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Abstract

In the recovery of geologic fossil fuel deposits, the overBproduction rate rst goes
up and then it must come down. Tens of thousands of oil and gas elds in the world
produce hydrocarbons at rates that have long-time tails, m&ing them highly asymmetric
functions of time. Yet the sums of annual production volumesfrom these elds follow sym-
metric Gaussian distributions in time, also known as \Hubbert cycles." This paper provides
mathematical arguments for the existence of energetic Hubért cycles and their practical
equivalence to the logistic growth curves. It is shown that the rates of oil production in the
world and in the United States doubled 10 times, each increang by a factor of ca. 1000,
before reaching their respective peaks. The famous peak ofSJoil production occurred in
1970, and global oil production probably peaked in 2005 { 206, with little fanfare. The
rate of natural gas production in the US has also increased by factor of 1000 and is at its
second peak as of this writing in April 2008. The multi-Hubbert cycle analysis of oil and
gas production in America emphasizes the existence of new palations of reservoirs, rather
small in the case of oil production, but very large in the caseof gas production. It turns
out that improved technology and new science have allowed té oil producers in America to
increase ultimate recovery by 2 years of total energy consuption in the United States. The
American producers of natural gas, mostly small independets, are on a path of achieving
an increase of ultimate gas production larger than 10 yearsfatotal energy consumption in
the United States. Thus, the discounted cumulative value ofgood science and engineering
in the American oil and gas industry is worth well over 1 trillion USD in 2008, and it will
continue to grow exponentially in the near future, given the declining oil and gas produc-
tion rates and the high prices of both commaodities. Producirg the undiscovered technically
producible petroleum from the ANWR 1002 Area, as well as the kown gas caps in Prudhoe
Bay and Point Thompson, all in Alaska, will have a small impact on the energy supply of
the Unites States.

1 Introduction

Just like bacteria, fungi, and higher animals, humans conthuously seek new sources of cheap,
accessible organic carbon. Starting from the soil and croparbon, through the wood carbon in
forests, and ending with coal, petroleum and natural gas, hmans have developed an insatiable
appetite for power from the temporarily abundant and fungible sources of carbon energy.
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1.1 Background

The happy whales inFigure 1 were thanking Colonel Drake and others for introducing kersene
(para n oil) as a cheap abundant alternative to blubber oil. The truth was more complicated
(Ellis, 1991). Because of prior investment into the steel-hll, steam-powered, canon-equipped
ships, whale hunting continued until whales neared extincton. Fast forward 150 years. By
2008, the gigantic agrofuel plantations have invaded landn the tropics, destroying some of the
most important ecosystems on the planet. Even when we collgiwvely discover the impossibility
of replacing geologic carbonaccumulations with annual carbon ows (explained below), the
indiscriminate hunt of ecosystems will continue because kge monetary investments are never
abandoned of free will.

Figure 1: The introduction of drill pipes was key to striking oil near Titusville, Pennsylvania,
on August 27, 1859. These jubilant whales, depicted by Vanig Fair on April 20, 1861, were
thankful to Seneca Oil for saving them from extinction.

1.2 Resources

The Earth and her crust are made of stellar matter, and the curent abundance of each chemical
element and its compounds (minerals, ores, etc.) results fim chemical composition of that
primordial matter and the geologic evolution of the Earth. T he Sun powers the Earth; life has
evolved her atmosphere, stabilized the climate, and made bfossil fuels, coal, crude oil, natural
gas, gas hydrates, oil shale, etc. The deposition and transfmation rates of these fossil fuels
are very slow (Patzek and Pimentel, 2006). It is the unimaginable lemth of deposition time,
measured in hundreds ofmillions of years, that accumulated large quantities of these fuelssee
Figure 2 . In a few hundred years, a geological blink of an eye, humans will practicallyexhaust
the fossil fuels.

All resources that feed our civilization: the highly concentraed or pure (\low-entropy")
compounds (Georgescu-Roegen, 1971) { clean water, clearr,gpure minerals, nished metals,
high-quality fossil fuels, wood, uncontaminated food {, aswell as the self-sustaining ecosystems
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Figure 2. The average rates of accumulation of fossil fuelsithe Earth over geological time.
The average rates of heavy oil deposition are fronbemaison (1977). The average rates of oil
and gas deposition are fromBois et al. (1982). The coal deposition rates are fromBestoug-
eff (1980). Note the almost imperceptible global annual deposion rates of fossil fuels, and
the unimaginably long duration of their deposition proces®s. The literature rates were scaled
up by factors 3-8 to re ect the best current estimates of fosd fuel endowments: Heavy Oil =
12 10 m3, 0il=8 10" m3, Gas =35 10 sm3 Coal=2 10 tonnes.

that let us live by cleaning our waste, come from the Earth's cust and the biosphere (Odum,
1998).

