thomas Gold (1979). Terrestrial sources of carbon and earthquake outgassing.
J. Petrol. Geol._£ (2), 3=19. — Provides an overview of the deep
Earth gas hypothesis, and includes many references not listed in this
annotated bibliography.

ABIOGENIC PETROLEUM

W. Sokoloff (1889). Kosmischer Ursprung der Bitumina. Bull. Soc. Imperial.
Naturalistes de Moscou. Nouv. sér. Tome III. -- The earliest state-
mant of the hypothesis that petroleum is representative of the hydro-
carbon chemistry of extraterrestrial materials.

P. C. Sylvester-Bradley and R. J. King (1963). Evidence for abiogenic hydro-
carbons. Nature igg, 728-731. ~— Examines primarily the geclogical
evidence.

R. Robinson (1963). Duplex origin of petroleum. Nature 199, 113-114.

R. Robinson (1966). The origins of petroleum. Nature 212, 1291-1295. --
In. these two papers, a Nobel Prize winning biochemist presents the
chemical evidence for an abiogenic component in petroleum.

P. N. Kropotkin (1965). Abyssal non-biogenic origin of oil and gas and the
problem of the origin of life on the Earth. J. Geol. Soc. India (Bangalore)
&, 130-142.
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G. Rudakov (1967). Recent developments in the theory of the non-biogenic
origin of petroleum. Chem. Geol. 2, 179-185.

V. B. Porfir'ev (1974). Inorganic origin of petroleum. Bull. Amer. Assoc.
Petrol. Geol. ég. 3-33.

FARTH'S PRIMITIVE ATMOSPHERE

A. C. Lasaga, H. D. Holland, and 4. J. Dwver (1971). Primordial oil slick.
Science ilé, 53-55. =-= Calculates that an early methane=-rich atmosphere
would have been polymerized by solar uv radiation to produce a general
o1l slick of possible importance in the development of life.

M. H. Bart (1979). Was the pre-biotic atmosphere of the Earth heavily
reducing? Origins of Life 9, 261-266. =—— Argues that not all of the
reduced carbon in the sediments originally degassed from the interior
as CO, because there is not an equivalent amount of oxygen prasent in
the sédiments.

DEEP EARTH GAS COMPOSITION

B. G. Lutts, I. A. Petersil'ye, and V. K. Karzhavin (1976). Composition
of gases in rocks of the upper mantle. Doklady Akad. Nauk SSSR 226,
440~443 (English transl. in Doklady Earth Sciences Section 226, 197-
200). =-- Hydrogen and methane-rich gas inclusions are found in
kimberlite pipes formed in the upper mantle.

K. Bailey (1979). Volcanic activity: the continual degassing of the
Earth. New Sc¢ientist, 1 February 1979, 313-315.

A. P, Vinogradov (1967). Gas regime of the Earth. In Chemistry of the
Earth's Crust, Vol. II, pp. 1-19. Israel Prog. Sci. Transl. -
Estimates that the Earth is only 107% degassed of its primary volatiles
and proposes that the degassing process has irregular variationms.

I. N. Yanitskiy, V. M. Korobeynik, and T. V. Sozinova (1976). Expression
of crustal faults in helium field. Geotectonics 9, 378-384.

METHANE STABILITY AT HIGH PRESSURE

B. M. French (1966). Some geological implications of equilibrium between
graphite and a C-H-0 gas at high temperatures and pressures. Rev. Geophys.
4, 223-253. :

V. K. Rarzhavin and V. P. Vendillo (1970). Thermodynamic equilibrium and
conditions for existence of hydrocarbon gases in a magmatic process.
Geochem. International‘z, 7970803.

STABLE CARBON ISOTOPES

A. N. Fuex (1977). The use of stable carbon isotopes in hydorcarbon explora-
tion. J. Geochem. Explor. 7, 155-188. -- Survey according to the
conventional outlook.
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J. Hoefs (1972). Is biogenic carbon always isotopically "light", is isotopic-
ally "light" carbon always of piogenic origin? Adv. Org. Geochem. 1971,
pPp. 657-663. =-- Argues that reduced carbon with nearly constant iso-
topic composicion, in all igneous rtock types at a concentration of
about 200 ppm, can be understood as sbiogenic in nature.

E. M. Galimov (1969). Isotopic composition of carbon in gases of the crust.
Internac. Geology Rev. 11, 1092-1104. — Finds that the carbon isotovic
variation of natural gas with depth is evidence of an upward migration.

METEORITIC HYDROCARBONS AND FISCHER-TRQOPSCH SUNTHESIS

E. Anders, R. Hayatsu, and ¥. H. Studier (1972). Crganic compounds in
mecteorites. Science 182, 781-720. -- Demonstrates the impressive chemical
similarities between nvdrocarbons of meteorites, terrestrial shale oil,
and products of laboratory Fischer-Tropsch type svntheses.

M. S. Lancet and E. Anders (1970). Carbon isotope fractionation in the
Pischer-Tropsch synthesis and in meteorites. Science 170, 980-982, ~-
The Fischer~-Tropsch reaction between CO and H, gives the same type of
carbon isotope fractionation as found in metedSritic and terrestrial
hydrocarbons and carbonates.

R. A. Friedel and A. G. Sharkey, Jr. (1963). Alkanes in natural and
synthetic petroleums: comparison of calculated an¢ actual composition.
Science ;22, 1203-1205. Demonstrates a chemical similarity between the
alkane isomers in crude oil and in abiogenic Fischer-Tropsch products.

CHEMICAL AUGMENTATION OF HYDROCARBONS

W. E. Pratt (1934). Hydrogenation and the origin of oil. In Problems of
Petroleum Geology (W. E. Wrather and F. H. Lahee, Editors), pp. 235-
245. Amer. Assoc. Petrol. Geol., Tulsa.

H. E. Hawkes (1972). Free hydrogen in genesis of petroleum. Bull. Amer.
Assoc. Petrol. Geol. 36, 2268-2277. -- This paper and the preceding
one argue that the chemical incorporation of deep-seated hydrogen by
petroleum deposits must occur.

E. M. Galimov (1973). Carbon Isotopes in Qil-Gas Geology. NASA TT F-682. —

Mentions, on page 318, that "the chemical 'growth' of coal from methane
carbon is entirely possible."

A. A. Meyerhoff (1976). Economic impact and geopolitical implications of
glant petroleum fields., Amer. Scientist 64, 536~541.

D. H. Root and L. J. Drew (1979). The pattern of petroleum discovery rates.
Amer. Scientist 67, 646-652. -- This paper and the preceding one give
the statistics showing that most of the worlds known petroleum is con-
centrated in a very small number of giant fields (which we interpret as
evidence for a positive feedback mechanism in the accumulation process).

ATMOSPHERIC METHANE

D. H. Ehhalt (1974). The atmospheric cycle of methane. Tellus 26, 58-70. ==
General survey, including evidence for 20% depletion of atmospheric l4c
relative to biogenic methane.
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R. A. Rasmussen and E. Robinson (1977). Atmospheric hydrocarbon concentra-
tions in global background air samples. NTIS PB-275759. =-- Detection
of atmosphevic methane in lower stratosphere at 1.40 ppm from Oct. 26 to
Nov. 18, 1976.

W. Seiler, F. Mlller, and H. Oeser (1978). Vertical distribution of chloro-

flouromethanes in the upper troposphere and lower stratosphere. Pure &
Appl. Geophvs. 116, 554-566. -= Detection of atmospheric methane in
lower stratosphere at 1.7 ppm from Nov. 24, 1976 and again in 1977,
suggesting possible large recent input of atmospheric methane.

DISSOLVED METHANE

J.

W. Swinnerton and V. J. Linnenbom (1969). Low molecular weight hydro-
carbon analysis of Atlantis 1II waters. In Hot Brines and Recent Heavy
Metal Deposits in the Red Sea (E. T. Degens and D. A. Ross, Editors),
PP. 251-253. Springer, New York. -- Detection of high methane con-

centration in Red Sea.

A. Welhan and H. Craig (1979). Methane and hydrogen in East Pacific
Rise hydrothermal fluids. Geophvs. Res. Lett., in press.

. G. Deuser, E. T. Degens, G. R. Harvey, and M. Rubin (1973). Methane

in Lake Kivu: new data bearing on its origin. Sciemce 181, 51-54.

PETROLEUM-SEISMICITY CORRELATION

E.

Fossa-Mancini (1939). Terremotos y yacimientos de petroleo. Bol. Inform.
Petrol., Buenos Aires, an. 16, no. 176, pp. 23-50. =-- Perhaps the
earliest demonstratio, of the correlation globally.

D. Klemme (1975). Geothermal gradients, heat flow and hydrocarbon
recovery. In Petroleum and Global Tectonics (A. G. Fischer and S.
Judson, Editors), p. 266. Princeton Univ. Press. == His Figure 6.3
demonstrates the correlation between global tectonic fold belts and
the major petroleum fields of the world.

D. Wilson, P. H. Monaghan, A. Osanik, L. C. Price, and l4. A. Rogers
(1974) . Natural marine oil seeps. Science ;gg, 857-865. == Their
Figures 1 and 2 demonstrate the impressive global correlation between
major oll seeps and earthquake zones.

MUD VOLCANOES

G.

E. Higgins and J. B. Saunders (1974). Mud volcanoes--their nature and
origin. Verhandl. Naturf. Gesellsch. Basel 84, 101-152. -~ General
survey and geographical distribution.

. A. Sokolov, Z. A. Buniat-Zade, A. A. Goedekian, and F. G. Dadashev

(1969). The origin of gases of mud volcanoes and the regularities of
their powerful eruptions. Adv. Organic Geochem. 1968, pp. 473-485. —
Data on the volume and frequency of mud volcano eruptions in the

South Caspian basin.

A. Jakubov et al. (1971). Mud Volcanoes of the Azerbaijan SSR. Atlas.
Publishing House of the Academy of Sciences of the Azerbaijan SSR,
Baku. =- A large book containing many spectacular color photographs
of the worlds most impressive mud volcanoes.
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DEEP FOCUS EARTHQUAKES - PARADOX

E. Orowan (1960). Mechanism of seismic faulting. In Rock Deformation
(D. Griggs and J. Handin, Editors), pp. 324-345. Geol. Soc. Amer.
em., 79.

D. Griggs and J. Handin (1960). Observations on fracture and a hypothesis
of earthquakes. ibid., pp. 347-364. =-— This paper and the preceding
one discuss the problem of seismic fracture at the enormous pressures
of deep earthquakes.

EARTHQUAKE GAS ERUPTION PHENOMENA

Robert Mallet (1852, 1853, 1854). Third report on the facts of earthquake
phenomena. Report of the British Association for the Advancement of
Science 22, 1-176; 23, 117-212; 24, 1-326. ~- This 600-page catalogue
lists descriptive phenomena of some 5000 earthquakes between 1606 B.C.
and 1842 A.D., including accounts of earthquake lights, explosions,
peculiar atmospheric conditions, etc.; a valuable mine of archival

information.

Ignazio Galli (1911). Raccolta e classificazione de fenomeni lumenosi
osservati nei terremoti. Bollettino della Societa Sismologica Italiana
14, 221-447. =- This 226-page paper describes 148 earthquakes which
were accompanied’ by earthquake lights, including many cases of flames
from the ground; some of these are cited in the following appendix.

J. S. Derr (1973). Earthquake lights: a review of observations and present
theories. Bull. Seismol. Soc. Amer. §3, 2177-2187., =~ Contains color
photogrzphs of earthquake lights from Japan.

John Michell (1760). Conjectures concerning the Cause, and Observations

upon the Phaenomena, of Earthquakes...Phil. Trans. Roy. Soc. 2}, 600. —
Explanation of visible waves in terms of earthquake gas.

EARTHQUAKE PRECURSORS

T. Rikitake (1976). Earthquake Prediction. Elsevier Scientific Publ.,
Amgterdam, =-- Useful survey of the precursory phenomena and discussion
of dilatancy hypothesis.

C. H. Scholz, L. R. Sykes, and Y. P. Aggarwal (1973). Earthquake predicticn:
a physical basis. Science 181, 803-810. -- Good discussion of dilatancy.

C.-Y. King (1978). Radon emanation on San Andreas Fault. Nature 271, 516-
519. == Precursory radon emanation shows spatially coherent large

variations.

T. Gold and S. Soter (1979). Brontides: natural explosive noises. Science
ggi, 371-375. A review with many references.

EARTHQUAKE GAS COMPOSITION

G. I. Voytov, G. D. Osika, T. G. Grechukhina, and I. A. Plotnikov (1972).
Some geologic and geochemical consequences of the Dagestan earthquake
of May 14, 1970. Doklady Earth Sciences Section 322, 6-9.
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N. I. Khitarov, G. I. Voytov, S. A. Kasparov, T. A. Krylova, and V. S.
Lebedev (1972). Earthquake-induced changes in isotopic composition of
carbon dioxide and hydrocarbons in natural gas. Doklady Earth Sciences
Section ggﬁ, lu-12.

B. A. Mamyrin, I. N. Tolstikhin, and L. V. Khabarin (1979). Possible use
of the helium~3/helium-4 ratio in predicting earthquakes. Geokhimiva
1979 (3), 384-386 (in Russian).

A. I. Kravtsov, M. I. Kucher, and A. I. Fridman (1979). Changes of the
isotopic composition of carbon in natural gases in relation to seismic
activity. Geokhimiya 1979 (3), 387-390 (in Russian).

R. Sugisaki (1978). Changing He/Ar and No/Ar ratios of fault air may be
earthquake precursors. Nature 275, 209-211.

W. Ernst (1969). Erdbeben-Vorhersage aufgrund von Bodengas-Messungen.
Naturwiss. 5§, 280. Some measurements of methane increases in ground
gas prior to earthquakes in Germany.

APPENDIX II:
SELECTED EARTHQUAKES SHOWING GAS ERUPTICON PHENOMENA
QUEBEC Feb. 5, 1663
Sounds: "a rumbling like thunder..amid a noise that made people think there

was a fire crackling in their garrets"”

Flames: 'pikes and lances of fire were seen, waving in the air, and burning
brands darting down on our houses--without, however, doing...injury"; "...from
the earth...emanated fiery torches and globes of flame--now relapsing into the
earth, now vanishing in the very air, like bubbles"; "a great section of the
earth [was] borne upward and carried into the river; and, at the place whence
it was separated by the yawning open of the earth, there burst forth globes of
smoke and flame'

Sulfur and gas: '"the river changed its color...for eight entire days, [it] put
on a sulphurous one'"; "during the whole night, sweltering heat puffs exhaled from
the soil"

Principal source: The Jesuit Relations and Allied Documents, Vol. 48.

VOSGES (Framce) Mav 13, 1682

"Flames were also seen coming from the earth, without there appearing any
opening, nor any other outlet, except in a single spot, where there opened a
cleft, the depth of which could not be measured...The flames which issued from
the earth, and which occurred most frequently in places that had been planted,
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such as woods, in no way burnt the objects they encountered; they gave off an
extremely disagreeable odor, but one that had nothing sulphurous about it..."

Claude Perrault, quoted in Galli's catalog, #27, p. 266.

LISBON Nov. 1, 1755

"The 1lst of November, the day broke with a serene sky...but about nime o'clock
the sun began to grow dim, and about half an hour after we began to hear a
rumbling noise, like that of carriages, which increased to such a degree as to
equal the noise of the loudest cannon; and immediately we felt the first shnock,
which was succeeded by a second and a third; on which, as ou the fourth, T saw
several light flames of fire issuing from the sides of the mountains, resembling
that which may be observed on the kindling of coal...Il observed from one of

the hills called the Fojo, near the beach of Adraga [near Colares], that there
issued a great quantity of smoke, very thick, but not very black; which still
increased with the fourth shock, and afiter continued to issue in a greater or
less degree. Just as we heard the subterraneous rumblings, we observed it

would burst forth at the Fojo; for the quantity of samoke was always proportional
to the subterraneous noise...”

Mr. Stoqueler, Phil. Trams. Rov. Soc. 49, 413-418 (1756).

CALABRIA Feb. 5, 1783

"At the time of the earthquake, during the night, flames were seen to issue
from the ground in the neighborhood of the city towards the sea, where the

explosion extended, so that many countrymen ran away for fear; these flames
issued exactly from the place where some days before an extraordinary heat

had been perceived. (emphasis added)

Francesco Ippolito, Phil. Tranms. Rov. Soc. 73, Appendix {-vii (1783).

"The water of the wells, of the sea, and also of the fishponds, a few hours
before the earthquake of 5 February struck in Cosenza and neighboring villages,
was seen to raise its level, all foaming as though boiling, without being
observed to have a greater heat than normal." (emphasis added)

Nicolo Zupo, Riflessioni su le cagioni fisiche dei Tremuoti accaduti
nelle Calabrie nell anno 1783 (Naples, 1784), quoted in Galli's
catalog, #57, p. 303.

CUMANA (Venezuela) Dec. 14, 1797

An hour before the shock, a strong smell of sulfur was perceived, and before
the earthquake flames appeared on the banks of the Manzanares.

Alexander von Humboldt, Personal Narrative of Travels to the
Equinoctial Regions of America during the vears 1799-1804,

Vol. I, p. 163 (1889).
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NEW MADRID (Mississippi Vallev) Dec. 16, 1811 through Feb. 7, 1812

Sounds: "distant rumbling sounds, succeeded by discharges, as if a thousand
pleces of artillery were suddenly exploded'; "a loud roaring and hissing...
like the escape of steam from a boiler, accompanied by...tremendous boiling up
of the waters of the Mississippi in huge swells'; "explosions”

Lights: "“many sparks of fire emitted from the earth'; 'flashes such as

would result from an explosion of gas"

Sulfur: 'complet-~ saturation of the atmosphere with sulphurous vapor"

Visible waves: '"the earth was observed to roll in waves a few feet high with

visible depressions between...these swells burst, throwing up large volumes of
water, sand, and coal"

M. L. Fuller, USGS Bull. 494 (19512)

CALLAO (Peru) March 20, 1828

Water in the bay "hissed as if hot iron was immersed in it", bubbles and
dead fish rose to the surface, and the anchor chain of H.M.S. Volage was
partially fused while lying in the wud on the bottom.

Quart. J. Sci. Lit. & Arts, Jan.-June 1829

LIMA (Peru) March 1, 1865

The surface of the bay was agitated with jets of water 12 to 15 inches high,
there was a strong odor of hydrogen sulfide, and the white paint on the U.S.
Ship Lancastre was turmed black.

Amer. J. Sci., 2nd Ser. 40, 365 (1865).

ARICA (Chile) Aug. 13, 1868

"From every fissure there belched forth dry earth like dust, which was
followed by a stifling gas...which severely oppressed every living creature,
and would have suffocated all these if it had lingered longer stationary than
it did, which was only about 20 seconds.”

New York Tribune, Sept. 14, 1868.

OWENS VALLEY (Calif.) March 26, 1872

Sounds: "Several [shocks] were distinctly preceded by a dull, explosive
sound, like the noise of the firing of a piece of heavy artillery at a great
distance, or the letting off of a heavy blast...in several cases the explosive
sounds were heard by our party when no subsequent vibration was perceived."

J. D. Whitney, Overland Monthly 9, 130-140, 266-278 (1872).
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Flames:

"People living near Independence...said [that] at-every succeéeding shock-trhey
could plainly see in a hundred places at once, bursting forth from the =ifted
rocks great sheets of flames apparently thirty or forty feet in length, and
which would coil and lap about a moment and then disappear."

San Francisco Chronicle, April 2, 1872.

"Immediately following the great shock, men, whose judgment and veracity is
beyond question, while sitting on the ground near the Lclipse mine, saw sheets
of flame on the rocky sides of the Inyo mountains but a half a mile distant.
These flames, observed in several places, waved to and fro apparently clear of

the ground, like vast torches; they continued for only a few minutes."

Inyo Independent, aApril 20, 1872,

CHARLESTON (S.C.) Aug. 31, 1886

Sounds:

Heavy explosions were heard in Summerville (near the epicenter) on
Aug. 27 and 28.

C. E. Dutton, Ninth Ann. Rept. USGS, pp. 270-272 (1889)

After the earthquake, in Summerville, "All during the day there was a
constant series of detonations...from all possible directions. It resem-
bled the discharge of heavy guns at intervals of about ten minutes, and
was like the sounds of a bombardment at a great distance...it was only
occasionally that the earth would quake from the subte-ranean discharges...
Nearly all the wells had been at low water. There was a sudden rise in
these wells...Just before any of the land detonations, [one could] see the
water rise up the walls of the well and after the shock again subside.”

Charleston News and Courier, Sept. 1, 1886

Atmospheric effects:

"Immediately after the great shock...a strong odor, remarkable for the
presence of sulfur gases, permeated the atmosphere, and was perceptible
throughout the night.”

Dutton, op. cit.

A witness in Charleston reported that "It was terribly hot about 20
minutes before the shock. It was a peculiar scorching heat that I never
felt before. I saw people on the streets taking off their coats and vests
as they walked along. Then there was a rumbling noise.” [note: the
earthquake occurred at 9:51 p.m.]

New York Times, Sept. 4, 1886
Visible waves: "The ground began to undulate like a sea...I could see per-
fectly and could make careful observations, and I estimate that the waves

were at least two feet in height."

eyewitness quoted by Dutton, op. cit. [Many similar accounts of
visible waves were published by Dutton.]
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SONORA Mav 3, 1887

Lights: TFlames issued from ficsures, in some cases scorching overhanging
branches.
G. E. Goodfellow, Science 11, 162 (1888),

Visible waves "seemed to be two feet high, about twenty feet apart, and
moved a. rapidly as the incoming waves along the seashore.,"

B. MacDonald, ®Bull. Scismol. Soc. Amcr.‘g, 74 (1918).

SAN FRANCISCO April 18, 1906 [5:13 a.m.]

Lights: 1In San Jose, according to engineer J. E. Houser, "the whole street
{was] ablaze with fire, it being a beauriful rainbow color but raint." Reports
of blue flames also from Petaluma Creek and "hovering over the bases of foot-
hills in western San Francisco."

E. L. Larkin, Open Court 39, 393 (1906).

Sounds: Healdsburg mining engineer George Madeira reported "Heavy detonations
and rumblings were heard near the base of Mt. Tamalpais, Marin County, during
the winter months and previous to the great earthquake which destroyed San
Francisco...and have been heard up to this writing [May 5, 1908]."

T. Alippi, Boll. Soc. Sismol. Iraliama 13, 65 (1911).

Visible waves: San Francisco police sergeant Jesse Cook said "...I could see
it actually coming up Washington Street. The whole street was undulating.

It was as 1f the waves of the ocean were coming towards me, billowing as

they came."

G. Thomas and M. M. Witts, The San Francisco Earthouake, p. 69.

Twenty-two similar accounts of visible waves, distributed over a 600-km span,
were reported by the State Earthquake Investigation Commission in The Califormia

Earthquake of April 18, 1906, Vol. 1, Pt. 2, pp. 380-331 (1908). The amplitude
most often reported was about a foot.

SWABIA (South Germany) Nov. 16, 1911.

Lights: "We saw a sea of flames, gas-likc and not electrical in nature, shoot
up out of the paved market street. The height of the flames I can estimate at
8 to 12 cm; it was like when you pour petroleum on the ground and light it."

"I observed very precisely how a bright fire, which had a bluish color,
came up out of the ground in the meadow. The height of the fire might have been
about 80 cm."

eyewitness accounts, among many others, from A. Schmidt and X. Mack,
Wliret. Jahrbllcher f. Statist. u. Landeskde., Jahrg. 1912, Heft I,
p. 96 et seq. (1913).

Gas: There are several accounts of people feeling giddy just prior to the
earthquake, or noticing stifling air. After the earthquake, Lake Constanz
appeared to "boil". The smell of sulfur was prominent im the air.

G. Rletschi, Jahresberichte und Mitteilungen des Oberrheinischen
geologischen Vereins Karlsruhe N.F. Jl, 113 (1912).
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RUMANIA Nov. 10, 1940

Flames: "flames in rhythm with the movements of the soil"; "flames issuing
from rocks, which crumbled, with flashes also issuing Irom non-wooded moun-
tainsides’; "irregular gas fires"

Gas: "a thick layer like a tramslucid zas" above the surface of the soil.

G. Demetrescu and G. Petrescu, Acad. Roumaine, Bull. Seci. 23,
292-296 (1941). w

CHILE May 22, 1960

Observations of the sea having the appearance of "boiling'" were reported
over a rangr:. of nearly 450 km.

H. A. Sievers, Bull. Seismol. Soc. Amer. 53, 1125 (1963);
W. M. Adams, E:. :hquakes (1964).

HAICHENG Feb. 4, 1975

Earthquake lights were seen immediately before the shock.
C. Barry Rayleigh, personal communication, Dec. 1977
Gas: The emission of "earth gas' and hot air preceded the earthquake.

"Many areas were covered with a peculiar fog...just prior to the quake. The
height of the fog was only 2 to 3 meters. It was very danse, of white and

black color, non-uniform, stratified and also had a peculiar smell. It started

to appear 1l to 2 hours before the quake and it was so dense that the stars were
obscured by it. It dissipated rapidly away after the quake. The area where
this 'earth gas fog' appeared was related to the fault area responsible for the
earthquake...People in the quake area remarked that the air temperature was
higher than usual during the days before the quake. Just before the earthquake
many were not feeling well because of the warm weather...People...smelled this
g8as 1n an area measuring 15 x 5 km; one person fainted because of this. A
certain commune member in Fung-hsing-hsein in fact saw gas bubbling out of a
ditch. According to an incomplete survey, this 'earth gas' appeared quite a
few times: it was noticed on Dec. 24, 1974, Jan. 14, 15, 22, 27, 30, Feb. 3,
1975, in many areas.'

Acta Geovhvsica Sinica 20, 270 (1977).
g

EAST ANATOLIA Nov. 24, 1976

Booming sounds were heard several times in the two weeks prior to the quake;
0il seepages were also noticed as a precursor. 'TBksoz also interviewed vil-
lagers after a 6.7 magni:ude quake in another part of eastern Turkey on Sept.
5, 1975. He says that survivors of this quake reportad...a brightening oI the
sky the night before the event. Some geologists 250 km away also noticed the
brightening in the direction of the earthquake epicenter."

Science News 112, 408 (1977).
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METHODS FOR ASSESSING GAS RESOURCES

Robert L. Whiting
Texas A&M University, College Station, Texas, USA

INTRODUCTION

This paper is directed to the methods for assessing gas resources.
It is first necessary to classify petroleum reservoirs and to identify
the mode of occurrence of the gas resource, then the initial volume of
the gas resource in place is estimated using various techniques. There-
after, the reservoir drive mechanism is determined, thereby defining the
hydrocarbon recovery efficiency, and the gas reserves estimated by dif-

ferent methods.

