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Abstract and Motivation

This discussion paper aims to look at the existing
literature on the depletion of non-renewable resources.
Firstly we cover the general concept as applied to any
resource. Secondly we look at the specifics of the
petroleum industry, especially the situation of crude oil.
We find that in the case of crude oil, there are so many
factors to consider that there is no consensus on the

likely production, and price, of oil over the next decades.
Instead, there is vigorous and often acrimonious debate
about future production. Few authors include

predictions of future oil price in their forecasts.

The motivation of this document is as an aide-mémoire
for myself and to document my own understanding of
this topic.

General Characteristics of a Depletable Resource

Concept of Limited Quantity

If the total quantity available of some resource is finite
and not being replenished, and it is being continuously
consumed at some positive rate, it follows that at some
point all the resource will be exhausted.

Most of the world’s energy supply is currently obtained
from the so-called fossil fuels. It is generally agreed that
the fossil fuels are such a limited resource, with high
rates of consumption and negligible rates of
replenishment. Counter-arguments exist, and will be
covered in a later section.

It follows then than, provided heavy usage of the fossil
fuels continues, at some point they will be fully
consumed. This paper aims to discuss the issues this
raises, and in particular, the pattern of usage and price
over the lifetime of the resource, from first discovery to
full depletion, but focusing on the central and latter part
of the story.

The same feature of ultimate exhaustion also applies to
the earth’s many mineral resources, but we will not
consider them here.

! Ignoring any concept such as asymptotes, for example
if a fixed proportion less than 100% of the remaining
resource was used in every period, and if the remaining
resource was forever further divisible, it would never
quite be exhausted.
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Used Quantity as Integral of Usage
If we accept the total quantity of a resource available as
absolutely fixed and known (call it Qu.,), and we
observe the usage in each small interval of time dt as
P., then it is clear that we can calculate the total
quantity used Q. from time 0, when the resource is first
discovered, up to time t as

t
Q: = fPtdt
0

If we assume the whole resource is eventually
consumed, we can also state that

f Pedt = Qs
0

It is therefore clear that the quantity used up to time t is
the area under the curve of production-versus-time
curve, and that the total area under the production-
versus-time curve must equal Q.. -

Given a known production history Py, ... Py where T is the
present day, we can then establish the remaining
quantity left yet to be produced

T
Qremaining = Qmax - J Ptdt
0
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and therefore we must have

[oe]
f Ptdt = Qremaining
T

The only issue therefore is what shape the remaining
production P, will take from T to oo, before all the
resource is consumed. We can also suppose that P.. has
dropped to 0, and given P, begins at 0, there must exist
some time tyax at which P yyax is greatest.

This was exactly the point, made by M. King Hubbert, in
his seminal paper and at the time controversial paper,

“Nuclear Energy and The Fossil Fuels” (Hubbert 1956).
In that paper, Hubbert included a visual example of this
concept, see Figure 1. In that paper, Hubbert did not
attempt to justify any particular shape of the
production-versus-time curve, a topic we shall return to
later. His point was mainly that

G O¢ KSB6 T ib¥e prodéctior clirved a8 exhibit the
common property of beginning at zero and ending at
zero, and encompassing an area equal to or less than the
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Figurel - Example to lllustrate Ultimate Cumulative Production as Integral of Production,
from Hubbert (1956)

Exponential Growth

The shape of the production curve of many fossil
resources, in the early stages, is approximately
exponential growth. This is caused by several effects:

1. The world’s population itself has experienced
approximately exponential growth for many
thousands of years, and certainly over the last
250 years, the modern era of the fossil fuels.
This has itself created exponential demand for
fuel.

2. The technology and capital to extract and
process the fossil fuels itself relies greatly on
fossil fuels for its manufacture. At each
period, some fossil fuel was diverted to
producing more of this capital, thereby
enabling greater future production.

These were both positive feedback loops, and initially
the quantity of fossil fuels available was so great that
the only limit to growth was demand and extraction
technology.

William Smith, www.commoditymodels.com, Jan-March 2010

Limits to Growth

In the 1970’s, world attention began to be drawn to the
limited capability of the earth to sustain a rapidly
growing population. In a seminal work “The Limits to
Growth” D.H.Meadows (1972) and other members of
the Systems Dynamics Group of MIT modelled future
possible scenarios for the earth’s resources. They found
that the world was rapidly becoming constrained by a
number of limits, including the availability of non-
renewable resources. Exponential growth of population
and capital could only go so far before hitting natural
limits.  Either the “source” would be limiting, as
resources declined, or possibly a “sink” could be limiting,
such as the ability of the environment to absorb
pollution.

However, neither Hubbert nor Meadows were the first
to draw attention to the limited nature of fossil fuels, or
the ability of exponential consumption to exhaust any
finite amount of limited resources. Regarding coal,
Jevons (1865) noted
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Q.. The average annual rate of growth of our coal
consumption is 3% per cent.
future probable consumption of coal.