Remark 1 The limited high quality resources from the environment are the ultimate inputs
to our civilization and economics (Daly, 1977). The low entopy embedded in these resources
can only be usedonce (Georgescu-Roegen, 1971; Patzek, 2004). 2

Many modern economists and politicians disregard this funémental physical limitation of
economy, and talk about unfettered economic growth, unregicted future payments for the
Social Security, medical care, and military spending. Thisthinking was best captured by a
Nobel Laureate economistRobert Solow : \... the world can, in e ect, get along without
natural resources ... at some nite cost, production can be ifeed of dependence on exhaustible
resources altogether..." (his 1974 lecture to the AmericarEconomic Association).

Low environmental entropy exists in two forms: an accumulaion or stock { as in a coal
deposit { and ow { as in in ow of solar energy to the biosphere, and out ow of heat from
the Earth to the Universe (Patzek, 2004) {, seeFigure 3 . The Earth's stock is of two kinds:
resources accumulated only on a geological time scale (alhé nonrenewablefossil fuels listed
above), and resources accumulated on a human time scale (thenewablebiomass). The Earth's
nonrenewables are limited in the total amount available. The Earth's renewables are also limited
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in the total amount available and can be exhausted. When exploited at a rate that can be

sustained by nature, the renewable resources arinds, whose rates of return, crops, are very
much limited by the rate of conversion of solar energy to bionass and the availability of aqueous
nutrients in high quality soils. Finally, the sun is a practi cally unlimited source of energy, but

the rate of ow of solar energy is low.
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Figure 3: A physical resource classi cation.

Remark 2 All physical inputs into a human economy are limited in size and/or rate. 2

Humans need air, water, food, and energy to survive. Clean aiis an increasingly rare
natural resource in industrial surroundings. Much of drinking water must now be manufactured
in the energy-intensive chemical puri cation factories. Uncontaminated food is increasingly
more di cult to get, even in seemingly pristine ecosystems. Industrial agriculture and forestry
for food and fuels are funded from massive fossil fuel subsabs and, in good part, groundwater
mining. As such, they are unsustainable (Patzek, 2004; Paik and Pimentel, 2006).

As new energy resources are tappédand substitute the old ones, they remain subject to
the same laws of physics, and are limited in total volume and ate of production.

Remark 3 If we bring more technology to produce these new resourcesheir depletion will
occur faster, and the environmental destruction their production and use bring about will be
more severe. 2

So the question most relevant to energy supply for the livingis as follows: Not can we
produce more energy (we can), but what will be the consequems of doing so for the Earth's
life-support systems on which we depend for breathing, driking, eating, and enjoyment of life?
It appears that the U.S. and China, the largest consumers of mergy and the environment on
Earth, will have to answer this question rst.

1An old-growth forest can only be clear cut once in tens of human generations and is de facto a geological
deposit of organic carbon.

2The new fossil fuel resources are tar sands, ultra heavy oil, oil shale, tight-rock gas, and coal-bed methane.
The new biomass resources are wood, sugarcane stems and bagse, corn grain and stover, soybeans, palm oil,
rape seed oil, various plant and animal plants abbreviated as \waste," etc.

3The classical fossil fuels are coal, conventional crude oi] and conventional natural gas.
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1.3 Paper Layout

In the next section | discuss three dierent histories of the rate of production of natural re-
sources, and their physical signi cance. | then introduce tie most famous US natural scientist,
M. King Hubbert , and summarize his seminal contributions to petroleum engieering. In
particular, | list some of his often-overlooked insights irto the sustainability of producing any-
thing on the nite Earth. |1 go on to a brief discussion of the reasons for existence of single and
multiple Hubbert cycles, and illustrate them with the histo ry of world oil production and oil and
gas production in the US. | emphasize the production historyof natural gas in America, because
it is dominated by two equally important Hubbert cycles. The early cycle was associated with
the fundamental oil production cycle, but the later one arises from the new, unconventional
gas resources. | continue with a highlight of the importanceof science and technology in the
recovery of new oil and gas. | nish with a summary and conclusons.

The units used in this paper are summarized inAppendix A

2 Rates of Production of Natural Resources
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Figure 4. Production rate of a nonrenewable resource (coal) must go through a peak and
decline to zero. Production rate of arenewableresource (wheat) must stabilize at the maximum
production capacity of the biome that supports the renewing of that resource. An exponential
production rate (annual growth of the U.S. Gross Domestic Pioduct) is without bounds and,
therefore, non-physical after passage of enough time. Notéhat early on all three processes had
similar rates of growth leading to false claims by some moder economists as to the limitless
potential for growth.