CLASSIFICATION OF PETROLEUM RESERVOIRS

Petroleum reservoirs have been typed and characterized in many dif-
ferent ways. The most common and still the most popular method of
classifying such reservoirs is on the basis of the producing surface gas-
0il ratio. Using this method, any well (or field) which produces at a gas-
0il ratio in excess of 100,000 cubic feet per barrel is considered as
a gas well; one producing with a gas-oil ratio of zero to several
thousand, an o0il well; and one producing at a gas-oil ratio of 5000 to
100,000, a gas condensate well. In practice, similar surface gas-oil
ratios have been obtained for reservoirs containing a variety of hyro-
carbon fluid compositions, existing over a wjde range of reservoir
pressures and temperatures and producing with natural or artificial

mechanisms. This has resulted in both technical and legal misunder-
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standing of the nature of petroleum reservoirs. The aforementioned
simplified classification is considered inadequate since the surface
gas-oil ratio is the result of the composition of the reservoir

fluid, the reservoir pressure and temperature, the reservoir mechanism
and the producing operations and techniques.

Hence, technically it is thought that petroleum reservoirs should be
defined upon the basis of the Tocation of their initial reservoir
pressure and temperature on the usual pressure-temperature (P-T)
diagram. For a particular reservoir fluid composition, a P-T diagram is
shown in Figure 1. The phase envelope is bounded by the dew point and
bubble point lines converging at the critical point. At all P-T con-
ditions enclosed within these boundaries, two phases, vapor and liquid,
coexist. Utilizing the P-T diagram, petroleum reservoirs may be
instantly characterized as gas, gas-condensate or oil. Considering an
initial reservoir condition at A, the pressure history of such a
reservoir by normal depletion would be along the path A-A. A single
phase reservoir fiuid (gas) would exist throughout the history of pro-
duction. Also the composition of the fluid produced will remain con-
stant. These conditions will persist for gas reservoirs having initial
temperatures exceeding the cricondentherm. It is evident that the fluid
produced at surface conditions may be single phase or two phase
(shown by path A-AZ) depending upon the surface P-T conditions.

Consider next a reservoir fluid existing initially at P-T condition
B. The fluid is single phase and is usually called gas since it exists
at a temperature exceeding the critical point. Upon pressure reduction
in the reservoir, along path B'BI'BZ'BB’ the reservoir phase conditions
would be successively single phase, two phase {(vapor and liquid) and
single phase (vapor). For such conditions to prevail, B must be located

between the critical point and the cricondentherm. Within the two
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phase region the maximum volume of liquid that will be condensed in the
reservoir is dependent upon the initial reservoir fluid composition and

the reservoir temperature. Along the path B-B1 the composition of the
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produced fluid remains constant. However, as the reservoir pressure
decreases due to fluid withdrawal, retrograde condensation occurs and
liquid is condensed from the gas and accumulates in the reservoir. As a
consequence, the composition of the produced fluid changes and is charac-
terized by lower liquid content (higher gas-oil ratio). This retrograde
condensation continues until a maximum volume of liquid is condensed.
In some cases, a sufficient volume of liquid will be condensed in the
reservoir to provide mobility of the liquid phase. In such cases the
surface fluid composition is dependent upon the relative mobilities of
the vapor and liquid in the reservoir. Unfortunateiy, as retrograde
condensation occurs, the reservoir fluid composition changes, and the P-T
envelope is shifted such that retrograde liquid condensation increases.

As reservoir pressure is reduced further along path 82-83, revapor-
ization of the retrograde liquid occurs and decreasing surface gas-oil
ratios are observed. Generally for a particular initial hydrocarbon
fluid, retrograde loss increases at lower reservoir temperature, higher
abandonment pressure and for greater shifting of the phase envelope to
the right.

Hence, it is seen that conventional gas reservoirs exist initially
in a single-state phase, ordinarily considered as gas. As fluid is pro-
duced from a reservoir, having an initial temperature above the cri-
condentherm, and reservoir pressure decreases, the reservoir fluid re-
mains single phase gas and the composition of the produced fiuid remains
constant. In a reservoir in which the initial reservoir temperature
lies between the critical temperature and the cricondentherm the
reservoir fluid conditions will be successively single phase gas, two
phase gas-1iquid and single phase gas upon adequate pressure reducation.
The composition of the produced fluid will be dependent upon the rela-

tive mobilities of the gas and liguid in the reservoir,
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Other possible reservoir fluid conditions are represented by initial
conditions C and D, a single phase liquid (0i1) reservoir and a two
phase vapor-liquid (oi]l zone overlain by a gas cap) reservoir, respec-
tively. The reservoir performance characteristics of these two type
(associated gas) reservoirs is discussed later in this paper. However,
attention is directed to the fact that in the gas cap type reservoir the
gas cap may be either of the retrograde or nonretrograde type as

illustrated in Figure 2.
ESTIMATION OF INITIAL HYDROCARBONS IN RESERVOIR

Volumetric Method

Once a petroleum prospect has been drilled, the discovery well com-
pleted and drilling of other wells commenced, it is standard practice to
estimate the hydrocarbons in place, the expected hdyrocarbon productivity
and the hydrocarbon recovery. Increasing emphasis is being placed upon
early estimates due to the increased costs experienced in deeper drilling
and in the more hostile environments, particularly offshore; the low
discovery success ratio offshore and the T1imited areal (volume) extent;
and multiple reservoir complexity of the majority of offshore discoveries
to date.

First, the hydrocarbons in place are estimated by the volumetric
method. This method necessitates use of surface and subsurface data to
construct cross sections and structure and isopachous maps. These cross
sections and maps are prepared using data from cores, downhole logs and
drill-stem and production tests. A subsurface contour map depicts the
geologic structure by lines connecting points of equal elevation on the
top of the marker bed. Multiple cross sections through various wells
define the boundary of the structure and reservoir.

The boundary of a reservoir may be determined by development drilling
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which establishes permeability barriers, fluid contacts and faults.
However, it is preferable in the early life of a field to conduct constant-
rate production tests or build up tests to detect the reservoir limits.
Further, pulse testing should be utilized as a means of evaluating
reservoir heterogeneity. During the past twenty years a new technology

in formation evaluation using well testing has evolved. New techniques
continue to be developed permitting exploitation of the reservoir with
fewer wells and at a Tower cost. Net isopachous maps show lines connect-
ing points of equal net formation thickness (o0il or gas). The structure
and thickness maps are used to determine the bulk volume of the o0il and/or
gas reservoir. The accuracy of this estimate is primarily dependent upon
the interpretation of net sand thickness and the identification of the
reservoir boundary.

For each well, little difficulty is experienced in estimating the
gross formation thickness of intergranular rocks from available data.
However, such estimates for carbonate rocks, particularly those which are
fractured and fissured, are extremely difficult. Assuming that the esti-
mate of gross thickness is possible, the estimates of net (611 or gas)
formation thickness frequently vary over a wide range. This occurs
because, in the writers opinion, fewer core analyses, drill-stem and
production test data are being obtained today than in the past. In-
creasing reliance for fluid saturation estimates (oil, gas and water)
is being placed on downhole log interpretation. Often there are insuffi-
cient core analysis data to permit calibration and/or correlation with
downhole log determined results.

A high degree of sophistication in downhole log interpretation
through the use of fundamental rock and fluid property data utilizing
high speed computers has been developed. Techniques permit estimates

of the gross formation thickness utilizing porosity, shale content and/or
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permeability as descriminators. Density and neutron logs are often used
to determine shale content.

Since the density and neutron logs respond differently to shale
content, their response equations can be simultaneously solved to accurate-
1y determine shale fraction. The response equations and the simultaneous

solution are:

Density Curve: P = QD - (EDsh Vsh)
Neutron Curve: B = EN - (gNsh Vsh)
Simultaneous Solution: VSh = gN - QD
®nsh~Ppsh
Where: @ = Porosity
ﬂD = Density porosity

QN Neutron porosity

mDsh = QD at shale reference point
f
v

sh
Typical cross plots for a shaly sand and a shaly limestone are

Nsh © EN at shale reference point

shale-fraction

shown in Figures 3 and 4, respectively. When such data are substantiated
by core analysis data, that is, the logs are calibrated using the core
analyses, one has a high degree of confidence in the results obtained for
the gross formation thickness.

In the absence of well log information, core analysis data for poro-
sity and/or permeability are used as the descriminators to obtain the
gross formation thickness. Permeability transforms may be developed
utilizing a computer analysis cross plot of core analysis porosity versus
core analysis permeability. Hence, core analyses and well log data may
be related.

The results of such calculations can be represented graphically in

the strip log form utilizing computer data plotters and printing acces-
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sories. However, the usual practice is to prepare net (oil or gas)
formation thickness (h) maps. The bulk volume of the reservoir may be
estimated from this map by planimetering.

Once the net (oil or gas) formation thickness map has been prepared,
a porosity (P, map is prepared from core analysis, well log and computer
calculated data. The porosity (@) map is superposed on the net (oil or
gas) formation thickness map and an (h@) map drawn. The pore volume
of the reservoir may be estimated by planimetering this (h@) map.

It is then necessary to determine the o0il saturation (So) in the
formation. This variable may only be determined directly by retorting of
cores and the interpretation of the results is difficult and often subject
to question. Hence, 0il saturations are ordinarily determined indirectly
from core analysis and well logs from water saturation (Sw) measurements
and calculations.

Water saturation estimation from cores obtained using water base
drilling fluids is difficult. Ordinarily, only water saturations of cores

which are obtained using oil base drilling fluids are considered reliable.
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Water saturations may be obtained from capillary pressure data using the
J(Sw) function. Cation Exchange Capacity {CEC) may also be used to esti-
mate water saturation. However, such estimates in shaly sands are often
questioned because of the difficulty in distinguishing between laminated
and dispersed shale. A total shale relationship, developed through both

laboratory investigation and field experience with many shaly formations,
may be used. This relationship is independent of the distribution of the
shale and has been found to be applicable over the range of water satura-

tion values encountered in practice.

1. 95,2 VS
Ef a]z“';sh} ! sh

Where:
Rt = Resistivity of fluid saturated formation, ohms
a = Constant in Archie Equation
Rw = Formation water resistivity, ohms
Sw = Water saturation in formation, fraction
Rsh = Resistivity of shale beds, ohms

These methods of estimation of water saturation (Sw) may be compared
with production results obtained in drill stem tests on the wells. Recon-
ciliation of the data and results should yield appropriate values of water
saturation (Sw) from which oil and/or gas saturation may be calculated.

0i1 and/or gas (So, Sg) saturation maps are then prepared. These
maps are then superposed and the hﬂs0 and hQ)Sg maps are drawn. The o0il
and free gas, associated or non associated, in place in the reservoir may
be estimated by planimetering the hﬂSo and hﬂSg maps, respectively, Figure 5.

Knowing the oil or gas formation volume factor (B Bg) at the initial

o'
reservoir pressure and temperature, the initial volume, at standard
(surface) conditions, of 0il in the reservoir or gas in the reservoir,

associated or non associated, may be calculated. The average net (oil,
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Net Formation Thickness (h) Map Net Formation Thickness-Porosity-
Gas Saturation (hﬂsg) Map

Fig. 5 Maps Used in Volumetric
Estimate of Initial Gas in Place

P i it e a e

Net Formation Thickness-Porosity
(h@) Map

gas) formation thickness (h), average porosity (@), average oil saturation
(§6) and also the areal extent (A) may be obtained from the respective

maps. Hence, the oil initially in the reservoir and the free gas inay be

calculated from

N=TI8ARNTS, 6="352ARBS,
B, By

Materials Balance Method
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Materials balances may be used to estimate the initial volumes of
hydrocarbons in place in a reservoir, identify the type of reservoir drive
mechanism and predict the future performance of the reservoir and the
ultimate hydrocarbon recoveries. The type of material balance used in
such estimates is similar to that used in many other fields of engineering
for quantity and quality estimate and control. However, custom has
established that the material balance be written on a volumetric basis,
although this is not necessary. In the simplest form, the materials
balance equation can be written as initial volume = volume remaining +
volume removed.

Since o0il, gas, and water are present in petroleum reservoirs, the
material balance can be written for the total fluids or for any one of the
fluids present. Furthermore, there are numerous ways of expressing the
physical properties of the fluids present and the relationship among
these properties. The petroleum literature contains numerous material
balances which may appear to be different but upon critical examination
will be found to be identical.

The following materials balance equation is one of the most general
that my be written to estimate the initial o0il in place, N. Nomenclature

may be found at the end of this paper.

B , G:B'
N = ND[BO * (R - RS)FT%T] WeB,* waw - Wi, -
Ba-Bgi —
- 2e2a91 -
Bt Bti * thi( Bgi )+ Boicf+w(pi P)

From this equation the following equations may be written for specific

reservoir drive mechanisms. For an undersaturated reservoir

N - (N-Np)Bo i (N-Np)B0 i (N-Np)Bt
8580 By-Bes By-Bes
For a solution gas (depletion drive) reservoir B
B g
N = Np[Bo * (Re - Rodgyd - No[By + (R - Rs1)5.614
By - By By = By
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For a solution gas - gas-cap drive reservoir

B B
Np[Bo * (RC-RS)S.E ] N [B * R R51)5 1]
B,-B,.+mB, . Bg-Bgi ° B -B +mB Bo-B
t ti ti t ti
(—%ﬁ—) t(geh)

In the event that there are fluid productions and injections into

N =

the reservoir other than those indicated in the specific reservoir drive
equations, the eguations may be modified in accordance with the general-
ized materials balance equation.

It can be seen from these equations that both field and laboratory
data are desired to obtain an estimate of the initial oil in place in the
reservoir. Modern reservoir engineering practices are such that these
data are available. However, such is not the case for older fields and
hence one must often depend upon empirical data and/or data from fields
producing from the same formation.

It should be noted that in some of the equations that both the initial
oil in place, N, and the initial gas in place, expressed by m, are unknown.
Estimation of N may be made by using the volumetric estimate for G. Also
various values for m may be assumed and the value of m established by some
optimization tool such as deviation from the mean.

Also it is seen that the cumulative water influx, We, must be estimated.
This variable may be expressed generally as follows:

e =C {}(p,t}

The function {%(p,t) may be determined from past performance data,
pressure and time, or may be matched to past performance by assuming steady
state, successive steady state or unsteady state production conditions.

Once the value of N is estimated, the volume of gas dissolved in the
0il initially may be calculated from NRsi' The total volume of gas in the
associated gas reservoir is obtained by summing the dissolved gas and the

free gas in the gas cap.
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Materials balances may be used to estimate the initial gas in place,
G, in non associated gas reservoirs and also the ultimate recovery or gas
reserves, Gp. The following is the most generalized equation that may be
written for estimation of initial gas in place, G, in the reservoir,

i Gprg + 5.61(Np - We)Bw
Bg - Bgi

G

In practice G may be calculated for each pressure survey made in the

field and the best value estimated from this series of calculations. Here
again the value of cumuilative water influx, we, must be estimated and this
is done as discussed previously. Also, it is necessary to ascertain the
source of the cumulative water production. This water may have been derived
from connate water in the reservoir or from the reservoir gas. Further,
condensate (distillate) is often extracted from the produced fluid at the
surface. Hence, the reservoir source of this condensate must be determined.
Such determinations for the water and condensate will dictate whether these
surface productions are to be restored to reservoir vapor or liquid. Hence,
the cumulative gas production, Gpw’ is considered to have been derived from
reservoir wet gas (hydrocarbons and water vapor) and the cumulative water

production, Np, is considered to have been derived from reservoir liquid.

GAS RECOVERY FACTORS FOR ASSOCIATED AND NON ASSOCIATED GAS RESERVOIRS
As mentioned previously, in conventional oil fields (associated gas

reservoirs), the natural gas of interest is that dissolved in the oil in the
oil zone and free gas in the gas cap. In practice, the recovery of gas and
its rate of recovery is dependent upon the characteristics of the oil (gas
solubility and shrinkage), the reservoir rock properties (homogeneity,
vertical and horizontal permeabilities, fluid saturations, relative permea-
bilities), well spacing, relative prices of oil and gas, and the reservoir

mechanism. During the past thirty years increasing attention has been
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directed to laboratory and field research which would result in most effi-
cient utilization of the reservoir mechanism to maximize petroleum recovery
and productivity.

Results to date identify various types of reservoir mechanisms and
document experience as follows: 1In an oil reservoir with no free gas cap,
two initial reservoir conditions may be visualized, namely, a saturated
reservoir and an undersaturated reservoir. In the latter, all gas is dis-
solved in the oil. Gas solubility in o0il ranges from zero (a dead oil) to
several thousand cubic feet per barrel.

Considering that the oil zone is initially filled with gas saturated
0il and connate water, upon fluid withdrawal from the reservoir, the reser-
voir mechanism may be one or a combination of different types. The most
common mechanism in such a reservoir is a solution-gas drive. This type
drive is characterized by a short period of high oil production rate at the
initial solution gas ratio followed by rapidly declining oil production
rate and rapidly increasing gas-oil ratio. O0il recovery by this mechanism
is relatively low (20-40% of that originally present). Solution gas pro-
duction is rapid and gas recovery is relatively Tow (30-70%). Free gas
remaining in the oil zone and solution gas remaining in the residual oil is
lost for all practical purposes. The magnitude of the loss is dependent
primarily upon the oil recovery, since free gas must occupy the reservoir
volume previously occupied by the produced oil, at the reservoir abandon-
ment pressure. A potential source of additional gas reserves is from low
pressure crude oil and natural gas reservoirs. Research is needed to develop
technology by which this resource may be recovered economically.

Another possible reservoir mechanism may develop when fluid withdrawal
rates and reservoir rock and fluid properties are such as to permit segre-
gation of the gas to form a secondary gas cap. Development of a secondary

gas cap is accelerated by a high ratio of vertical to horizontal permeability
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and Tow fluid withdrawal rates. A secondary gas cap can also be developed
artificially by injecting gas on the crest of the structure. The gas cap
formed helps to maintain the reservoir pressure and prevents liberation of
the dissolved gas from the oil. As a conseguence, higher oil recovery
(30-60% of oil originally present) and oil production rates are obtained
than by solution gas drive. Although the gas recovery may be the same or
greater than that obtained by solution gas drive, gas production rates are
lower and gas production is delayed due to the accumulation of the segre-
gated gas in the gas cap and the gas invaded oil zone.

As mentioned earlier, oil zones filled with gas saturated oil and
connate water often have associated aquifers. Fluid withdrawal from the
0il zone may induce water encroachment. The fluid withdrawal rates may be
such that the rate of water encroachment may maintain the reservoir pressure.
In such a case, high oil recovery (40-80% of oil originally present) is
obtained at virtually a constant gas-oil ratio corresponding to the initial
solution gas-o0il ratio. The gas recovery and gas production rate is probably
higher for this type of reservoir mechanism and gas recoveries range from
40-80% of the gas initially in solution in the oil originally present.

However, in some water drive reservoirs, fluid withdrawal rates, reser-
voir rock and fluid properties and aquifer properties may be such that only
a partial water drive develops and the reservoir pressure declines as fluids
are withdrawn. Partial water drive reservoirs yield oil and gas recoveries
and productivities intermediate between solution-gas drive and water drive
dependent upon the predominant mechanism. Obviously, a secondary gas cap
could develop naturally in a partial water drive reservoir and ihe recover-
ies and productivities would change accordingly.

Frequently a petroleum reservoir containing gas saturated oil in the
oil zone has an associated free gas cap initially. In such a reservoir,

fluids are withdrawn from the lower structural portion with a gas cap drive
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mechanism prevailing. The gas cap helps to maintain the reservoir pressure,
the larger the size of the gas cap relative to the oil zone, the greater

the degree of pressure maintenance. The o0il recovery and production rates
and gas recovery and production rates correspond to those obtained in
reservoirs which develop secondary gas caps.

Some petroleumreservoirs consist of a gas saturated oil zone with
an initially associated gas cap and an aquifer. It is obvious that such
a reservoir could be produced by a number of different reservoir mechanisms
or a combination of mechanisms. In such a reservoir, production is general-
ly regarded to be the result of a combination drive mechanism. However, it
will be recalled that oil and gas recoveries and productivities by water
drive are ordinarily the highest. Hence, efforts are made to control
fluid withdrawals from the oil zone in such a manner that the water
encroachment maintains a constant reservoir pressure and that the gas oil
contact remains at the same subsea depth. This is exceedingly difficult
to achieve in practice. In an active water drive reservoir with an as-
sociated gas cap, the principal concern is to prevent displacing the oil
from the oil zone into the gas cap. Vithdrawal of gas from the gas cap
would certainly encourage such migration. In the event that oil is dis-
placed into the gas cap, the great majority of such oil is considered
unrecoverable.

Undersaturated ojl reservoirs with very active water drives (con-
stant reservoir pressure) yield gas recoveries approaching that of the
initial solution gas. Hence, gas recovery is directly related to the
residual oil saturation remaining after water encroachment. Laboratory
research indicates that for any particular reservoir rock and fluid system
there is an optimum reservoir pressure {and hence oil and gas saturation)
at which 0i1 and gas recovery is maximized. This implies that reservoir

fluid withdrawals should be matched with fluid encroachment to achieve the
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desired pressure drawdown. 1In practice, this has been difficult to achieve
due first to reservoir rock and fluid property data and secondly to field
operational problems.

From the foregoing, it is evident that a petroleum reservoir is a
complex rock and fluid system in which natural and artificial energies must
be controlled in order to achieve maximum economic hydrocarbon recovery
and productivity.

Gas recovery in non associated gas reservoirs is predicted most ex-
pediously by converting the gas in place materials balance into the follow-

ing form utilizing P-V-T relationships and assuming volumetric control:

pivi Py Pava v Pa T 1
—=— T =x = and B=—=——=
Tﬁlj TZ TaZa o Va Ta p Zy
B P. Z
hence §3 = El Vi and T = constant
gi 1

PP, (P./Z.)G
ezl 1 VP
. G

which yields a straight line when P/Z is plotted versus Gp as shown in
Figure 6. The initial gas in place is the value of Gp when P/Z = 0. The
ultimate gas recovery may be obtained by establishing the P/Z at abandon-
ment and reading the value of Gp. The gas recovery factor is Gp/G. For
volumetric non-associated gas reservoirs the range of gas recoveries is
75-92%. The gas recovery factor is dependent upon the well spacing, well
Jocations structurally, heterogeneity of the reservoir and the abandonment
pressure.

Gas recovery factors for retrograde condensate non-associated gas
reservoirs are dependent upon the same variables. The range of gas
recoveries is approximately the same but the recovery factor range for the
retrograde liquid is 40-60%. The recovery factor obtained is highly
dependent upon maintenance of reservoir pressure in order to prevent

retrograde condensation.
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Fig. 6 Estimation of Initial Gas in Place for a Non-Associated Gas Reservoir

Gas recovery factors for water drive non-associated gas and gas con-
densate reservoir are dependent on the aforementioned parameters also.
However, the rate of gas production is generally the most critical variable
in defining gas recovery. Water coning is highly dependent upon gas pro-
duction rate and excessive rates will result in "watering out" of wells.
However, high gas porduction rates are desireable since less high pressure
gas will be trapped by the invading water, thereby increasing ultimate gas
recovery. In some reservoirs, excessive gas production rates will result
in lower ultimate gas recovery because of pore size distribution of the
reservoir rock and/or heterogeneity. Present practice is to locate pro-
ducing wells high structurally, thereby minimizing coning, and attempt to

produce at gas production rates that will "outrun" the invading water.
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Obviously this cannot be done if the reservoir hydrocarbon is a retrograde
condensate. Even under favorable circumstances the range of gas recovery
factors in water drive non associated gas reservoirs is 50-80%.

SUMMARY AND CONCLUSIONS

The principal methods for assessing hydrocarbon resources in associat-
ed and non associated gas reservoirs are the volumetric method and the
materials balance method. The estimate of initial hydrocarbons in place
by the volumetric method is largely dependent upon the number, spacing and
location of wells, well production tests, well logs and core analysis.
Hence, the accuracy of early estimates is largely dependent upon the rate
of development of the field and the financial resources invested in ob-
taining the desired field data.

The estimate of initial hydrocarbons in place in associated and non
associated gas reservoirs by the materials balance method may be made with
limited field production data but requires laboratory PVT data for the
reservoir filuids. Unguestionably, earlier estimates may be made by this
method than by the volumetric method, but experience has shown that the
accuracy of estimates, just as in the case of volumetric estimates, im-
proves as more data are avaiiable.

Best present practice would appear to be to secure the necessary fiuid
production and laboratory PVT data as early as possibie to permit estimates
of initial hydrocarbons in place by the materials balance method. Such
estimates should assist in planning the most appropriate field develop-
ment program, particularly when compiemented and supplemented with volumet-
ric estimates.

Volumetric and materials balance estimates for initial hydrocarbons
in place ordinarily are found to yield similar results when appropriate
data are available.

It is not possible to estimate the ultimate recovery of hydrocarbons
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by the volumetric method. However, if one chooses he can utilize empirical
and/or past experience data in similar reservoirs to estimate the hydro-
carbon recovery factors. In the author's opinion, this is not ordinarily
acceptable.

During the past two decades a high degree of sophistication in reser-
voir operations has been achieved. Mathematical models utilizing materials
balance have been developed for reservoirs which permit, when appropriate
laboratory and field data are available, the identification of the natural
reservoir mechanism, the estimation of the initial hydrocarbons in place,
the prediction of the future performance of the reservoir utilizing the
natural and/or artificial reservoir mechanism and the ultimate hydrocarbon
recoveries. Early in the life of a reservoir, in the absence of sufficient
data, assumed rock and fluid properties, reservoir mechanism, etc. can be
used in the simulation and the hydrocarbon recovery, rate of recovery, etc.
predicted. These predictions can be compared with those obtained from the
field with time and the simulator modified in accordance to match actual
reservoir performance. Results obtained from this work may be used to plan
the orderly development of a reservoir to achieve maximum hydrocarbon
recovery and the greatest economic return on investment.