Let us now ... follow the
Assuming the

present rate of growth, 3%% per annum ... using the
definite integral follo 82.17(1.035)! dt ... the total

aggregate consumption of the period of 110 years, 1861-
1970 would be 102,704 million tonnes.
compare this with [an] estimate of the available coal in
Britain, 83,000 million tonnes. | draw the conclusion ...

We now ...

that we cannot long maintain our present rate of
increase of consumption. The more rapid and continued
our present expansion, the shorter must be its

continuanceg.

we tend to find the better quality resources, and
These then
The reserves

those that are readily findable.
contribute to the known reserves.
that are easiest and cheapest to subsequently
extract are extracted first. Over time, it is typical
for the combined discovery and production cost per
TO DO
as costs

unit fuel to initially fall, then rise.
REFERENCE NEEDED. However,
greater of the resource are themselves (and not

rise,

just ‘money’) are consumed during the discovery
and production process. In energy, this is the
concept of ‘EROI’ or energy return on investment.
If (the expected value of) this ratio falls below 1, it
is not worth further discovery and production.

Shape of Curve 2. As resources become comparatively harder to find
The ultimate and shape of the production-versus-time an'd extract, _COStS and therefc')re pri'ces rise. Higher
. . . prices provide a greater incentive for further
curve is controversial. It is a product of many factors. ] )
technology to enable discovery and production.
Some considerations are as follows: 3.  Demand will likely be linked to population growth
and the desire of the population to own an
1. Initial discovery of the mineral resource discovers increasing quantity of physical goods requiring the
lower quality resources in some cases, when depletable resource in their manufacture.
available technology is weak, particularly if the 4. As well as constraints in supply, so called ‘source
resource tends to be deeply buried. This happened constraints’, there is also i K S
in the case of coal, where surface coal was not as 02 y & (i ,Ndnskraints #u@ to pollution caused by
highly compressed and therefore as valuable as the resource production or use.
later discovered, deeper coal. This was also the 5. The (modern) lifetime of a fossil resource can be
case early on in the oil industry, as drilling summarised in Figure 2 below:
technology had not developed to find the most
productive wells. Soon technology advances, and
)
Ur;{(ilssocs;/ceer:d Discovery Reserves | | Production Ptgslu/ct Consumption Pollution
) S—

Figure2 - Stages of a Depletable Resource

We can see that production cannot happen without
prior discovery of the resource. If the discovery
LA LISt AyS akKzdzZ R
be depleted by production, even though there may
remain a quantity of undiscovered resources.
Typically industrial producers of the resource will
aim to keep several years of ‘buffer’ in the reserves
by constant discovery. Many models propose that
producers have a target value for reserves based on
current production, the R:P ratio. If R:P ratio rise
above the target ratio, discovery is scaled back
resources are wasted in
If the ratio falls below the

because economic
‘excessive’ discovery.
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target, more money is spent on discovery to ensure
sufficient reserves for future production (Naill
GKSy NBaSNBSa
Based on Figure 2 above, it is also possible for
reserves to exist, but the cost of production may be
too high given the market price of the resource.
Production therefore depends on market price and
production price. The market price is in turn
affected by the health of the economy, the
possibility of using alternative fuels etc.

Owners of reserves or land potentially containing
undiscovered resources may constrain discovery or
production for their own long term benefit (for
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example, cartels such as OPEC). Traditional
economic theory argues that individual users of a
shared, limited resource acting in their own self-
interest are likely to deplete that resource, even
when this is not in their long term interest to do so,
the so called ‘tragedy of the commons’ (Hardin
1968). This is particularly seen in the world fishing
industry, and has occurred in past depletions such
as that of whales.

Historical Depletions
In order to study in detail what may happen as oil passes
peak production, it may be helpful to examine past
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depletions of non-renewable (or only slowly renewable
resources), and examine production and prices.
Examples include the whaling industry (Bardi 2004) and
the guano industry focused on Peru in the 19" Century
(Mathew 1970; Greenhill and Miller 1973). Whales were
a common-shared resource, but Guano was mainly
located in Peru. In both cases, depletion led to high
prices, which eventually led to the discovery and
substitution of alternatives (crude oil and kerosene for
lamps previously fired with whale oil, and the Haber-
Bosch process to manufacture fertiliser).
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Specifics : World Oil

Where 0Oil Came From

The predominating theory for the origin of crude oil is
that oil is created when dead plants or animals fall to
the floor of an ocean, or occasionally an inland lake.
Under some conditions (mainly, lack of oxygen) their
bodies are not broken down rapidly or eaten by
predators and remain preserved. If this organic matter
is subsequently absorbed into permeable, sandy soils
and later buried due to geological actions, oil may be
formed.