As shown inFigure 4 , the rate of production of anything on the nite Earth may fol low one
of three major patterns as a function of time : normal (Gaussan), S-shaped, or exponential.
In the early stages of production, these three patterns are m@ctically indistinguishable, leading
some to believe that that production rates of exhaustible resources (coal, oil, natural gas,
iron ore, copper ore, etc.) can grow exponentially. In realiy, these rates rst grow and then
decline. Some also falsely believe that annual yields of remvable resources (corn, soybeans,
trees, etc.) can too grow without bounds. At best, these yiells follow the S-shaped curves.
More often than not, however, crop yields decline with time because of the exhaustion of soll
minerals, destruction of soil texture, disappearance of tpsoil through wind and water erosion,
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Figure 5: Visible soil salt deposits on the former bed of the Aal Sea. Source: Wikipedia.

salt deposition, salty water invasion, emergence of spediaed parasite$, etc., seeFigure 5 . If
this happens, the yield history of a crop follows a normal cuve characteristic of a nonrenewable
resource. In contrast, economic \growth" knows of no bound$ecause of the \law" of compound
interest, seeFigure 6 .

Examples of exponential growth of the rates of resource progkction are numerous. Between
1880 and 1970, the global rate of crude oil production double, on the average, every 10.8 years,
or at an average annual rate of increase of just above 6.6 peznt, seeFigure 7 , and grew by a
factor of 1000. The amount of oil produced between 1857 and 84 was almost exactly equal to
all the oil produced between 1984 and 2006, sdegures 8 and 9. To put this comparison into
perspective, my youngest daughter { born in 1985 { has seen th same amount of oil produced
in the world as was produced between the Colonel Drake's diswery of oil in Pennsylvania
(1857) or the January Upraising in Poland (1863) and her birth.

According to the Oil & Gas Journal (March 2008), the world oil production declined by
331 000 barrels of oil per day (BOPD) in 2007 from the record poduction in 2006. The
biggest declines were in Saudi Arabia (-473 000 BOPD), Norwa(-220 000), Mexico (-174, 000)
and Venezuela (-164 000). The biggest gains were in Angola @2 000), Russia (224 000), Iraq
(193 000), Azerbaijan (185 000) and Canada (108 000). All otkr changes were less than 100 000
BOPD. One may argue that the world oil production reached a phlteau in 2004. We are seeing
the peak of global petroleum production!

US oil production rst grew exponentially and increased almost 1000-fold over 70 years,
seeFigure 11 . US gas production also increased exponentially for 90 yearand also grew
1000-fold, sed~igure 12 . The factor of 1000 in production increase corresponds roudy to 10
production doublings, likely an upper limit of what can be achieved with the Earth's fossil fuel
resources, see Section 4.

3 M. King Hubbert

M. King Hubbert  was born in San Saba, Texas in 1903. He attended the Universitof
Chicago, where he received his B.S. in 1926, M.S. in 1928, afth.D in 1937, studying geology,
mathematics, and physics. He worked as an assistant geolagifor the Amerada Petroleum

“For example, the decline of the Mayan civilization may be tra ced to nematodes, small earth worms, forest
clearing, and drought. Agriculture in Mesopotamia and coun tless other areas of the world declined because of
soil salination and erosion.
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Figure 6: Since 1950, the US Gross Domestic ProductGDP) has been growing exponentially
at 3.3% per year (the slope of the straight line on the right). The faster growth in 1940-1945
was caused by the unmatched prosperity during World War [1. Excluding those who fought
bravely and died, the end of the war provided many Americans \vith the most prosperous times
of their lives. The severe peacetime crash of 1945 led to theow permanent re-militarization

of the US economy. TheGDP growth is unlimited and, therefore, GDP must be non-physicabn
the nite Earth. Source: The U.S. Department of Commerce, Bureau of Economic Analysis,
www.bea.gov/bea/dn/home/gdp.htm.
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Figure 7: Exponential rate of growth of world crude oil production was 6.6% per year between
1880 and 1970. Sources: lib.stat.cmu.edu/DASL/Data les/Oilproduction.html, US EIA.

Company for two years while pursuing his Ph.D. He joined the $ell Oil Company in 1943,
retiring in 1964. He reorganized and led Shell Development @mpany, indisputably the best
ever research organization in the oil industry. Because ofHubbert 's vision and stature, Shell
Development attracted the following pioneers of earth sciaces: W. R. Purcell - capillarity;
G. E. Archie - modern petrophysics; M. A. Biot - modern geophysics; JohrHandin - rock
physics, and several others; and \graduated" the followingwell-known faculty and researchers:
E. Claridge , R. Clark , G. Hirasaki , L. Lake , Ch. Matthews , I. G. Macintyre , P.
van Meurs , C. Miller , L. Orr , G. Pope, D. G. Russell , L. E. Scriven , G. Stegemeier ,
M. Prats , B. Swanson, E. C. Thomas, R. Uber, H. Vinegar , M. H. Waxman, ..., W.
Chapmann, H. Yuan, Ch. White ,..., and T. W. Patzek . After Hubbert retired from
Shell, he became a senior research geophysicist for the Uait States Geological Survey until
his retirement in 1976. He also held positions as a professarf geology and geophysics at
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Figure 9: Cumulative oil produced worldwide between 1880 ad 2007, and the corresponding
Hubbert curve. We are already at the peak oil production!