Reservoir simulation research is presently directed toward reducing
simulation costs particularly for heterogeneous (vertical and lateral)
combination drive reservoirs. However, there is still a great need for
additional, simpler, less expensive simulators for the more conventional
type reservoir drive mechanisms. Practical utilization of the results
from reservoir simulations is limited by the quantity and quality of the
rock and fluid property and field data available. Due to the high costs of
core and fluid analysis and downhole logging, increasing dependence is
being placed upon the evaluation of such properties from production, build

up or pulse tests.
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NOMENCLATURE

Petroleum engineering nomenclature has been standardized as indicated
below. Except as indicated,the subscript "i" refers to initial reservoir
conditions and all other subscripts refer to reservoir conditions there-
after. A bar over any symbol, such as h, indicates variable is specified
at average reservoir conditions.

A = area, acres

Bo = 0i1 formation volume factor = volume at reservoir conditions

per volume at stock-tank conditions

B = gas formation volume factor = volume at reservoir conditions

[a)

per volume at standard conditions (used to denote solution-
gas volume when more than one type of gas is present)
B = water formation volume factor = volume at reservoir conditions

per volume at standard conditions

Bgc = gas-cap gas formation volume factor = volume at reservoir
conditions per volume at standard conditions
B'g = injected gas formation volume factor = volume at reservoir

conditions per volume at standard conditions

Bt =Bo+(R

volume factor = volume at reservoir conditions per volume

si T RS)(Bg/S.Gl) = composite o0il or total oil formation

at standard conditions

P formation (rock) cs and water Cy compressibility = pore volume
per pore volume per psi = cf/(1-5w) + cwswi/(]'swi)

G = initial gas-cap gas volume, scf

Gi = cumulative gas injected, scf

Gp = Gps + Gpc = cumulative gas produced, scf

Gps = cumulative solution gas produced, scf

Gpc = cumulative gas-cap gas produced, scf

h = net (oil or gas) formation thickness, feet
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6891/5.61N801 = ratio of initial gas cap gas reservoir
volume to initial reservoir oil volume

initial oil in place, stock-tank bbl

cumulative oil produced, stock-tank bbl

reservoir pressure, psia

initial reservoir pressure, psia

solution-gas-o0il ratio, scf/stock-tank bbl

initial solution-gas-oil ratio, scf/stock-tank bb]l
producing gas-o0il ratio, scf/stock-tank bbl

Gp/Np, scf stock-tank bbl

0oil saturation, fraction of pore space

gas saturation, fraction of pore space

water saturation, fraction of pore space

initial water in place, reservoir bb]

cumulative water influx, bbl at standard conditions
cumulative water produced, bbl at standard conditions

cumulative water injected, bbl at standard conditions
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THE GEOLOGIC SETTING OF GIANT GAS FIELDS

H.D. Klemme
Weeks Petroleum Ltd, Westport, Connecticut, USA

Abstract

Free gas in giant gas fields (over 3.5 TCF) and associated, dissolved
gas (over 3.5 TCF) in some of the larger giant oil fields represent over 80%

of the worlds proven and produced natural gas reserves. The present worlds

proven and produced gas reserves represent about one-third of the conventionally
recoverable reserves of proven and produced gaseous and liquid hydrocarbons,

on a BTU (BOE) basis. A recent surge (1965 to present) in discovery of

giant gas reserves has accompanied a decline, over a similar period,

in the discovery of giant oil reserves. Analysis of giant gas fields and

their comparison to giant oil fields on the basis of basinal setting

and geologic characteristics suggests the worlds ultimate resources of

conventionally recoverable gas will approach those of oil.

Traps, reservoirs and cap rocks of giant gas fields are generally
similar to those of giant oil fields, however, age and depth distribution
of giant gas reservoirs and the character of giant gas source rocks are often
at variance with those of giant oil fields. More Paleozoic reservoired
gas than o011 indicate a generally older set of reservoirs in giant gas
fields. The Cretaceous and Permian are the principle reservoir
ages. Source rocks for gas giants appear to be older than oil giants
with Middle Cretaceous, Upper Jurassic, Carboniferous and Lower Paleozoic
the principle source rock ages. Lower Paleozoic, Jurassic and Cretaceous

source rocks appear to be related to either marine "anoxic events" or their



134

landward "humic" counterparts, while the Carboniferous is related to
worldwide coal occurrence. These fundamental differences in petroleum
accumulation may be related to various basin types (which may be classified
on the basis of architectural and evolutionary tectonic characteristics).
The prime areas of giant gas reserves appear to be large basins with high
sediment volume to area ratio, with large traps, containing mixed carbonate
and clastic lithology, with either high amounts of humic source material
and/or extensive evaporitic seal over deep 0il prone source material and
moderate to high geothermal regime. Upper Tertiary to recent deltas

occupying regional depocenters also appear gas prone.

Although similar traps hold Tess gas than oil on a BTU basis, the
prospect for gas involves a more extensive vertical portion of the sedi-
mentary fill of any given basin. Because of the more extensive vertical
environment of gas, the past premium placed on oil production - often
resulting in "bypassed" gas, the continued discovery of gas resources
in new developing frontier basins and the prospect for more gas in mature
development basins; estimates of "in place" future gas resources have
a greater chance of upward adjustment than oil.

The world's ratio of conventionally recoverable, proven and produced
gas to oil reserves is 1 to 2, respectively. Until 1965, gas represented
about 10%(1 to10) of the reserves of all giant fields. The increase in
the percentage of worlds reserves of gas to oil has occurred in the last
fifteen years, (Fig. 1A). Significant reserves from giant gas fields
have occurred in two of the worlds super basins (West Siberia and the
Middle East Arabian-Iranian) and in the North Central Europe basins of
Netherlands and the Nerth Sea, and the Sredne-Caspean Basin (Zhabrev 1975)
of southcentral U.S,S.R. During the same period, additions of reserves
from discovery of giant oil fields have declined (Fig. 1B). The addition
of these new gas reserves (in large basins with prospects for additional
discoveries), the potential for gas below the hydrates of the arctic

permofrost, the development of "by passed" gas discoveries (as in the
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Middle East), and deeper drilling below the "0il window" (where down-dip
source and reservoir rocks are present in producing basins); suggest that
the world ultimate resources of conventionally recoverable gas will
approach those of oil.

Over 80% of the worlds proven and produced gas reserves are found in
giant fields (3.5 TCF - 0.1 TCM); either as, 1) 68% “free gas” giant gas

fields in association or non-association with oil, or 2) 13% as giant

size reserves of gas, associated as "dissolved" gas in giant oil fields
(Halbouty 1970, Int. Pet. Ency. 1977, Tiratsoo 1979). In addition, it is
estimated that "liquified gas" represents about 12% of the ultimate
petroleum yield from present proven and produced gas reserves (Meyerhoff 1979).
Most discussions of giant gas fields have been limited to the "free gas”
fields, however for this discussion both 1) "free gas" giants and 2) giant
_0il fields with giant reserves of "dissolved," associated gas are considered.
Giant 0il fields (Nehring 1978) represent about 3/4 of the present proven
and produced reserves of 0il.
Any trap can contain considerably more oil "in-place" than gas - on

a BTU basis. The field size characteristics of supergiant oil (5 X 10°
bbls) and gas (30 TCF) fields generally confirms this (Fig. 2). Even though
conventional recovery from a gas field is 70% to 80% of the gas "in-place"
as opposed to 20% to 35% conventional recovery from oil accumulations -
giant oil field traps contain more conventionally recoverable reserves

(BOE based upon BTU value) than giant gas fields. This is due to the
differences in physical properties of gas and o0il, which will not allow as
much gas to accumulate in any given reservoir-trap as opposed to oil.

Analysis of the fundamental petroleum characteristics of the worlds

giant gas fields indicates both similarities and differences from the

giant 011 fields. Trap types are generally similar to those of giant

0il fields and appear to be related to the tectonic setting and genesis

of the basin in which they occur. The 1ithologic types of the reservoir

rocks of giant gas fields have the same ratio (about two fifths carbonate,
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Figure 1 Giant Fields (visual curve in B)

and three fifths sandstones) as giant o0il fields, however differences

are noted in the age and depth distribution of giant gas reservoirs

(Fig. 3). The depth {Fig. 3C) of giant gas accumulations includes more
intermediate (6000' to 9000') and deep {over 9000') reservoirs than those

of giant oil fields, thus supporting the temperature and maturation

zonation (Hunt 1979) of "oil and gas windows". Along with deeper accumulations,
older (Fig. 3A) reservoir rocks are found in giant gas fields than those

of giant oil fields. The predominance of carbonate reservoirs (Fig. 3C)
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in the deeper giant gas accumulations may support the general premise of
the deterioration of clastic reservoirs with depth (Klemme 1975A) and
suggests that carbonates together with specially preserved porosity in
clastics are targets for deeper drilling. Shallower (0 to 6000') sandstone
reservoirs (Fig. 3C) contain a large portion of biogenic gas, notably in
West Siberia (Rice and Claypool - in press). To date, less than 2% of
the "free gas" giant fields have reservoirs below 12,000'.

Reservoir rocks are predominantly of Mesozoic and Paleozoic age.
Over 90% of the Paleozoic reservoirs are Permo-Carboniferous. The Cretaceous
contains over 50% of the Mesozoic reservoirs, while the Jurassic reservoirs
contain much less gas than oil.

Cap rocks for giant gas fields like giant oil fields are provided by
shales and evaporites, plus hydrates. Regional evaporitic seals appear to

be equally important for either giant gas or o0il accumulations. The most
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effective cap rocks sequences for large gas accumulations appear to be

the regional seal provided by extensive evaporite deposits often interbedded
with carbonates, and regional permafrost with attendant hydrates. All

of the supergiant gas fields are over-lain either by direct cap or at

some distance above the reservoir by permafrost or regional evaporite beds.

Little geochemical correlation of source and reservoir gas has been
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undertaken and therefore the origin and source of giant gas accumulations

remains highly speculative. It appears that the gross age distribution of
source sediments for giant gas fields is about the same as that of giant
0il field reservoirs (Fig. 4A). With present information, it is speculated
that about three fifths of the giant free gas accumulations are related to
"coaly" or humic source sediments, while the remaining two fifths of the
giant free gas fields appear to be related to thermal alteration of oil or
0il prone source rocks as they have passed into the "gas window". In this
tabulation, a sequence of source material was labeled "humic" when any
amount of "humic" material or coals were described as being present, even
though variable amounts of marine sediments may have interfingered. 0il
prone source rocks were labeled on the basis of the presence of a predominantly

marine, saprcpelic sequence.
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In gross, the age of gas source rocks (Fig. 4A) are essentially the
same as gas reservoir rock ages, however the Lower Paleozoic appears to
have a much higher amount of source material, much of which has migrated to
and is reservoired in Upper Paleozoic. Particular ages of source rocks
are primarily; 1) the Aptian, Albian and Cenomanian, including the tremendous
area of humic and "coaly" source rock of West Siberia and areas of thermal
alteration of sapropelic or mixed-paralic oil prone sources in the Middie
East and Sredne-Caspean basins, 2) the Oxfordian/Kimmeridgian to Aptian thermal
alteration of sapropelic sources in the North Sea graben areas, the North
Slope of Alaska and the Northwest Shelf of Australia, 3) the Upper Paleoczoic
(Carboniferous and Permian) also display a high amount of humic gas in basins
of the craton, some directly related to Carboniferous coal sequences such
as the southern North Sea, while 4) the Lower Paleozoic source rocks
(primarily Ordovician-Silurian black shales) invoive most often, thermal
alteration of sapropelic material with 1imited migration to Cambro-Ordovician
and considerable migration to Permian carbonate reservoir rocks. With
little direct evidence, it is speculated that the large Mideast Permian "Khuff"
gas reserves are derived - like gas in Algeria - from unconformably under-
1ying Ordovician and Silurian black shales: see (Szabo and Kheradpir -
1978) for stratigraphic relations of Permian reservoirs in the Central
Persian Gulf and Iran. The unequal distribution of major source rock
sequences (Morth 1977, 1979, Hallam 1980) and their relation to worldwide
"anoxic events" or "coal-ages" has recently received considerable attention.
This speculative analysis of giant gas field source rock supports recent
1inkage of anoxic, black shale events with extensive to worldwide deposits
of high rank source material. In the case of the Middle Cretaceous, it is
noted that these marine anoxic events not only develop in an oceanic
environment but the same age units develop a continental equivalent with rich
terrestial (humic) source elements.

It appears that temperature, depth and rate of basin subsidence generally

control the timing of gas generation and migration. It is estimated that
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over 907 of the giant gas fields began generation, migration and accumulation
in the relatively late Phanerozoic - ie Cretaceous and Tertiary (Tissot et
al 1980). It has been suggested that considerable gas accumulation may
have occurred during the Pleistocene to recent glacial epoch with inter-
glacial concentration of biogenic gas in "free gas" fields by repeated
hydrate formation and decomposition as the permafrost zone expands and
contracts {(Trofimuk 1977).

Trap types, the age and character of reservoir rocks, heat flow,
maturation, and secondary migration of gas in giant fields may be related
to the various basins in which they are located. A basin classification
when linked to the variability of petroleum characteristics may provide
a worthwhile exercise in appraising the petroleum potential of new “frontier"
basins or developing further production in newly developing basins. The
relative usefulness of applying a "look-alike" or analog derived from basin
classifications in appraisal or estimation of ultimate resources in
untested basins, new "frontier" basins or mature producing basins has been
rejected by about as many specialists in petroleum geology as those that
consider it useful.

PETROLEUM BASINS

The dimensions and shape of basins may be divided into both 1)} large
and small sizes, and 2) linear and circular shaped basins. Further
differences are noted in the effective basement profile or cross section of
basins and the ratio of a basin's surface area to the volume of sediments
contained therein. These architectural characteristics when related to
the earth's crust, tectonic setting, and basin evolution (primarily in the
framework of plate tectonics) result in eight types of basins with notable
sub-types {Klemme, in Press).

TYPE 1 INTERIOR BASINS (Fig. 5)

Type 1 Interior basins are simple, large, circular basins with a

symmetrical profile. They are generally areas of Paleozoic platform

deposition and the ratio of the volume of sediments in the basin to the
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surface area of the basin is low. They are located in the central portion
of cratons near or upon Precambrian shield areas. They generally consist of
a mixture of clastic and carbonate sediments. They generally display low
hydrocarbon recovery with no giant gas fields. The relatively shallow
basement in many of these basins probably accounts for their low thermal

gas recovery. Their traps are predominantly associated with centrai

arches or stratigraphic traps around the basin margin.

TYPE 2 COMPOSITE AND 2A COMPLEX BASINS (Fig. 6)

Type 2 Composite basins are large, linear to elliptical intracontinental,
cratonic basins with an asymmetric profile. They are generally areas
which, initially, were sites of shield derived Paleozoic platform deposits
displaying characteristics similar to Type 1 basins. They became multicycle
or composite in upper Paleozoic or Mesozoic time when a second cycle of
sediments derived from an organic uplift on the exterior margin of the

craton providing sediments from an opposite source area (2 sided source)
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thus creating the asyﬁnetry to the basin profile. The ratio of the volume
of sediments to surface area is high, particularly on the asymmetric
side, thereby providing sufficient burial of sediments for maturation of
hydrocarbons and their thermal alteration to gas.

Type 2A complex basins are also multicycle basins located in exterior
portions of cratons. They are large, more often elliptical basins with
an irregular to asymmetrical profile. Their genesis appears to have been
more complex, with multiple rifting followed by a more or less symmetrical
sag resembling a Type 1 basin. Giant gas fields occur in both the rifted
grabens and the overlying sag which blankets the grabens.

Type 2 basins generally consist of a mixture of carbonate and clastic
sediments, however, some are dominately clastic. Their traps are primarily

large arches or block uplifts. Compression folds and stratigraphic accumulations
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also act as traps in most Type 2 Composite basins. Type 2 Composite

basins generally display normal geothermal gradients and intermediate to
deep gas production from carbonate reservoirs. Type 2A Complex display
higher geothermal gradients and produce from sandstones at shallow to
intermediate depths. Average to high gas recovery occurs in Type 2A

complex basins where more humic source and often higher geothermal gradients
are present. Evaporites develop in both types of basin and often form an
effective regional seal. Both Type 2 basins represent about one quarter

of the worlds basin area yet they contain nearly half of the worlds gas.

About three quarters of the basins are productive.

TYPE 3 RIFT BASINS

(Fig. 7)
Type 3 Rifts are small, linear basins with an irregular profile

displaying a high sediment volume to surface ratio. They appear to be a
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very fundamental earth structure as they are formed at various stages
during the development of almost all other types of basins. They are
primarily Upper Paleozoic, Mesozoic and Tertiary in age and are located on
or near cratonic areas. Their sedimentary fill is most often clastic,
however where the rift opened to a warm climate sea, carbonates are often
present.

Because their genesis provides extension features, they form an
irregular basement profile with considerable fault block movement. As a
result, they display more than normal combination structural-stratigraphic
traps where depositional variations and unconformities are developed over
differentially subsiding blocks. Geothermal gradients are normal to high.

Rift basins have a low gas to oil ratio in total, despite higher
geothermal gradients and the presence of considerable humic sediments. Some
basins are predominantly gas such as the Gulf of Thailand and portions of the

Dnieper Donetz basin. The richest rift basins, however, are predominantly

areas of giant oil fields.

TYPE 4 DOWNWARPS (INTO SMALL OCEAN BASINS) A CLOSED, B TROUGH, C OPEN
{Fig. 8)

Type 4 Downwarp (A closed and B trough) basins resemble Type 2 Composite

basins in size, profile and sediment volume to area ratios. Type 4
Downwarp (C open) basins, architecturally, resemble Type 5 Pull-apart basins.
However, because of their unigue genesis, a different temperature regime,
and often a different sedimentary environment from that of Type 2 Composite
basins, they warrant a seperate category.

Type 4C, open Downwarps, are seperated from the main trends of major
ocean basin spreading zones and are located along portions of the South
China Sea, East and Northeast Africa and the American segment of the Tethyan
trend between Gondwana and Laurasia and in the Arctic. They often overlie
older deformed orthogeosynclinal zones (miogeosyncline/eugeosyncline sequence)

and have been labeled as “"successor basins." They are large, linear basins
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Their genesis is related to

Considerable,

speculative mechanisms have been proposed for the highly complex genesis of
the Arctic Ocean, Gulf of Mexico, Caribbean, Eastern Mediterranean and
South China Sea where 4C basins are present.

Type 4C open basins may become Type 4A closed basins as the result of
collision of continental plates. The Middle East and South Asia Tethyan
basins result from collision of the African and Indian plates with the
Eurasian plate. Upon closing a large, linear, asymmetric basin with a two
sided source (similar to Type 2 Composite basins) is formed. Further plate
movement appears to destroy a considerable portion of the Type 4A closed
basin leaving only a Type 4B trough such as the narrow, sinuous basins south
of the Himalayas on the India plate and the narrow Alpine and North African troughs.

Type 4 Downwarp basins represent 19% of the worlds basin area, however,
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they contain 48% of the worlds oil and gas reserves. Relatively high
recovery rates in Type 4A and C may be related to the above normal to
often high geothermal gradients which may provide more efficient maturation
and primary and secondary migration of hydrocarbons. Often, differing
from their cratonic counterparts, the sedimentary facies associated with
a small, restricted ocean basin appears to provide rich source shales and
considerable evaporites. In addition, along Tethys and its extension
between the American continents, considerable porous carbonates were
developed which provide extensive reservoir rocks. Trap types are dominantly
anticlinal (either drape over large arches or compressional folds) in
Types 4A and 4B, while more than normal structural-stratigraphic traps are
present in 4C open basins. The presence of considerable evaporite deposits
in many Type 4 basins result, in many instances, in highly effective cap
rocks and large flowage features.

Most of the giant gas fields in Type 4 basins appear to be sourced
by either Tertiary (Type 4C) or Mesozoic {Type 4A) paralic, or Lower
Paleozoic {Type 8A) 0il prone source rocks, thermally altered to gas.
Evaporites, regionally, overly and effectively seal many of the carbonate
reservoirs.,

TYPE 5 PULL-APART (Fig. 9)

Type 5 Pull-apart basins are large, linear basins displaying a
relatively high volume of sediment to surface ratio, and a one sided
source asymmetry, that occupy the intermediate crustal zone (between
thick continental crust and thin oceanic crust). They are located along
the divergent margins of spreading plates.

Due to an extensional genesis, most traps are tensional growth
{rollover) anticlines, or flowage type. Generally normal to low geothermal
gradients and deeper than normal production are present where oceanic
distances of spreading have occurred. The initial rifts may have had a

higher heat input. Sediments are dominantly clastic, although the post-

rift series may form as a carbonate bank as well as a clastic fan. The basins
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are primarily of Mesozoic and Tertiary age. They represent 18% of the worlds
surface basin area, however due to their predominant offshore location and
accessibility to the petroleum industry technology (90% offshore and 55% in

deep water), only 10% of these basins are productive. To date, these basins

have displayed low productivity, however many appear to be gas prone, particularly
where humic source rocks predominate. The eventual contribution of these

recently explored basins will greatly effect the magnitude of the worlds

ultimate petroleum resources.

TYPE 6 SUBDUCTION BASINS

(Fig. 10)
Type 6 Subduction basins are small, linear basins with an irregular
nrofile. They may be subdivided on the basis of their relation to the
volcanic island arc which is often present on the back side of a subduction

zone: -- 6A Fore-arc basins, are located on the oceanward side of the
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volcanic arc; 6B Back-arc basins are located on the back side or cratonic
side of the volcanic arc; and 6C Non-arc basins are located where subduction
and wrench faulting have destroyed the island arc. Their genesis is related
to regional compression along subducing or convergent margins. They are most
often Tertiary in age and most often filled with clastic sediments. Although
regional compression is present in the areas where these basins develop
considerable wrench movement takes place creating tensional block movement over
which sediments are draped. Drape over fault blocks provide the main traps
while compressional anticlines, wrench anticlines and flowage features provide
the traps in some basins.

Type 6B and 6C basins, because of the high heat flow in back of or on
the craton side of subduction zones display high geothermal gradients often
providing for a highly efficient maturation and migration of petroleum, however

to date this has been typified by a very low gas to oil ratio. Reservoirs are
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predominantly sandstones, ranging from shallow marine deposits to turbidites,
often in the form of multiple pay zones. These basins represent 7% of the
worlds basin area. Some of these basins (6C and 6B) have the highest oil
recovery per volume of sediments of all basin types.

The gas to oil ratio in these basins appears to be low representing only

a small percentage of world gas reserves.

TYPE 7 MEDIAN BASINS (Fig. 11)

Type 7 Median basins are small, linear basins with an irregular profile.
They occupy the mountainous, folded, "median" zone (or interior portions of
Cenozoic/Mesozoic megasutures) which has been developed either between an
oceanic subduction zone and the basins of the craton or the collision zone
between two cratonic plates. They are essentially the "rifts" of the median
zone formed by wrench movements and foundering creating local tension within

the compressed and uplifted mountain belts surrounding the convergent margins
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of some continents.
Geothermal gradients appear to be normal to high, sediments are dominantly
clastic and trap types are block uplifts over which structural-stratigraphic

accumulations occur -- characteristics similar to Type 3 Cratonic Rifts.

TYPE 8 DELTAS (Fig. 12)

Type 8 Deltas are generally small, circular shaped depocenters with an
extremely high ratio of sedimentary volume to their surface area. They are
most often the site of present day "bird foot" deltas which are prograding
seaward. Their sedimentary fill is derived from major continental drainage
areas. They appear to develop in any tectonic setting; with more than one
third developed over Type 4 Downwarp basins, 17% along Type 5 Pull-apart
basins, 16% are over Type 6 Subduction basins, 12% in Type 3 Rift basins, 12%
in Type 7 Median basins, and 7% over the submerged portions of Type 2 Composite

basins. Their location is about equally divided between divergent and convergent
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margins either along open or confined coastal areas.

They are predominantly Upper Tertiary in age with an entirely clastic
fi11. The tensional regime results in "non-basement" or sedimentary/structural
development of traps primarily by tensional, growth (roll-over) anticlines and
flowage. Low geothermal gradients, down to a commonly present overpressured
zone, are perhaps due to the dampening effect of rapid deposition, resulting
in below average depths of most accumulations. A unique field size distri-
bution (in those deltas.which have production to date) involves few giant fields
even though the producing basins are quite rich in hydrocarbons (Klemme 19758).
A predominance of land derived terrestrial (humic) organic matter and extensive

overpressured zones leads to a high gas to oil ratio.

COMPARISON OF PETROLEUM CHARACTERISTICS BY BASIN TYPE

The world's heat flow and resulting temperature regime in any given basin
influence the depth at which oil and much gas begins primary migration and the
depth that oil alters thermally to gas. Temperature, depth, and the timing of
initial nydrocarbon accumulation in reservoir rocks also effects the secondary
changes in reservoir rock petrography. The geothermal regime for the various
basin types appears to be related to tectonic location and basin evolution
(Klemme 1975A). More heat input occurs on the backside of subduction zones
(Type 6B and C), along convergent margins, within many Type 3 cratonic rifts
and during the initial rifting of divergent margins. More than normal heat
input seems to be present in portions of Type 4 Downwarps into small ocean
basins. Higher geothermal gradients are often present in Type 2A basins whose
evolution includes initial rifting. Type 1 Interior and Type 2 Composite
basins generally have a low heat flow. Lower gradients are present in Type 8
Deltas and Type 5 Pull-Apart basins where rapidly deposited, th{ck fans of
sediments are present.

The small basins with high geothermal gradients (3, 6, and 7), surprisingly,

have low gas to oil recovery ratios. Many of these oil rich basins may have gas
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at depths which has not been prospected, due to the premium placed upon 0il
production. Some may have "dogleg" geothermal gradients (Hunt 1979) which
considerably reduce the interval of the "“gas window" - thus limiting the
sedimentary volume of the basins prospective gas zoneby amore shallow hydro-
carbon destruction zone. High geothermal gradients will reduce the actual
thickness of the gas generation zone, thereby limiting the volume of gas

prone sediments in many small, hot basins. In general, it appears that (Fig. 13)
relatively more gas, per unit volume of sediments, occurs in the larger basin
types (2, 2R, 4A, 4C, and possibly 5) and the high vo]qﬁe to area depocenters
of Type 8 deitas. It is speculated that the more extensive "drainage" areas
between the larger than normal trap areas, the source (extensive humic or
"coaly" deposits), the presence ofeffective regional seal or caprocks and
reservoir quality (extensive evaporite and carbonate sequences) often

typical of the sedimentary fill in these basins, may result in more efficient
migration and entrapment of greater volumes of gas than in the small basins.
In part, the efficiency of larger basins for accumulating large gas reserves
may be related to the difference of the physical properties of gas and oil
which was previously discussed in considering the differences in BTU magni-

tude of giant oil vs. gas fields (ie. with more space available, in large
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basins, for more gas dispersal to large trap areas - and possibly more leakage
of gas from poorly sealed small basins).