Oil requires that the organic-rich sediments are ‘cooked’
to break the large organic molecules into the mix of
smaller ones that we call crude oil. This only happens

above around 160°F (70°C), a temperature which
naturally occurs around 7000ft (2000m) deep beneath
the earth’s surface or lower. This depth is termed the
‘top of the oil window’. Organic matter that is
insufficiently cooked is termed ‘Kerogen’.

However, it is also possible to ‘overcook’ oil. If it
descends below approximately 15000ft (4500m) for long
time periods, the higher temperature (>250°F, 120°C),
cooking process breaks the molecules down so much
that they are broken into single carbon atoms, resulting
in methane (CH,). This depth is then termed ‘the
bottom of the oil window’, although increasingly oil is
being discovered below this theoretical limit (King 2006).
See Figure 3.

Oil/lgas window

Depth (km) | Temp ("C)

1 4 30°C

2 < 60°C

3 —90°C

4 —120°C

§ —150°C

Figure3 - The Oil Window(from Pedersen 2007)

Once crude oil is created in its ‘source rock’, it is usually
less dense than water and so tends to float upwards
back towards the surface. An estimated 90% of all oil
ever created has done this, escaped to the surface of the
earth as ‘oil seeps’ and been further broken down and
lost. Only if the ascending oil encounters an
impermeable ‘cap’ of rock is it held underground. It will
be held in high concentrations only if the rock it
becomes trapped in is itself permeable, with lots of
holes for the oil to accumulate in. Evenly slightly
permeable rock above the oil will allow the oil to seep
away over long geological time periods.

We thus see that the conditions for creating oil and for it
to survive to the present day are rare: we need high
concentrations of organic material to descend into the
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earth, be cooked at just the right temperature, which
only occurs in the ‘oil window’, and to then have the
‘good fortune’ to be blocked from returning to the
earth’s surface by extremely impermeable ‘cap’ rock,
and yet captured below the cap in rock which is itself
permeable. We also see that it is likely for oil and gas to
be found nearby, if some of the organic material
descended below 15000ft (4500m), the bottom of the
oil window, and some remained above. [Description
based on Deffeyes (2006)]

An alternative theory (termed ‘aboitic oil’) of oil and gas
formation proposes that there are large deposits of
methane naturally occurring deep inside the earth,
which have been in place since the earth’s formation,
and these are occasionally compressed to yield crude
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oil. According to this theory, there may be vast further
deposits of oil deeper inside the earth (Gold 1998).
However, this theory receives very little mainstream
support.  Evidence is scant, and evidence of the
biological origin of oil is strong. The debate is discussed
in depth in Heinberg (2004).

Key Bodies in the Oil Forecasting
Industry

A number of key organisations and figures have
emerged in the oil forecasting industry (see also Rapier
(2008)). These are:

USGS (US Geographical Survey) — Produce extremely
detailed analysis, maps and reports of the world’s
geology and likely distributions of fossil fuels. Once or
twice per decade they produce a detailed update,
including revised estimates of world fossil fuel reserves.

EIA (Energy Information Administration, a division of the
US Department of Energy) — produce ‘policy-neutral
data, forecasts ... regarding energy and its interaction wi
the economy’ (EIA 2010). They produce a yearly ‘annual
energy outlook’ with long term predictions for world
energy, including detailed reserves statistics and
predictions.

IEA (International Energy Agency) — A publicly funded
intergovernmental organisation, appointed as energy
adviser to 28 large countries, mainly the OECD
members. They produce a yearly report, the ‘world
energy outlook’ with long term energy demand and
supply forecasts, and reserves estimates. Often they
take USGS statistics as a basis for this.

BP, Mobil, Total etc — the Oil ‘Majors’ who often
produce independent forecasts of future oil
consumption and reserves.

OPEC — The global oil cartel which owns around 75% of
proven world oil reserves (OPEC 2007). OPEC produce
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their own annual ‘World Oil Outlook’ and Annual Report,
which often uses USGS figures for reserves.

IHS CERA (Formerly Cambridge Energy Research
Associates) is a large US-listed organisation devoted to
energy research.

M. King Hubbert, formerly Chief Geology Consultant of
Shell Oil — famous for being the first person to predict a
specific date when US and world oil production would
peak, using the eponymous ‘Hubbert curve’
methodology.

ASPO — The Association for the study of peak oil, and in
particular its members Colin Campbell and Jean
Laherrere have become known in recent years for
carefully argued, yet pessimistic predictions of future oil
production.

ODAS — UK based ‘oil depletion analysis centre’, similar
to ASPO. Again, tends to be pessimistic about future oil
output.