Stanford University from 1963 to 1968, and as a University Professor at Berkeley from 1973
to 1976. He died on October 11, 1989.

Hubbert made several contributions to geophysics, including a matamatical demonstra-
tion that hot rock in the Earth's crust, because it is also under immense pressure, should exhibit
plasticity, similar to clay. This demonstration explained the observed deformations of Earth's
crust over time. He also studied the ow of underground uids.

Hubbert is most well-known for his studies on the production capacites of oil and gas
elds. He predicted that the petroleum production from all oil & gas elds in a petroleum
province, such as the U.S., over time would resemble a bell cve, peaking when half of the
petroleum has been extracted, and then falling o .

At the 1956 meeting of the American Petroleum Institute in San Antonio, Texas, Hubbert

5The highest rank of professor in the University of Californi a system.
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Figure 10: Marion (M.) King Hubbert , 1903 { 1989, U.S.A.
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Figure 11: Between 1880 and 1940, the annual production ratef oil and, initially, associated
lease condensate, in the US was increasing 9% per year!
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Figure 12: Between 1880 and 1960, the annual production ratef natural gas in the US was
increasing 7.2% per year.

made the prediction that overall oil production would peak in the United States in the late 1960s
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to the early 1970s (Hubbert, 1949; Hubbert, 1956). He becam&mous when this prediction
came true in 1970, sed-igure 13 . The curve he used in his analysis is known as thélubbert
curve, and the peak of the curve is known as theHubbert peak.

Between October 17, 1973, and March 1974, the Organization foPetroleum Exporting
Countries (OPEC) ceased shipments of petroleum to the Unite States and the Netherlands,
causing what has been called the 1973 energy crisis. In 197&jth the United States still
su ering from high oil prices, the National Academy of Scierces con rmed their acceptance of
Hubbert 's calculations on oil and natural gas depletion, and acknoledged that their earlier,
more optimistic estimates had been incorrect. This admissin focused media attention on
Hubbert .
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Figure 13: The Hubbert cycle analysis of US crude oil/condensate endowment. The Ma

Cycle gives the original Hubbert estimate of ultimate oil recovery of 200 billion bbl. The

smaller cycles describe the new populations of oil reserva (Alaska, Gulf of Mexico, Austin

Chalk, California Diatomites, etc.) and new recovery proceses (water ood, enhanced oil re-
covery, horizontal wells, etc.). Note that the total rate of production of all oil resources in the
US goes through a peak, anadannot continue growing exponentially. In fact, in 2003, the total

US oil production decreased all the way down to the 1950 level The star shows the higher
heating value of automotive gasoline burned in the US in 2007 The Hubbert cycles shown here
were xed in 2001 and continued to predict the US oil production for another 7 years. Also
shown, as the rightmost small Hubbert cycle, is a hypotheti@al production of the undiscovered,
technically producible 7.7 billion barrels of oil (Attanasi, 2005) from the 1002 Area of the Arctic
National Wildlife Refuge, Alaska, (ANWR) that peaks in 2035.

4 What Did Hubbert Teach Us?

During a 4-hour interview with Stephen B. Andrews , on March 8, 1988, Dr. Hubbert
handed over a copy of the material quoted below, which was thesubject of a seminar he
taught, or participated in, at MIT Energy Laboratory on Sept ember 30, 1981.

The world's present industrial civilization is handicapped by the coexistence of
two universal, overlapping, and incompatible intellectua systems: the accumulated
knowledge of the last four centuries of the properties and iterrelationships of matter
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and energy; and the associated monetary culture which has eled from folkways
of prehistoric origin.

The rst of these two systems has been responsible for the sgpeacular rise,
principally during the last two centuries, of the present industrial system and is
essential for its continuance.

The second, an inheritance from the prescienti ¢ past, opeates by rules of its
own having little in common with those of the matter-energy system. Nevertheless,
the monetary system, by means of a loose coupling, exercisasgeneral control over
the matter-energy system upon which it is superimposed.

Despite their inherent incompatibilities, these two systams during the last two
centuries have had one fundamental characteristic in commm, namely, exponential
growth, which has made a reasonably stable coexistence pdiste.