At present, the least measurable or distinguishable phase of the
petroleum cycle of generation, migration and acculation appears to be
migration. Movement of hydocarbons from source rocks to traps involves
both 1) primary migration, which involves the release and expulsion of
petroleum from source rocks, and to a considerable extent, is dependent
upon temperature and depth, and 2} secondary migration which involves the
movement of petroleum to traps, principally by buoyancy, where the tectonic
and hydrodynamic character {Coustau 1975) of the basin become equally important.
Type 1, 2, 4A, and 4B basins are more consolidated and compressed (mature) on
both an evolutionary basis and as a hydrodynamic setting, with considerable
invasion of meteoric waters where centripital movement along extensive
structural-stratigraphic "ramps" and a tilted potentiometric surface provide
the framework for long distance secondary migration of gas from an extensive
area of source material. Type 4C, 5, 8, and some Type 3 basins are younger,
tensional, less consolidated, less mature basins and involve more vertical
fractures (often underlain by geopressured zones). A large portion of these

basin sediments are still compacting and secondary migration may be influenced
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by poth centrifugal and more than normal vertical water and gas movement. A
basin's evolution through time often includes different tectonic environments
with different hydrodynamic regime. Variation in premeability of both the
basin fill and the vertical fracturing or faults within the fill may change
as a basin evolves. Initial tension basins with vertical fracturing and
vertical migration may mature to consolidated basins with extensive “ramp"
migration, which when further compressed may again fracture vertically
allowing late phase vertical migration - as in the Iranian Fold Belt of the
Arabian/Iranian basin (Dunnington 1958, Young 1977).

The various basin types have a general commonality on the basis of
dimensional and tectonic configuration. When the sedimentary fill of the
eight basin types is considered, there is greater varjation. Basin fill
source material and primary reservoir quality is a critical modifier of
the hydrocarbon potential. Variations in basin 1ithology may be 1inked
to basin size, the time they take to be filled, and their age and tectonic
setting. Geologically older, larger, long lived basin Types 1, 2, and 4
generally are mixed clastics and carbonates, while smaller basin Types 6,

7, and 8 with shorter fill time contain more clastics. Younger basins
frequently display rapid lateral facies changes. Types of crude oil and

gas to oil ratios appear to be initially related to lithologic types,

more specifically to the influx of humic (terrestrial) or sapropelic (marine,
lacustrian) organic matter (Hunt 1979). The large type 2 basins with mixed
clastics and carbonates display sources of both humic and sapropelic material.
Primarily thermal alteration of sapropelic source shales provide the giant
gas fields in type 2 Composite basins, while the giants in type 2A Complex
basins are dominated by the biogenic, humic gas of the West Siberia giants
and the thermal alteration of both humic and sapropelic source material in
the 2A basins of Central Austrialia and North Africa. Large Type 4 Downwarp
basins are predominated by thermal alteration of oil prone sapropelic or
mixed paralic source shales. Smaller, predominantly clastic basins (Type

3, 6, and 7) have about an equal amount of giant gas reserves derived from
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both humic and oil prone source rocks, most often paralic. Type 8 Deltas
are generally a mixture of interfingering sapropelic and humic source rocks.
Glant gas fields (over 3.5 TCF) represent less than 1% of the worlds
gas fields, yet they make up two thirds of all gas found to date. The
1) ratio of giant to non-giant gas fields, the 2) relative recovery of gas
per unit of area or volume and 3) world gas reserves are shown by basin
type in Figure 13. Type 2 Composite, 2A Complex, Type 48 Downwarp trough
and Type 8 Deltas appear to be gas prone. To date, Type 1 and, with

exceptions, Type 3, 6, and 7 basins are oil prone. Type 8 Deltas, Type 2A
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Complex and Type 4A Downwarp closed basins display a high degree of gas
recovery per unit (volume or area) of sedimentary fill; the latter two
basin types have above average giant gas accumulations while Deltas have
few giants. The relationships in Figure 13 appear to have the same general
magnitude when the “super basins" (Arabian/Iranian and West Siberia) are
removed from the tabulation.

Although more oil than gas (on a BTU basis) can accumulate in any
given trap, gas occurs over a wider depth range than oil in any given
basin. Considerable giant gas reserves are found above the 0il and gas
condensate "window" as the result of either a biocgenic origin or in the
marginally mature zone of source rock maturation. Below the "oil window"
gas becomes the main product of deep drilling (15,000 ft.). Therefore,
in most basins the vertical potential, and the extent of basin volume
available for gas formation and accumulation exceeds that of oil. Most
of the giant gas fields are located in the intermediate to deeper zones
where higher temperatures prevail and older reservoirs (often carbonates)
are present, while about a quarter of the giant reserves are related to
a shallow biogenic origin.

In addition to the fundemental parameters of petroleum accumulation,
the following factors appear critical for gas giants; 1) basin size,

2) trap size, 3) effective seal or regional cap rocks, and 4) humic
source beds or deep oil prone source material. Basin types as classified
herein determine or influence, 1) basin size, 2) trap type and size, 3)
reservoir 1ithology and character, 4) prevelance of regional evaporitic
seal, 5) temperature (geothermal gradients), 6) depth and rate of basin
subsidence -- however, they appear to have little influence on the
amounts or ratio of humic to sapropel material.

The characteristics of gas accumulations and the history of the
petroleum search suggest that the ultimate reserves of "in place"

conventionally recoverable gas will approach that of oil.
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DATA SOURCES USED IN THE ESTIMATION OF WORLD
NATURAL GAS RESOURCES

Joseph D. Parent
Institute of Gas Technology, Chicago, 1llinois, USA

Summarv. The Institute of Gas Technology has been issuing a resource report annually
which includes estimates of the proved and remaining recoverable matural gas resources
of the United States and of the world.) The U.S. proved reserves data used are those
of the American Gas Association, and the estimated range of U.S. additional remaining
natural gas is based on values published by major oil and gas producing companies,
the United States Geological Survey, and the Potential Gas Agency.

Estimates of world proved reserves are based primarily but not exclusively on
the annual publications of World Oil, Oil and Gas Journal, and of the individual

country oil, gas and energy ministrieg. World toral ultimately recoverable natural
gas has generally been given by broad regioﬁs rather than by countries, but in any
case, estimates are few in number and quite variable.

These data do not always agree well, so an effort must be made to pick the most
suitable values. In general, it is impossible to pick a single value for amy particular
case except in a very few instances where a consensus might be reached. Even then,

t resally should be accompanied by a statement of the uncertainty. It is virtually
always better to use a range, preferably one based on probability levels of, say,
10% and 90%.

Proved Reserves Data Sources

Country Source

USA American Gas Associa:ionz
Canada Canadian Petroleum Associationz
Mexico Various spokesmen for PEMEX
U.K. U.K. Dept. of Emergy

W. European countries Eurostat (Statistical Office of the
European Communities)

World 04il and 04l and Gas Journal publish data annually for all of the gas and

oil producing countries. Other journals such as the Petroleum Economist publish

single country data from time to time.

Proved Reserves of Natural Gas by Country: Procedure & Problems

For many years, the principal detailed sources of worldwide oil and gas re-

serves data by country and region have been the 0il & Gas Journal and World Oil.
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The former has been publishing such data annually in late December as of the

current year-end (or January 1 of the next year), while the latter has been publish-
ing comparable data each August 15 as of the end of the previous year. WRorld Oil
also publishes revised data for the prior year. Agreement has generally been
reasonably good in the past, but in the last several years, World 0il has been

considerably more conservative than 0il & Gas Jourmal. 0il & Gas Jourmal has not

been giving data for\individual communist countries other than China and the U.S.S.R.

These journals try'to obtain proved reserves data for each producing country,
and their data are labeled as proved. However, comparison with some Western European
data published by Eurostat and the U.K. Dept. of Energy4 indicate that in sowe cases
the published eatimates included some reserves which might be more properly classed
as "probable." O0f course, there is a problem with rapidly developing areas, such as
the North Sea, where evaluation of new discoveries is difficult due to insufficient
data - a situation which improves as more wells are drilled and operating experience
gained. It is expected that reserves for developing aress will increase for some
time until the production rate catches up with the rate of addition to reserves.

To arrive at figures for proved reserves for the IGT report, annual reserves
data of the two jourmals for 1971-1978 were tabulated along with data from other
sources, such as the U.S. Geological Survey's compilation as of year-end 1971 in

6'7'8, the anaual surveys of the British

Prof. Paper No. 8175, various W.E.C. surveys
Petroleum Co, ANEP (Annuaire de L'Europe Petroliere), and of the U.K. Dept. of
Energy. Where data were available directly through national agencies, these were
taken into considerarion also. Then, the data were examined for consistency and
reasonableness of trends. In some cases, there have been large changes upward or
downward in successive annual estimates, indicating great difficulty in obtaining
reliable data. In such cases, an effort was made to select the most appropriate
current values. The accompanying table(J)shovs the IGT estimates for year-end 1978
determined in this way. U.S. and Canada data are those of the American Gas

Associarion, American Petroleum Institute, and Canadian Perrolewm Association.z

U.S. Undiscovered Gas

A number of estimates have appeared in receat vears of the amount of natural

gas which exists in the United States over and above proved reserves (Fig. 1). This
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Tah | IGT Estimate of
Worldwide Proved Natural Gas Reserves
as of 12-31-78, TCF
Algeria 105-122 Albania 0.45
Angola 1.2-1.7 Bulgaria 0.47
Cameroon N O—-Z- 4 Czechoslovakia 0.47
Congo T E. Cermany 3.19
Dahomey 2.2-3.0 Creece 0.05-4.0
Egypt “L=J. Hungary 4.2
Cabon 0.04-2.4 Poland 4.7
Ghana - Roumania 4'36
Libya 26.2-28.5 Yugoslavia 1.4
Morocco 0'01'0‘23 Total, E. Europe
Mozambique 0.2-2. excl.' U.5.5.R. -
Nicerss 42-51.6 19.3-23.2
Rep. 5. Africa g‘l‘ Bahrain 7.0-9.3
Sudan - Iran 400-500
Tanzania 0.03 Iraq 27.6
:u?isla ggb Israel 0.01-0.06
aire ——— Kuwalit -
Total, Africa 1872.5-220.7 N Gone 2153137'3
Oman -
Canada 59.5 Qatar Z;g-iés
U.S.A. 208.9 Saudi Arabia 66-50
Total, N. America 268.4 Syria 1.5-2.6
. Turkey 0.03-0.50
:ex;c: o 0§50 , U. Arab Emirates 20.2-21.5
arbados VIV i
Total, Middle East .0-763. .
e hopstd s ota i s 601.0-763
Cuba :: Afghanistan 2.6
gua;emala Bang ladesh 8.0
onduras S B i/Malaysi -
Total, C. America 42.5~45.8 a::::l aysta 55130
China/Taiwan .
Argentina 8.5-12.0 Ind:a 30;:§
Bolivia i’-;’ Indonesia 24
qule 3‘0 Japan 0.5-0.8
Chile ) L‘B Pakistan 14.7-16.0
Coiombia . Phillipines 0.2
Ecuador 0.3-4.0 Thailand .8
5 .
5eru . }; Total, far East
enezuela = excl. Communist -
Tocai S. America 520-74.2 84.2-99.8
China, Mainlanod 21~
Austria (2).;5 U.S.5.R. 7;§ 530
Denmark . i i -
poanar 2.9-6.5 Total, Communist Asia 796-925
W. Germany 6-“1765 Australia 28.5-31.0
Ireland 6 7-5 0 N. Zealand 6.0
;u;y Land éo 6& New Guinea .2
- _— Ve
N::-u:; ands 23.5 Total, Oceanla 34.7-37.2
Spain 0.3
United Kingdom __26.¢
Total, W. Europe 130.2-138.5
Regional Totals
Crude 0il, 10° bbl  Natural Gas, TCF
Africa 53,152-59,602 208.8-228.7
N. America 34,660 282.3
C. America 29,578 66.4-66.7
S. America 24,605-25,323 73.4-79.3
W. Europe 15,518-17,973 116.2-136.4
E. Europe, excl. U.S.S.R. 1,906-2,456 19.0-30.9
U.S.S.R. 58,000-67,000 810-900
Middle East 311,426-337,756 600.5-645.1
Far East, incl, China, P.R. 32,165-36,574 118.2-142-2
Oceania 2,410-2,925 34.2-37.2
world Toral 563,424-613,847 2329.0-2548.8
World Midrange 588,636 a,439
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additional gas may be found in the future in both new and known fields. Future
reserve additions in known fields include gas to be found as extensions and revisions
to known amounts and in separate reservoirs close to, as well as in, strata above

and below known pools.

The Potential Gas Committee (PGC) has periocdically assessed the U.S. potential
gas supply (exclusive of proved reserves). The last evaluation was as of December 31,
1978.°

As used by PGC, probable potential resource includes gas from known accumula-
tions by extensions and revisions and by discoveries above and below and near
existing reservoirs. Possible potential resource includes gas which may exist
in new fields in formations previously found productive, but separated distinctly
from existing fields. Speculative potential resource refers to gas which may exist
in formations or provinces not previously productive; PGC appears to be more
generous than some other agencies in this category. The problem here is the high
degree of uncertainty.

PGC, estimates are not based on a specific wellhead prica, but adequate incen-
tives for developing the gas, and steady developmant of techmology are assumed.

The latest study was limited to a depth of 30,000 feet and a water depth of 1000 m.
The well depth and water depth figures may differ from those used by other agencies.
And no agency has used price directly as a factor in its estimates of undiscovered
gas.

The U.S. Geological Survey has also preiodically assessed the U.S. natural
gas potential supply. Its most recemt publication was in 1975.10 Instead of
reporting a consensus value, as in the PGC report, USGS used a range corresponding
to 52 and 952 probabilities. Where a single value was given, it was the "statistical
mean,' defined as the average of high, low and modal values.

Figure 2 shows the USGS estimates of potential oil and gas resources with the
aid of the McKelvey diagram. Measured reserves are the proved reserves as reported
by A.G.A., which currently is the only agency regularly providing such data. USGS
figures for economic identified-inferred oil and gas represent hydrocarbon quantities
expected to be recoverable from known fields over and above what has been proved.

As such, these quantities are essentially similar to the PGC probable potential
resource. The USGS quantities were calculated by means of Hubbert's a factor,
vhich 1is one of several methods which have been proposed for expected growth over
time (and field development) of new discoveries data. Ope may question why several
other techniques were not used to provide othar estimates for kmow field growth.

Quantities in the identified-subeconomic class represent those which might
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become economically recoverable from known fields in the future solely because of
improved recovery technology. They are based on a gas recoverability increase from
the assumed 80% to 907%.

It is not known how the USGS figures for undiscovered recoverable resources
were obtained, so it is difficult to compare data in this class to the PGC possible
and speculative quantities. PGC does offer a brief discussion of their estimation
techniques for all potential gas supply. For example, the basic procedure is to
compare factors that control known occurrences with factors present in prospective

areas. Presumably, USGS uses this method also.

Checks on U.S. Proved Reserves Estimates

The U.S Federal Power Commission reported an independent assessment of U.S.
proved gas reserves in 1973.10 They accounted for 261.6 TCF as of year-end 1970;
this compared to the A.G.A. figure of 286.7 TCF for that time. Seayll made an
analysis of the two sets of data and concluded that the problem was inadequate
sanpling and uncertainty in the average reserves attributed to the various reservoir
size classes.

Subsequent to the FPC study, the Federal Energy Administration (FEA) also made
a check on U.S. proved reserves 1? TEA reported U.S. proved reserves of 237 TICF of
natural gas as of December 31, 1974; this compared to the A.G.A. figure for the
same date of 237.1 TCF, or 233.2 TCF when put on the same basis as FEA (excluding
3.9 TCF produced and in underground storage). FEA said that, "these estimates seem
to differ no more than might be expected of estimates from different sources.”

FEA's final tepottlJ showed nearly the same numbers: 240.2 TCF of natural gas.

FEA indicated that it would have liked to classify reserves according to price,
but could not obtain the necessary data.* This is still a desirable objective.
Indeed, the recent allowance of higher gas prices by the Natural Gas Policy Act of
1978 was intended not only to encourage the search for new gas but to move some
known gas resources from marginal status to economically recoverable.

In still another reliability check, the National Research Council (NRC) engaged
in 2 study of the potential for increasing natural gas production from six fields
in the Gulf of Mexico in the near term.la Because the results of the study were
somevhat unexpected, an effort was made to reevaluate the reserves of the fields
vhich vere examined. The consulting firm which did the work found values very much
less for most of the fields than had been quoted by USGS (largely on the basis of
operators' data). The consulting firm used standard procedures, and the general
nature and calibre of their work was approved by an independent consultant. It was
concluded that the data originally supplied by USGS were probably based om imitial
‘estimates and adjusted for cumulative production, and that the original esrimates
were probably very imprecise. NRC in its report not only suggested periodic re—
appraisals (which presumably is done by most responsible operators), but went so far
as to say that if the overestimation they found is representative of other fields,

the total proved gaa reserves of the country may be significantly lower tham previocusly

*
This may be very difficult to realize since estimates are not tightly related to
wellhead prices or to producers’ costs.
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estimated. This suggestion seems out of order in view of the studies conducted
previously by FEA and FPC. However, it is clear that individual values can be quite
uncertain and even somewhat erroneous. Also, errors are expected in both plus and
winus directions, with a tendency to counterbalance in the aggregate; they are not

expected to be biased heavily in one direction.

Some Checks on the U.S. Potential Gas Resource

Because of the lack of agreement among the various estimates of undiscovered

15 The end result

gas, the National Academy of Sciences (NAS) made a study of its own.
was much like the oil company estimatea. The probable increment to proved reserves

in known fields wvas teken as 501 of the proved reserves. The amounts expected in

newv fislds appear to be a consensus of the experts who served on the NAS committee.

A ussful result of the study was to bring earlier USGS estimates to more probable
values in terms of economically recoverable quantities rather than the much higher
total potential resources which seem to have characterized earlier USGS estimates.

A partial check wvas also made by the American Association of Petroleum Geclogiats
with a study of several regions on the Rocky Mountain province.l6 It was concluded
that recoverable natural gas in the Wind River basin was some six times chat - estima-
ted by USGS, and that in the Green River basin, recoverable natural gas was twice
that estimated by USGS.

Judging by this and other studies already mentioned, there is considerable
latitude in estimates of undiscovered reserves.

As promised in its 1975 report, USGS has been working on a revision of their
estimates, A nevw report may be forthcoming this year. Preliminary news releases

indicate considerable differences in some regions and some tightening of ranges.

Rezaining Recoverable Natural Gas

More than a dozen roush estimates of world ultimately recoverable natural gas
ware published in the interval 1967-79. The average value vas 9,000 to 10,000 TCF.
The variation was great, from 6,000 to 16,000 TCF, with a standard deviation of
3,000 TCF. It ie difficult to say which data are too high or too lou. In this
connection, Odcll17 has reported a disagresment on world gas reserves at a 1975 In-
termational Institute for Applied Systems Analysis workshop in which a producing
industry representative estimated world natural gas resources at 5,000 TCF, while
Grossling of the USGS felt it should or could be six times higher. According to
Odell, the industry representative "agreed that his figures (2 T bbl of oil and
5,000 TCF of gas) are not really ultimately recoverable reserves of oil and gas, but
his company's expectations as to how the situation could develop up to the year 2000
under certain assumed economic, political and technical conditiomns.”

The methodology used in making estimates of remaining recoverable gas or of
ultimately recoverable gas (remaining recoverable plus cumulative production) is

by its nature very imprecise. For example, Hubbertl8

in his 1974 testimony to

the U.S. Senate sald, "About the best that can be done at present is to assume that
the ratios of natural gas and of natural gas liquids to crude oil will be about

the same for the world as it is for the United States." Using ratios of 6,400

cu ft of natural gas per barrel of crude oil and 0.2 barrel of natural gas liquids
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per barrel of crude oil along with a resource base of 2,000 x 109

bbl of crude oil,
he calculated 12,800. TCF of natural gas and 400 x 109 bbl of natural gas liquids.
Although recent estimates of ultimate recovery of natural gas have tended to
be on the order of 9,000 to 10,000 TCF, Adams and Kirby of British Petroleum Co.
suggested 6,000 TCF as a more reasonable ultimate recovery of natural gaslg; the
National Academy of Sciences gave 7,000 TICF for proved plus undiscovered, and 7,740

TCF for the ultimate recovery.15

The latest estimate is that of Meyerhoff presented
at the 1979 World Petroleum Congress.zo He indicated the current remaining re-
coverable nonassociated gas Tesources to be 6,950 TCF, of which 2,473 TCF are in

the proved reservas class. Meyerhoff gave no indication of associated gas resources.
One could, of course, assume a ratio of associated gas to crude oil and estimate

this quantity. A rough estimate by the author indicated that the ultimately
recoverable natural gas including associated-dissolved gas would be about 9,100 to
9,900 TCF based on Meyerhoff's estimate, plus cummulative production of 1,027 TCF

through 1978 and nonassociated gas being 70 to 80X of the potential gas resource.

Regional Distribution of Remaining Recoverable Gas Resources

Several estimates of remaining or ultimately recoverable resources have been
published on a regional basis. For example, in 1965 Hendricks published a list of
estimated quantities of petroleum, natural gas and natural gas liquids in various
regions throughout the vorld.21 Rough estimates were presented for quantities
originally in place and for possible ultimate discoveries. His gas estimates can
be harmonized with those of more recent data by taking about 50Z of his natural
gas in-place estimates as recoverable. 70 to 802 seems more reasonable for con-~
ventional natural gas, but lower figures are in order for accumulations in tight
rock and certain other situations.

15 and

Mobil and the National Academy of Sciences also published regiomal data,
A.G.A. also presented estimates at the 1977 World Energy Conference.zz Meyerhof f
presented regional estimates of remaining recoverable nonassociated gas. The various
regional data are in poor agreement, making a good consensus estimate all but im-
possible. Using these data and adjusted Meyerhoff data, regional estimates were
made of the ultimately recoverable gas. Then the remaining recoverable gas was

obtained by subtracting the cumulative production. Clavie ’L) .

Estimated Remaining Recoverable Natural Gas As of

“roi a -
e Year-End 1978

Region Remaining Recoverable
u.s. 715-1215
Canada 400
Latin America 500
Africa 350-550
Europe 350-500
Middle East 2000~2450
U.S.5.R.

Other Asia 3000
Oceania 500
Antarctic 85

7900-9200
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A DISCOVERY MODEL FOR PETROLEUM EXPLORATION

PJ.Llee
Institute of Sedimentary and Perroleum Geology, Geological Survey
of Canada, Calgary, Alberta, Canada

ABSTRACT

A model for simulating petroleum exploration history is formalized,
displaying one possible outcome of future exploration of an area. The model
consists of two components: the Markov chain and the mechanism of sampling
without replacement. The simulated exploration history can provide significant
information for energy policy formulation and cost analysis. Data from the

Labrador Shelf of Canada is used to demonstrate the applications of the model.

INTRODUCTION

The procedure of estimating oil and gas potential developed by the Geological
Survey of Canada (Roy, 1975; Energy, Mines & Resources, Canada, 1977} presents
the oil or gas potential in a probability curve. Based on the potential at a
given probability level, e.g. P;y (potential at probability 10%), the procedure
can also generate a set of hypothetical pools distributed in accordance with a
conditional pool size distribution. The sum of all pools is approximately equal
to the estimate, P;,. The pools generated also take account of all the input
data including appropriate reservoir characteristics such as pool area, net pay,
depth, productivity, etc. Such hypothetical pools can be used for economic and

cost analysis.

One question that arises is whether or not a discovery rate may be projected
to determine how much exploration activity is required in order to achieve a
desirable value of reserve. This paper explains how to establish and apply

such a discovery model for simulating petroleum exploration.
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THE DISCOVERY MODEL
The discovery model for petroleum exploration consists of two components.
The first is a Markov chain, the second is the mechanism of sampling without

replacement.

The Markov Chain Component

The realization, D-G-G-D-D-G-D-D-D-D-G-G-D, represents the exploration
history of the Labrador Shelf of Canada in chronological sequence. The symbol
D represents a dry hole state, while the symbol G represents a gas discovery
state. The realization indicates not only the number of discoveries but
also the frequencies from one state to another state. The exploration history

data can be tallied as:

Dry Hole State Gas Discovery State
Dry Hole State 4 3
Gas Discovery State K 2

The above array indicates that the exploration history has passed four
times from dry hole to dry hole; two times from gas discovery to gas discovery,
and three times from gas discovery to dry hole and vice versa. From this

information the estimated transition probabilities are:

r
70,571 o.azé}

f =Lp.eoo 0.300 )

The transition probabilities specify that the probability of a dry hole
following a dry hole is 0.571; the probability of a gas discovery following
a gas discovery is 0.400, the probability of a gas discovery following a dry
hole is 0.600 and so on. Thus the probability for a following dry hole is
dependent on the previous state. This is a two-state Markov chain (Cox and
Miller, 1965, p. 76-145),

Given the matrix of transition probabilities P, one can find the state
probabilities at any time n using matrix multiplication of P. Thus, for
example, given that the first well is a dry hole, the probability that the
third well is a dry hole or a gas discovery is expressed by the following

matrix:
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In time the exploration history settles down to a condition of statistical
equilibrium in which the state probabilities are independent of the initial
conditons as:

oo o]

Thus, the mean recurrence time of gas discovery is equal to 1/0.417 = 2
dry holes. In words, on the average for every three holes there would be a
gas discovery.

The matrix P and its multiplication are used to simulate an exploration
history. This mechanism will generate a series of D's and G's displaving one

of the possible exploration outcomes. The next question concerns the pool size

for each discovery. This is considered in the following section.

The Mechanism of Sampling Without Replacement

Factors controlling the discovery probability of a hypothetical pool,
or 'pool' are pool size, Xi’ play risk Pr for the 'pool' and exploration
activity Ei'

The pool size can be expressed in terms of volume or area. The play risk
is a marginal probability that the 'pool' bears hydrocarbons. The exploration
activity can be quantified by footage drilled or any arbitrary number.

The probability for ;he i-th ‘pool' to be discovered is:

Pi=Xi~Pr'Ei/:z_:Xj'Pr'EJ. (4)
where X, = pool size, Pr = play risk for the 'pool’, Ei = exploration activity,
N = total number of 'pools' in the population.