Where 0il Is Found

Most of the world’s oil is found in a small number of
‘petroleum systems’. A petroleum system is an area
where oil or gas was created in a single ‘pod’ of source
rock which has migrated upwards and become trapped
in a number of oil and gas ‘fields’ (Beaumont and Foster
1999). Table 1, based on USGS (2000), lists the world’s
largest petroleum systems (which they group into 142
provinces) by total of remaining known reserves. Most
provinces only have one or two petroleum systems.
Clearly, the vast majority of the world’s remaining oil is
concentrated in only a few provinces, with the
remaining amount spread very thinly among the
remaining provinces, as illustrated graphically in Figure
4.
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Petroleum Province Name Location Gb Percentage Cumulative
OfWorld Percentage
Reserves
Mesopotamian Foredeep Basin Irag, Kuwait, Saudi 236 27.4% 27.4%
Arabia, Iran
West Siberian Basin Russia 93 10.9% 38.3%
Greater Ghawar Uplift Saudi Arabia 84 9.8% 48.1%
Zagros Fold Belt Iran, Iraq, Turkey 72 8.4% 56.5%
Rub Al Khali Basin Saudi Arabia, 71 8.2% 64.7%
UAE, Oman
Sirte Basin Libya 23 2.7% 67.4%
Tablel - World's Largest Remaining Petroleum Syste(frem USGS 2000)
Cumulative Remaining Oil (%) by Provinc
100 -+
80
% of Total 60 ¢
World Known 'S
Oil Reserves 40 I
20
0 T T 1
0 50 100 150

Rank of QOil Province; Provinces defined by US

Figure4 - Percentage of Total World Petroleum by Provinfeom US5S 2000)

Note the units of Table 1, Gb or billion barrels of oil.
The estimated oil reserves in these 5 regions alone are
555 billion barrels. We should bear this figure in mind
when reading media reports claiming gigantic new oil
finds, for example “Brazil's massive subsalt offshore
finds ... Petrobras and partners have found up to 14
billion recoverable barrels of subsalt oil since 2007”
(Schneyer 2009) or “BP announced a ‘giant’ oil discovery
in the Gulf of Mexico that may contain more than 3
billion barrels of oil” (Simpkins 2009).

Much of the oil discovered to date tends to be located
either onshore or relatively close to the shoreline, see
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Figure 5. Partly, this is because discovery and production
tend to focus first on areas where costs will be lower.
Another factor is that oil is best stored in sedimentary
rock, whereas W (i K & ocBaBs are in the main floored
by basaltic rocks with no oil LINR & L)Bathiaré1972).
He further breaks the oceans down into mid-oceanic
ridges, abyssal plans and the continental margins, and
notes that only the continental margins have scope for
extensive hydrocarbon deposits, and then, mainly in the
Atlantic. He concludes that ‘the large areas of the deep
ocean basins have little prospect of containing large
K& RNE OF NB 2warmbhiBS. NS 4 Q
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Figure5 - Known Oil Reserves, and likely locations of remaining undiscoveredesitiidingUSA)from USGS 2000)

Not only is oil concentrated mainly in very few provinces
and petroleum systems within these provinces, but
within a given petroleum system, it is concentrated
inside very few fields. Laherrere (2000) plots empirical
data of oil field size against field rank in the petroleum
system in so called ‘parabolic fractal’ plots. Plots for two

different petroleum systems are in Figure 6 and Figure 7.
There are a few very large fields, and many very small
ones. Also of note, the largest fields within a system
usually get discovered early on, with later exploration
finding increasingly small fields.

Niger delta: parabolic fractal
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Figure6 - Qil field sizes in the ‘Niger Delta’ Petroleum

System from Laherrere (2000)
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Figure7 - QOil field sizes in the 'Gulf of Mexic#etroleum
Sydem, from Laherrere (2000)

Future Discoveries and Prospects
/ Estimates of URR

Since the early 20" century, researchers have aimed to
predict the total quantity of oil stored in the earth and
available economically in modern times. This quantity is
termed ‘URR’ or ultimately recoverable reserves. A
number of large caveats apply:
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1. In the 1980’s, most members of OPEC suddenly
increased their stated quantities of ‘proved’
reserves, which cannot be independently audited.
In the mid 1980’s, world oil prices were low and the

OPEC members  struggled  with

correspondingly low incomes from oil. Many

withdrew from the existing quota system. A new
quota system was established that allowed each
country to produce in proportion to their stated

various
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reserves. In response, many OPEC members

suddenly increased their stated reserves in order to
be allocated a OPEC

larger share of total

exactly constant) makes many very dubious of the
accuracy of official OPEC reserve figures (Bentley
2002).