But, for various reasons, it is impossible for the matter-erergy system to sustain
exponential growth for more than a few tens of doublings (lodl00CG=log2 10
doublings to grow by a factor of 1000, TWB, and this phase is by now almost over.
(\Now" was in 1981 for Hubbert, see Figures 11 and 12, TWP)

The monetary system has no such constraints, and, accordintp one of its most
fundamental rules, it must continue to grow by compound interest. This disparity
between a monetary system which continues to grow exponerdily and a physical
system which is unable to do so leads to an increase with timenithe ratio of money
to the output of the physical system. (See Figure 4, TWP.) This manifests itself
as price in ation. A monetary alternative corresponding to a zero physical growth
rate would be a zero interest rate. The result in either case wuld be large-scale
nancial instability.

With such relationships in mind, . . . [the following questions can be posedTWP )]
regarding the future:

What are the constraints and possibilities imposed by the mé#éter-energy sys-
tem?

Can the human society be sustained at near optimum conditios?

Will it be possible to so reform the monetary system that it can serve as a
control system to achieve these results?

If not, can an accounting and control system of a non-monetay nature be de-
vised that would be appropriate for the management of an advaced industrial
system?

It appears that the stage is now set for a critical examinatian of this problem, and that out
of such inquires, if a catastrophic solution can be avoideda major scienti ¢ and intellectual
revolution must take place.

5 Why Do Hubbert Cycles Exist?

As we will see soon, theHubbert cycles are related theoretically to the normal distribu-
tion and the error function. However, it is much easier to appoximate them with the logistic
S-shaped curve and its derivative. The logistic growth curveof human population was rst pro-
posed by the Belgian mathematicianPierre Franmis Verhulst after he had readThomas
Malthus ' second, expanded edition of theEssay on the Principle of Population or, a View
of its Past and Present E ects on Human Happiness; with an engiry into our Prospects re-
specting the Future Removal or Mitigation of the Evils whichit occasions published in 1803.
Malthus was a rare scoundrel (Chase, 1980), but he correctly prediet the ultimate predica-
ment of humanity: too many people competing for insu cient r esources on the nite Earth.
He also deeply in uenced the thinking of David Ricardo , Karl Marx , Charles Darwin
and many other famous economists and scientists.
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Figure 14: Pierre Franmis Verhulst, 1804 { 1849, Belgium.

5.1 Logistic Growth

The cumulative mass production or yield in logistic growth depends on time as follows (Verhulst,
1838):

_ Mmax
M= o ra 0 (1)
where mpax is the ultimate production or carrying capacity, r is the fractional rate of growth;
t is time, and t is the time of maximum production rate:

1 Mmax
t = =In
r m(0)

1 (2

Remember that m(0) > 0!
The production rate can be obtained by di erentiation of the cumulative production m(t):

dm____2m
dt ~ 1+coshfr(t t)]

wherem is the peak production rate.
It may be easily shown that

rn:

3)

Mmax =4m =r 4)

5.2 Logistic vs. Gaussian Distribution

The logistic equation (1) and its derivative, Eq. (2), are close put not identical) to the Gaussian
distribution centered at t , and having the standard deviation, , related to r as follows:

—1@ Matched half-widths (5)
r 2in2
or, better,
4
—p? Matched peaks (6)
r

SeeAppendix B  for the derivations.
The cumulative logistic growth and its rate are then given by the following equations:
h [
l+erf (t t ):p 2 7)

M max

m(t)
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p_R

where erf(x) = 2= Oxe gt is the error function

t t)?

— ®)

1
M = Mmax pZTeXp

The two coe cients in bold rescale the normal distribution t o the actual production history.

An argument advanced againstHubbert has been that the depletion histories of oil reser-
voirs are distinctly skewed towards longer times. Howeverthe Central Limit Theoremof statis-
tics states (Davis, 1986) that if sets of random samples areaken from any population, the
sample means will tend to be normally distributed. The tendency to normality becomes more
pronounced for samples of larger size.

Alternatively, a Hubbert cycle may represent a normal process, e.g, (Ott, 1995). Many
variables found in nature result from the summing of humerows unrelated components. When
the individual components are su ciently unrelated and complex, the resulting sum tends
towards normality as the number of components comprising tle sum becomes increasingly large.
Two important conditions for a normal process are: (1) the summation of many continuous
random variables, and (2) the independence of these randomaviables. A normal process is
also called a random-sum processR S -process).

In summary:

We may think of all the oil (or gas) reservoirs as a very largestatistical population char-
acterized by the time-dependent, asymmetric distributions of every conceivable property.

Throughout each year, we take a sample of the population by masuring the annual
production g from every reservoir in the population.

We then sum up all the annual outputs of the reservoirs.
S = a(t)

This sum is proportional to the sample average for a given yea

X
g (tj)
i=1

1
<q] >= W

The number of reservoirs in the sample should not change. Ade reservoirs in the sample
are exhausted their production rates are set to zero.