Table 1 illustrates how these factors can influence the discovery probability.
Suppose that for an area containing only two ‘pools', these 'pools'
have the pool volumes 8.0 and 2.0 billion cubic meters of gas, respectively.
Then their discovery probabilities would be 0.8 and 0.2, respectively. The
play risk is assumed to be 0.1 for 'pool' 1 and 0.30 for 'pool' 2, thus, the
discovery probabilities become 0.57 and 0.43, respectively. Finally, if the

factor of exploration activity is considered (Table 1), then their final discovery
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TABLE 1 - FACTORS CONTROLLING THE DISCOVERY PROBABILITY OF A HYPOTHETICAL POOL

Hypothetical Pool 1 2

Pool Volume 8.0 x 10%m3 2.0 x 10%m3
Probability 0.80 0.20
Play Risk 0.10 0.30
Probability 0.57 0.43
Exploration Activity 0.40 0.60
Probability 0.50 0.50

probabilities are equal.
The mechanism of sampling without replacement is adopted in the model.
When a 'pool' is discovered, it will be removed from the population. Discovery
probabilities for the remaining yet-to-be discovered 'pools' are then rescaled.
The discovery model executes the Markov chain and sampling without

replacement components until all 'pools’' are discovered.

SIMULATED EXPLORATION HISTORY

A total of 56 hypothetical pools were created from a recent Labrador Shelf
assessment. They are from seven plays with play risks raniing from 0.08
to 0.33. The exploration activity was not considered in this case. For
purposes of illustration one possible value of potential for a given probability
level has been selected. Figure 1 shows the past exploration history and
a simulated future exploration discovery. It indicates that about 172
exploratory wells would have to be drilled in the Labrador Shelf in order to
discover all 'pools'. The figure also suggests that larger 'pools' with
relatively low play risks would be found at the early stage of exploration.
Figure 2 shows the cumulative reserve found at different exploration stages
and characterizes the behavior of the future discovery rate in the Labrador

Shelf.
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The result of simulation is also controlled by the initial random
number used to start the simulation process. Different initial random numbers
might vield slightly different results. The heavy line of Figure 3 shows the

average of the ten simulation runs. Figures 1 and 3 would provide significant

information for energy policy formulation and development cost analysis.

CONCLUSIONS

The discovery model simulates a future petroleum exploration history. It
displays one of many possible outcomes. However, the characteristics of the
simulated exploration history will provide valuable information for energy

policy and cost analysis.

The model is applicable to the situation that all exploration wells
drilled utilize previous well information. In Canada, this model has greatest
application in frontier and offshore regions where relatively sparse drilling

has occurred.

ACKNOWLEDGMENT
The author is grateful to Dr. R.M. Procter for his critical reading

of this manuscript and suggestions.

REFERENCES

COX, D.R. and H.D. MILLER (1965) The theory of Stochastic Processes.
Methuen § Co. Ltd., London

Energy, Mines and Resources, Canada (1977) 0il and Natural Gas Resources
of Canada, 1976. Minister of Supply and Services Canada

ROY, K.J. (1975) Hydrocarbon Assessment using Subjective Probability and
Monte Carlo Methods. Pages 279-390, First IIASA Conference on Energy Resources,
May 20-21, 1975, edited by Michel Grenon. Oxford: Pergamon Press



179

PAST WORLD GAS RESOURCE ESTIMATES

Robert L. Whiting
Texas A&M University, College Station, Texas, USA

INTRODUCTION

The purpose of this paper is to present and analyze past world gas
resource estimates. Present and past investigators have based their
predictions of the ultimate recoverable resource of gas upon either the
estimated volume of conventional gas which has been discovered to the
date of the prediction or upon the estimated conventional gas reserves
at the time of prediction. Most investigators have chosen the latter
option since such estimates are the most readily available.

Since conventional gas reserves are derived from both associated
and non associated gas reservoirs, estimates of crude oil reserves must
be known. Hence, both 0il and gas reserve estimates are presented and
related to the time at which the estimates were made. The influence of
field and laboratory data, the natural reservoir drive energy, production
practices, economics, etc. on the accuracy of such estimates is discussed.

It is concluded that the estimate of ultimate recoverable gas resource
should be based upon the estimate of initial gas in place and the appro-
priate reservoir drive energy and production practices. Examples of such
estimates for associated and non associated gas reservoirs are presented
and discussed.

Using these observations and conclusions, past world gas resource
estimates are reviewed and analyzed.

INITIAL GAS IN PLACE AND GAS RESERVE ESTIMATES

Procedure

In order to make an accurate estimate of the initial gas in place
and/or the gas reserves, much field and laboratory data are needed and
detailed geological and engineering analysis are required.

The methods used in assessing gas resources have been presented in
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a companion paper at this conference and hence will not be repeated here.
However, the generalized procedure may be summarized as follows. Since
the conventional initial gas in place and gas reserves may be derived
either from free gas and/or gas in solution in reservoir oil, it is first
necessary to ascertain the type of gas accumulation, that is, associated
or non associated. The reservoir pressure, temperature, fluid composi-
tions and fluid properties must also be determined initially and at sub-
sequent times as fluids are produced from the reservoir. The volume of
the hydrocarbons in the reservoir is estimated by the volumetric and/or
materials balance method. Simultaneously, the natural reservoir energy
drive must be determined. Under ideal conditions, with this information
the initial gas in place may be estimated. Then the gas reserves may be
estimated assuming the reservoir drive energy is applicable throughout
the production history of the reservoir to the date of the estimate.
However, rarely in practice does the reservoir drive energy and/or pro-
duction practices remain constant for an appreciable period of time -
and certainly not throughout the entire life of the reservoir - due to
physical and economic restraints.

Effect of Field and Laboratory Data

In most cases, initial estimates of oil and gas in place and oil
and gas reserves are based upon very limited field and laboratory data.
As a consequence, errors in these estimates may occur and are magnified
by reservoir heterogeneity coupled with indecision as to the type of
reservoir energy drive. As additional data are obtained, these estimates
may be made with greater precision.

Such estimates have been characterized? into three periods in the 1ife
of a reservoir as shown in Figure 1. During the first period - before
any wells are drilled on the structure or in the sedimentary basin - esti-
mates are generally made upon the basis of the areal extent established
by geophysics, surface and/or subsurface geological reconnaissance studies
and analogy to similar reservoirs in the same or similar petroleum pro-
vinces. These estimates, expressed in barrels per acre, range from pessi-
mistic (non-productive) to very optimistic.

Assuming the first (wildcat) well proves the structure to contain
hydrocarbons, the gross formation thickness is obtained from drilling
and/or drilling fluid logs. Hence, the bulk volume of the hydrocarbon
reservoir may be estimated. With the additional information provided by
down-hole logging, core analysis and reservoir fluid analysis, an esti-
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Figure 1 - Crude 0i1 Recovery Estimates During
the Life of a Field

mate of the hydrocarbon content of the reservoir may be made and the
result may be expressed in barrels of hydrocarbon per acre foot. Early
pressure history may provide a basis for a qualitative determination

of the natural reservoir drive energy. £Estimates may then be made with
better accuracy and the range of estimates, shown in Figure 1, is smaller
than that made initially.

As additional wells are drilled and more reservoir rock and fluid
data are accumulated, subsurface maps of all types are prepared permit-
ting more accurate volumetric estimates of the hydrocarbons in place.

After the discovery well is drilled, hydrocarbons are produced from
the reservoir. Simultaneously with the hydrocarbon volumetric estimates,
production decline curve and/or materials balance calculations are made
to estimate the initial hydrocarbons in place, the type of natural reser-
voir energy drive and the hydrocarbon reserves. With increased hydrocar-
bon production and continued estimation by various methods, the range of
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optimistic and pessimistic estimates decreases and, as shown in Figure 1,
they become identical on the date of ultimate hydrocarbon recovery.

From the foregoing, it is evident that the estimate of initial hydro-
carbons in place and the hydrocarbon reserves is highly dependent upon
the field and laboratory data available on the date of estimation. Hence,
such estimates are constantly being reviewed, updated and changed.

Effect of Type of Natural Reservoir Energy Drive

A further complication in estimates is that it is often very diffi-
cult to identify, quantitatively, the type of natural reservoir energy drive
early in the life of the reservoir. Further, failure to recognize the
presence of a more efficient type of natural reservoir energy drive than
that assumed may result in greatly overestimating the initial hydrocarbons
in place. Also the origin, occurrence, migration and accumulation of
petroleum is such that the type of natural reservoir energy drive may
change as fluids are produced from the reservoir. Although in most cases
this does not change the estimate of hydrocarbons initially in place in
the reservoir, the ultimate recovery of hydrocarbons may be greatly affected.

The simplest illustration of this is found in many non associated gas
reservoirs throughout the world. Development drilling may establish a
large occurrence of gas and a sufficient number of wells are drilled to
provide the desired gas production rate. However, drilling may be inade-
quate to delineate the extent of the gas accumulation. Since it is a
large gas accumulation and the gas withdrawals are small in comparison,
field pressure and production data may indicate that the natural reservoir
energy drive is volumetric. Estimates of initial gas in place and gas
reserves are made on this basis. With continued production it may be
observed that some of the wells located structurally low decrease in
production and in some cases completely "water out". It is evident then
that at least a portion of the natural reservoir energy drive is provided
by water encroachment. Under these circumstances, all wells should have
been located structurally high in the reservoir to minimize damage by
encroaching water. Further, if the water encroachment is exceedingly
strong the wells should have been produced at exceedingly high rates in
order to minimize the pressure and hence volume of the gas trapped behind
tihe invading water.

In such a gas reservoir, the overall effect of a change of the type
of natural reservoir energy drive from volumetric to water drive may be a
reduction of gas recovery from 80-90% to 35-65% depending upon reservoir
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rock and fluid properties and the activity of the water drive. This will
greatly reduce the ultimate recovery of gas from the reservoir. Hence,
the initial estimates of gas reserves will need to be reduced accordingly.

Similarly, 0il reservoirs with and without associated gas may
exhibit changes in the type of natural reservoir energy drive during the
producing life of the reservoir. Such reservoirs may have associated
aquifers wnich remain dormant during much of the early life of the reser-
voir and later become the dominant natural reservoir energy drive. Also
reservoir rock and fluid conditions may be such that as the reservoir
pressure declines and gas is released from solution in the oil, the gas
will migrate upward forming a secondary gas cap. Such developments may
cause considerable changes in the ultimate recovery of 0il and gas from
tne reservoir and hence the gas reserves.

Effect of Economics

Society unknowingly restrains the development of gas resources - and
hence gas reserves - because of economics. Unquestionably, gas producers -
be they countries, corporations or entrepenuers - are in the business to
make a profit. In fact, if geologists and engineers are to best serve
gas producers - and yes, even society - they should use their expertise to
maximize the profit from each investment in gas resources. Hence, there
is an optimum well spacing for oil and/or gas wells in any particular
reservoir for a given price of oil and/or gas. If the price of oil
and/or gas is increased, more wells may be drilled in the same reservoir
thereby increasing the estimate of initial gas in place in the reservoir
and/or the ultimate gas recovery from the reservoir. The recent explosive
infield drilling in West Texas has clearly demonstrated the influence of
economics on gas resources, reserves and productivity.

The case cited for the non associated gas reservoir which developed
an active water drive later in the 1ife of the reservoir motivates the
gas producer to higher gas production rates in order to improve economic
return on investment, while at the same time improving ultimate gas
recovery. Hence, ultimate gas recovery may be related to gas production

rates.

Effect of Production Practices

The ultimate recovery of gas from a reservoir is not only affected by
the natural reservoir energy drive but also by supplemental reservoir
energies which man selects to apply to the reservoir. These supplemental
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energies are ordinarily characterized as secondary or tertiary processes.
and involve the injection of water, gas or chemicals into the reservoir.
Ordinarily, although such processes do not change the estimate of the
initial hydrocarbons in the reservoir, the ultimate recoveries of the
hydrocarbons may be increased appreciably. Here again it is demonstrated
that production practices may increase ultimate hydrocarbon recovery.

In associated gas reservoirs, with or without water drives, production
practices can decrease the ultimate hydrocarbon recovery. As gas prices
become more favorable relative to oil prices, the incentive will be to
produce the associated gas, thereby decreasing the ultimate oil recovery
and some of the gas associated with the oil as solution gas. Improper
production practices in combination solution gas-gas cap-water drive
reservoirs can also reduce the ultimate hydrocarbon recovery from such
reservoirs.

Effect of Technology Improvement

It was mentioned in the previous section that application of secondary
and tertiary processes to associated gas reservoirs could increase crude 0il
and natural gas recovery. Although these processes are well developed at
this time, there exists the opportunity for their improvement. Also,
economics and the methods for characterizing reservoirs with respect to
heterogeneity are the principal deterrents to greatly expanded application
of secondary and tertiary processes.

Improvements in hydrauiic fracturing, explosives, acidization and
other reservoir stimulation techniques are being made constantly. Such
improvements in technology could conceivably doubie natural gas reserves.

RESERVE ESTIMATES

Crude 071

Historically, world gas resource estimates have been based most
frequently upon conventional gas reserve estimates probably because initial
gas in place estimates are not readily available. Hence for this paper,
historical estimates of oil and natural gas reserves were assembled from
all known sources and coupled with the author's petroleum data base. After
analysis of the data and selection of the estimates which were considered
to be most representative, the data were recorded in tabular and graphical
form. To the extent practical, the data were also organized to indicate
geographical distribution of estimates as well as the time at which the
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estimates were made. The crude oil reserve estimates were organized by
country for the period 1932 to 1979. To conserve space, only eight surveys
are shown in Table 1. However, all of the total world crude 0il reserve
estimates are shown in Figure 2. Efforts to complete the author's con-
tinuing study of crude 0il and natural gas reserves on five year intervals
for the period 1900-1950 were unsuccessful, However, this work is continu-
ing and ultimately will be completed on a year to year basis.

The crude oil reserves - time relationship shown in Figure 2 clearly
indicates the year to year variation of such estimates for the reasons
discussed in the previous section of this report as well as additions of
reserves of new fields. The growth of these crude oil reserves during the
period 1945-1970 was predicted quite accurately by petroleum geologists and
engineers in the mid 1950's. However, most expected the reserves to continue
such increase until 2000 A.D. The writer is unable to explain to his satis-
faction the anomalous reserve estimates for the past ten years. To the
pessimist, this trend is evidence that our world crude oil reserves are
peaking., It must be admitted that the shape of the curve is similar to that
of Texas, USA and Pennsylvania, USA when their reserves peaked. However,
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Table 1
ESTIMATED WORLD CRUDE OQIL RESERVES
(AS OF JANUARY 1 QF YEAR)
BILLIONS OF STOCK TANK BARRELS

Country 1932 1947 1955 1960 1965 197 1975 1979
Saudta Arabta 5.0 35.0 48.0 59.2 137.0 103.5 113.3
Kuwait 9.0 28.0 60.0 70.0 n.2 70.9 71.4
USSR 3.0 9.5 10.0 23.0 33.0 58.0 48.6 58.4
[ran 2.2 6.0 13.0 22.0 37.0 55.0 68.0 45.0
Iraq 2.5 6.0 14.0 23.0 26.0 28.5 35.1 34.4
UAE N N 6.5 16.0 26.4 31.6
Mexico .3 9 1.7 2.5 2.6 5.6 3.1 28.4
USA 12.0 21.7 30.3 31.7 3.0 29.6 34.2 27.6
Libya 1.5 9.0 30.0 23.0 27.2
China 4 0.8 5.7 14.8 20.0
Venezuela 2.0 7.5 10.7 16.9 17.2 16.0 14.6 18.2
Nigerta n 1.3 5.0 19.6 12.3
United Kingdom 12.0 10.2
Algeria 3.0 6.0 8.0 9.0 9.6
Indonesia 2.1 8.0 8.5 18.0 12.0 7.8
Neutral Zlone .3 2.6 10.0 13.0 10.} 6.2
Canada .2 2.4 3.5 6.2 8.6 7.2 5.8
Norway 5.5 4.1
Qatar 1.5 2.0 3.8 3.9 5.4 3.8
Oman 3.0 3.3 3.3
Australia .2 1.8 2.7 K|
Brunei-Malaysia 1.0 1.1 .4 .4 .7 4.7 2.4
Argentina 2 .2 .3 1.4 2.2 1.6 2.5 2.4
Others 1.4 2.4 3.9 5.8 10.9 17.6 20.0 22.1
Tota) 24.5 69.5 153.3 255.9 341.8 533.8 556.2 568.6

the writer prefers to believe that the shape of the curve is due to over-
estimation of the crude o0il reserves for fields discovered during 1965-70.
Recently, such estimates have been corrected - and perhaps even underesti-
mated - and hopefully the crude 0il reserves curve will soon resume its
upward trend. Also, many of the large oil fields, those containing four
billion barrels crude oil reserve, have been reduced in reserves not only by
reestimation but by very high withdrawals of crude oil. However, the
existing crude oil reserve trend must be viewed with great concern.

Natural Gas

To prepare the summary of the natural gas reserve estimates, the gas
reserves of associated gas reservoirs - the gas cap gas and the solution
gas - were combined with those of the non associated gas reservoirs. The
results are shown in Tables 2, 3 and 4 and in Fiqure 2. The natural gas
reserves are presented for the period 1945-1979 and are organized in the
tables to show the trend of reserves by country at five year intervals,
except for the classical estimate of Weeks' which was made in 1962. One
table presents these data for the five most recent years. Figure 3 clearly
shows the historical growth of the natural gas reserves and the phenomenal
growth since 1965. From this evidence it appears that this growth is con-
tinuing at a constant rate and there is no evidence to indicate that it will
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Table 2 ESTIMATED WORLD NATURAL GAS RESERVES
(AS OF JANUARY 1 OF YEAR)
TRILLIONS STANDARD CUBIC FEET

1945 1950 1955 1960
USSR 4.0 25.0 30.0 66.0
Iran 10.0 6.0 4.0 8.0
USA 144.0 186.0 224.0 264.0
Algeria 36.0 38.0 38.0 51.0
Saudia Arabia 9.0 29.0 37.0 41.0
Netherlands 2.0
Canada 9.0 11.0 27.0 4.0
Mexico 10.0 11.0 13.0 11.0 \
Qatar 3.0 3.0 3.0 5.0
Nigeria 0.8
Venezuela 9.0 14.0 21.0 30.0
Kuwait 6.0 3.0 37.0 40.0
Brunei-Malaysia 1.0 0.8 0.6 0.4
Australia 4.0 3.0 2.0 1.0
Libya 6.0 4.0 2.0 2.0
United Kingdom 0
Iraq 17.0 21.0 20.0 21.0
Pakistan 5.0 5.0 14.0 14.0
China 1.0 1.0
Indonesia 7.0 5.0 2.0 3.0
Abu Dhabi 2.0
Neutral Zone 3.6 2.0
Argentina 4.0 4.0 4.0 4.0
Norway 0
Rumania 2.0 3.0
Others 21.0 24.0 26.0 35.0
Totals 305.0 392.8 510.2 640.2

not continue at this rate.

Figure 2 clearly shows the year to year variation of natural gas
reserve estimates due to the factors mentioned previously, as well as
additions of reserves of new fields. During the past ten years, natural

gas reserves in many of the largest fields have been reduced. However,
these reductions have been offset by new natural gas field discoveries.

Summary

The total world reserves (1/1/79) of natural gas of 2426 trillion cubic
feet can be considered to be approximately thirty-five percent (35%)
associated gas and sixty-five percent (65%) non associated gas. This is
testimony to the fact that the future availability of natural gas from
present reserves is dependent to a great extent upon future oil production
and practices related to oil production.
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Table 3 ESTIMATED WORLD NATURAL GAS RESERVES
(AS OF JANUARY 1 OF YEAR)

TRILLION STANDARD CUBIC FEET

1962 1965 1970 1975 1979

U.S.S.R, 75.0 98.4 322.0 699.8 813.6
Iran 22.5 80.0 107.0 374.4 372.0
U.S.A. 275.0 28).3 275.1 2371 200.3
Algeria 50.0 60.0 145.,0 100.2 122.0
Saudia Arabia 45.0 52.0 82.0 61.0 68.8
Netherlands 2.6 43.0 85.5 17.0 66.8
Canada ! 36.0 43.4 52.0 56.7 62.7
Mexico 10.0 1.5 12.0 n.2 58.9
Qatar 7.5 8.0 7.3 7.8 58.5
Nigeria 3 1.7 5.0 50.2 51.8
Venezuela 33.0 30.7 26.5 42.9 45.0
Kuwait 33.0 35.0 40.0 38.1 37.3
Brunei-Malaysia 5 .6 4.0 18.2 36.4
Australis 8 3.3 15.1 32.3 3.5
Libya 3.7 5.0 26.0 28.3 30.6
United Kingdom B D 35.0 30.0 27.0
Irag 22.5 21.5 19.5 27.5 26.7
Pakistan 15.0 18.8 18.9 15.5 26.4
China 2.0 3.0 3.6 17.0 26.0
Indonesia 2.0 2.0 2.8 15.0 28.2
Abu Dhabi 3.0 5.0 8.8 24.9 19.2
Neutral Zone 2.0 4.0 5.8 19.8 19.0
Argentina 6.0 6.5 6.4 7.1 15.3
Norway 0 0 0 19.4 14.3
Rumania 4.8 7.8 6.0 6.8 12.3
Others 69.2 45.4 62.3 128.7 156.1
Totals 721.5 867.8 1373.5 2146.9  2425.7

Over the past twenty years supporting data permit the following

observations:

1. Sixty-five percent (65%) of the natural gas reserves are located
in five (5) countries; seventy-seven percent (77%) are located in
ten (10) countries.

2. Fifty-nine percent (59%) of the crude o0il reserves are located in
five (5) countries; eighty-one percent (81%) in ten (10) countries.

3. Eighty-five percent (85%) of the natural gas and ninety percent
(90%) of the crude oil reserves are located in fifteen (15)
countries.

4. One hundred-and-thirty (130) natural gas fields, each with a
reserve exceeding one trillion cubic feet, contain eighty-four
percent (84%) of the natural gas reserves.

5. Seventy-four (74) oil fields, each with reserves exceeding one
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Table 4  ESTIMATED WORLD NATURAL GAS RESERVES

U.5.5.R.

[ran

U.S.A.
Algeria
Saudia Arabia
Netherlands
Canada

Mexico

Qatar

Nigeria
Venezuela
Kuwait
Brunei-Malaysia
Australia
Libya

United Kingdom
Irag

Pakistan
China
Indonesia

Abu Ohabi
Neutral Zone
Argentina
Norway
Rumania
Others

Totals

(AS OF JANUARY 1 OF YEAR)
TRILLION STANDARD CUBIC FEET
1975 1876 1977 1978 1979

699.8  710.0  781.0 774.9  813.6
374.4  374.8  375.0  373.&  372.0
2371 228.2  216.0  208.9  200.3
100.2 1155 1185 122,58 122.0
61.0 63.4 6¢.9 66.8 68.8
77.0 73.9 7.6 69.0 66.8
56,7 57.0 58.3 59,5 62.7
1.2 1.9 15.4 27.9 58.9
7.8 47.8 56.8 58.8 58.5
50.2 52.2 51.4 51.6 51.8
42.9 44.3 44.9 4.8 45.0
38.1 37.8 37.2 37.3 37.3
18.2 19.0 17.5 16.9 36.4
32.3 36.6 34.7 34.5 34.5
28.3 28.5 28.3 28.5 30.6
30.0 31.9 3.3 32.0 27.0
27.5 27,5 "21.3 27.4 26.7
15.5 18.4 19.3 19.1 26.4
17.0 16.4 21.0 25.0 26.0
15.0 18.0 22.8 24.6 24.2
24.9 19.5 19.2 18.7 19,2
19.8 19.7 19.1 19.0 19.0
70 7.4 7.1 16.0 15.3
19.4 24.7 24.0 17.0 14.3
6.8 6.7 5.8 12.2 12.3
128.7  131.2  134.9  142.4  156.1

2186.9  2225.3 2305.9 2328.7  2425.7

billion barrels, contain fifty-four percent (54%) of the crude
0il reserves.

Twenty-three (23) oil fields, each with reserves exceeding four
billion barrels, contain thirty-nine percent (39%) of the crude
oil reserves.

Seventy percent (70%) of the hydrocarbon reserves are located
onshore or on the continental margins.

Over eighty-five percent (85%) of the hydrocarbon reserves are
found in post-Permian sediments.

0f the hydrocarbon reserves, approximately twenty-five percent
(25%) are found in sandstones, twenty-five percent (25%) in
carbonates and fifty percent (50%) in other types of rocks.
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COMBINED CRUDE OIL AND NATURAL GAS RESERVES AND CUMULATIVE PRODUCTIONS

Some investigators base their ultimate gas resource estimates on a
crude 0il total equivalent of the crude oil and natural gas reserves and
productions. Hence, the world reserve estimates discussed earlier were
combined with the writer estimates of the historical world cumulative
productions of 0il and natural gas. The results are shown in Table 5.

The results are as expected by the writer but are somewhat Tower than
other investigators have reported. Due to the trend in crude oil reserves
during the last ten years the total equivalent crude oil and natural gas is
increasing less rapidly than in the past. An analysis of these results for
the 1955-1975 period on a five year interval yields percentage increases
from 1955 of 47, 36, 52, and 26. The writer's most recent information for
1979-1980 indicates that the increase will be approximately 18% for the
1975-80 period. This result leads one to believe that future predictions by
earlier investigators may be optimistic.

PROPOSED METHOD FOR ESTIMATING ULTIMATE NATURAL GAS RESERVES

For many years, on a continuing basis, the writer has actively
participated in oil and gas and other energy resource and reserve estimates.
His procedure for making such estimates for crude oil reservoirs ordinarily
necessitates the estimate of the original oil in place; the cumulative oil
production; the oil recovery by the natural reservoir energy, primary
recovery; the oil recovery by waterflooding and/or gas injection, secondary
recovery; the ultimate oil recovery by combined primary and secondary
recovery; the residual oil in place after primary and secondary recovery;
the o0il recovery by enhanced 0il recovery techniques and finally the total
oil recovery by all processes. Reservoir rock and fluid criteria together
with economic analyses, are used to select the most favorable enhanced o0il
recovery process for a particular reservoir.

The results of such an evaluation made by the author for the world
crude oil reservoirs, and updated to December 31, 1977, are shown in Table 6.
In order to quantify and characterize the crude oil resource and reserves,
tables similar to this are prepared for crude 0il reservoirs having various
characteristics including API gravity, viscosity, gas solubility, etc.