production.  Stated reserves grew hugely from 2. URR may or may not include ‘unconventional’ oil,
1987 to 1988, see Table 2. The following year, such as NGL, oil shales, tar sands, heavy oil etc.
Saudi Arabia, with now a lower share of OPEC 3. Estimates are probabilistic. Sometimes the authors
production for itself, also raised its stated reserves. do this formally, issuing for example F5, F50 and
These huge revisions, and the complete lack of F95 estimates, being the 5%, 50% and 95%
reserves change in later years (which must surely confidence intervals of there being at least the
be declining somewhat or rising somewhat due to stated amount of reserves.
new discoveries or production, but not remaining
Abu  Dubai Iran Iraq Kuwait Neutral Saudi Venezuela
Year Dhabi Zone Arabia
1980 28.0 1.4 58.0 31.0 65.4 6.1 163.4 17.9
1981 29.0 14 57.5 30.0 65.9 6.0 165.0 18.0
1982 30.6 1.3 57.0 29.7 64.5 5.9 164.6 20.3
1983 305 14 553 64.2 57 1624 215
1984 304 1.4 51.0 43.0 63.9 56 166.0 24.9
1985 305 1.4 485 445 54  169.0 25.9
1986 30.0 1.4 47.9 441 89.8 5.4 168.8 25.6
1987 31.0 1.4 48.8 471 91.9 53 166.6 25.0
1988 922] 40] 929] 1000 9139 52  167.0 56.3|
1989 922 4.0 92.9 100.0 91.9 5.2 170.0 58.1
1990 922 40 929 1000 919 5.0[_ 257.5] 59.1
1991 92.2 4.0 92.9 100.0 94.5 5.0 257.5 59.1
1992 92.2 4.0 92.9 100.0 94.0 5.0 257.9 62.7
1993 922 4.0 92.9 100.0 94.0 5.0 258.7 63.3
1994 922 4.3 89.3 100.0 94.0 5.0 258.7 64.5
1995 92.2 4.3 88.2 100.0 94.0 5.0 258.7 64.9
1996 92.2 4.0 93.0 112.0 94.0 5.0 259.0 64.9
1997 922 4.0 93.0 1125 94.0 5.0 259.0 71.7
1998 92.2 4.0 89.7 112.5 94.0 5.0 259.0 72.6
Table2- OPEC 'Proven’ Reserve Revision, :3898(from Bentley 2002)

Author Publication Effective Cumulative Known Undiscovered, URR Includes | Estimate Reference
Year Year Production Reserves Recoverable Type
+RG (P50)
Hubbert | 1956 1956 90 250 910 1250
USGS 1965 2480
Hubbert | 1969 1350
2100
Mobil 1970 1800
BP 1971 1200
2000
USGS 1984 1981 445 724 550 1719 (Schmoker
and Dyman
2000)
USGS 1991 1990 629 1053 489 2171 Qil (Schmoker
and Dyman
2000)
USGS 2000 1996 710 1579 732 3021 Qil F50 (USGS 2000;
IEA 2001)
7 1689 939 3345 Oil+NGL
IEA 2000
TO DO - TO BE COMPLETED. THE MAIN MESSAGE ISL ¢ Q { bh¢ Dwh2LbD a; /| I'b, a h\
All figures in Gigabarrels (Gb). RG = Reserve Growth. NGL = Natural Gas Liquids
Table3 - Estimates of world oil URR over time
William Smith, www.commoditymodels.com, Jan-March 2010 Page 9 of 20




Published Estimates of World Ultimate Recovery

BUSGS 5% 2000
BUSGS Mean 2000
BUSGS 95% 2000

O Campbell 1995

B Masters 1994

O Campbell 1992

EBookout 1989
B Masters 1987

OMartin 1984

O Nehring 1982

W Halbouty 1961

OMeyerhoff 1979

ONehring 1978

W Nelson 1977

OFolinsbee 1976 |

MAdams & Kirby 1975

Olinden 1973

OMoody 1972

OMoody 1970

OShell 1968

BEWeeks 1959

W MacNaughton 1953
EWeeks 1948

E Pratt 1942

1.5 2 25 3 3.5 4
Trillions of Barrels

Figure8 - Estimate of world oil URRfrom Caruso/EIA 2005)

Since so many different estimates have been made of
URR, a number of authors (Caruso/EIA 2005), (Warman
1972), have conveniently tabulated estimates from
mainstream authors against date. A few key estimates
are listed in Table 3 and Figure 8. Estimates have tended
to remain around the 2000 Gb mark for some time, with
only a few outliers like the USGS and CERA with
significantly higher forecasts.

Consumption Rate

Coal was the first widely used fossil fuel, first burnt to
replace dwindling wood from forests, and then in the
1700’s it began to be used in Britain and then elsewhere
as the fuel of the industrial revolution. Until the mid
19% Century, oil was rarely used, because it was only
found in small quantities in surface seeps and shallow
wells.  Well drilling methods, starting in 1859
(Pennsylvania) and later using the new rotary drills
(Texas, 1901) created the oil industry with increasingly
large finds of underground oil. Large oilfields were
discovered in Texas, California, Oklahoma, Mexico and
Venezuela and oil became a very cheap fuel. It burned
faster and weighed less than coal, so navies around the
world quickly converted their ships from coal to oil. The
advent of the motor car in the early 20" century quickly
made oil the dominant fossil energy source. [History
based on (USGS 2000)].