As we repeat this process over time, each year we get a seteofg(tj) >,j =1;2;:::;Nt.

In e ect, we sample di erent (time-dependent) distributio ns of properties of the underly-
ing population and the distribution of the sample averages ecomesapproximately normal.

We can repeat this procedure for each distinctly new populaibn of reservoirs (multi-cycle
analysis). For example, in the US, the giant Proudhoe Bay eMd, or the Austin Chalk

elds, or the o shore Gulf of Mexico elds, should form popul ations separate from the
fundamental Hubbert cycle.

By virtue of the future, unaccounted for reservoir populations, the Hubbert cycles of the
current populations will underestimate the ultimate world recovery.

13



30

I I
Actual production
Hubbert cycles
Sum of cycles

151

101

Natural Gas Production, EJ/Year

4l

O sl i I 1 .
1880 1900 1920 1940 1960 1980 2000 2020 2040 2060

Figure 15: The Hubbert cycle analysis of natural gas endowment in the US. There arewo
main cycles. The original Hubbert cycle for conventional natural gas peaked in 1972. The
second comparable cycle, resulting mostly from the Gulf of Mxico gas elds and unconventional
gas elds, had the highest associated drilling activity in 1981 and is peaking as of this writing.
Since 1981, the majority of drilling for gas has occurred ondnd, more recently in unconventional
gas deposits in Texas, Colorado, New Mexico, Oklahoma, etcNote that the production rate
of natural gas in the US will be declining soon at 10-15% per y&. The gas produced from the
second mainHubbert cycle and the smaller cycles will be exhausted in the next 50e8ars. The
rightmost small cycle is a hypothetical drawdown of the Prudhoe Bay and Thompson Point gas
caps (102 sn?® of natural gas) with the peak production rate in 2040. Data sarrce: US DOE
EIA.

We may also think about the U.S. annual oil production as of a endom-sum process. The
annual production of each reservoir can be considered a ramdn continuous variable. When we
sum up the annual outputs of many reservoirs, we obtain a sum othe independent continuous
random variables. This sum is normally distributed when we repeat the summation over many
years.

In the U.S., there have been over 25 000 active oil elds, so th number of random variables
is very large. From one year to another, though, the underlyng independent variables should
not become related because of arti cial constraints, such a production curtailment caused by
proration by the Texas Railroad Commission.

New oil eld discoveries and improved oil recovery methodsmnitroduce new random variables,
which should be summed separately. This is the essence of \rfitHubbert" cycle modeling.

In his fascinating paper (Laherrere, 1999) Jean H. Laherrere  explains that many natural
processes may be modeled with multipleHubbert cycles, each having a di erent peak and
centered at a di erent time. In the context of the oil industr vy, this corresponds to creating new
sub-populations through new eld discoveries or new oil reovery techniques. Laherrere calls
this approach the \multi-Hubbert" modeling.

6 US Natural Gas Production

A single Hubbert cycle has been used to model natural gas coumption in Poland (Siemek
et al., 2003). In contrast, natural gas production in the US is a perfect example of two di erent
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populations of gas-producing reservoirs. Between 1990 arZD07 gas production was 28% higher,
seeFigure 15 , than the peak oil production between 1970 and 1983, see Fige 13. The early
natural gas was associated with petroleum production and paked in 1972, see the left main
Hubbert cycle in Figure 15. This gas was mostly ared and the acounting of its volume was
inadequate at best. More recently, o shore gas/condensatereservoirs in the Gulf of Mexico
and unconventional gas deposits have dominated gas producin in America, and are probably
peaking in 2008, see the right main Hubbert cycle in Figure 15and the smaller cycles. The
second peak and the smaller Hubbert cycles have the increaj contributions from tight gas
sands and gas shales in the interior of the United States andaal-bed methane, sed-igure 16 .
The second peak of gas production in the US has been attenedyba heroic drilling program,
with 80% of all active rigs in the US drilling for gas, seeFigure 17 , and most gas rigs drilling
the unconventional deposits at an exponentially increasig cost, seeFigure 18 .

Remark 4 The current drilling e ort in the US cannot be sustained with out major new ad-
vances to increase the productivity of tight gas formations 2

The actual future course of US natural gas production will bethe sum of known Hubbert
cycles, shown in this paper, and future Hubbert cycles. The eea under one future Hubbert
cycle for natural gas is known today: Alaska. Published Norh Slope reserves o 35 Tcf
(trillion standard cubic feet) 10 sn? are proverf in well-studied reservoirs (Prudhoe Bay
and Point Thompson), so the actual resource is larger. Unfaunately, as Figure 15 attests, the
drawing down of gas caps at Prudhoe Bay and Point Thompson wilhave a relatively small
impact on the overall availability of natural gas in the Unit ed States. According to my analysis,
the remaining producible gas in the United States was 6007cf in 2007 and 700Tcf in 2002,
compared with 1100 { 1400Tcf of technically recoverable gas estimated elsewhefen 2002.
The other estimates include the yet-untapped volume of prodicible natural gas equal to 30 -
40 times the known gas volume at Prudhoe Bay and Point Thompsn. Fifty percent of that

hypothetical producible gas volume has not yet been includé in the current analysis.