Also, statistical studies are made of reservoirs to estimate the original
0i1 in place and reserves related to time, cumulative crude oil production,
annual crude oil production, etc. A1l of this information is combined to
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form the data base for predicting the original o0il in place and reserves for
each individual formation, type of rock (sandstone, limestone), field, county,
district, state and for countries. The accuracy of the data base is checked
periodically by comparing results for the future obtained through its use
with actual performance data. Modification of the data base has been made
historically to improve accuracy of predictions.

The results shown in Table 6 are, to the writer's knowledge, the first
published summary of world resource data in the detail shown. The writer is
convinced that investigators who predict future crude oil and natural gas
resources should predicate such estimates on summary tables such as Table 6.
Obviously, these summaries are a compilation of individual field studies
and evaluations.

There is little opportunity for comparison of Table 6 results with
the efforts of other investigators other than in the totals shown for each
column. The original oil in place for the world falls within the range of
estimates of other investigators. However, this provides little confidence
since the range reported has been from 2800-3600 billion stock tank barrels.
The cumulative 0i1 production for each country and the total cumulative oil
production represent the best data available and are those used by the
writer in evaluations.

The reserves shown are for the most part considerably higher than
those reported by others. Reserves are considered to be indicative of
the crude 0i1 which geological and engineering data demonstrate with reason-
able certainty to be recoverable in future years from known reservoirs under
existing economic and operating conditions. The author's higher reserve
estimates are due to his acceptance of the applicability of secondary and/or
enhanced recovery techniques to specific reservoirs prior to completion
and/or operation of the method. However, pilot testing has indicated in
such reservoirs that the technigues are economic. Similar comments are
applicable to the ultimate recovery estimates. The ultimate recovery values
shown represent combined primary and secondary recovery processes.

The residual oil in place values indicate the volume of oil remaining
in the reservoirs after application of primary and secondary recovery
operations. Hence, the residual oil volume is the target for application of
enhanced oil recovery techniques.

The enhanced recovery estimates were made after detailed reservoir
evaluation considering the rock and fluid properties, reservoir temper-
ature and pressure and economics. As might be expected an extremely wide
range of percentage recoveries were obtained due to the diversity of rock
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and fluid properties applied, the engineering management of the reservoirs
and economics. Enhanced o0il is considered to be new 0il in the U.S. and
the estimates for recovery are based upon a world price of $25 per barrel
in the future (constant dollars).

It is significant that of the 3,229.8 billion STB of o0il in place,
only 1,114.3 billion STB of 011 is estimated to be recoverable by combined
primary and secondary recovery methods. Hence, 2,115.5 billion STB of oil
will remain in the reservoir as residual oil. At the date of the report,
the combined primary and secondary crude o0il production was estimated to
yield a 34.5% recovery based upon original oil in place. It is estimated
that an additional 202.1 billion STB of o0il will be recovered by enhanced
recovery methods, which would yield a 40.8% ultimate oil recovery total.

It should be recognized that the application of enhanced recovery
techniques to petroleum reservoirs is dependent upon technology, economics,
and government policy. Improved economics and government policy stability
is essential if the residual oil resource is to be expeditiously exploited
through application of enhanced recovery techniques.

It is proposed that summaries such as Table 6 be employed to estimate
the natural gas reserves in associated gas reservoirs and serve as the basis
for prediction of ultimate gas resources.

Further, it is recommended that similar studies be conducted and the
results published for non associated gas reservoirs. Many investigators
who are predicting ultimate natural gas resources are utilizing natural
gas reserve estimates without a knowledge of the estimate of initial gas
in place, the cumulative gas production, the assumed type of reservoir
energy drive, etc. More precise estimates are urgently needed in order to
formulate plans for alternative energy resources in the future.

At the present time, the writer is conducting a study of the major oil
and gas fields in the world and hopes to prepare a table similar to Table 6
for natural gas.

PAST WORLD CRUDE OIL AND NATURAL GAS RESOURCE ESTIMATES

It appears that there was little concern among the petroleum experts
in the world as to the longevity of the crude oil and natural gas supply
prior to 1955. In the U.S.A., at this time, U.S.A. Congressional action
in the Phillips case, upheld by the U.S.A. Supreme Court, fixed the price
of natural gas at the wellhead. Immediately thereafter there was much
discussion, study, reports and papers concerning the future crude oil and
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natural gas reserves. However, during the period 1955-65 there was a much
greater petroleum producing capacity in the U.S.A. than demand. For example,
for an extended period of time in Texas, wells were permitted to produce
only four days a month with an allowable of 10 STB/day and gas wells were
shut in. There were many warnings by individuals, major petroleum compan-
ies, independents and financial institutions of impending petroleum shortages
commencing in the 1970's. However, due to curtailed petroleum production,
economics were such that petroleum exploration was minimal and crude oil
reserves remained constant for 10 years. However, foreign operations
increased and potentially large new reserves of crude oil were identified,
particularly in the Middle East and North Africa. During this same period

of time, the petroleum demand continued to increase. At the time, natural
gas was considered to be an undesireable product of crude oil production.
However, with its low cost fixed by law, natural gas demand increased

rapidly and by 1965 the petroleum industry was actively engaged in natural
gas property development. This history indicates how economics may

seriously deter the development of resources.

During the period 1955-65, many predictions of the ultimate crude
01l and natural gas resources, Table 7, were made and with few exceptions
fell within a range of two to three times the reserves estimated at the
time. Using the historical estimates presented in this paper, this would
be 300 to 1000 billion STB for crude oil and 1000 to 2500 trillion SCF of
natural gas. At the present time (1/1/79) crude 0il reserves are estimated
at approximately 550 billion STB and cumulative crude o0il production is
approximately 400 billion STB. Hence, it appears that the 1955-65 crude
oil ultimate resource estimates have been realized. For natural gas the
reserves are estimated at approximately 2400 trillion SCF and the cumulative
natural gas production is 970. It appears that these early estimates of
ultimate natural gas resources have also been exceeded.

A noteable exception to these predictions was that of Lewis G. Neeks12
in 1959. He predicted, Table 7, the ultimate crude 0il resource by primary
processes as 1900 billion STB and by secondary as 1500 billion STB for a
total of 3400 billion STB. He also predicted the ultimate natural gas
resources from petroleum reservoirs as 6000 trillion SCF. Excluding second-
ary crude oil recovery, Weeks' estimate for the ultimate crude oil resource
is over seven times (1900/250) the estimated crude 0il reserve in 1959 and
over five times (1900/345) the estimated crude oil reserves plus the accum-
ulative crude oil production. His estimate for ultimate natural gas
resources was ten times (6000/620) the estimated natural gas reserves and
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over seven times (6000/834) the estimated natural gas reserves plus the
cumulative natural gas production.

In the late 1960's it became more evident that the U.S.A. crude reserves
and production would peak in the 1970's. Hence, increasing attention was
directed to evaluation of the ultimate crude oil resources in the U.S.A.,
although little interest was shown in natural gas resources. Numerous
National studies were made and the results are shown in Table 7. With
one exception, the ultimate crude oil resources were approximately six
times the crude 0il reserves existing at the time of the estimate. Later
revisions in the one exception made it agree more closely with the other
estimates.

With the Arab Embargo, the world became more conscious of petroleum
supply and demand. As a consequence, numerous studies of petroleum
reserves, production, recovery, ultimate resources, etc. were initiated.
Many of the studies are still underway or their results have not been
released. However, the results of world studies, known to the writer and
made public, are summarized in Table 7. With one exception, the concensus
is that theestimated ultimate crude oil resource is 2000 billion STB, the
ultimate natural gas resource is 6000 trillion SCF and the total equivalent
crude oil and natural gas is 3000 billion STB. The exception cites these
estimates as 1000, 3000 and 1500, respectively. For those in general
agreement, the ultimate resource estimates for crude oil and natural gas
are approximately three times the estimated reserves of crude oil and
natural gas, respectively, at the time of estimation. Combining the results
of Table 7 with the crude o0il and natural gas production data shown in
Table 5 gives an ultimate total equivalent crude oil and natural gas
estimate twice the total equivalent crude oil and natural gas reserves
plus crude oil and natural gas productions at the time of estimation.

This implies that additional crude oil and natural gas equal to that already
discovered will be found.

It should be noted, to the writer's knowledge, none of these estimates
for crude 0i1 consider secondary or tertiary recovery processes. Tablie 6
shows the crude o0il discovered {1/1/78) as 3229 billion STB. However, the
ultimate recovery by combined primary and secondary processes is estimated
to be only 1114 billion STB corresponding to a recovery of 34.5% of the
original oil in place. Enhanced oil recovery is estimated as only 202
billion STB, or 6.3% of the original o0il in place. This latter estimate is
limited primarily by economics, and under favorable conditions could be
500 billion STB. However, favorable economics may be deterred because of
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the price of alternative energy resources. It is interesting to note that
Weeks in 1959 predicted that the ultimate crude oil resource by secondary
recovery would be 1500 billion STB. Table 6 predicts only 150 billion STB.
There are two explanations for this low estimate. One is economics and the
other is that in many of the large o0il fields of the world, little or no
attention has been directed to secondary recovery because the business of
crude oil production is preeminent. The fact that the estimate of crude
011 reserves of the world have remained approximately constant for the past
ten years should be a warning that we may be approaching peak reserves. It
is already late to plan pilot projects and/or initiate secondary recovery
operations in many of the world's great oil fields. Ultimate crude oil and
natural gas recovery has already been reduced by delay in application of
these processes. I suspect that North's estimates were influenced by the
trend in the crude oil reserve estimates. Hence, the concensus ultimate
crude oil resource estimate must be viewed with concern. However, the
concensus ultimate natural gas resource estimate appears to be easily
realizeable if economics of alternative energy resources permit.

SUMMARY AND CONCLUSIONS

There is evidence that there is sufficient crude oil and natural gas in
the Earth's crust, and drilling and production technology is adequate to
achieve the ultimate crude o0il and natural gas estimates made in the past -
particularly those made during the past decade.

Economics of competing alternative energy resources, environment
considerations and politics are considered to be the principal deterrents
to achieving the estimated ultimate resources.

Reserve estimates are dependent upon field and laboratory data, type
of natural reservoir energy drive, production practices, technology,
economics and politics. As a conseguence, reserve estimations for all
types of petroleum reservoirs are periodical]y revised.

There is evidence that the reserves of recently (1965-75) discovered
large crude oil and natural gas fields have been overestimated. Adjustment
of these reserves has been occurring and this may account - at least in
part - for the constancy of world crude oil reserve estimates during the
past ten years.

The future ultimate resources of crude oil and natural gas are largely
dependent upon discoveries and development in the unexplored offshore basins,
West Siberia and the Mideast. Overestimation of the resources of these
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regions could seriously impair achievement of the estimated ultimate re-
sources.

The consensus world ultimate crude oil resource estimate is 2000
billion STB, corresponding to approximately four times the present crude oil
reserves and twice the present crude o0il reserves plus cumulative natural
gas production.

The consensus world ultimate natural gas resource estimate is 6000
trillion SCF, corresponding to approximately three times the present
natural gas reserves and twice the present natural gas reserves plus
cumulative natural gas production.

The consensus world ultimate total equivalent crude 0il and natural
gas estimate is 3000 billion STB, corresponding to twice the equivalent
crude oil and natural gas reserves plus the equivalent cumulative crude oil
and natural gas productions. Simply stated, it is predicted that a quantity
of crude o0il1 and natural gas equal to that already discovered will be
found in the future.
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ASSESSMENTS OF WORLD NATURAL GAS RESOURCES

Robert B. Kalisch
American Gas Association, Arlington, Virginia, USA

The remainder of this century could be the beginning
of the transition from conventional oil and gas resources
to alternate energy sources. Certainly at some future date,
the world must depend more on renewable and currently sub-
economic o0il and gas resources. Throughout the world,
long range planners are attempting to estimate how rapidly
this transition can occur. The key element of knowledge
in trying to make this estimate 1s an accurate, consistent
evaluation of the world's conventional oil and gas resources.

This paper will consider only the problems of estimating
world natural gas resources. Further, the perspective is
that of the user of such evaluations. The geologic and
engineering problems involved in producing useful estimates
are so formidable that it may be productive to specify the
non-geologic requirements for these estimates. In this way
the geologic and engineering questions can be defined with
a more precise understanding of need.

Users of world resource estimates often experience the
frustration of incompatible definitions. One of the most
difficult aspects of the definitional problems is that in
the assessment of recoverable volumes of natural gas some

essential definitions are frequently omitted.
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Economics, Technologv and National Policy

Estimates of recoverable volumes of natural gas

require some definition of the economic value of natural

gas. Recoverability implies a cost restraint - at some

price the gas can be recovered, at a lower price it can not

be recovered. A resource estimate, however, implies that

some of the gas might not be developed for ten,

twenty or

fifty years. This long period over which the economic

restraint must be applied makes the economic resource

evaluation particularly difficult. Some gquantitative

wellhead price data from the U.S. are shown in Figure 1

to illustrate this point. Clearly, a resource
made in the 1960 time period could not reflect
improved wellhead price incentives of the late

A separate aspect of the economic problem

evaluation
the vastly
1970's.

is the level

of technology which is used for determining recoverability.

Price
(¢ per Mcf)
60—

50

1

30+

FIGURE | Average Wellhead price.
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Technology and economics are usually viewed as different
issues. However, trade-offs exist between technology and
economics. At a high future level of technology the resource
may be producible at low cost. At current levels of
technology the cost of production may be excessively high.
The estimator then faces the problem that he is asked to
judge not only difficult economic issues which vary with
time but also the interaction of technology and economics
while the technology is changing witn time.

In nations with centrally planned economies the con-
gideration of the economics of gas recovery is even more dif-
ficult. Typically, there is noc overt economic judgement

on a well by well basis. The economic evaluation

of how much drilling should occur and what regions are to
be explored are decisions made without regard to the economic
viability of individual wells.

Even in a competitive economy national policy consid-
erations can distort the economic considerations. Wellhead
pricing, taxation policies, market controls and environmental
restrictions are just a few of the areas in which national
policy goals can accelerate or inhibit resource development.

Econonics, technology and national policies are
interacting variables which are themselves constantly changing
with time. Collectively, they cause major uncertainties
in the assessment of the recoverability of gas in a field.
Because of the difficultyin stating the assumptions regarding
these variables and projecting these assumptions and their
interactions over the time in which the resource will be
developed, the resource assessment is usually not defini-

tive in this regard.
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Market Conditions

A related, but distinct, part of the resource evaluation
is the market conditions which are assumed over the period
necessary to develop the resource. In the U.S. the future
gas supply and the resource Gevelopment which can be
anticipated are greatly influenced by market conditions.
The availability of other fuels, the price competitiveness
of alternate energy sources and the willingness of the end
users to buy natural gas are factors which guide producers
in determining if they should invest capital in natural gas
projects. Interestingly, the popular view of the availability
of natural gas is itself a major factor in determining how
much gas is developed.

Market conditions are affected by national policy also.
For example, U.S. legislative and regqulatory bodies have
been attempting to implement "“incremental pricing". The
intent of incremental pricing has been to allow residential
and commercial gas users to purchase less expensive "old
gas" and to force certain industrial customers to pay the
additional costs of the "newer" more recently developed
gas. This was to be implemented by an extraordinarily
complicated set of regulatory rules which would have had
a dramatic effect on every interstate pipeline and many
distribution companies. As a result of action by the
House of Representatives in May, incremental pricing has
been restricted to large boiler customers only. Other
industrial customers are not subject to federal incremental
pricing rules. Nevertheless, if this concept is applied

more broadly at some future date, it will serve to destablize
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the natural gas markets. This in turn will distort the
exploration and production activities just as wellhead price
regulation did and render a portion of the national resource
of natural gas unmarketable.

Geologic Considerations

Just as it is important to define and specify those
factors described above which strongly influence the resource
assessment, the primary geologic evidence must also be
specified to maximize the utility of the estimate.

Existing estimates usually describe the broad methodological
approach. However, in the past there has not been either a
periodic updating of such assessments or, as an alternative,
sufficient sensitivity studies so that the assessment can

be interpreted in light of subsequent discoveries and
experience.

In addition to the ability to adjust estimates to allow
for more recent data, there is a need to be able to compare
resource evaluations applicable to different parts of the
world. For example, to be useful in world resource planning
an evaluation of natural gas in China must be comparable to
other regional estimates. This is, of course, most difficult
in regions where the exploration and drilling have been
minimal. Yet, geologic methodology should reflect both the
possible size of the resource and the degree of geologic
uncertainty. The Potential Gas Committee approaches the
task as shown in Figure 2 with four categories of recoverable
gas, i.e., proved reserves and probable, possible and
speculative potential resources. A quantitative estimate

is made for each category. This technique gives the user
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ULTIMATELY DISCOVERABLE VOLUME
DISCOVERED UNDISCOVERED
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PROBABLE POSSIBLF SPECULATIVE

Figure 2— Categories of past, present and [uture natural gas supplies.

an insight into the nature of the resource as well as its
size.

Specification Needs

The foregoing might be interpreted as a desire to cast
the geologist making world gas evaluations into the analysis
of economic, political, technological and market conditions.
Even worse, the geologist might be called upon to project
future trends in these various disciplines in such a way
as to provide a basis for an estimate of recoverable
natural gas. Such ideas are clearly not practical. However,
for reasons cited earlier a carefully detailed description
of the assumptions made by the estimators would allow
different estimates to be compared and to used effectively.

Two examples might clarify this point of view. Many
world estimates are based on the analogy of one basin to
another. Because of the maturity of U.S. basins the analog
basin is often in the U.S. Recoverable gas volumes are related
to the recoverable gas estimate for some major U.S. gas
field. The analog estimate has guantitative significance
only if the assumptions regarding the recoverable gas
estimate for the model are known. Estimates of recoverable
gas volumes from many U.S. fields have increased significantly
with the changing economic and marketing conditions of the

past ten years. For example, the Hugoton field of the
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mid-continent area has been increasing in the estimated
ultimately recoverable gas volumes. Prior to 1970 the
Hugoton field was assessed to have an ultimate recoverable
volume of natural gas of 22.0 trillion cubic feet. By
1979 this volume has increased to 26.5 trillion cubic feet.
Although greater understanding of the geology and more
production data were important factors in this newer
assessment, a major factor was that the economically
determined abandonment pressure for the field changed.
Similar situations exist in many of the older and

larger gas fields in the U.S.

An assessment of the natural gas resources of the USSR
is greatly affected by the evaluation of the recoverable
gas volumes in the large Arctic fields east of the Ural
Mountains. Such estimates are greatly influenced by economic,
technological and policy decisions made, not on the basis of
competitive commercial economics, but as an element of long
range Soviet national plaﬂning. The decisions as to when
these fields will be developed are but one part in the
implementation of their overall national plan of action.

As such, these estimates are very different in character
from the assessment of natural gas fields in the U.S.,
Middle East, Africa, or the Far East. Again no detailed
analysis is needed to justify the geologists' views.
Rather, the assumptions that were made to derive these
volumes just need to be stated. The user of the estimate
is then in a position to adjust the estimate, as required,
to integrate this evaluation with the resource evaluation

from other parts of the world.
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Current Resource Assessments

Some of the most frequently referenced world natural
gas assessments are listed in Table 1. The comparability
of these estimates on the basis of the factors cited
above is seriously in doubt. In fact because of the time
span over which these estimates were made and the probable
inconsistencies in assumptionsregarding these factors, it
is surprising that the estimates are as close as they are
numerically.

In the 1977 paper titled "The Future For World
Natural Gas Supply"l an average of these estimates was made
which was weighted in favor of some of the more recent
assessments. The resultant estimate of world recoverable
natural gas was taken to be 9,650 trillion cubic feet or
10,500 exajoules. Even with the more recent estimates
having a greater weight in the averaging, it still appears
that the estimates place insufficient emphasis on the
rapidly increasing incentives for developing natural gas
resources.

Figure 3 illustrates one dimension of the improved
incentives for developing gas resources. It is a plot of
the ratio of gas to oil prices in the U.S. with both
prices expressed in dollars per million Btu. It is evident
that there has been a shift favoring gas exploration since
tne mid-1960's and although the Arab o0il embargo reversed

the trend briefly the steady trend favoring gas resumed in

lMcCormick, W.T.; Fish, L.W.; Kalisch, R.B.; Wander, T.J.;

The Future For World Natural Gas Supply, Arlington, VA; American

Gas Associlation, 1977.
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TABLE 1. Remaining recoverable world gas resources.

Year of Resources Remaining
Source Estimate Year-End 1975

{Exxajoules)
Hendricks (U.S.G.S.)2 1965 9470
Pyman (ESSO)°> 1967 12137
she11? 1967 10221
Coppack (Shell)5 1973 7249
Hubbert (U.5.G.S.)° 1974 13003
Mobil7'8 1975 7641-8599
Adams & Kirby9 1975 5606
National Academy of Sciences7 1975 7511

10

1.G.T. 1977 9960-10395

2Hendricks, T.A.(1965) Resources of 0il, Gas, and Natural Gas Liquids
in the lnited States and the World. Geological Survey Circular 522,
(Wwashington, DC: USGS).

3 Ryman (ESSO) (1967), cited in Adams and Kirby.
4 Royal Dutch/Shell Group (1967) Energy Tatterns of the Future.

5 Coppack, C.P. (1974) Natural gas. .Phil. Trans. R. Soc. London,
pp.463-83.

6Hubbert, M.K. (1974) U.S5. Energy Resources: A Review as of 1972,
Part I, in US Congress Senate Committee on Interior and Insular
Affairs, A National Fuels and Energy Policy Study. Committee Print,
Serial No. 93-40.

! National Research Council (1974) Mineral Resources and the Environ-
ment (Washington, DC: National Academy of Sciences).

EMoody, J.D. and Geiger, R.E. (1975) Petroleum resources: How much
oil and where? Technology Review March/April, pp.39-45.

9Adams, T.D. and Kirby, M.A. (1974) Estimate of World Gas Reserves,
Proceedings of the 9th World Petroleum Conference, Tokyo, 1974,

0Parent, J.D. and Linden, H.R. (1977) A Survey of United States and
Total World Production Proved Reserves and Remaining Recoverable
Resources of Fossil Truels and Uranium as of December 271, 1875 (Chicago:
Institute of Gas Technology) .

1975, PFigure 4 also depicts the competition between oil and
gas objectives as seen by the driller. More oil wells are
completed each year than gas wells although the gas to oil

ratio for well completions in approaching unity-equal
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numbers of oil and gas wells being completed in a given
year. In contrast productive wildcats completed have clearly
favored gas wells over o0il wells.
Conclusion

Current gas resource assessments.are needed throughout
the world as an aid to energy planning. Increasing demand
for oil and gas coupled with rapidly rising prices have
created a difficult environment in which such estimates
must be made. Variables such as economics, technology,
national policy and market conditions can quickly make a
valid geological assessment obsolete. More specific

descriptions of the assumptions and greater attention to



211

PRODUCTIVE WELLS
WILDCATS DRILLED

hy of
ol
Tk /
/
bk ¥ WELLS /
DRILLED )
131 LY
121
113 b
RATIOS OF
GAs weLLs o 1ol
OIL WELLS PRODUCTIVE
09} K} WILDCATS
03+
0.7 | 3
06 |
051 2
0.4T.
03l R | J | | J
rTT T Tr7T 17 rr 1717 v 1T 17717717 1 1717717711
1950 1965 1970 1975 1980
Figure 4. Gas to oil ratios - Wells drilled and productive wildcats.

sensitivity analyses can reduce the impact of changing
world conditions. Periodic updating of such assessments
made on a comparable basis with a common set of defintions

will do much to aid the energy planner.
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WORLD RESOURCES OF CONVENTIONAL GAS

M.S. Modelevsky
Academy of Sciences of the USSR, Moscow, USSR

Gas is, at present, one of the main sources of energy. Its share in the
world energy balance has doubled during the period 1950-1978 and is now about
20Z. Gas demand is steadily growing and there is a need to estimate the ex-
tent to which this demand can be met by natural gas resources. These estimates
vary from 87 to 580 MB w3 (Table 1) for the period 1967-1972. So wide a rate
of estimates is a proof of the great differences in objectives and methods of
estimation. It should be moted that estimates from the major oil companies
are, as a rule, lower than those fromgovernmental and scientific sources or
from independent specialists.

The energy crisis of 1973-1974 was followed by a sharp decrease in the
estimates of world gas resources. It is significant that these decreased
estimates were reported by the large oil companies at the 9th World Petroleum
Congress in Tokyo and at the lst IIASA Conference on Energy Resources in 1975.
The decrease in gas resource estimates was obviously dictated by prevailing
circumstances. A year later, at the 2nd IIASA Conference on Energy Resources,
higher estimates of gas resources were given (180 MB m3 for conventional gas
fields only) (Whiting, 1977). At the lOth World Petroleum Congress in
Bucharest, Meyerhoff (1977) also gave a significantly higher estimate of
these resources. An estimate of the amount and distribution of conventional
gas resources on a single and sound methodological basis is mecessary to
obtain objective information.

In the USSR, a number of methods for estimating gas resources have been
developed. The principle. of geological analogy is used in most cases. This
congists of studying the structure and constants of field distribution, and
the concentrations of gag-in-place reserves in well-kmown (training) areas.
The connections between these constants and gas reserves are then deduced
and the results so obtained are extended to lesser-known (target) areas
which are geologically similar to the training areas. In some cases, when
a great volume of geo-chemical information is obtained, it is possible to
calculate directly the amount of gaseous hydrocarbons which formed in the
source rocks, emigrated from them and accumulated in reservoir rocks
(Buyalov et al, 1962; Bakirov and Ovanesov, 1971; Buyalov and Nalivkin, 1979;
Modelevsky, 1979). These methods are well known. They were partially reported
at the 2nd IIASA Couference on Energy Resources in 1976 (Semenovich et al.,
1977).