The historical production of oil* worldwide has followed
the path shown in Figure 9 (BP 2009), (Etemad et al.
1991).

We see what appears to be classic exponential growth
up to around 1970, followed by moderation since then.
If we examine the growth in more detail, by plotting the
log of consumption against time (Figure 10), we can see
a straight line (relatively constant growth rate) from
1900-1975, with a strong moderation, but still growth,
since then. Plotting annual growth rate shows a more
complex story, Figure 11, with annual growth averaging
around 7% until about 1975, but with occasional drops
(coinciding with world wars, recessions etc), and
averaging more like 2% since then. Most forward-
looking oil forecasts begin with scenarios of future
demand growth of 1%-3%.

2 Including NGL's, shale oil and oil sands.
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World Oil Consumption World Oil Consumption, Log Scal
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Figure9 - World Oil Consumption to 2008 Figurel0- World Oil Consumption, Log Scale
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Figurell- World Oil Consumption, Annual Growth Rate
(3 year average)

Limits to Production Rate suppose). Soon flow rates drop and little further oil can

. be extracted usin umps.  Early oil wells were
For solid depletable resources, such as metals and coal, g pump v

. abandoned at this time. Later so called ‘secondary
production can occur as fast as the raw ore can be

removed from the earth and refined. However with the
liquid and gaseous fossil fuels, the physics of the field

and the extraction technology becomes relevant.

recovery’ techniques were developed to force further oil
to the surface. Typically an additional 25% can be
extracted, yielding a total of 50% of the total oil in place.
Secondary recovery techniques including pumping, and

Primary, Secondary and Tertiary Recovery injecting pressured materials (water, CO, etc) down into
Oil and gas (collectively, ‘petroleum’) cannot be the field to force more of the petroleum to the surface.
extracted from the ground at arbitrary speed. Initially, Finally, flow rates fall again (this mainly occurs with oil)
high pressures often exist in petroleum fields, which because the remaining droplets of oil are too dense or
cause petroleum to flood out of its own accord when remain ‘stuck’ to the surrounding rock. The remaining
the ‘cap’ is first removed by drilling. Soon, however, oil now remains in tiny, widely dispersed droplets
pressures fall and the petroleum must be pumped from throughout the rock, often in combination with water.
the ground. These two stages are termed ‘primary Finally we enter ‘enhanced recovery’ or ‘tertiary
recovery’, and for oil, typically recover only 25% of the recovery’ where more of the remaining oil is forcibly
total oil in an oil field (oilfields consist of small bubbles extracted. Techniques include using phases of steam-
in between porous rocks, not in giant holes as some may heating then extraction, burning part of the oil in situ to
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heat up the remaining oil and increase its flow, adding
detergents underground to increase the oil’s viscosity,
and adding microbes to break down the oil into a less
viscous, more easily removable form. Tertiary recovery
technology is in its infancy, and is typically very
expensive compared to primary and secondary recovery.

Depletion Rates

The extraction of oil and gas is thus a physical process
which cannot be ‘rushed’ above a certain rate. Even
when daily running costs are extremely high (such as for
an offshore oil platform), the extraction of oil from a
given field tends to be limited. For an entire petroleum
system, depletion rates can be measured as

P

dg= ———————

Qmax - fo Ptdt
or conceptually, the depletion rate is the production in a
given period as a proportion of the remaining
recoverable resources. Note that depletion is also the
reciprocal of the so called ‘R:P’ ratio, the ratio of
reserves to current production levels.

Depletion rates (closely related to ‘decline rates’, being
the rate of decline of an oil-field after peak production is
reached) are widely used for forecasting, for example
the IEA’s World Energy Outlook 2008 (IEA 2008) notes
“ FaSR 2y RFGF
that have passed their production peak, the observed

decline rate, ... is 5.1%. Decline rates are lowest for the

0A33Sal FTASERA GodmE:8PED

Jakobsson et al. (2009) and (Aleklett et al. 2010) study
oil depletion rates in more detail, especially in the UK-
Norway North Sea, and find a maximum possible
depletion rate of around 13% in a single oil field, and
propose a ‘maximum depletion rate model’. They note
that depletion rates tend to be higher offshore, where
higher operating costs puts more pressure on rapid
extraction. They also observe that local politics, such as
that of OPEC, may make it more desirable to extract at
lower depletion rates than the highest technically
possible. Given a certain quantity of reserves, depletion
rates, limited by both petroleum physics and politics,
provides upper limits on production.

Possible Shape of Production

Curve

Various shapes of the oil production curve from the
present time onwards have been proposed. The key
inputs are

William Smith, www.commoditymodels.com, Jan-March 2010

T2N) pyn 2%

1. URR, and hence the remaining reserves given past
production.

2. The economics of discovery and production of
remaining reserves, for example, new technologies
needed are needed for production of so-called
non-conventional oil (heavy oil, oil shales). Note
that sometimes this is not just a case of money —
incremental technology improvements take time.