7 Value of Technology

As shown in Figure 19 , the di erence between the actual oil production in the United States
and the cumulative oil produced from the fundamental Hubbet cycle is at least 200EJ, or two
years of primary energy consumption in the US. This incremetal oil has been { and will continue
to be { produced mostly because of progress in the drilling ad well completion technologies
(better and faster drilling methods, directional wells, horizontal wells, multilateral wells, smart
multi-interval wells, etc.), fracturing technology, wate r ood and polymer-enhanced water ood,
and enhanced oil recovery methods, mostly steam injectionbut also CO, injection. In natural
gas production, the impact of new technology to access unceentional gas resources has been
more dramatic, more than doubling the ultimate recovery, se Figure 20 . The dierence
between the cumulative gas production in 2060 and the fundamantal gas cycle is 100@&J, or 10
years of primary energy consumption in the US. In the United Sates, the impact of accessing
new gas resources and of new gas well technology is at least ifnés larger than that of new
oil recovery technologies. More importantly, most new gass produced by small independent
companies, while the major oil companies have shown littleriterest.

In Need of Access: Alaska's Known and Potential Gas Resources, David Houseknecht , Research Geologist,
U.S. Geological Survey, Mark Myers , Director, Division of Oil and Gas, Dept. of Natural Resourc es, July 28,
2004, Iba.legis.state.ak.us/sga/0407281000.htm.

"See www.naturalgas.org/business/analysis.asp.
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Figure 16: How is gas production kept relatively constant inthe US? By drilling a myriad
of deep expensive gas wells, some of which | photographed wheying over Colorado in the
summer of 2007. In 2006, ca. 1900 net (new - replacements) gaglls were drilled in the US
each month. Gas production from many of the new gas wells deidles initially at 20 - 45% per
year in the rst 1 { 2 years, stabilizing at a low rate later. Sources: Data from US DOE EIA;
image by T. W. Patzek, 06/22/07.
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Figure 17: The July 1987 { January 2008 count of US gas and oiligs. Note that since the year
1999 about 80% of all active rigs have drilled for gas. Data aarce: Baker-Hughes.
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Figure 18: Growth of gas well costs in constant dollars. In 207 { 2008, the escalation of well
costs was more than exponential. Data source: US DOE EIA.
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Figure 19: The cumulative oil production in the US cannot cortinue growing forever. The
increment between the mainHubbert cycle recovery and the total recovery is equal to at least
twice the total primary energy consumption in the USA in the year 2003. This di erence is a
contribution of new technology and research in the oil indusry. Coincidentally, this di erence
is equal to 400 years of pure ethanol production at 6 billion gllons per year, equal to the global
record set in the US in the year 2007. The small increase of thiotal recovery curve after 2030
is caused by a hypothetical production of 7.7 billion barrek of oil from the Arctic National
Wildlife Refuge (ANWR) in Alaska.

8 Summary and Conclusions

In this paper | have shown that the rates of world and US oil production have doubled 10 times,
each increasing by a factor of ca. 1000, before reaching thieiespective peaks. The peak of
US oil production occurred in 1970 and global oil productionprobably peaked in 2005 { 2006.
The natural gas production rate in America has also increase by a factor of 1000, and is at its
second peak as of writing this paper in April 2008.

| have provided mathematical arguments for the existence ofHubbert cycles and their
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practical equivalence to the logistic growth curves. The Hibbert cycle analysis of American oil
and gas production has highlighted the existence of new popations of reservoirs, rather small
in the case of oil production, but very large in the case of gagproduction.

It turns out that improved technology and new science have dowed the American oil pro-
ducers to increase their ultimate production by 2 years of tdal energy consumption in the US.
The American gas producers, mostly small independents, wilachieve an increase of ultimate
gas production larger than 10 years of total energy consumpon in the US. Thus, the discounted
cumulative value of good science and engineering in the Amaran oil and gas industry is worth
well over 1 trillion US dollars in 2008, and it will continue to grow exponentially in the near
future, given the declining oil and gas production rates andthe increasing real prices of both
commodities.

The US and the world will have to come to grips with the obvious fact that the Earth is
nite and oil production will not be increasing any further. World gas production will continue
to increase for some time, and then it will follow the oil production curve. The timing of the
peak of world gas production is di cult to pinpoint because of the generally poorer quality of
available data and the large gas resources that are still urgpped.