It is more difficult to estimate resources of those regions and basins
which have not been studied enough to enable the principle of comparison of
training and target areas to be used successfully. Under these circumstances
it is reasonable to make more generalized estimates for the whole sedimentary
cover of the basin or of a large part of its area.
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Table 1. World gas resource estimates (with the exception of
deep-water resources)

Year Source Estimate (MB m3)
1956 US Department of the Interior 140
1958 Weeks (Jersey Unmiversity, USA) 140-170
1959 Weeks 170
1965 Weeks 200
1965 Hendriks (US Geological Survey) 430
1967 Riman (Esso) 340
1967 Shell 290
1967 Ion (Great Britain) 580
1968 Weeks (Weeks et al.) 200
1969 Hubbert (US Geological Survey) 226-340
1971 Weeks 200
1973 Koppak (Shell) 210
1973 Hubbert 340
1973 Linden (IGT, Chicago) 310
1975 Adamg and Kirkby (1975) 170
1975 Sickler (1976) 87°
1976 Modelevsky (1976) 280°
1977 McCormick et al. (1976) 290
1979 Meyerhoff (1979) 197
1979 Modelevsky (1979) 2552

aExcluding the socialist countries.

Analysis of 85 well-known petroleumbearing basins was carried out by
the author. A statistical relationship was deduced between the volume of
sedimentary cover in the basin and the gas-in-place resources (Figure 1).
There are three groups of basin, differing in the rate of gas resource
concentration per unit of sedimentary filling volume: those with a high,
middle, or low value of this ratio.

The first group includes basins in which the specific values of gas
resource concentration are the highest known. These are such predominantly
gas-bearing basins as the north-central European, the Dnieper-Domets, the
Lena-Viluj, the Gulf of Bengal, the Azov-Kuban, and the Santa Barbara-Ventura.
Middle ("normal") gas resource concentration is characteristic of such basins
as the Los Angeles, the north Sahara, the west Siberian, the Timan-Pechora,
the Persian Gulf, and the Gulf Coast. Low gas resource concentration is
characteristic of predominantly oil~bearing basins, for example, the Rhine
and the Sumatra basins. It should be stressed that the overwhelming majority
of the basins considered (67%) are "normal". About 26% of all basins are
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Figure 1. Statistical relationship between the volumes of basin sedimentary
filling and gas-in—place ultimate resources. I - Predominantly
gas-bearing basins, II - middle ("normal”) basins, III - predominantly
oil-bearing basins. The individual basins are (1) Rhine, (2) Viennma,
(3) South Sumatra, (4) Los Angeles, (5) Fergama, (6) Big Horm,

(7) Gulf of Suez, (B8) Illinois, (9) Santa Barbara-Ventura,

(10) Great Valley, (11) Dnieper-Donets, (12) Azov-Kuban, (13) Adriatic,
(14) west Canada, (15) Saravack, (16) Permian (USA), (17) Timan~
Pechora, (1B8) south Caspian, (19) north-central European (20) east-
Australian interior, (21) Gulf of Guinea, (22) Lena-Viluj,

(23) west Siberian, (24) Persian Gulf, (25) Gulf Coast, (26) Karacum,
and (27) morth Sahara. The gas resources of the USSR include free

and gas—cap gas only.

highly gas-saturated and 7% are gas—saturated to a small extent. The specific
gas resource concentration does not depend on the size of a basin. Small
basins such as the Ferganma, the Vienna, and the Big Horn, and large basins
such as the west Siberian and the Persian Gulf are also characterized by
middle gas saturation. Low gas saturation is characteristic of the Rhine
basin, the volume of sedimentary filling of which only slightly exceeds

10 M km3, and the Sumatra basin, the volume of whose sedimentary cover is

100 times as great. The minimum volume of a basin must be larger than

10 M km3 before it is viable commercially. In the overwhelming majoritg

of the basins, as shown in Figure 1, sedimentary cover exceeds 100 M km-.

These ratios and more detailed estimates about the well-known basins
made it possible for the author and his assistants to work out the gas
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resource estimates of all the sedimentary basins of the world, excluding those
of the USSR (Petroleum resources, 1974, 1977; Modelevsky, 1976, 1979). Gas
resource estimates of the USSR basins were published later (Vasilyev and
Zabrev, 1975). Recoverable gas resources of the other European socialist
countries have been estimated as 1.6 MB m3 (Meyerhoff, 1979).

The total amount of gas, including past productiom, in all sedimentary
basins of the world (with the exception of dissolved gas in the oil fields
of the USSR) is estimated as 680 MB m>. However, only part of this gas
can be detected and extracted from the earth by existing techniques. This
fraction of the total gas-in-place resources is termed econmomically recover-
able resources (ERR). According to the rate of activity, i.e. ability for
development, it is reasonable to divide these resources into three groups:
active resources, the development of which is profitable under present
technical and economic conditions, form the main basis for forecasting gas
production over the next 15-20 years; subactive resources, the development
of which is uneconomic under current conditions but could become economic
as a result of a price increase to not less than 1.5 times the price level
at the date of estimation (in real terms, excluding inflation); passive
resources, the rest of the ERR, the development of which would become
economic only in the case of a sharp price increase or under uncertain
conditions in the distant future. '

Passive resources include the gas resources of the polar shelves, the
deep waters of oceans, the Antarctic, and at depths below 10 km in onshore
areas. Passive resources also include those in underdeveloped areas, where
their utilization is noneconomic because of a lack of congsumers and the
impossibility of long-distance gas tramsportation. As is well known, con-
struction of large gas pipelines and gas liquefaction and processing plants
is very expensive and time-consuming. If such facilities are not at present
being built in the regions considered, it is not difficult to predict that
these gas resources will have little or no effect on world gas consumption
during the next 15-20 years. Therefore, the gas resources of most of the
interior basins of continents distant from the industrial centers of the
most developed countries are not included in the active resources of ERR
because development would require too great a capital investment and technical
expertise. However, even in those developing countries where gas is now being
produced, a considerable part of the resources cannot be considered because
of the absence of sufficient consumers and the difficulty or impossibility
of exporting gas in large amounts. In the developing countries, most of the
associated gas extracted with oil is flared, and the majority of known gas
fields are not being exploited. In the mid-East, for example, 160 B w3 of
associated gas is flared annually and a number of giant gas fields are not
yet being developed. Even in such countries as Iran, Iraq, Kuwait and Saudi
Arabia, consideration of the gas resources as active is subject to many
reservations. Not more than 20~30% of the ERR of gas can be regarded as
active in developing countries where marketable production is very small
and meets only home requirements, In the USSR, active resources include
discovered reserves and undiscovered resources of the D] subgroup to a maxi-
mum depth of 5 km, which account for 64X of all USSR gas resources (with the
exception of dissolved gas).

A summary of the active gas resources of the world and their geographical
distribution is given in Table 2. These resources account for 215 MB m3.
Adding subactive resources to this amount, the total value of the economically
recoverable resources at present and in the relatively near future accounts
for approximately 250 MB m3. About 185 MB m3 of total active gas resources
are concentrated in onshore areas and only 30 MB m3 offshore. The gas poten-
tial of the onshore areas, subactive resources included, has now increased
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Table 2. Active world gas resources in 1979 (Vasilyev and Zabrevj 1975;
Meyerhoff, 1979; Modelevsky, 1979) in million billion m

Regions and Resources Cumulative Reserves Estimated un-
countries production discovered
Ultimate Current resources
North America 49.2 30.6 18.6 7.4 23.2
USA 42.2 25.0 17.2 5.7 19.3
Latin America 13.0 10.8 2.2 4.0 6.8
Venezuela 2.9 T 1.8 1.1 1.2 0.6
Mexico 4.3 3.9 0.4 1.7 2.2
Western Europe 13.8 12.1 1.7 3.4 8.7
Gt. Britain 3.4 3.1 0.3 0.7 2.4
Netherlands 4.1 3.4 0.7 1.6 1.8
Norway 1.7 1.7 0.02 0.5 1.2
Africa 13.2 12.5 0.7 5.3 7.2
Algeria 7.5 7.3 0.2 3.0 4.3
Asia 43,9 40.1 3.8 23.2 16.9
Indonesia 1.6 1.5 0.1 0.7 0.8
Iran 19.5 18.9 0.6 14.2 4.7
Saudi Arabia 5.3 4.8 0.5 1.9 2.9
Australia and
Oceania 2.6 2.5 0.05 0.6 1.9
ussg® 77.4 75.6 1.8 22.6 53.0
Other European
socialist
countriesP 2.2 1.6 0.6 0.8 0.8
Total 215.3 185.8 29.5 67.3 118.5

*In 1974, without dissolved gas.
®In 1978.

to 200 MB m3 and that offshore to 50 MB m3. About one-third of all gas
resources are in the USSR.

At the beginning of 1979 about 97 MB m3 of gas had been discovered
including 67 MB m3 of proven reserves and about 30 MB m3 of past production.
Thus, about 45 of the active gas resources of the world have been discovered
during the first hundred years of the gas industry. The depletion of these
resources accounts for 14%Z. The resources of the omshore areas of the old
gas-producing countries in North America and Western Europe have been extracted
to a very high degree (55~-65%) but those offshore to a considerably lesser
degree (18-20%). The gas resources of the mid-East are well investigated -
more than 60% of these resources have been converted to proven reserves. In
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spite of this, however, the gas resources of this region are developed to a
very small degree; there is a great potential for growth. The rates of dis-
covery and depletion are very low in many regions of the world. In the USSR
the prospects for increased gas production are very great: only 31% of active
gas resources have been discovered and a mere 2% depleted.

World gas production in 1978 reached 1.4 MB m3, a figure which includes
0.3 MB w3 of gas losses. If marketable gas production increases to 2-2.5
MB m3 per year and gas losses decrease by a factor of 2000, 75-85 MB m3 of
gas will be produced during a period of 22 years all over the world, i.e.,
2.5-3 times as much as has been produced during the previous history of the
gas industry. Even in such a case, only half of all the active gas resources
would have been depleted. This means that the growth of world gas production
is limited by technical and economic rather than geological factors, mainly
by the difficulties of transporting the gas over long distances from the areas
of production to the consuming centers. At present the possibilities of over-
coming these problems are very limited. Combined efforts between countries
and general international cooperation will be necessary before the problems
of gas transportation can be resolved.
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NATURAL GAS RESOURCE POTENTIAL OF THE UNITED STATES

Harry C. Kent
Potential Gas Agency, Colorado School of Mines, Golden, Colorado, USA

Over the past two decades the question of the quantity of natural
gas resources which will be available to meet the future gas-energy
needs of the United States has become of great concern. An accurate
understanding of the amount and nature of natural gas resources is
considered essential for long-range industrial and governmental plan-
ning. Prior to the 1960s, estimates of gas resources varied widely
and were often made as a percentage of oil resources rather than con-
sidering gas as an independent commodity. Since the 1960s, estimates
have been made using more rigorous procedures and based on greater
knowledge of the resource.

The analvsis of U.S. natural gas potential presented in this paper
is based largely on the work of the Potential Gas Committee (Potential
Gas Committee, 1979). Additionally, some comparisons will be made with
the estimates of various companies, the U.S. Geological Survey and
individuals.

Currently (1979) the United States is producing and consuming between
19 and 20 trillion cubic feet (Tcf) (between 0.54 and 0.57 trillion m3)
of natural gas per year. About 5 percent of the consumption is supplied

by imports. The level of production and consumption has been essentially

steady since 1975 but there was a slight rise (to 19.9 Tecf) in 1979.

Prior to 1975, production was about 16 Tcf (0.45 trillion m3) in 1965
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and rose to a high of almost 23 Tef (0.65 trillion m3) in 1970. Produc-
tion gradually declined from 1970 to 1975. It must be noted, however,
that the production level of the 1970s was maintained at the expense of
decreased proved reserves. The reserves-to-production ratio dropped
from about 20 in the early 1960s to slightly more than 10 in the mid

and late 1970s.

This paper will address the size of the potential U.S. natural gas
resource base, the geographic and depth distribution of the resources,
and the impact of this resource in meeting future energy needs.

It is first important to establish some basic terminology relating
to gas resources. Figure 1 shows the classification of gas resources
used by the Potential Gas Committee. The classification is based on the
concept of an ultimately recoverable volume of natural gas existing with-
in the crust of the earth and susceptible to exploration and development
by conventional means. Further, some of that ultimately recoverable gas
can be considered as already discovered while other quantities are, as
yet, undiscovered. Discovered gas consists largely of that which has
been produced in past years, plus the quantity which has been proved by
drilling and engineering tests, and is included in the present proved
reserves. The remaining resource consists of the potential which is
susceptible to discovery and production through further exploration and

development.

ULTIMATELY DISCOVERABLE VOLUME
DISCOVERED UNDISCOVERED

POTENTIAL SUPPLY

CUMULATIVE PROVED
PRODUCTION RESERVES

PROBABLE POSSIBLE SPECULATIVE

Figure 1. Classification of natural gas resources used by Potential

Gas Committee.
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To some extent the potential resource bridges the boundary between
discovered and undiscovered resources. This is because there are,
assoclated with certain fields already drilled and discovered, quantities
of gas, in addition to proved reserves, which will become proved through
further development drilling and through deeper and shallower new pool
discoveries. This gas is included in the Probable category; there is a
rather high degree of geologic and engineering knowledge about its exist-
ence, and the estimates of this quantity are fairly well assured. In de-
creasing order of geologic knowledge, there are Possible and Speculative
resources. Possible resources are related to further developments in
provinces and formations which are already known to be productive, while
Speculative resources include the gas which is believed to exist in
frontier provinces in formations or at depths where no production is
presently known.

Figure 2 is a comparison of the natural gas resource classification
used by the U.S. Geological Survey in Circular 725 (Miller and others,
1975) with the Potential Gas Committee classification. For natural gas,
the USGS category Inferred Reserves is essentially equivalent to the PGC
Probable resources; the USGS category Undiscovered Recoverable Resources
is essentially equivalent to the combined Possible and Speculative re-
sources of the PGC. Other classifications are similar. For instance,
Petroconsultants, Ltd., in its reports on natural gas worldwide (Petro-
consultants, Ltd., 1979), uses the terms Expanded Reserves to refer to
what is essentially the equivalent of the combined Proved Reserves and
Probable resources of the PGC, and Resources in Undrilled Traps to refer
to essentially the equivalent of the combined Possible and Speculative
resources. Thus, although resource terminology varies, it is often pos-
sible to compare resource estimates prepared by different workers as will

be done later in this paper.
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~

UNITED STATES

GEOLOGICAL SURVEY INFERRED UNDISCOVERED RECOVERABLE RESOURCES

RESOURCE APPRAISAL GROUP RESERVES

CIRCULAR 725

POTENTIAL GAS ATIVE

T EE PROBABLE POSSIBLE SPECULATIV!

.

Figure 2. Comparison of natural gas resource classification used by
U.S. Geological Survey in Circular 725 with Potential Gas

Committee classification.

In almost all resource estimates dealing with natural gas the
recoverable resource is estimated. Since it is believed widely that
gas recovery is usually a very efficient process, no allowance is made
for enhanced recovery. There are, however, economic and technological
limits to resource estimates. Most published estimates deal only with
gas which may be recovered from conventional underground reservoirs in
porous and permeable rocks through drilling and completion of wells.

Gas resources which are not recoverable by conventional means are usually
referred to as non-conventional (unconventional) resources. The magni-
tude and recoverability of gas from non-conventional sources is subject
to a great deal more speculation than the conventional resource.

To some extent the boundary between conventional and non-conventional
resources is not fixed but depends upon economics and technology. For
example, certain accumulations of gas in low permeability gas reservoirs
("tight gas sand") in the western U.S. and accumulations in certain brown
Devonian shales of the eastern U.S. may be included in conventional re-
sources, recoverable with present prices and technology. To the contrary,
some resources in these same general conditions may not be recoverable
without a significant increase in price of the product or significant
improvement in technology. The Potential Gas Committee includes, as a

recoverable resource, all of the gas which may be recovered under con-~
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ditions of adequate economic incentives in terms of price/cost relation-
ships and current or foreseeable technology. These limits are, of course,
subject to interpretation and are modified as changes occur in either
price or technology.

The Potential Gas Committee releases only its estimate of the most
likely volume of gas which is believed to exist in a given province or
area. It is recognized that the actual volume may well be either greater
or less than the Committee's estimate, but the estimate presented is a
consensus of the working members.

Estimates of potential gas supply made by the Potential Gas Committee
are based on comparison of factors that control known occurrences of gas
with factors present in prospective areas. From known provinces, for a
formation or province, a yield factor is determined which is equivalent
to the volume of discovered gas (cumulative production plus proved reserves)
divided by the volume of productive rock.

Volume of Discovered Gas
Yield factor =

Volume of Productive Rock

In general, the estimation procedure involves the following steps:

(1) Estimation of the volume of potentially productive rock,
especially emphasizing the number and size of potential
traps. This estimate is then adjusted for known or
postulated variations in the lithologic nature of the
potential reservoir rock.

(2) The adjusted volume of potentially productive reservoir
rock is then multiplied by a yvield factor. The yield
factor is determined, as described above, from known
similar or identical productive formations within the

productive province or by analogy with the most similar
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geologic conditions which can be determined. The yield

factor from an analogous area is adjusted as necessary

for known variations in the productive character of
the reservoir rocks in the area under consideration
(these variations include nature and extent of source
rocks, porosity, permeability, etc.)

(3) The product of the volume of potential reservoir times
the yield factor is then discounted both for the proba-
bility that the postulated trap actually exists and for
the probability that an accumulation exists even if the
trap exists.

(4) Variations in the estimates of volume of potential
reservoir and yield factor because of the uncertainties
of unknown areas and variations in the estimates of the
probability of occurrence lead to a range of estimates
of the potential resource for any given play or province.
The judgment of the estimators must then enter into the
overall probability of occurrence of estimated volumes
and to determination of the most likely estimate.

The estimation procedure may be diagramed as follows:

Table 1 lists the estimates of each of the components of the resource
base in the lower 48 states of the United States through the years from
1963 through 1978, and Table 2 lists the same information for both the
lower 48 states and Alaska for the years 1968 through 1978. 1t can be
seen that as cumulative production has risen gradually throughout the
years, proved reserves have decreased. If the Potential Gas Committee's
estimates of Potential resources are added to Cumulative Production and

Proved Reserves, it can be seen further that the estimate of the total
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Estimate of volume + Adjustment for
of potential reservoir - lithologic variation
I 3 !
X ‘ Yield factor| + | Adjustment for
- variations
X Probability that trap exists

X | Probability that accumulation exists
L

- Potential Resource Estimate )

Potential Resource
Estimates

Evaluation of

Probability i

= Most Likely Resource Estimate H

resource base for the lower 48 states rose gradually from the year 1963
to 1968. A good part of this increase resulted from the expansion of
offshore area considered feasible for development. The estimate of total
recoverable resource has remained fairly uniform since 1968.

Table 3 lists the distribution of cumulative production and the esti-
mates of proved reserves at year-end 1979. The figures are totals for each
of 12 resource areas which are used by the Potential Gas Committee for its
estimates and comparisons (Fig. 3). Data for production and reserves are
taken from the reports of the Committee on Natural Gas Reserves of the

American Gas Association (API, AGA, CPA, 1979). In looking at the values
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Table 1. Recoverable natural gas resources,
lower 48 states, 1963 through 1978

(trillion cubic feet)

Total Total
Cumulative Proved Potential Recoverable

Year Production* Reserves* Resources** Resource
1963 265 276 630 1,171
1966 307 286 690 1,283
1968 344 282 800 1,426
1970 387 260 851 1,498
1972 431 235 780 1,446
1976 514 184 748 1,446
1978 552 169 830 1,551

* Based on estimates of Committee on Natural Gas Reserves, American
Gas Associlation.
** Based on estimates of Potential Gas Committee.

Table 2. Recoverable natural gas resources,
total United States, 1968 through 1978

(trillion cubic feet)

Total Total
Cumulative Proved Potential Recoverable

Year Production* Reserves* Resources** Resource
1968 345 287 1,227 1,859
1970 387 291 1,178 1,856
1972 432 266 1,146 1,844
1976 515 216 973 1,704
1978 553 200 1,019 1,772

* Based on estimates of Committee on Natural Gas Reserves, American
Gas Assoclation.
** Bagsed on estimates of Potential Gas Committee.



Table 3. Cumulative production
and proved reserves, 1979, by area (trillion cubic feet)

Cumulative Proved
Area Production Reserves

A - Eastern States-Atlantic Coastal 33 8
(onshore and offshore)

B - Southeastern States 6 2
(onshore and offshore)

C - North Central States 2 2

D -~ Arkansas~-North Louisiana-East Texas 55 11

E - South Louisiana 129 43
(onshore and offshore)

G - South Texas and Texas Gulf Coast 103 27
(onshore and offshore)

H - Northern and Central 16 9
Rocky Mountain States

I =~ Southern Rocky Mountains 12 10
~-Arizona and New Mexico

Jy - Mid-Continent 125 31
--0Oklahoma, Kansas and Texas Panhandle

Jg - Permian Basin 63 14

L - California, Nevada and Pacific Northwest 28 5
(onshore and offshore)

K - Alaska 2 32

(onshore and offshore)

Area totals do not add to national totals because of rounding.

for cumulative past production, it can be seen that over 80 percent of
the natural gas produced in the United States through the year 1979 came
from five geographic areas: (1) South Louisiana, both onshore and off~
shore; (2) the Mid-Continent region of Oklahoma, Kansas and the Panhandle
of Texas; (3) South Texas and the Texas Gulf Coast, onshore and offshore;
(4) the Permian basin of southeastern New Mexico and west Texas; and (5)

the Ark-La-Tex area of Arkansas, north Louisiana and northeast Texas.
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Figure 3. Resource areas used by Potential Gas Committee.

Turning to proved reserves, the geographic distribution of proved
reserves is similar to that of past production, although not exactly
the same. Alaska is now an important area with its North Slope re-
serves. Over 80 percent of the present proved reserves lie in six of
the 12 geographic areas: (1) South Louisiana, onshore and offshore;

(2) Alaska; (3) the Mid-Continent region; (4) South Texas and Texas Gulf
Coast, onshore and offshore; (5) the Permian basin; and (6) the Ark-La-
Tex area. Other than Alaska, these are the same areas which have had the
greatest past production. The total of these proved reserves amounts to
approximately 195 Tcf (5.5 trillion m3) and they theoretically should
represent a resource capable of sustaining U.S. production at the rate

of 19 to 20 Tef (0.54 to 0.57 trillion m3) per year throughout the next
ten years.

However, it is not realistic to assume that production can continue at
the present rate for these proved reserves. In numerous cases the produc-
tion life of wells will extend well beyond the next 10 years and, there-
fore, not all of the proved reserves can be produced within 10 years;
furthermore, delays in production caused by such factors as the time lapse
before hooking up to a pipeline or the down time spent in workover of

completions will undoubtedly prolong the time necessary to produce these
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reserves. Therefore, in order to maintain a reasonable rate of production,
it will be necessary for additional new reserves to be proved and added
to the available supply.

This, then, leads to the question of what resources exist beyond
proved reserves and how reliable and useful are the estimates of these

resources.

For the United States as a whole, including Alaska, at year-end
1978, the Potential Gas Committee estimates that there remain to be
found approximately 199 Tcf (5.63 trilliom m3) in the Probable category,
approximately 399 Tcf (11.30 trillion m3) in the Possible category, and
421 Tef (11.52 trillion m3) in the Speculative category. This amounts
to a total potential of 1,019 Tcf (28.85 trillion m3), although it must
be emphasized that this total represents the summation of three categor-
ies which have considerable variation in available data and in range of
probability of estimates.

Table 4 lists the estimates of potential resources for each area of
the U.S. It can be seen that there are shifts in the geographic areas
where the potentlal resource exists as compared to areas of past produc-
tion and present proved reserves. Over 80 percent of the Probable poten-
tial lies, again, in six areas of the United States: (1) South Louisiana,
(2) South Texas and the Texas Gulf Coast, and (3) the Mid-Continent area--
the classic areas of production and reserves. Next in importance, however,
is (4) the Eastern states and Atlantic coastal area, then (5) the northern
and central Rocky Mountain states, and (6) the Permian basin.

Further shifts in the location of potential are seen in the Possible
category, where the greatest potential lies in the northern and central
Rocky Mountain states, and in the Mid-Continent region. Other signifi-
cant areas of Possible potential are South Louisiana, South Texas and the

Texas Gulf Coast, Alaska, and the Permian basin. Again, these six areas
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Table 4. Estimated potential supply of natural gas
in United States by geographic areas, 1978

(trillion cubic feet)

Area Probable Possible Speculative

A Onshore 26 9 33
Offshore —-——% - 53

B Onshore 6 7 7
Offshore - ~— 33

C Onshore - 3 1
D Onshore 8 20 22
E Onshore 11 15 -
Offshore 27 45 -

G Onshore 18 22 4
Offshore 18 23 -

H Onshore 23 80 57
I Onshore 2 3 1
J-North Onshore 28 70 45
J-South Onshore 16 36 1
L Onshore 3 18 19
Offshore - 8 9

48 States Subtotal 186 359 285

K Alaska == Onshore 11 19 29
~~ Offshore 2 21 107

Total United States 199 399 421

* In this table, dashes are used to represent estimated potential of less
than 0.5 Tcf.

contain more than 80 percent of the Possible potential. Finally, in the
Speculative category, over 80 percent of the potential lies in Alaska;

the Eastern states and Atlantic coastal region, onshore and offshore; the

northern and central Rocky Mountain states; the Mid-Continent region; and

the Southeastern states.
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To summarize the distribution of resource potential, almost 20 percent
of the resource lies below 15,000 feet in onshore basins, about 34 percent
lies in offshore areas, and 19 percent of the potential occurs in Alaska.
Considering Alaska, the offshore areas, and deep basins below 15,000 feet

as hostile and expensive environments for resource development, almost 60

percent of the resource potential exists in areas and at depths which are
expensive and difficult for exploration and production.

The conclusion from the evaluation of resource potential and its
distribution is that indeed there is a considerable resource potential
remaining yet to be developed in both the lower 48 states and in Alaska
but also that considerable shift in geographic area of exploration and
development will be necessary if this potential is to be realized.

At this point it is appropriate to compare the results of the estimates
of the Potential Gas Committee with those of other companies and agencies
which have made similar estimates. Table 5 gives the estimates of natural
gas prepared by several different groups in recent years. Comparisons
are made, where possible, with similar resource categories, as discussed
previously. As you can see, the Potential Gas Committee's estimate is
more optimistic than some others, notably those of Hubbert and Shell.

The estimate of Hubbert differs from the other estimates in the method-
ology used—extrapolation of past discovery and production data. Al-
though the Shell estimate is taken from recent published data, it is
quite likely that an estimate for the growth of known fields (= Probable)
was not included and that the total should be higher. The 1974 USGS
estimates, which are also somewhat lower than those of the Potential Gas
Committee, were made before the rather dramatic changes in exploration
philosophy and price policy of the last few years. Members of the Poten-
tial Gas Committee believe that their estimate is realistic, consistent,

and, perhaps, even somewhat conservative. Even if the Potential Gas Com-
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mittee estimates should be somewhat high, it can be seen that by taking
some of the more conservative estimates we should have a considerable
resource potential available for future exploration and development.