3. Demand growth rate
Peak ‘effects’ which may produce a sharp or
rounded peak, such as subsidies.

5. Depletion rate once reserves growth becomes
insignificant, and oil enters a terminal decline.

Systems Dynamics Modelling Summaries

Prior work on modelling both oil and gas using a time-
based ‘systems dynamics’ approach, such as by Naill
(1972), show that production tends to follow a Hubbert-
inspired bell-curve for a wide range of scenarios.

Often-observed conclusions of such modelling include
that:

I If the total amount of resource is doubled, the date
of peak production is only advanced by a few years.
I Heavy investments into discovery and production
technology as peak approaches tends to postpone
the peak, but the subsequent drop as the extracted

i KS quardithbppr&énes TURRNsBeéniesliall h@ Mdreb

severe.

The more market signals of increasing resource cost
are hidden (for example, by the use of subsidies),
the later the peak is moved, again resulting in a
sharper fall after production can no longer be
maintained.

We now turn to detailed, specific forecasts for oil
production (and sometimes price) over the next 20-100
years.

EIA Forecasts

Guy Caruso, head of the EIA, proposes several scenarios
for conventional oil, based on the USGS URR F5, F50 and
F95 forecasts of URR (Caruso 2005). Their model
assumes that until peak is reached, oil consumption will
continue to grow exponentially at 1, 2 or 3%. However,
as soon as R:P falls to 10 years (corresponding to a
depletion rate of 10%, possible but somewhat high
based on historical depletion rates, especially for OPEC),
oil production must and will decline, with constant
depletion rates from that time. This produces a
production curve as shown in
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Figure 12. He argues that symmetry in growth and
decline is not necessary. However, it would seem to us
unlikely that such a sharp discontinuity would occur at
peak. If the ‘R:P of 10’ rule is known before peak,
futures prices will rises sharply as this time approaches,
pulling up spot prices and ‘flattening off’ the top of the
curve. Bentley (2002) criticises the implied depletion
rate of 10% in this forecast, arguing that 5% is more
likely. This would produce a slower decline, but then
necessarily an earlier peak. Peak dates predicted by the

=—=History

——Future

[—

Exponential Growth Phase

Assumes a constant percentage
increase in production per year until

the peak year is reached.

2
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EIA forecast range from 2037 to 2068, with the most
likely figure around 2044. It is interesting to note that
the F95 USGS forecasts give URR of 3947 Gb, a full 41%
more than the F5 forecast of 2793 Gb, (and given but
this only delays the peak by 10-20 year depending on
the assumed growth rate pre-peak.

Even adding in all of Canadian tar sands and Venezuela’s
heavy oil, the majority of the known ‘unconventional’
oil, his peak remains the same shape, with a peak
shifted to around 2065.

Peak Year

Assumed to be
reached when
reserves-to-
production ratio
declines to 10.

Decline Phase

R/P Ratio held
constant at 10,
production
declines with
reserves base.

Area under curve = recoverable resource

Figurel2 - EIA Model of Future Oil Peak and Depletifrom Caruso 208)

OPEC Forecast
OPEC Forecasts a relatively constant growth rate in oil
production to 2030, and makes no prediction beyond
this point (OPEC 2008), Figure 13. They support USGS
reserves figures.

Political Aspect of Forecasting

With such a wide range of forecasts, partly with differing
URR but mainly with different peak dates based on
various assumptions, some analysts ‘give up’, claiming
the predictions are more influenced by politics than

William Smith, www.commoditymodels.com, Jan-March 2010

science (Balaban and Tsatskin 2010). Certainly the
debate is feverish and often angry, with the side
predicting early depletion accusing the other side of a
cover-up, denying science, endangering mankind by not
facing facts, etc.. = Meanwhile those predicting a
relatively late peak, or no peak at all, accuse the less
optimistic forecasts of producing headline-grabbing
doom-and-gloom scenarios, confusing the public, and
occasionally, of colluding with producers to justify high
prices for such a scarce resource.
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World oil demand in three scenarios
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Figurel3- OPEC Production Curve Eegcast(from OPEC 2008)

Hubbert Forecast

After his seminal work of 1956 (Hubbert 1956) arguing
that the US oil industry should soon be in decline, and
the world oil industry should be in decline after around
2000, Hubbert went on to refine his predictions.

He noted that cumulative US oil discovery to date
closely matched the mathematical ‘logistic curve’, with
an eventual asymptote of full discovery of all such fields
around 1975, and the peak discovery rate at around
1930 (Figure 14). Therefore, he argued, the rate of oil
discovery fitted closely with the ‘bell-shaped curve’ (and
the sharp dip in the centre being caused by the 2"
World War).