An all-time record production of ethanol in the US in 2007 wasa tiny and rather irrelevant
addition to the main energy supply schemes for humanity. To nake things worse, this ethanol is
produced at high environmental and energy costs (Patzek, 24; Patzek, 2006b; Patzek, 2006a;
Patzek, 2007).
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Figure 20: The increment between the rst main Hubbert cycle of natural gas production and
the ultimate total gas recovery is equal to 10 times the total US energy consumption in 2003.
This di erence is a contribution of new technology and reseach in the gas industry.
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A Units and Conversions

The fundamental unit of energy used in this paper is 1 exajow (EJ) or 10* J. This amount
of energy in food, when digested, feeds the entire populatioof the United States, 303 million
people, for one year (Patzek, 2007). Currently the US uses alut 105 EJ per year as primary
energy (Patzek, 2007). The world uses about 4 times more priary energy, ca. 420EJ per
year (IEA). All comparisons are made using the higher heatirg values of fuels, the only sensible
choice for fuels with di erent hydrogen and oxygen contents(Bossel, 2003).

One metric tonne of oil equivalent (toe) is a unit for measuring heating value of crude oil.
Since there are di erent de nitions in the literature, the IEA/OECD de nition is adopted: 1
toe equals 10Gcal (thermochemical) or 41.868GJ or 5.80 MBtu/bbl (Anonymous, 1995a). It
is the standard amount of heat that would be produced by burnng one metric ton of crude
oil, presumably its lower heating value LHV. The higher heating value HHV of oil equivalent is
obtained by increasing theLHV value by 7% (Szargut et al., 1988). Since di erent crudes dier
in chemical composition and generate varying amounts of he¢avhen burnt, the toe energy unit
is a convention. The heat content of crude oil from di erent countries varies from about 5.6
MBtu per barrel to about 6.3 MBtu (Anonymous, 1995b), with the arithmetic mean of 5.8 MBtu
per barrel.

The reported thousands of barrels of oil produced per dayBOPD) are converted to EJ yr 1
in the following way

EJyr 1 =1000 BOPD 1000 365 134 448 10P=10'8 9)

where 134kg/bbl is the assumed average mass of 1 barrel of world oil, whose egaient higher
heating value is 448 1P J/kg.

The US crude oil production was reported by US DOE EIA in mega Bitish thermal units
(1 MBtu = 1055.056 MJ)) per year until 2005, and then switched back to 1000BOPD. | have
used the 2005 production to convert fromBOPD to MBtu/yr, and to EJ/yr. Thus calculated
energy of US petroleum production is probably the lower heaing value.

To convert mega standard cubic feet Mscf) of natural gas per year toEJ yr ! the following
formula has been used

EJyr 1= Mscflyr 10° 1050 1055056=10'® (10)
where 1050Btu/scf is the assumed averagéiHV of natural gas in the US (Foss, 2004).

B Matching the Logistic and Normal Distributions

To approximate the Gaussian distribution (rate) curve,
(t t)?

1
fa(t; st s Mmax) = mmaxpzr exp 5 2 (11)
with the logistic curve,
Mmax 1
fo(t;r;t ; = 12
2(t; 1t Mmax) 2 T+coshf(t t)] (12)
we will rst attempt to match their full widths at 1/2 heights
For the Gaussian distribution
1
Fator ;T SMmax) = SFa(t 55t S Mmax)
1 ex (to t)* _1_1
192? p o2 > 92? (13)
(to t)* _ 1
exp 52 =5
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Figure 21: Logistic vs. normal distribution with matched half-widths, for r = 1, t = 0,
m =1=4.

and
(to t)2
2> 2 =]n2
27, : (14)
to = 2In2+t
The full width at half maximum is therefore
p____
2 2In2

for the Gaussian distribution.
For the logistic distribution

fo(to; it s Mmax) = %fz(t Nt Mmax)
Mmax 1 _ Mmaxl
2 1+coshfr(tg ) 8 (15)
1 1
1+coshlr(ty t)] 4
coshf(tp t)]=3

An approximate solution to this transcendental equation isr(tg t ) 1.76275. The full width

at half maximum is therefore
3:5255

r

for the logistic distribution.
To match the respective full widths, we require that

5 p 22 = 3:5r255

1.76275
e

r 2In2

(16)

To match the peaks, we require that

Mmax _ M max

(17)



Since heights of the two distributions are somewhat di erert for equal half-widths (the tg in
Eq. (15)4 is in fact di erent than that in Eq. (13) 3), the half-width match is approximate, see
Figure 21 . The peak matching is also approximate, seé¢igure 22 , but seems to be better.
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Figure 22: Logistic vs. normal distribution with matched half-peaks, forr = 1, t = 0,
m =1=4.

22