If natural gas is to be available to meet future energy needs there
must be continued incentive for exploration and drilling, and this incen-
tive must be sufficient to encourage drilling in areas where the poten-
tial exists, which, in many cases, are areas of expensive and difficult
exploration and drilling. Even if there is an increase in drilling and
a shift in drilling emphasis, it is doubtful that sufficient wells can be
drilled and sufficient gas discovered in the lower 48 states to provide
the production rate needed to meet the gas-energy demands of the year 2000
(Haun, 1979). It will be necessary to supplement conventional supplies
from the lower 48 states with gas from Alaska, imports, gasification of
coal, and recovery from non-conventional sources using new technologies
(American Gas Association, 1979). Vigorous exploration can serve to close
the gap between supply and demand and lessen reliance on the supplemental

sources.
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METHODOLOGY OF THE US GEOLOGICAL SURVEY RESOURCE
APPRAISAL GROUP FOR GAS RESOURCE ESTIMATES
IN THE UNITED STATES

Betty M. Miller
US Geological Survey, Reston, Virginia, USA

INTRODUCTION

The state of the art for appraising petroleum resources has advanced
rapidly during the past decade because of the growing awareness of the
need for petroleum resource estimates for the formulation of reasonable
energy policies and long-range planning.

Events triggered by the Arab-Israeli war of 1973 focused the
attention of the world on energy problems and on the inherent uncertainty
of the estimates made for petroleum resources. Many nations will need
realistic forecasts of future petroleum supplies; these estimates of the
distribution and magnitude of o0il and gas resources throughout the world
must be based upon the most reliable methods and data available. This
situation calls for a high level of domestic and international cooperation
among appraisers of petroleum resources.

Published appraisals of 0il and gas resources in the United States
date back at least 70 years (Thomsen, 1979). The first published
estimates by the U.S. Geological Survey in 1909, by David T. Day, covered
the known producing areas of the conterminous United States which at that
time had a reported cumulative production of 2 billion barrels, 4 billion
barrels of proved reserves and 4 to 18 billion barrels of potential supply.
Since then, many published estimates have been made by the USGS, industry

and individual researchers. In the 20-year period after 1955, the amounts
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reported from these appraisals varied widely, giving rise to great confusion
and much controversy. Attempts to compare these estimates revealed that
many of them were based upon inadequate data and were poorly documented.
Each effort had utilized different assumptions, definitions, appraisal
methods, geographic boundaries and data bases and therefore should not be
compared. Increased efforts during recent years have been directed toward
resolving some of these major probliems, and there is evidence that progress
is being made. This paper discusses the efforts made by the USGS within

the last 6 years to improve upon its methods for petroleum resource

appraisal.

METHODS

Many methods exist for estimating petroleum-resource potential
with numerous variations in the basic techniques. Each method requires a
certain level of knowledge or degree of available information on the area
to be assessed. Each method, however, has recognized limitations. Problems
arise because of misinterpretation of results and lack of recognition
of these limitations on the methods and data used. Emphasize must be made
that no single technique has universal application or appeal -- nor
is there unanimity on the results. In 1974, the 0il and Gas Resource
Appraisal Group was created by the USGS to devise and study resource
appraisal methods and to apply these methods in assessing the nation's
petroleum resources as a full-time responsibility.

. . . . . 1

The first natiomwide appraisal of the undiscovered oil and gas resources —
for more than 100 geologic provinces was published by the Resource Appraisal
lUndiscovered resources are defined by the USGA as follows:
Undiscovered resources: Quantities of a resource estimated to exist
outside of known fields on the basis of broad geologic knowledge and
theory.
Undiscovered recoverable resources (potential resources) :Those
economic resources, yet undiscovered, which are estimated to exist in
favorable geologic settings.
Original in-place resources: Includes all discovered oil and gas
reserves (produced and remaining), and the undiscovered resources

?elieved to exist, both recoverable and nonrecoverable (Miller et al,
975).
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Group in 1975 as USGS Circular 725, "Geological Estimates of Undiscovered
Recoverable 011 and Gas Resources in the United States" (Miller et al, 1975).
In this study, the appraisal methodology was applied on a broad scale and
designed for the geologic basin or geologic province. The estimates of the
undiscovered resources were made: (1) by reviewing and analyzing all
available geological and geophysical information compiled on more than 100
geologic provinces; (2) by applying resource appraisal techniques, which
included extrapolations of known producibility into untested sediments of
similar geology for well-developed areas, and volumetric techniques using
geologic analogs with ranges of yield factors; (3) by using group appraisals
(in a modified Delphi procedure) determined by geologic experts applying
subjective probability procedures; and (4) by reporting final results as
probability ranges rather than as single numbers values.

Since the organization and the first publication of the Resource
Appraisal Group's work, the evolution in petroleum resource appraisal
procedures has been significant. The methods developed and employed by the
Resource Appraisal Group are designed to emphasize the compilation and
evaluation of all available geological and geophysical data by geological
basins or provinces. Resource estimates can be made on any level of data;
however, the amount of data available will determine the method or methods
to be used for the appraisal. The method or procedure used can change as
the amount and nature of the available data change within a specific basin.

In the frontier stages of exploration when some information exists
on the gross interpretation of basin geology, and, when the principles of
petroleum occurrence from worldwide experience are applied, subjective
judgment may be used with minimum amounts of data as a basis for the
assumption of the presence or absence of potential hydrocarbons. As the
data base grows, because of increased exploration, and as the results of
geophysical surveys, drilling, and geochemical data become available,
methods using more objective data should become increasingly dominant.

The methods used in making estimates may evolve to the level of assessing
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exploration plays and may eventually focus on making estimates of
undiscovered prospects, if this level of resource assessment is desirable.
If abunaant and detailed data are available, the choice of the method to
be used may become more dependent upon the availability of the estimator's
time, the effort involved, and the purpose of the resource estimate.

The quality of the estimate is, however, dependent upon the quality of the

geologic data and studies upon which the estimate is based (Miller, 1979},

DEVELOPMENTS IN THE USGS SINCE 1975

Since the initial studies and the resource-appraisal methoas
described in Circular 725, the older methods have been refined, alternate
resource appraisal techniques have evolved, and new and more detailed o1l
and gas data have been compiled, particularly field and pool information,
for stratigraphic units within specifically designated pilot areas in the
United States. By using the new information increasingly available to the
Resource Appraisal Group and the refinement in resource appraisal methodology,
resource assessments can now be made for individual stratigraphic units and
by depth increments within many basins. Results of the Permian Basin study
conducted by the Resource Appraisal Group are reported in this paper to
i1lustrate the use of these methods. Estimates can also be made on the
probable size and number of fields in which the remaining undiscovered
resources may be found within a semi-mature or maturely explored area
and on the probable depth increments within which these fields are likely
to occur. The Gulf of Mexico studies, completed by the Resource Appraisal
Group are also used to demonstrate these methods. Additional refinements
of resource assessment methods have been compieted for the application of
computerized geologic models using play analysis techniques for the appraisal
of conventional petroleum resources in the National Petroleum Reserve of
Alaska, and of unconventional natural gas resources in the Devonian black

shales of the Appalachian Basin.
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CURRENT METHODS USED BY THE USGS

The following discussion reviews the evolution and development of each
of the basic resource appraisal methods currently being used by the Survey's
Resource Appraisal Group. Specific applications from current studies by
the Resource Appraisal Group are reviewed for each method. Although the Group
works on both 011 and gas resource estimates, and the methods are often similar
for both, this paper will be directed primarily to the application of methods

and results for natural gas resources.

METHODS USING VYOLUMETRIC-YIELD ANALOGS

Yolumetric-yield techniques have been used in a wide variety of ways in
making petroleum-resource estimates. These techniques range from the use of
worldwide average yields expressed in barrels of oil or cubic feet of gas
per cubic mile of sedimentary rock, or per square mile of surface area
(assuming constant thickness) applied uniformly over a sedimentary basin,
to more sophisticated analyses in which the yields from a geologically
analogous basin have been used to provide a basis of comparison. The
pioneer works by Weeks (1950), Zapp (1962), and Hendricks (1965) are
11lustrative of early techniques.

In Circular 725, wherever yield factors were used,it was done in the
context of a reasonably sound consideration of the geology of the basin or
province and the selection of a geologically analogous basin or province.
The records of 75 North American basins were compiled, the oil and gas
yields being expressed per cubic mile of sediment as determined from
well-explored areas within these basins, to establish a scale of hydrocarbon
yields for geologically analogous basins. Figure 1 shows a frequency
distribution of hydrocarbon yields for these basins. The productivity of a
basin may range from less than 1,000 barrels per cubic mile of sediment to
more than 3 million barrels per cubic mile of sediment, as in the exceptional
case of the Los Angeles basin.

The accuracy of this method depends on the expertise of the geologist
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Figure 1. Frequency distribution for total sediment volumes from

75 provinces of North America versus their recoverable hydrocarbon

yield.

who compares the similarity of the geology of an unexpiored basin with that

of a developed basin, prior to the selection of a hydrocarbon yield used to

make a forecast for the potential of the unexplored basin or unexplored part

of a basin. A nhighly recommmended approach to this method is the selection

of a representative range of analogous yields to which probabilities

are assigned to determine a minimum and maximum estimate for the potential

resource. The results obtained by this method can be useful on a broad

regional basis or in a reconnaissance-type estimate of the resource potential,

particularly in evaluating frontier or unexplored geologic areas.
Yolumetric-yield methods have been refined recently by the Survey to

categorize hydrocarbon yields for specific stratigraphic units, which may be

characterized by litholiogy, environment of deposition, geologic age and basin

classification, or by relation to geologic structures and basin tectonics.

In this way, the potential of individual stratigraphic units in unexplored

or partly explored basins may be evaluated by using analogous stratigraphic

units from known basins. Hydrocarbon yields expressed as probability
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distributions are used for each potential stratigraphic unit because
subjective judgments must be made on the various combinations of favorable
geologic characteristics chosen for the analogs. Estimates of the total
potential for the province are the sum of the individual stratigraphic
units aggregated by using Monte Carlo simulation. The aggregated results
of the resource estimates are reported in the form of a probability
distribution.

A recent study by the Resource Appraisal Group that applied various
aspects of this methodology has been completed on the Permian Basin of west
Texas and southeastern New Mexico (Dolton et al, 1979). In this study,
separate analyses were completed for the geologic units in the Permian, the
Carboniferous, and the older Paleozoic, with individual appraisals made for
each unit. In addition, the province was also evaluated at depth increments

of 0-10,000 feet, 10,000-20,000 feet, and deeper than 20,000 feet, Drilling

Permian Basin Assessment Matrix

Estimates of Undiscovered Non-Assoctated Gas in-place (Trillton Cubic Feet) (95% - 5% Range, and Mean) *

6 e o 1 @ g {§ ¢ A g e
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/ / / /
/ Interval {ft.} / Systea / Systems / Paleozoic / Geologic /
/ / / / /
/ / / / Systeas /  Ages /
! / / { / /
/ 7 7 7 / 7
/ 0 - 10,000 /A7 - 133 /.27 - 3.81 7/ .42 -3.00 /1.43 -5.98 /
/ / / / / /
/ N N v 'S A N IR
/ / / / / /
{ / /1 / / /
/ T / 7 / /
/ 10,000 - 20,000 / .0V - .08 /.2 -1.38 /3.30 -22.09 /3.73 - 21.90 /
/ / / / / /
/ / .03 / .53 / 0. 04/ 10.70  /
/ / / / / /
/ { / / _/ /
/ 7 7 7 /
/ 20,000 - 30,000 / Negligible / .0} - .20 / .7V -4.94 [/ .75-4.86 /
/ / / / / /
/ / / L6/ 223 4 22y
/ / / / / /
/ / 4 / { /
/ / 7 U 7
/ Total /.09 - 131 /.64 -4 / 6,16 - 25,45 / 8.24 - 28.27 /
/ / / / / /
/ / 260 / 1.99 / 3.1/ 16.3%0 /
/ / / / / /
L { / i 1 /

*Yalues correspond to the 953 and 53 probability that there is at least that amount. {Source, Dolton, et al, 1979)

Figure 2. An assessment matrix of the individual units analyzed
for natural gas by geologic age and depth increments. The values
represent the 95-5 percent range and the mean for undiscovered
gas (in place).
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density maps penetrating each of these units as plotted from computerized
well-data systems played an important part in these assessments. Figure 2
shows an example of the individual units independently analyzed for resource
assessments of natural gas in the Permian Basin. Figure 3 snhows examples

of resource estimates for natural gas reported in the form of probability
distributions for the lower Paleozoic of the Permian Basin.

The volumetric-yield method is a valid procedure for resource appraisal,
providing care is taken in the selection of geologic analogs and in documenting
and qualifying the results properly. There are more sophisticated resource
appraisal methods, which, when closely analyzed, reveal a key volumetric
element within their respective systems. This volumetric element usually
consists of individual variables for either stratigraphic units, or
exploration plays, or reservoirs, which, when mathematically manipulated,
provide a volumetric estimate.

100
100

100\

10,000 - 20,000 feet

F > 20,000 teet

0 - 10,000 feet 6
\ . —
: 10 20

TCF In-Place

Probability
134)
[=]
T

I:‘iqure 3. Resource appraisal for undiscovered non-associated gas
in-place for the Lower Paleozoic by depth increments. The resource
estimates are reported in the form of three probability distributions.

DISCOVERY-RATE OR BEHAVIORISTIC METHODS
Performance or behavioristic methods are based upon the extrapolation
of past experiences from historical data such as discovery-rates, drilling

rates, and productivity rates, and upon the fitting of past performances into
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logistic or growth curves by various mathematical derivations that are
projected for the future. These techniques are not directly applicable to
unexplored or nonproducing areas or to any area that is not a geologic and
economic analog of the historical model. Generally speaking, they are most
applicable to the later stages of exploration in a maturely explored area.
Well-known examples of these models are: Hubbert's growth curve projections
(1962, 1974); Arps and Roberts (1958); Zapp (1962); and the National Petroleum
Council (1973).

Two aspects of the performance or behavioristic methods have been
applied by the Resource Appraisal Group to resource assessment work. They
are: 1) discovery-rate or finding-rate techniques projected for undiscovered
fields, and 2) probability techniques for predicting the size of fielas to
be discovered with future exploration. Both techniques are discussed

briefly below.

Discovery-Rate or Finding-Rate Methods

Since 1975, the Resource Appraisal Group has undertaken a continuing
study of regional oil and gas finding-rate methods for the United States.
The concept of finding-rate has been used at one time or another by most
researchers in assessing and projecting resource availability. Terms and
units of measurement used in defining finding-rate are variable; as a
result, general finding-rate definitions have evolved. An understanding
of the applications of finding-rate procedures is required before terms can
be defined for any particular study. Regardless of the definitions used,
the ultimate purpose of determining finding-rate is to permit statistically
valid projections of resource availability based upon historical data
within a given geologic and economic frame of reference.

As pointed out by Moore (1966), the fundamental concept of continuity
of historic patterns and their validity for projecting future patterns must
be assumed. Accordingly, most historical studies begin with empirical data

and attempt to improve the projection of these data by being as quantitative
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as the 1imits of the data permit.

Many factors must be considered when predictions of undiscovered
resources are made, but past studies indicate that the two most significant
factors are drilling-rate and finding-rate, Drilling-rate is by far the
single most important factor and the most easily controlled. Finding-rate,
on the other hand, is difficult to control and is largely dependent upon
the geologic characteristics of the area, field sizes, drilling-rate, and
economic and technological factors.

in an attempt to minimize the effect of economic and political variables
on finding-rates, some authors (principally Hubbert, 1974) have expressed
finding-rate as a unit of oil or gas discovered per unit footage of exploratory
drilling and as a function of cumulative exploratory drilling, determined
from historical data.

Most published studies to date have made projections of resources based
primarily on statistical studies of historical data and have included very
little geological information. This emphasis upon historical drilling data
rather than geologic data is due, in part, to the very large sample areas
that have generally been evaluated, such as the entire conterminous
United States, and the difficulty in assessing and quantifying the many and
varied geologic factors that ultimately contribute to the control of
resource occurrences over such large areas. The lack of essential data for
more detailed finding-rate studies has also been a crucial element.

In order to improve finding-rate methods so that they can be applied
to resource assessment work, the following procedures have been developed
in the Resource Appraisal Group:

1. Directly relate geologic information to finding-rates, and

limit the area of study to a well-defined geologic basin or
to a specific stratigraphic unit or geologic section within a
basin or province.

2. Separate the o0il and gas discoveries by: year of discovery,

geologic age of producing horizon and/or reservoir lithologies,
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depth increments for producing reservoirs, and field-size
categories. If data are available, also identify the type of
structural or stratigraphic trap for each field discovered.

3. Analyze the discovery-rate patterns for any of the above
categories for which data are available to determine: whether
there are any significant trends; whether these trends can be
explained by the geologic data; and whether valid projections
can be made that would contribute to an understanding of the
remaining resource availability within a specified basin or
province,

These finding-rate methods not only meet the requirement of being
applicable to basins or provinces, they have also attained a refinement
that will permit increased accuracy in analog comparisons between mature
areas and frontier areas.

A study by the Resource Apraisal Group in wnich various aspects of
the finding-rate methods have been applied has been completed on the
offshore Gulf of Mexico (Miller, et al, 1978). 1In this study, all the
0i1- and gas-field data were compiled by size of in-place reservoir
volumes, year of discovery, age of major producing reservoirs, and depth
increments for major accumulations. Figure 4 depicts the historical
finding-rate for all natural gas fields in the Gulf of Mexico, from 0 to
200 meters water depth, that are producing from the Miocene, Pliocene,
and Pleistocene reservoirs. The discoveries, in trillions of cubic feet,
are plotted with respect to the cumulative exploration effort in units of
5 million feet. The obvious decline in finding-rate from 1940, when the
first major discovery was recorded, to 1975, ranges from 29 trillion cubic
feet per 5 million feet of exploratory drilling to less than 6 trillion
cubic feet per 5 million feet. One very useful method of projecting
finding-rates consists of separating the known fields into field-size
categories and using the historical finding-rates for each category to

predict the amount of remaining resources yet to be found in each specific
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Figure 4. Gulf of Mexico natural gas historic finding rate by field
size class (gas equivalents in-place). Data through 1975.

field size class. The finding-rates are consistentiy different for each
field-size category in the Gulf of Mexico and in other areas in which these
methods have been applied. The amounts for each class can be summed to
obtain the total estimate of resources remaining to be found in the
predictable future. Figure 5 depicts an example of the historical
finding-rates for only those gas fields in the Gulf of Mexico in the
greater-than 0.50 trillion cubic feet in-place field-size class.

Hyperbolic and exponential decline curves fit by regression analysis

to historical data show the best promise for finding-rate projections

for these investigations. The "pest fit" was selected by the highest

index of determination and the F-statistic. The projected finding-rates



249

43.1

_ 20 F"V‘l * SOME LIQUID CONVERSION
S
-
l‘u’ 16
0 ' N\
g 12 . A
) . 4
= \'r’ffo
@ . Ay
o 8
_J [ ]
: I
S 4 H
-
3

0 =

(@)

10 20 30 40 50 60 70 CUT-OFF

EXPLORATORY FOOTAGE
(IN MILLIONS OF FEET)

Figure 5. Gulf of Mexico natural gas finding rate, projection
class »5000 BCF.

are usually extended another 15 miilion to 25 milliion exploratory

feet into the future, or approximately 5 to 10 years of additional
driiling. Al1l projected finding-rates are terminated if they reach the
minimum field-size level set for the respective field-size category.

The major shortcomings of the finding-rate methods for projecting
remaining resource estimates are: They can only be applied directly to
semi-mature and maturely drilled producing areas, and they are considered
a conservative technique for estimating resources, as they do not allow
for any radical surprises in petroleum exploration, or significant
improvements in exploration technology or economics.

Finding-rate techniques are vefy useful for providing a means of
comparative checking on other resource-appraisal procedures used to
analyze the same basin or province. Finding-rate procedures when applied
to specific categories of geologic data often reveal some interesting

exploration trends within the basins studied. Finally, finding-rate
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studies for known productive areas may be used with care as in analogs

for immaturely explored or frontier areas.

Field-Size Distributions for Estimating Undiscovered Resources

New developments in projecting the estimated field sizes of the
remaining undiscovered resources hold great promise as another method of
estimating remaining resources. Several techniques have been devised to
estimate the field-size distributions for the remaining undiscovered
fields in a maturely expiored area. These techniques result from detailed
studies on finding-rate methods that make use of historical field-size
distributions. Seismic data on drilled and undrilied structures in the
Gulf of Mexico are used by these methods to determine probable field size
as related to the historical field-size distributions within the same or
adjacent areas. (See Table 1.) Field-size distributions can be estimated
by subjective probability procedures. The probable number of remaining
undiscovered fields may be estimated in a similar manner. The total
resource potential is determined, using an aggregation of the probable
field sizes and probable numbers of fields, by means of Monte Carlo
simulation techniques. A separate procedure is used whereby the resource

assessment by some other method and the probable field-size distribution

Table 1. Gulf of Mexico, Texas, and Louisiana: Summary
table of structure count and status for total shelf,
0-200 meters water depth.

Discovery Percent

NUMBER OF STRUCTURES Ratio Structures
Type Tots) Untested Teated Productive {percent) Productive
fault 197 M2 85 52 61 26
Plercement 158 51 107 3] 57 39
Oomal 225 78 147 96 65 43
No Setsmic 6 1 5 4 80 66

Contro)

Tota) 566 242 344 m 61 36

1/ There are 59 total additional fields not identified on seismic structure count
{Source: Miller et a1 1978).
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are used as input to a Monte Carlo simulation to determine the probable
number of remaining undiscovered fields in a specific area. These
techniques are still considered experimental and should be used with

caution.
EXPLORATION PLAY-ANALYSIS METHODS

Conventional Petroleum Resources

Exploration play-analysis methods have been designed for identified
or conceptual exploration plays within a basin or province for conventional
petroleum resources. The basic definition of an exploration play is: a
practical, meaningful planning unit around which an integrated exploration
program can be developed. A play has geographic and stratigraphic limits
and is confined to a formation or a group of closely related formations on
the basis of 1ithology, depositional environment, or structural history.

There are, however, many variations to this definition and to
play concepts that have been applied by various resource estimators using
play-analysis techniques; these variations usually make the results
noncomparable for any specific area.

Play-analysis methods are usually applied to smaller areas of appraisal
than are the previously described methods, areas such as a geologic trend
consisting of a reef-play or a channel or bar sand. However, in some
studies the play-analysis procedure has been applied to an entire geologic
horizon or stratigraphic unit, such as the total Cretaceous within a
basin. Although the estimator may have called the procedure a "play-

analysis," the basic concepts are no longer those of the original definition.
The basic technique requires more detailed data than the volumetric-

yield methods, utilizing all the data used in the finding-rate approach

and additional data concerning the individual fields within a play, plus

the basic information on the reservoir characteristics in these fields.

An estimate of conventional petroleum resources is usually expressed

as an equation relating a series of geologic and reservoir variables
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to the amount of potential oil or gas within the reservoir. Probability
values may be assigned to the favorability of a play and usually to the
probable success of the prospects within the play. The geologic and
reservoir variables are described by subjectively derived probability
functions based upon the judgment of the estimators or by use of selected
analogs for many of the variables. The data formats are usually
designed for sophisticated computer processing, probability distributions
being assigned by the geologist for each variable. The estimates of
the resource are derived for each play by means of the equation relating
the variables to the potential resource by Monte Carlo methods. The
procedure for processing the numerous variables evaluated by the
geologist, and the accompanying probability distributions, is to use
computer models that can rapidly process thousands of random samplings
of the values of the variables needed for determining the resource
appraisals which are shown as probability distributions. The total
resource estimate for the area or basin is determined by aggregating
the potential of all plays by using Monte Carlo simulation techniques.
The output is in the form of a probability distribution for the total
resource assessment.

Figure 6 shows an example of a simplified data format being used
in a play-analysis technique currently under investigation by the U.S.
Department of the Interior, Office of Mineral Policy and Research
Analysis (OMPRA), and the USGS in a joint study to evaluate the petroleum
resources of the National Petroleum Reserve of Alaska (NPRA). Geologic
variables such as source rock, trapping mechanism, size of trap,
thickness of reservoir bed, and porosity are described by probabiliiy
distributions. A Monte Carlo technique is used to determine the size
of the prospect or field and to solve the equation relating the geologic
and reservoir variables to the resource assessments.

Table 2 shows the probability distributions for the resource

estimates, completed in September 1979, of the undiscovered oil and gas
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Figure 6. 0il and gas appraisal data form.

in-place in the National Petroleum Reserve of Alaska (NPRA). The mean
value of the total resources in-place for NPRA were estimated to be

7.10 billion barrels of oil and 14,12 trillion cubic feet of gas.

These estimates were derived from the geology model in the play analysis
system developed by the U.S. Department of the Interior. The basic
geological input was provided by the USGS to OMPRA which, in turn, used
the play-analysis technique for the resource appraisal and as the basis
for the exploration, development, production, and economic evaluations
for the NPRA studies published in the “Final Report of the 105(b)

Economic and Policy Analysis" (U.S. DOI-OMPRA, 1979).
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Table 2. Preliminary distribution of estimated national petroleum
reserves of Alaska oil and gas.resources in-place and barrels of
oil-eguivalent, as of September 1979.

(%)

Probability
That Quantity 011 In-Place Gas In Place Barrels of 01}
13 at least (81110ns {(Tritlions Equivalent in Place Al
Given Yalue of Barrels) of cu. Ft.) (Bf111ons of Barrels)
95 1.04 3.51 2.08
0 1.5 4.25 2.66
50 6.03 12,52 8.57
25 10.00 17.54 13.26
10 13.72 28.29 17.33
5 16.45 34.97 20.35
) 24.80 40.17 30.u0
Mean 7.10 14,12 9,60

1/ Barrels of ofl equivalent are obtained by converting the estimatad Qas in
place to the energy equivalent in o1} and adding tne resulting value to
the estimatad o1l in-place. The values tn this table are estimated
independently, therefore, of) and gas estimates may not be added across

percentiles to obtain BOE (DOLl/OMPRA, 1979).

A major weakness of the play-analysis models is the assumption that
all the variables assessed 