He also (Hubbert 1959) argued that production rates in
the oil industry tended to trail discovery rates by around

William Smith, www.commoditymodels.com, Jan-March 2010

10 years. Trends in production could therefore be
predicted by simply observing the earlier shape of the
oil-discovery-versus-time curve (Figure 15).

This led to Hubbert’s main conclusion, that US oil
production over time would follow an approximately
bell-shaped curve, the so-called Hubbert Curve.

He did however allow that ‘improved recovery practices’
would allow the decline phase of the curve to be
moderated, with perhaps a gradual initial decline (Figure
16).

Hubbert also extended his prediction to world oil
production, with a approximately bell-shaped curve, and
a moderated tail, in his later position as Chairman of the
Energy Resources Study, US National Academy of
Sciences (Hubbert 1962), Figure 17.
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IEA Forecast

Based on a detailed and well-documented analysis and
model, the IEA forecasts no major change in world oil
production growth until 2030 (Figure 19) in their ‘World
Energy Outlook’ (IEA 2008).

Their model includes analysis of oil price, discovery and
production costs, profit rates, reinvestment rates, well
depletion rates etc. In particular, they predict and use
an oil prices that rises to $200 in nominal terms by 2030.
This is notable, since very few forecasts or models
include or publish future price predictions.

William Smith, www.commoditymodels.com, Jan-March 2010

. Criticism of IEA Forecasts

Aleklett et al. (2010) criticise the IEA forecast. They
argue that depletion rates for both OPEC and non-OPEC
oil will have to rise about 10% after 2015-2020 to make
the IEA forecast internally consistent. Based on both
political considerations and physical extraction limits,
this is unlikely. They produce an alternative forecast,
the so-called ‘Upsala World Energy Outlook’, Figure 20,
which shows a gradual production decine from 2006
onwards.
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CERA Forecast

CERA are well known ‘optimists’ in the oil industry.
Their recent forecast (Jackson/CERA 2009) includes
scenarios of 1900 or 2400 Gb of oil production after

2010, roughly equivalent with the more optimistic of
USGS forecasts. They predict a gentle peak in oil
production around 2020-2040, with only a slight decline
experienced by 2070 (Figure 21).

Undulating Plateau versus Peak Oil—Schematic
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Campbell / Laherrere Forecast
In 1998 Campbell and Laherrere, well
pessimists, published an article in Scientific American

known oil

(Campbell and Laherrére 1998) predicting a decline in
world oil production soon after 2000, with a profile
following a classic bell-shape. They argue that ‘few
factors could speed or delay the point at which oil
production begins to decline’. Campbell and Laherrere
both have impeccable credentials, Campbell was head

geologist and held senior positions for several oil

William Smith, www.commoditymodels.com, Jan-March 2010

companies, and Laherrere held a number of senior oil
exploration posts, mainly for Total.

Evidence or Otherwise of Peak

The world oil futures market trades contracts with
maturities of as long as 8 years for the WTI crude oil
contract. Long dated oil futures should therefore show
the oil market’s perception of long term oil prices, and if
we have reached peak production, we might expect
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prices to rise sharply over these 8 years to increasingly
rein in demand. It is claimed by de Almeida and Silva
(2009) that from 2007-2008 onwards, the market
‘accepted’ peak oil, evidenced by a steepening futures
curve for long dated maturities. However the futures
curve has since flattened, and as of January 2010 implies
a price growth rate of around 2% p.a., versus growth
rates of the USD dollar implied by forward rates of 4%

Conclusion

Predicting the path of oil production is an extremely
complex task. So many factors are involved, many of
them involving significant uncertainty. More or less
complex economic models can be constructed. Of note

William Smith, www.commoditymodels.com, Jan-March 2010

p.a. Futures markets, therefore, still expect oil real oil
costs to remain relatively constant.

A number of optimistic authors criticise the pessimists
for repeatedly predicting peak oil production, only to
revise their forecasts upwards some years later when
their predictions are refuted by reality. This is a strong
criticism and argument against current pessimistic
forecasts.

is that few forecasts explicitly mention the likely price of
oil in future years, instead they focus on production
levels.
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Glossary of Terms

Term Comment

EROI Energy Return on Investment — A dimensionless quantity, the number of units of energy able to be discovered
and produced if one unit of energy is expended for this purpose.

F5 Since oil reserves are estimates, F5 represents a 5% chance of at least the amount listed.

F50 Since oil reserves are estimates, F50 represents a 50% chance of at least the amount listed.

Fo95 Since oil reserves are estimates, F95 represents a 95% chance of at least the amount listed.

MMBO Million Barrels of Oil
NGL Natural Gas Liquids

URR Ultimately Recoverable Reserves, the total amount of petroleum in a system and economically extractable (or

already extracted).

USGS United States Geographical Survey — produce estimates of world fossil resources and locations, amongst other

roles www.usgs.gov
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